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Compared to silicon, wide-bandgap (WBG) and ultrawide-bandgap (UWBG) semiconduc-
tors exhibit high internal electric critical fields, low intrinsic carrier concentration, and higher
saturation velocities. Those properties make them suitable for electric vehicles, radio frequency
electronics, solar-blind ultraviolet photodetectors, and power conditioning to name a few. As
those new materials emerge for modern electronics, an accurate assessment of their capabili-
ties is necessary for informed material selection and device designs. For power electronics, the
Baliga figure-of-merit (BFoM) is the metric commonly used to assess the trade-offs between the
on-resistance and the breakdown voltage; however, the effects of underlying physics on material
parameters are often not accounted for, leading to unrealistic performance predictions. This work
improves devices’ performance predictions by investigating dopants’ incomplete activation and

ionization and using impact ionization coefficients for breakdown voltage calculations. In addi-



tion to silicon, this study is carried out on WBG (4H-SiC and GaN) and UWBG (Al Ga;_.N,
(£-Gay 03, and Diamond) semiconductors.

The work first investigates the on-resistance part of the BFoM. Poisson’s equation is used
to evaluate the steady-state concentration of ionized dopants. Challenges related to dopants ac-
tivation and ionization are addressed. Capacitance-voltage-temperature characteristics measured
on 4H-SiC p — ¢ — n diodes provide a baseline for validating the model of incomplete ionization
on WBG semiconductors. The work shows that for UWBG semiconductors with high ionization
energy, failure to account for incomplete ionization may result in an estimated on-resistance 1000
times lower than their practical values. In the second part of the dissertation, the breakdown volt-
age is evaluated using the reduced ionization integral. A modified Thornber expression, calibrated
with impact ionization coefficients surveyed from the literature, measured breakdown voltages,
and measured multiplication, is proposed for a temperature-dependent model of impact ioniza-
tion coefficients. Results show that an emphasis should be placed on the minimum doping (back-
ground doping) concentration of materials as it determines their maximum blocking capabilities.
Impact ionization coefficients are essential for modeling power- and opto-electronic devices; they
need to be quantified more accurately, as processed data suggest that they are doping-dependent.

4H-SiC p — i — n diodes are used to measure the photo-multiplication and for the ex-
perimental extraction of impact ionization coefficients. For a better understanding of the diode
performance, deep-level transient spectroscopy (DLTS) characterization is used to extract the
density of generation-recombination centers and address the source of the dark current. Because
the diodes are opto-electronics devices, insight is gained into the carrier multiplication process
by measuring their responsivity, quantum efficiency, dark count, and single-photon detection ef-

ficiency. The calculations of this work help understand the operation of avalanche photodiodes



by establishing how calculated field profiles drive multiplication processes. Calculated break-
down voltages and on-resistances allow the assessment of the efficiency and power density of
the investigated materials through modeling of conduction and switching losses. This work led
to the development of a 1D-simulator that predicts the performance of power electronic devices
based on their geometry, the doping concentration of their constituent layers, and the material se-
lected for their fabrication. The results of this work provide parameters essential for technology
computer-aided design (TCAD) modeling of power electronic devices, including vertical power

devices.
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Chapter 1: Introduction

Arguably, the rapid development of semiconductors observed in the second half of the
twentieth century was fueled by intellectual rivalries between John Bardeen, Walter Brattain,
and William Shockley. Although the three Bell Lab researchers were awarded the 1956 Physics
Nobel Prize for the invention of the point-contact transistors in 1947 [1, 2], it is reported that
the trio disagreed on sharing the credits of their discovery. Eventually, the Nobel Prize winners
parted ways, and William Shockley, on his own, was credited with the invention of the bipolar
transistors in 1948 [3]. Whether friendly or competitively, the work of semiconductor pioneers
has revolutionized the world, changing the way humans run their daily activities and interact with
each other.

Transistors have infested the world; they are present in miniature systems for nanotechnolo-
gies and larger platforms such as power converters for electric vehicles and energy distribution.
The rapid pace at which the electronic world has grown in the decades following the invention of
the point-contact transistors is intriguing. A perfect example is the evolution of computers, which,
once gigantic complex machines such as the Atanasoff-Berry computer (1942) and the ENIAC
(1945), are now pants pocket objects. A modern pico pi has the size of a medical band-aid, costs
less than $5, and has spectacular computing capabilities. Further improvement of electronics

platforms is a challenge; however, considering new materials can unleash new capabilities.



1.1 Device Physics and Power Electronics

Progress in electronics has not just been reflected in the miniaturization of computers. One
of the key heritages of electronics pioneers is the body of knowledge relevant to understanding
electronics systems. Laws of classical physics, in conjunction with those of quantum mechanics,
provide a framework for capturing the macroscopic performance of electronic systems by looking
at the atomic scale microscopic behaviors. Such a framework helps evaluate the performance of

electronic devices.

1.1.1 Developing Electronics to Address the World’s Biggest Challenges

Current societal trends require electronic systems to be faster, more powerful, and more
efficient. Overcoming environmental changes requires replacing fossil-fuel-powered systems
with greener technologies to suppress greenhouse gas emissions. Although generating electricity
could be a complex process, energy is best used in the electric form as prompted by the growing
number of electrical systems (electric vehicles, for example). Electricity is needed to energize
more powerful platforms such as boats, planes, and even tanks for military applications. The
growing number of electric vehicles already reflects this need. For a reference for the type of
electrical systems needed in a carbon-free world, Fig. 1.1 shows an electric vehicle with its main
components [4]. Among those components are the DC/DC converters, the onboard charger, and
the power electronics controller, which convert and control energy between the battery pack and
the electric motor.

Like electric vehicles, most electronic platforms use power conversion systems that convert

electricity from one form to another, proper for load components. As such, ac-to-ac, ac-to-dc, dc-
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Figure 1.1: A typical electric vehicle and its main components. Power switching and conditioning
are essential parts of the system.

to-ac, and dc-to-dc converters are used to adjust voltages and currents for specific applications.
Fig. 1.2 shows a typical boost converter that takes in an input voltage V;, and outputs a higher
voltage at the load terminals. At the heart of the boost-converter is a power switch, My, that
controls the operation. Improving the switch M; is a priority because it results in more efficient

conversion and system compactness.

Vin —_ VG 0—0—| M1 —_—C VLoad = VOut

Figure 1.2: Schematic of a typical boost converter used in power electronics.



1.1.2 The Ideal Characteristics for Power Electronics Devices

To further improve the robustness, speed, and efficiency of power conversion systems, it is

necessary to develop power switches approaching ideal characteristics given by:

Zero gate leakage (I = 0 A): Suppressing the gate leakage ensures that there is no power

on the gate terminal used to control the switch (Pg = Vg X Ig).

Capability to withstand infinite voltages: Transistors may be subjected to high biases
depending on their use within a circuit; a device that can handle infinite voltages without

breaking down is robust for any application.

Zero off-state leakage (Ip.,r = 0 A): In the off-state, the device may be subjected to high

drain biases. Zero off-state leakage ensures that no energy is lost in the blocking state.

Zero on-resistance: It is desired to have transistors that operate like superconductors in
the on-state so that no energy gets lost due to Joule heating. This property also eliminates

the need for sophisticated cooling systems.

Infinite frequency (instantaneous switching): Eliminating inductive and capacitive para-
sitic are the keys to enhancing operational frequencies and increasing circuit speed. In the
case of boost converters, for example, driving transistors at high frequencies diminishes the

voltage they have to block in the off-state.

Zero switching losses: Transistors operate by toggling between the on-state and the off-
state. The energy loss due to switching can become significant at high frequencies and

cause self-heating.



* Infinite lifetime and zero degradation: Having a switch that can last eternally removes

worries about repairs and consequences due to unexpected failures.

* Stability: During its operation, a switch may experience harsh environmental conditions
such as exposure to radiation and extreme temperature variations. An ideal switch pre-

serves its characteristics after being exposed to extreme conditions.

* Zero footprints and zero mass: Devices that are as small as possible are desired to en-

hance the power density of electronic systems.

1.2 Emerging Materials for Opto- and Power Electronics Devices

In reality, having a transistor with all the above characteristics is impossible. Indeed, there
are trade-offs between the metrics used to assess those properties. Devices that handle high power
tend to operate at low frequencies; vice versa, switches meant for radio frequency (RF) circuits
operate at high speed but have much lower breakdown voltages. Devices cannot achieve ideal
properties, but the performance of power devices can be improved by increasing their breakdown
voltage (power), speed (frequency), or efficiency. It is often the case that the improvement of one
metric comes with the deterioration of other performance metrics.

Following the appearance of semiconductor devices in the middle of the twentieth century,
silicon has dominated the fabrication of electronic components. As the primary material for
device fabrication, silicon has been well studied and is currently approaching intrinsic limitations;
in other words, it is increasingly complicated to improve the performance of electronic devices
further when using silicon as the base material. As silicon nears its performance optimization

points, it fails to meet the emerging requirements of electronic systems. With a bandgap of just



1.12 eV, silicon is not controllable at temperatures above 200 C because of the large concentration
of intrinsic carriers.

The downscaling of electronics devices results in higher speed and reduced weight; how-
ever, it also leads to increased internal electric fields, which cause major reliability concerns.
Improving the performance of transistors is challenging, but it remains an urgent need in a world
that, more than ever, needs independence from fossil fuels due to rising environmental concerns.
As an alternative to silicon, wide and ultrawide-bandgap semiconductors are attractive because
their properties show the potential to fabricate high-power devices with reduced size and weight

suitable for power electronics.

1.2.1 Wide-Bandgap Semiconductors

The primary wide-bandgap materials investigated in this work are 4H-SiC and Gallium

nitride. Devices fabricated with these materials are already commercially available.

1.2.1.1 4H-Silicon Carbide

SiC is a material with a wide bandgap (3.26 eV at room temperature) and a large critical
field; its ability to easily grow a thermal oxide is a plus for device fabrication [5]. It is a prominent
material for its superior radiation hardness, large thermal conductivity, and resistance to chemical
attack. There are multiple polytypes of SiC; the more prominent ones are the hexagonal 4H- and
6H-SiC [6]. 4H-SiC is preferred over 6H-SiC for its higher and more isotropic bulk mobility;
4H-SiC is also known to have the largest bulk bandgap and drift velocity [6]. One advantage

that 6H-SiC has over 4H-SiC is its higher band offset with SiO,, a characteristic desired for the



fabrication of MOSFETs [7].

1.2.1.2  Gallium Nitride

GaN is a semiconductor with a bandgap slightly larger than SiC (3.4 eV) and stands out
because of its piezoelectric property. Once a challenge, the ability to dope GaN p-type [8] ex-
pands the space of devices fabricable with gallium nitride. GaN is receiving a lot of attention
because of its capability to house the 2-dimensional electron gas (2DEG) which simultaneously
has a high concentration and a high mobility (up to 1 x 10'® cm~2 and 2000 cm?/V -s). Figure 1.3
shows a typical GaN high electron mobility transistor (HEMT) with its different epilayers and
the location of the two-dimensional electron gas. The 2-DEG finds its origin in the difference in
polarization between the GaN buffer layer and the AlGaN barrier layer subjected to tensile stress.
The higher the alloy composition of the barrier layer is, the larger the electron’s concentration
in the 2-DEG, but extremely high alloy composition (>0.8) results in unstable structures. GaN
and SiC substrates are the most desired for improved lattice matching and thermal performance,
but those substrates are also the most expensive. In addition to the HEMT structures, the GaN

MOSHEMTSs [9] is considered for normally off devices.

1.2.2 Ultrawide-Bandgap Semiconductors

Wide-bandgap semiconductors (GaN and SiC) have successfully demonstrated their capa-
bilities to expand the operational range of power electronic devices. Owing to the belief that the
bandgap significantly boosts the Baliga figure-of-merit (BFoM) [10], ultrawide-bandgap semi-

conductors are currently under study for even higher power operational ranges. Other materials
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Figure 1.3: Typical structure of a GaN HEMT.

are also emerging as ultrawide-bandgap semiconductors (MgGa;O,4, Al;O3, ZnSiNs, MgSiN,,
and BN) [11], but the most prominent are diamond, 5-GayO3, and AlGaN/AIN; this work inves-

tigates them.

1.2.2.1 Diamond

Diamond is an indirect bandgap material with its conduction band minimum at the X-point
and its valence band maximum at the ['-point. Atoms in diamonds are arranged following the
face-centered cubic lattice configuration. In addition to its large bandgap (5.5 eV), diamond is
known to have the highest thermal conductivity (2.2 kW mK~?! [12]) of all materials, a property
tremendously advantageous for the thermal management of electronic devices. In diamond, both
the electron and hole mobilities are higher than 2000 cm?V ~'s~!, Similar to silicon, diamond has
six equivalent conduction band minima [13]. P-type doping of diamond with boron atoms using
ion implantation is possible, but n-type doping by ion implantation results in crystal defects that
are unrecoverable [14]. One of diamond’s main drawbacks is its dopants’ high ionization energy.

Katamune et al. have reported n-type doping of diamond with phosphorous; they also mentioned



nitrogen as an alternate dopant with a much deeper level (1.7 eV) [14], which is challenging to

ionize at room temperature.

1.2.2.2 6—G&203

Gay,03 (4.8 eV) is another promising ultrawide-bandgap semiconductor. It exists in five
crystalline phases («, 3, 7, d, and €) with 3-Ga;O3 being the most stable phase. While p-type
doping remains a challenge in gallium oxide, n-type doping can be well modulated in the range
of 10%-10' cm~2 [11]. Because it has a corundum crystal structure, high-quality S3-gallium
oxide crystals can be grown. Significant breakthroughs in the growth of Ga;O3 have been re-
ported from the 1990s to the 2000s. The methods used to grow high-quality Ga;O3 include edge
film-fed growth (EFG) [15-17] and homoepitaxial growth techniques such as halide vapor phase
epitaxy (HVPE) [18-24]. It is also reported that 5-Ga;O3 has a direct bandgap of 4.87 eV and a
smaller indirect bandgap of 4.83 eV [25]. It is reported that holes in Ga;O3 have a large effective
mass of 10 m,, relating to the practical difficulty of achieving high hole mobility. As an oxide

semiconductor, gallium oxide is inherently stable against oxidation.

1.2.2.3 Al,Ga;_,N

A third promising ultrawide-bandgap material for electronics is Al,Ga;_,N. When the al-
loy composition, z, is significant, the Al,Ga;_,N ternary is another ultra-wide bandgap material
of interest for high-power opto-electronic applications. The direct bandgap of this class of mate-
rials ranges from 3.4 to 6.0 eV. While moderate n-type doping is achievable in Al,Ga;_,N, p-type

doping is poor. Just as for GaN, the growth of Al,Ga,;_,N ternaries is challenging because of



the absence of single-crystal substrates with the quality necessary for epitaxial growth [11]. Alu-
minum gallium nitride is essential for optoelectronics because it enables the fabrication of deep

ultraviolet photodetectors.

1.3 Advantages of Wide- and Ultrawide-Bandgap Semiconductors

Wide- and ultrawide-bandgap materials are desired to fabricate power electronics devices

because their properties allow them to sustain operating conditions not achievable with silicon.

1.3.1 Advantages due to Material Properties

Better stability at elevated temperatures is one of the primary advantages of wide and
ultrawide-bandgap semiconductors over silicon. At high temperatures (above 500 K), the intrin-
sic carrier concentration in silicon becomes so large that it starts to overshadow carriers added
through the doping processes. The intrinsic carriers concentration for a given material is given
by

n; = \/No Ny expTF9/2kT) (1.1)

N¢ and Ny are the density of states in the conduction and valence band, respectively. k
is the Boltzmann’s constant, and 7' is the temperature. The intrinsic carriers concentration is
plotted in Fig. 1.4 for Si and selected WBG and UWBG semiconductors. Fig. 1.4(a) shows
that the intrinsic carrier concentration of silicon is much higher than that of WBG and UWBG
materials. As seen in Fig. 1.4(b), the intrinsic carrier concentration in silicon at 500 K is about
10* cm~3 while it is still below 10000 cm—* for WBG and UWBG materials.

WBG and UWBG materials can operate for a wide range of temperatures. Directly related
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to the low concentration of intrinsic carriers, another advantage of Wide- and ultrawide- bandgap
materials is that they exhibit low leakage current in the off-state. In theory, the diode reverse-
saturation current could be as low as 10~%° Amps at room temperature as in the case of 4H-SiC;
in practice, it is so low that it is below the resolution limits of most modern days measuring in-
struments. Low off-state leakage current implies the possibility of fabricating devices with a large
area, allowing a boost of the on-state current drive capability of the devices while maintaining its
off-state current insignificant.

WBG and UWBG materials can withstand high internal electric fields; when the bandgap
is large, more energy is required to excite an electron from the valence band into the conduction
band. Much higher electric fields are needed to trigger breakdown for materials with a larger
bandgap. WBG and UWBG materials can handle large voltages within thinner layers, for they
can support high internal electric fields. Because devices fabricated with WBG and UWBG
materials can be made thin, high-frequency operations are possible because carriers have less
travel distance. Having a semi-insulating substrate is advantageous for reducing parasitic ca-
pacitances, enabling high-frequency operations. Thin devices also imply low on-resistance and,
consequently, less from joule heating and higher efficiency in terms of energy. Less joule heating
could also alleviate the need for cooling requirements. In the boost converter shown in Fig. 1.2, if
the switch M1 can operate faster, the passive components (inductors and capacitors) can be made
smaller. Electronic systems that use devices fabricated with wide- and ultrawide-bandgap can
be made significantly smaller due to the possibility of reducing the size of passive components
(capacitors and inductors). Using wide- or ultrawide-bandgap materials to fabricate electronic
systems results in simultaneously powerful and compact platforms, adding the convenience of
portability and easy integration.

11
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Figure 1.4: Intrinsic carriers’ concentration as a function of the temperature from 50 K to 1000 K
(a) and from 333 K to 1000 K (b). In (b) it is seen that at about 833 K, the intrinsic concentration
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temperature.
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1.3.2 Application Space for Wide- and Ultrawide-Bandgap Semiconductors

Given that wide- and ultrawide- bandgap semiconductors enable the realization of compact
yet powerful electronics systems, they are excellent materials for medium- to high-power elec-
tronics, namely for fabricating power switches relevant for power conditioning. They are also
suitable for the next generation of power devices and for implementing smart grids for power
generation. They are also desired for optoelectronics because of the potential for low dark cur-
rent, high optical gain, and high sensitivity [26]. They are excellent materials for the fabrication
of solar blind ultra-violet photodetectors. 5—GayO3 has a wide range of applications, includ-
ing semiconducting lasers, high-temperature gas sensors, switching memories, and field-effect

devices [27,28].

1.4 Assessing the Power Capabilities of Materials

As materials emerge for electronics applications, selecting a material for a specific applica-
tion requires a ranking process. For power electronics, the Baliga figure-of-merit (BFoM) is the

method most commonly used for evaluating the on-resistance versus breakdown voltage limits.

1.4.1 The Baliga Figure-of-Merit: A Metric Commonly Improperly Evaluated

Perhaps, the two most desired properties for power electronics is a low on-resistance and
a high breakdown voltage. Devices with internal p — n junctions block high voltages with low-
doped materials and are, consequently, highly resistivities. The Baliga figure-of-merit is the met-
ric commonly used to capture the trade-offs between the on-state resistance and the breakdown
voltage of semiconductors. The balance between the on-resistance and the breakdown voltage

13



can be understood by considering Fig. 1.5 which shows the electric field profile at breakdown for

a uniformly doped one-sided junction.

A

5¢

0 w

Figure 1.5: Schematic of the triangular electric field profile for the derivation of the Baliga figure-
of-merit. The layer is assumed to be uniformly doped; at the breakdown, the width of the depleted
region is W, and the maximum electric field is &¢.

The area of the triangle represents the voltage at breakdown, which is denoted Vzg. &¢ is

the critical field, the maximum electric field at breakdown. W is the depletion width at breakdown

and can be expressed as
_ 2VBgr

W o

(1.2)

For a uniformly doped layer, the electric field profile is triangular, and the critical field is

such that

€

where N is the doping concentration. Combining (1.2) and (1.3), the doping concentration

can be expressed as

N_Efl_ﬁfc o

= = = . 1.4
qW q 2VBr 14

The electron charge is denoted with g, and e is the permittivity of the medium. Using (1.2)
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and (1.4) the on-resistance can be expressed as

W 4VE,
guN — eu€d”

Ron (1.5)

The expression eu?, is the unipolar Baliga figure-of-merit (BFoM) for power devices; it
captures the trade-off between the on-resistance and the breakdown voltage of materials. As seen
in (1.5), materials with a larger BFoM exhibit a lower on-resistance for a given breakdown volt-
age. The Baliga figure-of-merit is used to rank material for power electronics, as seen in Fig. 1.6.
Although the relationship between the on-resistance and the breakdown voltage prescribed by

Baliga is accurate, the BFoM is commonly misevaluated.

-
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Figure 1.6: Calculated on-resistance versus breakdown voltage limits using the Baliga expres-
sion [11]. Failure to account for the effects of underlying physics on material properties results
in parallel lines with a slope of 2.

It is common to assume that the critical field is a constant value for a given material; the

reality is that it changes with the temperature, the doping of the i-layer, and the geometry of the
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device. Similarly, the mobility, which depends on the temperature and the doping concentration,
is assumed to be constant. The assumption of a constant critical field and a constant mobility
results in Baliga limits that are parallel for all materials. Those limits are inaccurate as they

overestimate the on-resistance versus breakdown voltage performance of devices.

1.4.2 Avalanche Breakdown: An Alternative for the Evaluation of the On-
resistance Versus Breakdown Voltage Limits of Semiconductors

The Baliga figure-of-merit is a compact expression that captures the trade-offs between the
on-resistance and the breakdown voltage of materials; however, it is commonly misevaluated.
Also, the critical field is not a parameter readily available for evaluating the trade-offs. Using
impact ionization coefficients to capture the breakdown voltage of materials eliminates the need
for prior knowledge of the critical field. Impact ionization coefficients are defined as the number
of electron-hole pairs generated when a carrier travels 1 cm of the material. When subjected to
high electric fields, carriers in semiconductors can acquire enough energy to trigger an avalanche
process pictured in Fig. 1.7. The figure illustrates a scenario where the field is oriented from right
to left. An electron injected on the left gains sufficient energy to trigger an impact ionization
collision, resulting in the creation of an electron-hole pair. After the impact ionization collision,
there are three carriers, the hole moves toward the left, and the two electrons move toward the
right. Under the force of the field, the three carriers become susceptible sources for new im-
pact ionization events. The process can grow quickly, resulting in large currents and eventually
breakdown.

Avalanche breakdown is non-destructive and is the mode of operation of avalanche photo-
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Figure 1.7: Special and time evolution of avalanche breakdown in semiconductors.

diodes. Given that the breakdown mechanism of the materials considered in this study is through
the avalanche process (as opposed to Zener breakdown, which happens at high doping, high field,
and small depletion widths [29]), using impact ionization coefficients to study carriers multipli-
cation is a more fundamental yet more accurate approach to evaluate the breakdown voltage of
a material. The breakdown voltage can be evaluated through the modeling of avalanche mul-
tiplication with impact ionization coefficients. Given the doping of a device and its geometry,
the on-resistance can be assessed. Knowledge of the breakdown voltage and the on-resistance,

evaluated as separate entities, allows the reconstruction of the Baliga figure-of-merit.

1.5 Literature Review and Scope

1.5.1 Literature Review

Concurrently to this work, Zhang et al. have investigated the effect of incomplete ionization

on the on-resistance versus breakdown voltage figures-of-merit for power electronic devices [30].
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Their work, however, focuses just on the incomplete ionization of the dopants and fails to address
the avalanche breakdown process. Their modified Baliga’s figure-of-merit treats the critical field
as a constant material property. This work expands by providing the temperature dependence of
the BFoM; furthermore, the work doesn’t rely on existing critical field values, which are byprod-
ucts of the breakdown voltage calculation using impact ionization coefficients. Although prior
knowledge of the critical field is not needed for calculations, other more basic material param-
eters are required for the study. Table 1.1 shows the different materials considered in this work
with properties that are desired. The checkmarks indicate properties that are well established,
while the cross-marks indicate properties that are not well defined. The marks’ color also indi-
cates the extent to which the properties are known. For example, a green checkmark indicates
that the property has been studied in-depth and is well known. A yellow checkmark indicates that
the property has been studied but requires attention, and a red check indicates properties that are
available but are questionable. The yellow cross suggests that the properties are not well defined,
and the red cross implies that the properties are not available.

The summary of existing material properties shown in Table 1.1 reveals the maturity of the
different materials. Silicon is well known as it has been studied for many years. Wide-bandgap
materials (4H-SiC and GaN) are gaining maturity. Still, the ultrawide-bandgap materials (the last
three columns of the table) are challenging to study because they are relatively new materials with
unknown properties. The six properties desired are listed in the table. Knowledge of the crystal
type and the band structure is essential for characterizing carriers during transport. The band
structure tells the effective mass of the carriers, the densities of states, and the energy dispersion;
knowledge of those properties allows a proper understanding of carriers’ responses to applied
electric fields. Carriers-lattice interactions define the different scattering mechanisms relevant

18



Table 1.1: Maturity of some materials for electronics. For a given material, the checkmark in-
dicates materials with somewhat established properties, and the cross mark indicates properties
that are not so well defined. For entries with two marks, the first is for electrons and the second
for holes.

Si 4H-SiC GaN B-Ga;0; | Diamond | AlGaN

Crystal and band \/ \/

structure

Carriers-lattice \/ ‘/

Interactions

Impact ionization
coefficients with
temperature ‘/ ‘/ ‘/ X
dependence

Mobility models with
field, temperature,

and doping vv | vV VvV X

dependence

Test structures \/ \/ \/ \/ \/ X X

availability

Doping feasibility vv |V v | vV %

and controllability

for the time evolution of carriers’ energy. Impact ionization coefficients allow the modeling of
semiconductors beyond Ohm’s law; in this work, they are used to model the multiplication and
calculate the breakdown voltage. Knowledge of electrons and holes” mobility as a function of the
temperature, the electric field, and the doping concentration allows an accurate estimation of the
on-resistance. For some materials, it is challenging to make junctions and test structures because

of doping challenges.

1.5.2 Scope of the Dissertation

This work aims to develop a framework to properly evaluate electronic devices’ on-resistance

and breakdown voltage by accounting for incomplete ionization and considering avalanche break-
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down. Following this introductory chapter, Chapter 2 discusses the incomplete activation of
dopants and the impact of electric fields and temperature on the ionization of dopants. Using
the Poisson equation, the extent of incomplete ionization is evaluated in substrates, p — i — n
diodes at zero bias, and p — 7 — n diodes under reverse bias. Solving the Poisson equation yields
the potential, the electric field profile, the concentration of ionized carriers, and the concentra-
tion of free carriers. In the case of reverse-biased junctions, the obtained electric field profile
helps evaluate impact ionization coefficients. The calculated concentration of free carriers helps
estimate the resistance of the device. Capacitance-voltage measurements performed at different
temperatures on 4H-SiC avalanche photodiodes provide a mechanism to validate the model of
incomplete ionization. The goal of Chapter 3 is to requisition data for the experimental portion
of the work. Photo multiplication measurements are made on 4H-SiC avalanche photodiodes,
on which deep-level transient spectroscopy analysis is performed to assess the nature of the dark
current. Chapter 4 discusses the values of impact ionization coefficients needed to evaluate the
breakdown voltage. The temperature and electric-field dependence of the coefficients are formu-
lated with a modified Thornber model whose parameters are calibrated with impact ionization
coefficients surveyed from the literature, experimentally extracted multiplications, and measured
breakdown voltages. The chapter also discusses the ionization integral and the calculation of
the breakdown voltage of p — 7 — n diodes as a function of the doping concentration and the
thickness of the i-layer. For each of the materials under investigation, the temperature depen-
dence of the unipolar on-resistance is assessed using the concentration of free carriers calculated
in Chapter 5. Additionally, the theoretical breakdown of p — ¢ — n diodes made with each of
the materials investigated is calculated as a function of the temperature, leading to an improved

assessment of the on-resistance versus breakdown voltage limits of wide-bandgap and ultrawide-
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bandgap semiconductors as a function of the temperature. Chapter 6 discusses the effects of
impact ionization coefficients, the on-resistance, and the breakdown voltage on the operation of
power- and opto-electronics devices. The efficiency of power electronic systems is evaluated
using on-resistance and breakdown voltage calculations performed in Chapter 5. Because the
diodes are opto-electronic devices, their optical performance is evaluated via measurements of
responsivity, quantum efficiency, and single-photon detection efficiency. Chapter 6 serves as the
conclusion that discusses a few applications, summarizes the main findings of the work, and

highlights venues worth exploring.
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Chapter 2: Study of Incomplete Ionization as a Function of Electric Field and

Temperature for a More Accurate Assessment of the Resistance

Capturing the power performance of wide- and ultrawide-bandgap semiconductors with the
Baliga figure-of-merit is challenging because the process requires knowledge of the mobility and
the critical field, two parameters that are not constant for a selected material. Though tempera-
ture and doping-dependent mobility models exist for semiconductors, It is not possible to know
the critical field beforehand. It is, however, possible to evaluate the power performance of semi-
conductors by evaluating the breakdown voltage and the on-resistance as two separate entities.
While the breakdown voltage can be assessed by modeling the avalanche multiplication process,
the on-resistance can be evaluated with the geometry of the devices and the concentration of free
electrons and holes. This chapter is devoted to studying the incomplete activation and ionization
of dopants in materials to properly evaluate the concentration of free electrons and holes rele-
vant to assessing the on-resistance. Because incomplete ionization is modeled with the Poisson
equation, details are also provided on the nature of field profiles needed for evaluating impact
ionization coefficients and breakdown voltages in Chapter 5.

The chapter initially discusses the Poisson equation and its use to calculate electric field
profiles resulting from a given distribution of charges due to doping. The depletion approximation

and the assumption that all carriers are ionized are discussed as a faster approach to calculating
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electric field profiles. The devices considered for the study are p — ¢ — n structures because they
can reproduce the internal electric field profiles that arise in most electronic devices under various
applied bias conditions. Also, p — ¢ — n structures, in practice, can be easily taken to avalanche
mode because the absence of a metal-semiconductor interface limits the presence of defects that
lead to reliability issues causing devices to fail before avalanche breakdown. Challenges related
to the activation and the ionization of dopants are addressed as potential factors that can increase
device resistance. Still using the Poisson equation, incomplete ionization is modeled and solved
in bulk materials, junctions at zero bias, and junctions that are reversed biased.

Incomplete ionization in the substrate is sufficient to accurately evaluate the on-resistance
within Baliga’s framework, but the on-resistance should be assessed according to the configu-
ration of the devices. For example, for a p — n junction, the on-state is characterized by the
diffusion of excess minority carriers. For avalanche photodiodes, the on-state could correspond
to the quenching state where the device is reversed biased. Evaluating incomplete ionization in
junctions at zero bias and in reverse-biased junctions is essential for capturing the on-resistance
for various types of device configuration. This chapter ends with validating incomplete ionization
with capacitance-voltage measurements performed as a function of the temperature on 4H-SiC
p — ¢ — n diodes.

The Poisson equation is one of the four Maxwell equations; assuming the devices are not
subjected to magnetic fields, the equation is sufficient to model devices in this work. It is ex-

pressed as

) 2.1)
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where p is the charge density, and ¢ is the permittivity of the selected material. The Poisson
equation prescribes that the divergence of the electric field is proportional to the charge density.

For semiconductors, the Poisson equation becomes
%
V2¢:—v-5:—%(p—n+Ng—N;). 2.2)

The variables p and n are the concentration of free electrons and holes, respectively. N}, and
N, are the concentration of ionized donors and acceptors, respectively. The following sections

evaluate the charge density as a function of underlying assumptions.

2.1 Depletion Approximation and Full Ionization Assumptions

In p — n junctions, the depletion approximation and the assumption that dopants are fully
ionized simplify calculations. In semiconductors, the source of the charges relevant to the Poisson
equation’s formulation arises from free carriers and ionized dopants. In the depletion approxima-
tion, it is assumed that there are no free carriers in the depletion region, where the net charge is
due to the concentration of ionized dopants. With the two approximations, the net charge within
the depletion region is Np — N4 because p and n are both equal to zero. Outside the depletion
region, the net charge is zero because p = N4 and n = Np. The Poisson equation within the

depletion region simplifies to

Vi =-V- € =~ (Np - Na), 23)

Depending on the selected doping and its thickness, two types of electric field profiles can
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generally appear in p — ¢ — n diodes: the triangular field profile and the rectangular field profile.

2.1.1 Triangular Field Profile in p — ¢« — n Diodes

Fig. 2.1 shows the typical schematic of the p—¢—n structure with an internal triangular field
profile. The diode has three layers and consists of a lowly doped n-type layer (n—, doped Np1),
also called the i-layer or drift layer, sandwiched between a heavily doped p-type (p*, doped N )
and heavily doped n-type (n", doped Nps) layers. If the two space-charge regions in the i-layer
don’t merge (this happens at high doping and large thickness), the structure consists of seven
regions. When the space charge region is fully depleted of free carriers, the electric field and
the potential are calculated by integrating over the fixed charges. It is important to note that the

n~ — n' junction is strictly not depleted but has a space charge region.

R1 R2 Rg R4 R5 R6 R’?

NDl

Figure 2.1: Typical triangular field profile (not drawn to scale) within a p — ¢ — n structure. Seven
regions are defined to study the electric field and the electric potential.

The equations modeling the electric field profile, {(z), and the potential, V' (x), within each
of the seven regions are summarized in Table 2.1. The seven regions are denoted by R; to Rs.
The two interfaces formed by the three layers are spatially located at zo and x5. The space
charge regions are delimited by x1, x3, ¥4 and z¢. The slopes of the electric field are given by
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my = (gN 4/€), mo = (¢Np,/€), and m3 = (qNpa/€). Na, Npi, and Npy are the doping
levels in the p*-layer, n~-layer, and n™-layer, respectively. The dielectric constant of the selected
material is denoted by €. V4 is the reverse bias applied to the diode, and ¢, is the bulk potential in
the quasi-neutral p-region of the p — ¢ — n diode. The total potential is Viror = Viir + Viie + Va.

The quality ¢, Vii1, Ve, are given by

¢p = Vrln ( ;Vl ) (2.4)

A

Ny N
Viir = VrIn ( - QDI) 2.5)
Ty
N
Vi = VrIn (—”) (2.6)
Npi

Table 2.1: Mathematical equations to model the electric field (triangular profile) and the potential
in p — ¢ — n structures.

The field, £(x) The potential, V' (x)
Ry: 0 op
Ry: | my(zq — ) —0.5mq (z7 — x)2 + &p
Rs: | mo(z — x3) —0.5my (z — 23)° — Vi + &,
R4Z 0 %il — VA + ¢p
Rs: | mo(z—xy4) | —0.5mg (x — x4)2 + Viir — Va + ¢,
Rg: | mg(z6 — 1) —0.5mg (rg — :E)2 + Vror + ¢,
Ry: 0 Vii + Viiz = Va+ ¢,

2.1.2 Trapezoidal Field Profile in p — ¢« — n Diodes

The equations summarized in Table 2.1 cease to be valid when the two space-charge regions
originating from the two interfaces start to merge. In this context, the extension of the depletion
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region in the p* and n* side of the junction cannot be calculated a priori. To compute the electric-
field profile, its trapezoidal shape illustrated in Fig. 2.2 is considered, and charge neutrality is
applied across the structure. Denoting the extension of the depletion width in the p* and n™

regions by w; and ws, respectively, charge neutrality requires that

R, R,

Figure 2.2: Trapezoidal field profile (not drawn to scale) within a p — 7 — n structure. As the two
space charge regions merge, the structure can be described with five regions.

w1 Ng = 2rNp1 + waNpo. (2.7)

Since the area under the electric field curve gives the potential, the applied bias, Vy, is such

that
Area — 1 (wy + zp) X §a (wa + xR)’ (2.8)
2 2
and
Area = Vi + Vit + Viio = Vror. (2.9)
The peak electric fields at the two interfaces are denoted by
N
&6 =2, (2.10)

€
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and

qN po
€

2=

Wa. (2.11)

Combining (2.7), (2.8), and (2.9), w, can be obtained by solving the following quadratic

equation (See Appendix A for derivation of the quadratic)

Aw3 + Bwy + C = 0. (2.12)

With the constants A, B, and C given by

a4 - o2 (NA+ND2), 2.13)
€ NA

N Njs+ N
B = 2ap2 DQ( AT Dl), (2.14)
€ NA
N N, N
C:q Dl( D1 + A) x%{_2VTOT~ (215)
€ NA

Vi1 and Vo are the built-in potentials at the p*-n~ and the n™-n™ junction, respectively.

Under the depletion approximation, the charges in the different layers appear constant.
Performing an integration over the charges gives the electric field profile, and a second integration
gives the electric potential. The calculated electric field profile is relevant for evaluating impact
ionization coefficients. We will see in the next section that the depletion approximation provides
an almost accurate field profile as if incomplete ionization was taken into consideration. The

problem with the approximations is that it fails to inform on the concentration of dopants that have
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ionized. Before modeling incomplete ionization, it is relevant to discuss the partial activation of

the dopants.

2.2 Incomplete Activation of Dopants: A factor that Increases Resistance

2.2.1 Definition and Modeling of Incomplete Activation

The previous section shows that the doping concentration is essential when formulating
the Poisson equation for semiconductors. The doping concentration, Np, for the case of an n-
type doped material, is the result of multiple material processing steps. Figure 2.3 illustrates
the problem of incomplete activation. When impurities are incorporated into the material, some
dopants remain in interstitials and are inactive, while some substitute host atoms in their lattice
site and become active. The fraction of inactive dopants in interstitials constitutes the source of
incomplete activation. After being activated, only a fraction of dopants in the lattice site will get

ionized depending on the position of the Fermi level.

Activated dopant

&

Figure 2.3: Illustration of incomplete activation is semiconductors.

Non active dopant

The concentration of active dopants depends on the doping process and should be the con-

centration to consider when evaluating incomplete ionization in semiconductors. After the ma-
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terial has been doped, an annealing process usually helps with the activation of the dopants. To
model incomplete activation, we define new terms.

We refer to Né) and N, as the total amount of impurities in the host material for n-type
and p-type doping, respectively. The usual Np and N4 will denote the concentration of active
dopants. The concentration of dopants that are not active because they are in interstitials is de-
noted by N and N for electrons and holes, respectively. The concentration of ionized dopants
is given by N}, and N for n-type and p-type doping, respectively. The concentration of active
but non-ionized dopants is given by N9 and N9 for p-type and n-type doping, respectively. The

total number of added dopants should equal the sum of active and inactive dopants. We have that

Np=Np+ Nband N, = Ny + N, (2.16)

The active dopants can either be ionized or not; it results that Np = Ng + N2 and Ny =
N +N§. The activation fraction is defined as Y p and Y 4 for donors and acceptors, respectively.
We can also write that

Np=TpNpand Ny = YpN,. (2.17)

Tpand T 4 are between 0 and 1. If the dopants are fully activated, we have that Tp 4 = 1.
Tp and T 4 are evaluated by comparing the concentration of free carriers modeled theoretically
and the concentration of free carriers extracted from Hall measurements. The concentration of

free carriers obtained from Hall measurements for an n-type material is given by

1

S (2.18)
HHTqPm

Nmeas =
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where 11774 1s the Hall mobility, r is the Hall factor, and p,,, is the resistivity of the material.
It will be shown in Section 2.4 that the theoretical concentration of free carriers, 74.,, can be

deduced from the charge neutrality equation and is given by

ntheo:p—i_Ng_Nga (219)

where the concentration of ionized donors, Ng, is expressed as

N = ToNp (2.20)

14 gpexp(AED /KT)—
N¢

where gp, is the factor that accounts for spin and conduction degeneracies; A Ep, is the en-
ergy of the dopants relative to the conduction band; N is the density of states in the conduction
band, and n is the concentration of free carriers in the conduction band (see section 2.3.2) [31].
Samples with lower activation ratios are expected to be more resistive and display low concen-
trations of free carriers (7,,.4s) When probed experimentally with Hall measurements. The lower
values of the measured free carriers concentration reflect on the theoretical modeling with lower

values of T p.

2.2.2 Dopants Incomplete Activation in p-type Doped 4H-SiC

The theory of incomplete activation in 4H-SiC has been experimentally observed thanks to
the work of Darmody and Goldsman [31]. The two main methods for doping 4H-SiC include ion
implantation and epitaxial growth. For epitaxial growth, the dopants are fully activated (T p and

T 4 become 1). For ion implantation, only a fraction of the dopants gets activated. One way to
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improve the activation of the dopants is to follow an annealing procedure following ion implanta-
tion. In 4H-SiC, the annealing is done at 1700 °C for 20 minutes; even then, the activation is still
partial. Doping with epitaxial growth leads to 100 % activation, but the need to perform selective
doping imposes the need for doping via ion implantation.

In the Section 2.2.1, we proposed an approach for evaluation the incomplete activation
ratio. Given the availability of test structures, the approach is applicable to 4H-SiC, where Hall
mobilities and sample resistivities have been measured and modeled as a function of the doping
concentration, allowing the extraction of the concentration of free carriers. The Hall mobility for

p-type SiC [31] is shown in Fig. 2.4 and is modeled as

109.6

N 0.6335
14+ A
2.92 x 1018

The measured resistivity in p-type 4H-SiC samples is summarized in Fig 2.5. The samples

UHall = cm?*Vlsh (2.21)

on which doping was performed using ion implantation appear more resistive and are represented
by the outliers of Fig. 2.5. The figure shows that the samples doped with ion implantation are
about ten times more resistive, indicating that T p = 0.1.

Combining Hall mobility and resistivity measurements, it is possible to estimate the frac-
tion of ionized dopants. The data available in the literature shows that up to 90% of dopants in
p-type 4H-SiC can be inactive when doped using the ion implantation method. The incomplete
activation of dopants remains a challenge for wide-bandgap and ultrawide-bandgap semiconduc-
tors. The samples used for the experimental portion of this work were doped using epitaxial

growth; in this case, the challenge is not about dopants’ activation but their ionization.
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Figure 2.4: Proposed model for the hall mobility in 4H-SiC as a function of the doping con-

centration. The proposed Hall mobility and the measured resistivity allow the finding of the
concentration of free carriers in the sample and the activation ratio.
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Figure 2.5: Measured resistivity of p-type 4H-SiC samples as a function of the doping concen-
tration. The outliers represent samples doped using ion implantation. A higher resistivity is
indicative of a lower activation fraction [31].
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2.3 Incomplete Ionization in the Bulk of Wide- and Ultrawide-Bandgap Semi-

conductors

2.3.1 Ionization Energy of Wide-Bandgap and Ultrawide-Bandgap Semicon-
ductors

The concentration of ionized dopants can be obtained by solving the Poisson equation. An
accurate calculation required knowledge of the concentration of active dopants and the ionization
energy of the dopants. Only a fraction of dopants is active with ion implantation, and the samples
are more resistive. With epitaxial growth, all the dopants get activated. The ionization energy
of the dopant is essential when calculating the concentration of ionized dopants as described in
(2.29) and (2.29). Surveying the literature, the ionization energies for the materials investigated

in this work are summarized in Table 2.2.

Table 2.2: Reported dopants ionization energy for wide- and ultrawide-bandgap semiconductors.

Material n-dopants Ep (meV) | p-dopants | 4 (meV) | (g9p, ga)
Silicon [32] Phosphorous 45.5 Boron 44.39 2,4)
4H-SiC Nitrogen 55 [33] Aluminum | 210 [33] 2,4)
GaN Silicon [34] 20 [30] Magnesium | 160 [33] 2,4
Diamond [35] | Phosphorous 570 Boron 370 2,4)
£-Gay 03 Tin 30 [30] — — 2, -)
AIN [36] Silicon 280 [30] Carbon 500 [37] 2,4)

From the table, it is seen that the ultrawide-bandgap materials tend to have high activation
energies. The exceptionally high ionization energy of diamond suggests ionization difficulties
and high resistance. The table has missing entries because p-type doping of GayOs is still chal-
lenging.

The ionization energy changes with the doping concentration; the Pearson-Barden model
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is proposed for the doping dependence of the ionization energy. Table 2.2 gives the ionization
energy at moderate doping concentrations; at high doping concentrations, the ionization energy
becomes zero (the Mott transition); more details on the ionization of carriers can be found in the
work of Darmody and Goldsman [31]. The doping dependence of the ionization energy is given
by

Ep.a = Ey—aN'? eV, (2.22)

where the parameters £, and a are provided in Table 2.3 for the materials investigated in

this work. The doping concentration is represented by N and is valid for n- and p- type doping.

Table 2.3: Proposed parameters of the Pearson-Barden model for the doping dependence of the
ionization energy.

n-type p-type
Material | Eg (meV) | a(eV -cm) | Eg (meV) | a(eV - cm)
Si 45.63 5.95x107 44.52 5.81x1077
4H-SiC 55.73 7.27x1077 212.8 2.78x1078
GaN 20.26 2.64x1077 162.1 2.12x107%

Diamond 579.5 7.56x1078 376.2 491x108
£-Gay O3 30.5 3.98x107? — —
AIN 284.7 3.71x10°8 508.4 6.63x108

2.3.2 Modeling of Incomplete Ionization with the Poisson Equation

When devices are doped with the epitaxial growth, the dopants are fully activated; how-
ever, the ionization of dopants remains a challenge. To model incomplete ionization, we use the
Poisson equation without making assumptions. The Poisson equation is given by 2.23, where p

is the total concentration of free holes in the valence band, and n is the total concentration of

35



electrons in the valence band.
_>
v2¢:_v.5:_g(p_n+zvg—zv;), (2.23)

It is no longer assumed that the space charge region is fully depleted of free carriers; instead, the

concentration of free carriers is modeled as follows:
p= pie(Ei—EF)/kT — Nve(EV—EF)/kT. (2.24)

For the concentration of free electrons, we have that

n = nge Fr—E)/RT — N e(Br—Ec)/KT (2.25)

The concentration of mobile (free) carriers can also be written as p = pie(‘f’F —4)/Vr and n =

n;el®~?r)/Vr Defining the band-bending as ¢ = ¢; — ¢, it results that
p= pie"ﬁ/VT and n = n;e®/ V7, (2.26)

The concentration of free carriers for electrons and holes is conveniently expressed as a
function of the local potential in (2.26). This is useful when formulating the Poisson equation
that can be expressed as a function of the local potential, ¢.

The dopants ionize when the impurities atoms donate electrons to the conduction band (in
the case of donors) or receive holes from the valence band (in the case of holes). The concen-

tration of ionized donor, N}, is proportional to the number of empty states in the conduction
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band, and the concentration of ionized acceptors is proportional to the number of occupied states
in the valence band. The Fermi distribution, f(F), describes the occupation probability. The

concentration of ionized dopants is given by

Ny = Naf(Ea) and Nj; = Np (1 — f(Ep)) , (2.27)

where the effective adjusted Fermi functions are such that

1
f(E) = 1+ g1 oxp B Br)/AT .
1
1—-f(E)

] T gp expBEr—B)/FT

Where g4 and gp are parameters that account for spin and band degeneracies for elec-
trons in the conduction band and holes in the valence band, respectively [31]. Combining (2.27)

and (2.28), the concentration of ionized acceptors can be further expressed as

Ny = Na
A 1+ gA@(EA*EF)/kT
1 + gAe(EA—EF+EV_EV)/kT
B N, (2.29)
o 1+ gA@(EA—EV)/kTe(EV—EF)/kT
_ Ny _ Ny
1+ gAeAEA/kTi 1+ piga eAEA/kTe_qb/VT’
Ny 1%
Following a similar derivation, the concentration of ionized donors can be expressed as
N,
Np = —gp— (2.30)
1 4+ 9P AEp /KT 0¢/Vr

C
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For a semiconductor not subjected to an external bias, the Poisson equation becomes

2 :_g . _¢/VT_ i ¢/VT ND . NA
Vo . (pze e R T4 Ky i) (2.31)
where
Ky = PIAAEANT gnd )y = "D AED/RT, (2.32)
NV NC’

The concentration of ionized dopants is a function of the local potential. The Poisson equa-
tion, which includes the concentration of free carriers and ionized dopants, becomes a second-
order differential equation with the potential as the main variable. Solving (2.31) allows the
evaluation of incomplete ionization. The equation is solved for the bulk of selected materials
(equilibrium case). After evaluating incomplete ionization in bulk, the study is extended to junc-
tions at zero bias. The equation is also modified to include the effect of reverse biases for the

modeling of incomplete ionization in reversed biased junctions.

2.3.3  Accounting for Incomplete Ionization in the Charge Neutrality Equation

A uniformly doped semiconductor is neutral. When unbiased, there is no electric field or
electric potential within the material, and the LHS of the Poisson equation can be set to zero.
The Poisson equation becomes the charge neutrality equation with the potential as the primary

unknown. The equation is

Np Na

V2 = i*¢>/VT_ i¢/VT _
¢ bi€ e +1+KD6¢/VT 1+KA€_¢/VT

=0, (2.33)

Here the ¢ is a constant and is related to the position of the Fermi level. It is possible to
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solve (2.33) graphically as shown on Fig. 2.6 for a 4H-SiC n-type doped substrate (N4 = 0 and

N, =0).
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Figure 2.6: Graphical finding of the ionized dopant concentration in an n-type doped 4H-Si

substrate at T = 300 K. The concentration of active dopants is 1 x 10'” cm~3; the concentration of

ionized dopants is 6.38x10'6 cm~3.

Solving (2.33) is similar to finding the Fermi level in the material. Note that the potential ¢
represents the potential difference between the Fermi level and the intrinsic level (¢ = ¢; — ¢p =
(Er — E;)/q ). In Fig. 2.6 the Fermi level, Er, is swept between the valence band and the
conduction band (bandgap). For an n-type substrate, N, = 0, and the solution is such that
the concentration of free electrons (the red line) equals the concentration of free holes added to
the concentration of ionized donors (n = p + Nz;). The intrinsic energy (£;) and the intrinsic
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concentration (n;) can also be visualized from the figure at the intersection of p and n. The
intrinsic energy level is slightly closer to the conduction band (not at the midgap) because holes
have a higher effective mass than electrons in 4H-SiC, resulting in a lower density of states in the
conduction band (Ny).

The calculated Fermi level for an n-type doped 4H-SiC substrate is shown below on Fig. 2.7.
The indicated Fermi level is relative to the position of the intrinsic energy level and decreases with
increasing temperature. As the temperature increases, the Fermi level is lowered and brought
closer to the intrinsic level; however, the concentration of ionized dopants increases with temper-

ature because the concentration of intrinsic carriers increases significantly.
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Figure 2.7: Temperature dependence of the Fermi level for n-type doped 4H-SiC substrates. The
legend represents the doping concentration of the substrate.

For the case of a p-type substrate, the Fermi energy level is below the intrinsic energy level.
When the temperature increases, the Fermi energy level moves up closer to the intrinsic energy
level, as seen in Fig. 2.8.
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Figure 2.8: Temperature dependence of the ionization ratio in p-type doped 4H-SiC. The legend
represents the doping concentration in the substrate.

Using the calculated Fermi level (potential), the ratio of ionized dopants to that of active
dopants is calculated as a function of the temperature and presented in Fig. 2.9 for the case of
n-type doped 4H-SiC substrates.

The calculated ionization ratio for acceptors in 4H-SiC is shown on Fig. 2.10. Unlike
donors, acceptors have a high ionization energy; as a result, the ionization ratio in Fig. 2.10 is
much worse than that in Fig. 2.9.

Incomplete ionization in p-type 4H-SiC substrates has been thoroughly investigated by
Darmody and Goldsman; their model includes impurity conduction, density-of-states smearing,
and energy spreading [31]. The results obtained in this work and those achieved by Darmody
and Goldsman are summarized in Fig. 2.11 for p-type 4H-SiC doped with aluminum. The solid
lines represent calculations performed in this work. In contrast, the dashed lines represent cal-

culation results achieved by Darmody and Goldsman. The minor difference can be attributed to
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Figure 2.10: Ionized dopants fraction in p-type doped 4H-SiC as a function of the temperature

Darmody’s more rigorous approach.

The calculation performed for 4H-SiC can be repeated for the materials investigated in this
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Figure 2.11: Incomplete ionization in p-type 4H-SiC. The solid lines represent the results
achieved in this work. The dashed lines depict results obtained by Darmody and Goldsman.

work. Figure 2.12 shows the concentration of ionized dopants versus the concentration of active
dopants for n-type doped substrate at 300 K and 500 K. The materials with higher ionization
energy are observed to have a low ionization ratio.

For uniformly doped and unbiased substrates, there are no electric fields within the material.
The incomplete ionization of dopants can be modeled with Poisson’s equation which eventually
turns into the charge neutrality equation. Calculations show that dopants don’t get ionized when
the ionization energy is large. It is seen that wide- and ultrawide-bandgap semiconductors tend
to have high ionization energy, indicating that they can be very resistive. This is particularly true
for n-type doped diamond whose resistance at room temperature can be 1000 times larger than
what it would be if all the dopants had ionized. When the temperature increases, the ionization
ratio increases; high-temperature operations can improve the power performance.

Capturing incomplete ionization in the substrate is enough to evaluate the on-resistance

considered in the Baliga figure-of-merit. During operations, device resistance in the on-state is
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Figure 2.12: Impact of temperature on bulk incomplete ionization in WBG and UWBG semicon-
ductors at 300 K (left) and 500 K (right). The black line represents the line y = z, which is the
ideal limit for 100% dopant ionization.

not always within unipolar constraints. To accurately calculate the on-resistance for a wide range
of devices, it is essential to study incomplete ionization in junctions. Once again, the p — i — n
structure is ideal because it provides convenience for studying the effects of electric fields and

the temperature on the ionization of dopants.

2.4 Incomplete Ionization in Junctions

2.4.1 The Finite Difference Method for the Calculation of the Potential and the
Concentration of Ionized Dopants

When junctions are formed, electric fields arise, and the charge neutrality equation can’t

longer be used to capture the concentration of ionized dopants. Solving the Poisson equation
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allows finding the electric field, the electric potential, the concentration of free carriers, and the
concentration of ionized dopants. The challenge here is that the formation of the junction gives
rise to electric fields and potentials that are position dependent. The equation to be solved is a
second-order non-linear differential equation with the electric potential as the primary variable;
solving (2.31) requires a non-linear finite difference iterative computational method. Equation
(2.31) is valid for junctions in the absence of an applied bias. It is solved using the non-linear
finite difference iterative method. The second derivative of the potential ¢ evaluated at mesh
point s neighbored by s — 1 and s + 1 in the framework of finite difference can be written as

d2_¢ _ Ps—1 = 205 + dsi1
dx? ¢, Az?

(2.34)

A non uniform mesh scheme, illustrated in Fig. 2.13 is essential for speedy calculations.
The second derivative for a non-uniform mesh scheme is such that
d*¢ 2 2

da?le, ~ hy (hy + h2)¢3*1  hyhy

¢s + Dst1 (2.35)

(hg (h1 + h2))

vee ¢S—1 ¢S ¢)S+1 ves
o—0
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Figure 2.13: Non-uniform mesh for the calculation of the potential using finite difference.

The Poisson’s equation, as given by (2.31) can be discretized and evaluated at selected

positions within the p — 7 — n structure to be simulated. By discretizing the Poisson equation, it
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is possible to define a function F' = F' (¢5_1, ¢s, Ps41) such that

Np Ny
1 + KD6¢5/VT ]_ _|_ KA6_¢.S/VT

2
po P

 da?

. (pie@/vT — eV

= ) . (2.36)
¢s €

Solving for the potential ¢ is similar to making F' (¢s_1, ¢s, ¢s11) = 0. This is achieved by

using the Newton method. At each mesh point s we have that

1

_F (¢s—17¢57¢s+1) = Z aF (¢S_17¢87¢8+1)

Ao, 2.37
2 Do Gt (2.37)

The potential is solved iteratively using (2.37). The potential profile obtained using the
depletion approximation is a good initial value for the electric potential. At each mesh point,
there is one equation with three unknowns; all the equations arising at the mesh points of the
system can be tabulated in a matrix equation of the form Ax = —F} as shown in (2.41). A is the
large matrix on the left-hand side of (2.41) and represents the Jacobian matrix. The unknown
vector to be solved is x; it represents the incremental error in the electric potential at each mesh
points. The elements of the vector x become very small when Poisson’s equation is satisfied at
each mesh point. The iteration is stopped when all the elements of = are below a certain threshold
(I x 1078 V). The vector F, on the right-hand side is evaluated with (2.36); the vector F also
captures the boundary conditions.

For a potential profile, the function F' (¢s_1, ¢s, ¢si1), Which is a function of three vari-
ables is evaluated at each mesh point to form the vector F;. The mesh points are numbered s,
ranging from 1 to V. The error in the electric potential is obtained by solving the matrix equation

given by (2.41). As boundary conditions (for the case of a p — 7 — n structure), in the absence
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of an external bias, the electric potential on the first mesh point on the heavily doped p-side is
the bulk potential (calculated assuming incomplete ionization in the bulk as previously discussed
in Section 2.3.3). The electric potential on the heavily doped n-side is also calculated with in-
complete ionization in the substrate. The Jacobian matrix is obtained by evaluating three partial
derivatives at each mesh point.

Except for the two outmost mesh points, each mesh point s has an environment similar to
the illustration of Fig 2.13 but with different values of h; and hy. The three partials that set the
coefficients a,, bs, and c, are given by (2.38), (2.39), and (2.40), respectively. Solving (2.41)
gives the potential profile ¢(z). From the electric potential profile, the concentration of ionized
dopants is calculated as a function of position. Additionally, the potential allows the calculation
of the concentration of free carriers as a function of position. The derivative of the potential gives
the electric field profile (multiplied by minus one), which is denoted £(x). The equations capture
the temperature dependence of the potential and the other byproducts of the calculations through

the intrinsic carrier concentration, n;, and the thermal voltage V7.

oF 2
T AT 238
a Obs_11s  hi(hy + h)ls (2.38)
b, — OF _ —_2 _ i qp; eXp—Cf)s/VT N qn; exp¢s/VT
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Equation 2.41 can be arranged for multiple layers junctions in forward and reverse bias.

2.4.2 Effects of Temperature on the Incomplete Ionization of Dopants in p —
1 — n Diodes at Zero Bias

The finite difference method provides a way to solve the discretized Poisson’s equation
when there is no equilibrium. Fig. 2.14 shows the calculation results for a 4H-SiC p — 7 — n struc-
ture at room temperature. The simulated structure is such that the heavily p-type doped region is
0.1 ym and doped at N4 = 1x10'cm~3. The i-layer is doped n-type at Np =2x 10" cm~ and is
2 um thick. The second cladding layer is heavily n-type doped at Nps = 1x10'® cm~3 and is 0.1

pm thick. The vertical dashed lines represent the two junctions of the device. The calculations

48



yield the potential profile, the concentration of free electrons and free holes, the concentration of
ionized dopants, and the electric field profile, which is the derivative of the electric potential. The
concentration of free carriers is seen to invalidate the depletion approximation; the concentration
of free electrons n becomes very small when observing the depletion region from left to right
but is not zero. In the p™ region, the concentration of ionized acceptors is seen to be about just

2x10% c¢cm~3 for an active doping concentration of 1x10'® cm~3.
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Figure 2.14: Simulated potential (¢), free carriers concentration (n, p), ionized dopants concen-
tration (NE;, N), and electric field (£) in a 4H-SiC p — ¢ — n diode at 300 K.

It is seen that the electric field extends into part of the p*™ region, causing the complete
ionization of active acceptors. In the n™ regions, the part of the i-layer that is not depleted is
seen to suffer from incomplete ionization; The phenomenon, which could be termed ionization
erosion, is an essential factor to consider when modeling device capacitance.

49



The calculated potential profile within the p — ¢ — n structure is shown in Fig. 2.15. The
simulation of the potential is performed as a function of the temperature with 4H-SiC as the based
material. Since there is no external bias applied, this potential profile gives the built-in potential
of the p — ¢ — n structure. It is seen that the built-in potential decreases with the temperature.
When the temperature increases, the thermal voltage and the intrinsic carrier concentration have
competing effects on the built-in potential, but the effects of the intrinsic carrier concentration are

more pronounced, resulting in the decrease of the built-in potential with increasing temperature.
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Figure 2.15: Simulated potential profile of a p — ¢ — n diode as a function of temperature. The
results are shown for 4H-SiC at zero bias.

The electric field profile obtained by evaluating the derivative of the potential is shown in
Fig. 2.16. One would expect higher electric fields at elevated temperatures because of the higher
ionization of dopants. It is seen that the peak electric field decreases with increasing temperatures.
The increase in temperature enhances the intrinsic carrier concentration, thus lowering the built-
in potential that shapes the field profile.
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Figure 2.16: Simulated temperature dependence of the electric field within a p — 7 — n diode at
zero bias. The calculated electric field profile considers the incomplete ionization of the dopants.

The concentration of ionized dopants is shown in Fig. 2.17 for a p — ¢ — n structure with
4H-SiC as the base material. The i-layer is doped n-type at 2x 10'7 cm™3. It is seen that the field
promotes the ionization of dopants. In the depletion region, the concentration of ionized dopants
is equal to the concentration of active dopants. It is also seen that the effect of the temperature
on the field within the depletion region is insignificant; carriers don’t freeze out in the depletion
region.

As the electric field fades out, going away from the active junction, the impact of tempera-
ture on the incomplete ionization of dopants becomes noticeable, and the concentration of ionized
dopants settles to what it should be in the substrate. The calculation shows that the dopants in
the space-charge region tend to be fully ionized while dopants in the quasi-neutral region of the
device are partially ionized. Since the electric field strongly promotes the ionization of dopants,

assuming that dopants are fully ionized when calculating the electric field results in minor errors.
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If finding the electric field is the only thing that matters, it may not be necessary to model in-
complete ionization to obtain an accurate field profile. However, the series resistance is affected
by incomplete ionization; this is discussed later in the thesis in Section 3.1.2. Despite dopants
ionization challenges, the formation of junctions is still possible because built-in electric fields

are enough to promote complete ionization in the space close to the junction.
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Figure 2.17: Simulated profile of the concentration of ionized dopants as a function of the tem-
perature.

2.4.3 Electric Potential, Electric Field, and Incomplete Ionization in Reverse
Biased p — ¢« — n Diodes

In the previous sections, incomplete ionization is studied on substrates materials and junc-
tions in equilibrium. The study of incomplete ionization on substrates is enough to capture the

unipolar on-resistance through Baliga’s framework. The study of incomplete ionization in junc-
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tions at zero bias gives insight into the internal field and the distribution of charges within the
structure. It is essential to gain a similar understanding on devices subjected to reverse bias mea-
surements. The study of incomplete ionization in reverse bias conditions is important because
the on-state of some devices could be when they are reverse biased. For avalanche photodiodes,
the on-state could correspond to Geiger mode operation, where the diode is biased to avalanche
breakdown. Knowledge of the field and the distribution of charges within the devices allow accu-
rate modeling and prediction of device performance. For avalanche photodiodes, the knowledge
of the effective resistance and the effective capacitance in avalanche mode leads to the accurate
modeling of the RC constant, which predicts how fast a device can quench.

When a bias is applied across the junction, the Fermi splits as shown in Fig. 2.18. The
figure shows the effects of a reverse bias V4 on the band diagram of a p — n junction. The shaded
region represents the difference between the midgap and the Fermi level, represented by ¢ in this

work; the difference can be expressed in terms of energy and potential.

Increasing
Energy

»

p-side

' )

Increasing
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n-side

Figure 2.18: Location of the quasi-Fermi level for a p —n junction under a reverse bias condition.

Under reverse bias, the Fermi level is shifted by ¢V4; this is true not just for the p-n junction
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but also for the p — ¢ — n structures. In this work, the p-region is used as the reference, and the
Fermi level in the n-region is offset to capture the applied bias; thatis ¢, = ¢ and ¢p,, = ¢ —Va.
By accounting for the reverse bias, the Poisson equation can be written as

Np Ny
1+ Kpe@Va)/Vr 1+ K, e ¢/Vr

V2¢ __ 49 (pi6_¢/VT _ ni6(¢_VA)/VT + ) . (2.42)
€

The non-linear finite difference method discussed earlier can be used to solve (2.42). The
profile of the electric potential for a p — ¢ — n structure that used 4H-SiC as the base material
is shown in Fig. 2.19 at a reverse voltage of 170 V. The inset figure shows that the temperature
lowers the potential, but the effects of the temperature on the electric potential are insignificant
because the reverse bias voltage is much larger than the built-in potential. For the reverse bias
study, the thickness of the cladding layers is 0.1 pm, and the thickness of the drift region is 1.2
pum. The p* region is doped at 5x 10'® cm ™3, the i-layer at 2x 10'7 cm~3, and the n™ region at
1x 10! cm™3.

The electric field profile obtained by taking the derivative of the potential is shown in
Fig. 2.20. It is seen that the temperature has a weak effect on the electric field profile because the
built-in potential, which changes with temperature, is insignificant compared to the applied bias.

The concentration of ionized dopants in the p — ¢ — n structure is shown on Fig. 2.21. It is
seen that the active dopants are getting fully ionized in the depletion region, and the temperature
does not affect the concentration of ionized dopants. Because p-type dopants in 4H-SiC have a
higher activation energy than n-type dopants, incomplete ionization is more pronounced in the
quasi-neutral region of the p™ side of the structure. It is also seen that the temperature promotes

the ionization of dopants in the quasi-neutral region of the p — 7 — n structure. Fig. 2.21 tells the
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Figure 2.19: Electric potential’s profile of a p — 7 — n diode as a function of the temperature. The
base material is 4H-SiC, and the applied reverse bias is 170 V.
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material is 4H-SiC, and the applied reverse bias is 170 V.
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resistance of the p — ¢ — n diode under reverse bias operation.
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Figure 2.21: Calculated concentration of ionized dopants in a p — 7 — n diode as a function of the
temperature. The base material is 4H-SiC, and the applied reverse bias is 170 V.
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Figure 2.22: Calculated profile for the concentration of free carriers as a function of the temper-
ature. The calculation is performed on 4H-SiC
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One important physics worth describing on Fig. 2.21 is the deionization of dopants on the
n~ side of the n~ — n™ junctions. The diffusion of electrons from the n™ side of the junction to
the n~ side results in the neutralization of ionized donors. The effect is the slight reduction of the
ionized donor concentration on the n~ side of the n~ — n™ interface as seen in Fig. 2.21.

The calculated concentration of free carriers is shown on Fig. 2.22. because the reverse
bias is large, the n X p product becomes insignificant. Part of the space charge region away from
the edges can be assumed to be fully depleted because the concentration of free carriers present

is too small that it is computationally zero.

2.4.4 Background Currents in Devices Fabricated with Wide- and Ultrawide-
Bandgap Semiconductors

Given that at large reverse biases, the p — ¢ — n structure appears to be fully depleted in part
of the i-layers, the origin of the leakage currents remains a challenge for photodiodes fabricated
with wide- and ultrawide-bandgap materials. Fig. 2.23 shows pulses resulting from dark counts
in a 4H-SiC avalanche photodiode. In an ideal situation, one wants the pulse to be triggered by
an incident photon, but the pulses are occasionally encountered in the dark due to background
emissions. Several factors contribute to the background current in semiconductors; for avalanche
photodiodes operating in the dark, some components of the background current are the diffusion
current (/4;7¢), the generation current (/4.,,), and the sidewall leakage current (/sy) [38,39]. The
off-state current, modeled as the sum of the components, can be expressed with (2.43).

The reverse saturation current of p — n junctions is given by (2.44). A denotes the area

of the devices. D,, and D), are the diffusion coefficients for electrons and holes. L,, and Lp are
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the diffusion length of electrons and holes. the lifetime for electrons and holes is given by 7,
and 7,,. The reverse saturation current is written in terms of the mobility and the lifetimes of the
minority carriers. The equation indicates that the diffusion current gets smaller for devices with

high doping concentrations and long minority carriers’ lifetime.

Laark = Laigy + Lgen + Lsw. (2.43)
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Figure 2.23: Measured dark count rate in a 4H-SiC avalanche photodiode.

A plot of the reverse saturation current in 4H-SiC is shown in Fig. 2.24 for 4H-SiC p — n
junction with the p-layer doped at 1x 10'® cm~3 and the n-layer doped at 2x 10'" cm~3. The area
of the diode is 2.25x 10~ cm?. and the lifetime for electrons and holes are 1x 10~ s and 6 x
10~7 s [40], respectively. Because the intrinsic carrier concentration is very small, the theoretical

saturation current is small for wide- and ultrawide-bandgap semiconductors. As seen Fig. 2.24
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the diffusion current at room temperature is 4.4x10~°! A for 4H-SiC, considerably insignificant

compared to 6.7x1071¢ A as calculated silicon.
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Figure 2.24: Reverse saturation current in 4H-SiC as a function of the temperature. The theoret-
ical saturation current is so small that it is below the resolution limits of modern-day measuring
instruments; an increase in temperature results in an increase in leakage current.

In addition to the diffusion current, the generation current is another component of the
background current. The generation current [38] in the space charge region is given by (2.45),
where 7, is the lifetime associated with the emission of carriers, A is the area of the devices; ¢

is the electron charge, and WW; is the width of the depletion region in reverse bias where the free

carriers concentrations are smaller than the intrinsic carrier concentration n;.
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Aan. W,
I, — A4 (2.45)

27T,

At large reverse biases, the depletion is enhanced, and W; can be assumed to be the total
depletion width. The generation current depends on the lifetime of carriers; the topic is revisited
after deep-level transient spectroscopy analysis in Section 3.2, where more details are provided
on the lifetime.

The sidewall leakage current is external to the material and does not get multiplied. It
has an ohmic behavior observable via the fabrication of diodes with different areas. The base
current measured in Fig. 2.23, by its nature of being constant for a bias, is likely attributable to
the parallel leakage. The parallel leakage is experimentally investigated in Section 3.4.2, where
dark- and photo-current analyses are performed.

The simulated profile of free carriers shown in Fig. 2.22 reveals that free holes tail in the
depletion region. The electric field is such that those holes are pulled back to the p* region.
There is a short distance that holes travel before reaching the cladding layer. Fig. 2.25 shows the
potential energy holes tailing in the depletion region can get when reaching the cladding layer.
In future Chapters, deep-level transient spectroscopy analysis is considered to study the nature
of generation-recombination centers that may influence the leakage current of devices. Such low
currents are a challenge because the origin of carriers that initiate avalanche breakdown remains
unknown.

The figure shows that the potential energy can be more than 10 eV, but the concentration
of holes that can have such energy is minimal (nonexistent). A few carriers (concentration ~ 10°

cm~?) in the depletion region on the p* side can get 1 eV of energy; This energy is not enough to

60



1E+1 t — f

- )
S r C1E+9
5 ] - |
E | Potential Enengy / :‘E—J E
W 1E-1 4 P : E
= 5 r
; / -
@  1es
/ r E-&
r
r
1E-3 ' | ' e
010 -0.05 000 0.05

Position (um)

Figure 2.25: Potential energy of free carriers tailing in the space charge region as they drift back
to the cladding layer. The material considered is 4H-SiC, and the calculations are performed on
a p — i — n structure biased at 170 V.

trigger a breakdown. The leakage in wide- and ultrawide-bandgap semiconductors will be further

addressed in the coming chapters with deep-level transient spectroscopy analysis.

2.5 Validation of Incomplete Ionization with Capacitance-Voltage-Temperature

Measurements

The incomplete ionization of dopants is reflected in capacitance measurements. Measuring
4H-SiC avalanche photodiodes at different temperatures is a good way to validate the model
of incomplete ionization. Fig. 2.26 shows the schematic of the avalanche photodiodes used for
capacitance measurements as a function of the temperature. The diode is positively beveled; the
i-layer is 2 m thick and doped at 2x 107 cm 3.

The top view of the diode is shown in Fig. 2.27. As seen in the figure, the measured

diameter of the top contact is about 115 pm. The outermost red circle indicates the foot of the
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Figure 2.26: Schematic of the diode used for capacitance measurements.

bevel; its measured diameter is 185 pym. The structure is n-illuminates because the n™ layer is on

the top.

Figure 2.27: Top view of the p — 7 — n diode used for capacitance measurements.

Avalanche photodiodes are ideal for studying the breakdown voltage because they offer
the opportunity to capture the full voltage that a material can support. Compared to Schottky
diodes with metal/semiconductor interfaces, avalanche photodiodes are less affected by defects.
Because avalanche photodiodes are used for non-line of sight communication, we will also study
the diodes for their single-photon detection efficiency.

Capacitance-voltage measurements were performed on the 4H-SiC photodiodes as a func-
tion of the temperature. As seen in Fig. 2.28, the capacitance increases with the temperature,
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likely because there are more charges in the depletion region when the temperature increases. To
extract of the effective concentration of ionized dopants in the depletion region, we consider the
expression for the depletion capacitance and the temperature dependence of each of its param-
eters. The depletion capacitance is given by (2.46), where () is the parallel offset capacitance
resulting from the measurement setup. The built-in potential can be fully expressed as a function
of the temperature as given by (2.47); it uses the concentration of intrinsic carriers, which also

depends on the temperature.

) INNL(D)e
¢ = A\/ 2 (V) + [Val) (N5 + Np(@)7) T (240
KT (NGNA(T)
Wlr) = (M) 247

The temperature dependence of the intrinsic carrier concentration is given by
ni(T) = \/No(T)Ny (T) e~ EcT)/ kD) (2.48)

where N¢ and Ny are the density of states in the conduction and valence band, respectively, their

temperature dependence is such that

2mmy, kT */
NC,V:(W‘—”’> . (2.49)

For 4H-SiC, the temperature dependence of the bandgap is given by

3.3 x 107272
E,(T)=328— 22~ — = 2.
o(T) =3.285 — =~ eV (2.50)
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Figure. 2.28 shows the measured capacitance along with the calculated capacitance using
an effective ionized donors’ concentration. A fitting scheme using (2.46) is used to model the
measured capacitance. The unknown parameters found with the fitting process are the offset ca-
pacitance, the area of the diodes, and the concentration of ionized donors. The offset capacitance
and the area of the diode are assumed constant. An effective ionized concentration is extracted

for each temperature measurement.
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Figure 2.28: Calculated and measured capacitance in p — ¢ — n diodes as a function of the voltage
and the temperature.

The effective ionized donor doping concentration is considered the measured ionized con-
centration. Table 2.4 shows the measured ionized donor doping concentration (Measure Doping)
for temperatures in the range of 200 K to 600 K. For comparison, the concentration of ionized
dopants calculated with the model of incomplete ionization is also shown in the table (Measured
Doping).

The calculated and measured ionized doping concentrations agree, suggesting a successful
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Table 2.4: Measured and calculated effective doping concentration.

T (K) 200 | 250 | 300 | 350 | 400 | 500 | 600
Measured Doping x10*"cm™ | 1.71 | 1.79 | 1.80 | 1.84 | 1.87 | 1.93 | 1.99
Calculated Doping x107cm=3 | 1.71 | 1.77 | 1.82 | 1.85 | 1.88 | 1.92 | 1.94

modeling of incomplete ionization.

Conclusion

Wide- and ultrawide- bandgap semiconductors are promising materials for power electron-
ics because they enable the fabrication of devices that are simultaneously small, efficient, and
capable of high voltage operation. The Baliga figure-of-merit provides a means to evaluate the
performance of those materials for power electronics; however, the Baliga metric is challenging
to assess because it highly depends on underlying physics that are not explicitly expressed. A
more reasonable approach to evaluating the on-resistance versus breakdown voltage of emerging
materials is to study the factors that may influence the on-resistance and the breakdown voltage.
This section has investigated incomplete ionization in wide- and ultrawide- bandgap semicon-
ductors as a function of the temperature and the electric field. Before ionization, the incomplete
activation of dopants is a factor that also increases the device resistivity. By comparing theoreti-
cal and measured resistivity in p-type 4H-SiC doped with aluminum, it is found that up to 90%
of dopants can be inactive; thankfully, doping by epitaxial growth results in 100% activation of
the dopants. The ionization energy of dopants for the different wide- and ultrawide-bandgap
materials studied was surveyed from the literature, and their doping dependence was proposed
using the Pearson-Barden model. By assuming that all the dopants are ionized and that the space

charge region is fully depleted of free carriers, the electric field profile and the electric potential
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profile are obtained by integrating over the fixed charges in the depletion region, but the process
hides insight into device’s operation. Incomplete ionization is modeled with Poisson’s equation.
For the case of substrates, the Poisson equation becomes the charge neutrality equation. The
ionization ratio computed in this work agrees with the calculations of Darmody and Goldsman.
for p-type doped 4H-SiC. An implemented finite difference scheme is proposed for solving the
Poisson equation in p — 72 — n structures. Simulations show that the electric field strongly af-
fects the ionization of carriers, and it is challenging to freeze carriers in the depletion region.
Field-assisted dopants’ ionization helps junction formation and reduces errors associated with
complete ionization assumptions. For material with high ionization energy dopants, incomplete
ionization is more pronounced in the quasi-neutral regions, where the temperature has the most
effects. It is seen that the Baliga unipolar on-resistance is underestimated; some materials, such
as diamond, can be up to 1000 times more resistive depending on the activation energy of the
dopants and the operating temperature. Operating at high temperatures can make devices less
resistive, provided reductions in mobility are overcompensated by the improved ionization of the
dopants. Calculations in this section show that the reverse bias diffusion current is insignificant,
and the dark current is most likely due to leakage through the side wall. This effect will continue

to be evaluated in the thesis.
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Chapter 3: Characterization of 4H-SiC p — ¢« — n diodes for the Validation of
Incomplete Ionization and the Calculation of Impact Ionization Co-

efficients

The on-resistance and the breakdown voltage are two quantities that are very important
when assessing the performance of a device for power electronics. A device with a low on-
resistance is more efficient as less energy is wasted to joule heating. A low resistance also implies
a low RC constant and high operational frequencies. Being an important parameter that controls
the charge and discharge time of the quenching cycle, the resistance can also impact the photo
counts of avalanche photodetectors. A low resistance allows fast charge and discharge times,
resulting in high photo counts. A higher breakdown voltage is important because it allows a safe
expansion of electronics devices on more energized platforms such as electric vehicles.

In Chapter 2, incomplete ionization was studied for a more accurate calculation of the on-
resistance. It was demonstrated that the partial activation and the incomplete ionization of dopants
could significantly increase the resistance of devices fabricated with wide- and ultrawide-bandgap
materials that have a high ionization energy. In this chapter, measurements are performed on 4H-
SiC p — i@ — n diodes for an experimental assessment of the on-resistance and the breakdown
voltage. The total resistance and the series resistance of the diode are measured as a function

of the temperature. As demonstrated by modeling efforts in Chapter 2, the enhanced ionization
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of dopants with increasing temperature helps lower the resistance. Unlike silicon which has a
low ionization energy, incomplete ionization is severe in wide-bandgap (WBG) and ultrawide-
bandgap (UWBG) materials; however, the severity of incomplete ionization is reduced when the
temperature is increased.

Following the measurement of the resistance, the diodes are characterized for a more accu-
rate assessment of the multiplication from which impact ionization coefficients can be extracted
for the calculation of the breakdown voltage. Deep Level Transient Spectroscopy (DLTS) is per-
formed to extract the concentration of generation-recombination centers for understanding the
generation current in material with a large bandgap. The effects of deep traps on the electrical
characteristics of devices and the extraction of those deep traps via DLTS analysis are discussed.
The diodes are then characterized in linear mode for their gain (multiplication). The voltage
dependence of the multiplication is calculated from dark and photocurrent measurements; the
use of the measured multiplication for establishing the value of impact ionization coefficients is

discussed in the next chapter.

3.1 Effects of Incomplete Ionization on Measured Resistance

When assessing the on-resistance versus breakdown voltage of emerging semiconductors
in the literature, the on-resistance is usually evaluated by considering a uniformly doped semi-

conductor bar. Such a bar is shown in Fig. 3.1. The resistance of the bar is given by

1 W
R=—

= oA Q) (3.1)

Where A is the cross-sectional area of the bar, and W its thickness as shown in Fig. 3.1.
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The resistance depends on the electron charge, ¢, the mobility u, and the concentration of free

carriers, n. The product gun is the conductivity of the bar, and 1/(qun) is its resistivity.

Figure 3.1: A uniformly doped semiconductor bar for the evaluation of the resistance. The cross-
sectional area of the bar is A, and its thickness is W.

As seen in the literature, the use of on-resistance is more convenient; it is expressed as

Ron = W (Q - cm?) (3.2)
qpmn

The on-resistance given by (3.2) is what is generally considered when evaluating the on-
resistance versus breakdown voltage of semiconductors [10]. Note that this equation applies only
to a limited number of electronic devices. In the case of diodes, for example, the on-state is
dominated by the diffusion of minority carriers; the drift resistance given by (3.2) cannot be used
to assess the on-resistance of diodes.

The on-resistance given by (3.2) is useful for power electronics because it applies to vertical
power devices. The schematic of a vertical device, the double diffuse MOSFET (DMOS), is
shown in Fig. 3.2. In the on-state, a positive bias is applied to the gate terminal of the device,

and the p-region of the device under the gate insulator gets inverted, creating a path for electrons
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between the n* source regions and the n-drift region. In the on-state, the resistance of the device
is the resistance of the n™-drift layer. The on-resistance given by (3.2) is applicable on the vertical

MOSFET shown in Fig. 3.2.

Gate
Source T Source
metal
insulator
p J \ p
=
Drain

Figure 3.2: Schematic of the double-diffuse MOSFET (DMOS).

When discussing the on-resistance versus breakdown voltage limits, the literature considers
the resistance of a uniformly doped semiconductor bar. The current in such a uniformly doped
bar is due to the drift of majority carriers, and the resistance is referred to as the unipolar on-
resistance because conduction is achieved with one type of carrier. Although the p — n junctions
or p — i — n diodes are not unipolar devices, it is important to assess their on-state resistance for

an improved modeling of the multiplication.

3.1.1 Effect of the Temperature on the Total Resistance of the p — ¢ — n Diodes

For power electronics, achieving low on-resistances is useful for the energy efficiency of

systems. The on-resistance needs to be evaluated depending on device architecture because the
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conduction mechanism depends on device’s operation. The on-resistance of a diode is different
from that considered in the Baliga figure-of-merit (BFoM) [10]; nonetheless, it is worth measur-
ing the diode resistance because it allows better modeling of the multiplication by accounting
for the effective voltage across the diode. Also, measuring the resistance of the diode as a func-
tion of the temperature tells the combined effect of mobility reduction and dopants ionization
enhancement. The measured forward I-V characteristics of a 4H-SiC p — ¢ — n diode is shown
on Fig.3.3. The measurements were performed from 100 K to 600 K. For each temperature, the

total resistance is estimated as the slope of the I-V in the linear region.

Current (mA)

Figure 3.3: Forward I-Vs measured on 4H-SiC p — 7 — n diodes in the temperature range of 100

K to 600 K. The drawn slopes in strong forward bias indicate the total small-signal resistance of
the diode.

In p — i — n diodes, the physics at the p™ — n~ junction is similar to that of p — n junctions.
For a given forward bias, the charge injection’s mechanism is similar forp —nand p —7 — n

diodes. When accounting for the non-ideality factor, the current equation is given by 3.3, where
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I45¢ 1s the reverse saturation current; Vp, is the voltage across the diode. The non-ideality factor

is given by n. The temperature is denoted with 7.

Vi
ID = Idiff (exp <zk—;> — 1> s (33)

The diode non-ideality results from the fact that the excess minority carriers at the edge of
the depletion region in a p-substrate for a forward bias, Vp is ny(exp (Vp/(nVr)) —1) instead of
npo(exp (Vp/(Vr)) —1). In other words, the injection of carriers is suppressed by a factor n. For
ideal diode, n = 1. Neglecting the one in the diode equation and taking the natural logarithmic
results to

Vb

The plot of In(/p) versus the applied forward bias, Vp, is such that its slope is 1/(nVr).
The current is plotted in Fig. 3.4 on the logarithmic scale. The curves show that the turn-on
voltage is less than a volt. The current appears linear at around two volts. At around three volts,
the slopes decrease, likely due to the series resistance, which reduces the injection voltage. When
the current is small, the voltage drop across the series resistance becomes negligible, and the non-
ideality factor can be more easily extracted. The natural logarithmic of the current is plotted as
a function of the applied bias in Fig. 3.5 at around 1.8 V. The non-ideality factors are extracted
from the slope of the fitting lines (n = 1/(Vr x slope)). They are summarized in Table 3.1.

From Fig 3.3 and Fig. 3.4 it is seen that the current increases with the temperature. The
extracted total resistance of the diode, which includes the series resistance, and the space charge
resistance, is summarized in Table 3.1 as a function of the temperature. The table also summarizes

the measured non-ideality factor extracted at 1.8 V. The diodes approach ideality at elevated
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Figure 3.4: Measured forward I-Vs characteristics of p — 7 — n diodes plotted on the logarithmic
scale as a function of the temperature.
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Figure 3.5: Natural logarithmic of the diode current for the extraction of the non-ideality factor.

temperature, likely due to the lowering of the series resistance narrowing the gap between the

applied bias and the injection voltage. The investigated diodes’ series resistance is discussed and
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extracted in the next section as a function of the temperature.

3.1.2 Extraction of the Series Resistance

The effective voltage across the diode is corrected by considering the voltage drop across
the series resistance. The schematic of a diode (p — n junction) in forward bias is shown in
Fig. 3.6. The device is described by referencing three regions denoted by R;, Ro, and R3. The
space charge region is Ry, and the regions outside the space charge region are R; and R3. The

series resistance is the sum of the contact and quasi-neutral regions’ resistance.

Figure 3.6: Regions of a forward-biased p — n junction. The region R; is thin, and the regions
R, and R3 are not neutral because of the injection of minority carriers.

In forward bias, charge injection occurs, resulting in a profile of minority carriers in the
regions R and R,, which become non-neutral. The concentration of minority carriers peaks at
the edges of the depletion region and exponentially decays to n? /N4 in Ry and to n?/Np in Rs.
Because the regions R; and R3 are not neural in forward bias, there is a weak electric field that
causes the drift of majority carriers. The series resistance is denoted r; and can be used to correct

the voltage across the diode. The effective voltage across the diode is

Vo =V — Iprs, (3.5)
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where I is the current in the diode. The corrected current-voltage relationship for the

diode with an account of the non-ideality factor and the series resistance is given by

V —Ipr,
Ip = Lyigy (eXP <%> - 1) : (3.6)

In forward bias, the one can be neglected, and the current equation becomes

(3.7

Q(V — ]D’T‘s)
nkT '

ID = ]dz'ff exp (

Using the chain rule, the derivative of the current with respect to the voltage can be ex-

pressed as
dID C](V—[DT’S) d V—[DTS
— =1y —_— = — ). 3.8
qy e ( nkT av \ avr (3:8)
. dIp :
Since I gp, the equation above leads to
q T'sgd
D |
D P\nkT — nkT (39)

— = ——+ Iprs. (3.10)
q

Equation 3.10 shows that it is possible to extract the series resistance by plotting I /gp
against I as shown in figure 3.7 [41]. In such a plot, the series resistance is just the slope of the

linear fit. The y-intercept can yield the diode’s non-ideality factor, n; however, this is unpractical
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because the current is high, and the injection voltage is no longer the bias applied on the diode.
The series resistance associated with the p —¢ —n diode, useful for the experimental extraction of
the multiplication and the validation of the incomplete ionization model, is shown in Table 3.1.
The total resistance is the slope of the measure I-V characteristics in the linear regime; those

slopes are drawn in Fig. 3.3.
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Figure 3.7: Extraction of the series resistance in a 4H-SiC p — ¢ — n diode at 300 K.

Table 3.1: Extracted resistances of the 4H-SiC p — ¢ — n diodes described in Section 2.5.

Temperature (K) 200 300 500 600
Total Resistance (€2) 580.57 | 267.20 | 203.16 | 154.26
Series Resistance, 7, (£2) | 257.28 | 122.74 | 99.97 | 99.49
Non-ideality Factor 7.26 5.33 3.53 2.98

Experiments show that the series resistance, which is the sum of the contact resistance
and the resistance ( (3.11)) of the quasi-neutral regions, Ry, ([2; and R3 in Fig. 3.6), decrease
with the temperature. The contact resistance is the the sum of the n-contact, R, and p-contact
resistance, R¢c,. At elevated temperature, the quasi-neutral region’s resistance is affected by the
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enhancement of dopants’ ionization and mobility reduction; this is discussed in Section 5.1.2
and 5.3.2.

Ts = Rognr + Ron + Reyp (3.11)

The contact resistance can be evaluated from the specific contact resistivity, whose typical
value is p, = 4 x 10~* © cm? for contact on n-type 4H-SiC [42,43] substrate. For the p — i — n
diodes investigated in this work (see Fig. 2.27), the top area is about 5.6 x 10~° cm?, and the
specific contact resistance are reported to be about 1x1073 Q- cm? [44]. Assuming that the
specific contact resistance is ten times higher for contact on p-type 4H-SiC substrates and that
the area for the p-type contact is twice that of the n-type contact, the calculated series resistance is
107.14 €2, close to the value reported in Table 3.1. The difference in resistance is about 15 €2 and
could be attributed to the resistance of the quasi-neutral region and errors made when estimating
the device’s dimensions. Calculation shows that the contact resistance is the major source of the
series resistance, which decreases with the temperature. The series resistance decreasing with
temperature can be attributed to contact resistance reduction.

Experimental studies show that the series resistance of the diode is less than 260 € at tem-
peratures higher than 200 K. If the breakdown voltage current is one mA, the voltage drop across
the series resistance is less than 0.26V, depending on the operating temperature. The breakdown
voltage of the device investigated in this work is around 180 V, so the effect of the series resis-
tance can be neglected for breakdown voltage measurements of power electronic devices. In the
multiplication regime, however, the change in current becomes highly sensitive to the voltage.
Accurate modeling of the multiplication requires consideration of the series resistance. Measur-

ing the current in forward bias allows understanding of devices’ resistivity. For diodes, the tem-
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perature affects the ionization of the dopants, but this effect is not directly observable in the series
resistance, which is dominated by the contact resistance. The ohmic-specific contact resistivity
depends on the metal-semiconductor work function, the doping concentration of the semiconduc-
tor, and the effective mass of the carrier. Ohmic contact improvement could significantly lower
the RC constant of diodes and boost their efficiency.

While forward I-V characteristics helped understand the source of resistance in the investi-
gated diodes, the reverse I-V characteristics are essential for quantifying charge multiplication. In
Section 2.4.4, it was found that the reverse saturation current for material with a large bandgap is
insignificant compared to that of silicon. Dark measurements of the investigated 4H-SiC p—i—n
show avalanche count, indicating that there are other sources of current than the saturation cur-

rent. It is important to analyze diodes for the nature of the generation current from deep traps.

3.2 Deep-Level Transient Spectroscopy Analysis for the Study of the Dark Cur-

rent, the Multiplication, and Impact Ionization Coefficients

It is possible to extract impact ionization coefficients from multiplication data (gain) cal-
culated from the measured reverse I-V characteristics of p — 2 — n diodes. However, before
processing measured I-V characteristics for the multiplication, it is essential to understand the
nature of the measured current, especially at low reverse voltage. The previous chapter shows
that the reverse saturation current is so insignificant that it is below the measurement limits of
modern instruments. The question remains: What is the nature of the current measured when
a device like a 4H-SiC p — ¢« — n diode is reverse biased? It turns out that the saturation cur-

rent is only a component of the dark current. In this section, we will use deep-level transient
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spectroscopy to study generation-recombination centers, also called deep traps, that can promote
the dark current through successive emissions and captures of carriers. The deep-level transient
spectroscopy (DLTS) approach is a powerful technique for characterizing materials. More on
DLTS analysis can be found in the work of Barbot et al. [45] for silicon and in The work of Gotz

and Johnson [46] for III-V related materials.

3.2.1 Generation-Recombination Centers and their Impact on Devices Perfor-
mance

Depending on their distance from the band edges, impurities in semiconductors can be
shallow or deep. Shallow impurities are close to the band edges, while deep impurities are closer
to the mid-gap [47]. A good example of shallow impurities are dopants that can be intentionally
incorporated into the material to modulate its conductivity. The concentration of deep traps can
also be controlled, but they often appear unintentionally in materials. When impurities are closer
to the band edges (shallow), they act like traps; closer to the mid-gap, they act like generation-
recombination (G-R) centers. More details on traps and G-R centers are be found in [47]. This
work focuses on G-R centers to understand the dark current measured on devices fabricated with
wide- and ultrawide-bandgap materials.

This section aims to establish a framework for extracting the concentration of G-R centers
when available; it is done by first studying their characteristics and potential impact on devices’
electrical performance. As illustrated in Fig. 3.8, G-R centers can be occupied by an electron
(filled circle) or by a hole (empty circle). A G-R can become charged depending on its nature.

When an electron occupies the G-R center, it is in the ny state. When a hole occupies it,
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it is in the py state. The G-R centers can also be donors or acceptors in nature. Being a donor
center, the G-R center is neutral under electron occupation and positively charged under hole
occupation. An acceptor center is neutral when occupied by a hole and negatively charged when
occupied by an electron. The four possibilities related to nature and occupancy are summarized

in Table 3.2.

() (b)

Figure 3.8: The two possible states of a generation-recombination center. in the np-state ((a)) the
center is occupy by an electrons. In the py-State ((b)) the center is occupied by a hole.

Table 3.2: Possible states of generation recombination centers.

Donors | Acceptors
np State | neutral | negative
pr State | positive | neutral

Because they can be charged, G-R centers are electrically active defects and can alter the
electrical performance of semiconductors devices. In 4H-SiC, the main know deep defects are
the Z,/7, [48-51] and the EH¢/EH; [52-54], which are known to significantly deteriorate the
lifetime of carriers. The traps mentioned above are thermally stable; it is known the Z,, are
double acceptors while the EHg,7 are donors. The band diagram of 4H-SiC is shown in Fig. 3.9,
with the relevant traps centers [54]. The existence of generation-recombination centers in 4H-SiC
is due to carbon vacancies. The concentration of G-R centers can be suppressed by considering a
carbon-rich growth of the substrate; it is also possible to lower the concentration of G-R centers

by performing enhanced lifetime oxidation annealing [50].
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Figure 3.9: Reported deep centers in 4H-SiC [54].

3.2.2 Modeling the Transient of Generation-Recombination Centers Occupied
by Electrons

Generation-recombination centers are electrically active defects, and their presence in ma-
terials can alter the electrical performance of a material. G-R centers can distort the measured
capacitance and current of electronics devices. Measuring electrical signals over time makes it
possible to extract the concentration of deep centers that might have distorted it because the ef-
fects of deep traps can be modeled mathematically [41,51]. The occupation of deep traps can
be modulated with an external signal, as shown in Fig. 3.10 for the case of a one-sided p*™ — n
junctions.

When the junction is forward biased, the Fermi level is raised above the trap energy level,
as seen in Fig. 3.10(a). Being below the Fermi level, all the G-R centers get occupied by an
electron and go into the np-state. When the diode is reverse biased, as shown in Fig. 3.10(b), the
barrier high is increased, and some of the trap states get above the Fermi level and start to emit.

Modeling the number of traps that remain under electron occupancy during the emission process

81



»

/

p*-side n-side

(a)

p*-side n-side

(b)

Figure 3.10: Change of the band diagram during DLTS measurements. The filling regime is
shown in (a). Applying a slight forward bias on the diode reduces the barrier height and drops the
trap energy level below the Fermi level, resulting in the occupation of generation-recombination
centers. When a reverse bias is applied (b), the energy barrier is increased, and the centers located
above the Fermi level start to emit.

is essential for deep-level transient spectroscopy (DLTS) analysis.
Generation-recombination centers interact with the band of the materials. Electron capture
decreases the concentration of free electrons in the conduction band, n; similarly, hole capture

decreases the concentration of holes in the valence band. Emission increases the concentration
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of free electrons while capture decreases it. The net change in electron concentration due to the
change in occupancy of the generation-recombination centers is given by
dn

— = epNy — CyNPT, (3.12)

dt

where e, and c¢,, are, respectively, the emission and capture coefficients t [47]. The emis-
sion is controlled only by the number of states under electron occupancy; however, for an electron
capture event to happen, there must be electrons present in the conduction band and available p-
states to host it. Similarly to the case of electrons, the concentration of holes in the valence band

can be altered due to G-R centers and can be modeled as

dp

= = &P =GP (3.13)

During emission or capture, the number of G-R traps occupied by electrons is such that

dTLT dp dn
dt |, dt dt (enn + €p) (N7 — nr) = (¢pp + €n) 11, (3.14)

where np in the total concentration of generation-recombination centers. The solution [47]

to the first-order differential equation is given by

nr(t) = np(0) exp <—§> P CR D) (1 ~exp (—é)) . (315

en tCun 4 €, + cpp

For traps in the upper half of the bandgap, e,, > e,. During emission, the concentration of

traps occupied by electron is given by
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nr(t) = nr(0) exp (

—i) ) (3.16)

Te

where 7. = 1/e, is the emission time constant of the trap, which is expressed as [47,55]

Te

_ expl(Ec — Er)/(KT))

nonT?

(3.17)

3.2.3 Experimental Setup for Deep-Level Transient Spectroscopy Measurements

3.2.3.1 Modeling the Capacitance for DLTS Analysis

In the previous sessions, the concentration of generation-recombination (G-R) centers un-

der electrons occupancy during emission was modeled as a function of time using (3.16). The

change in occupancy over time affects the total charge in the depletion region. Table 3.3 shows

the changes in charges concentration due to changes in G-R center occupancy [47]. In an n-type

substrate, if the G-R centers are acceptors in nature, under electron occupancy, the total concen-

tration of charges is N, — n. If all the G-R centers go under hole occupancy, the concentration

of charges decreases to N}, [47]. For donor G-R centers, the concentration of charges increases

from N, under electrons occupancy to N}, + p7. under holes occupancy [47].

Table 3.3: Change in charges due to change in G-R center occupancy in an n-type substrate.

Electron Occupancy

Hole Occupancy

Acceptor G-R

= 4
centers W) = Nbp
Donor G-R + + +

centers Np Np +pr
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The same study can be done on a p-type substrate with acceptors G-R centers, where the
concentration of charges in the depletion region decreases from N, + n;. under electrons oc-
cupancy to N, under holes occupancy. In a p-type substrate, if the G-R centers are donors in
nature, the concentration of charges decreases from N, under electron occupancy to N, — pi.

under hole occupancy.

Table 3.4: Change in charges due to change in G-R center occupancy in a p-type substrate.

Electron Occupancy Hole Occupancy

Acceptor G-R

centers Ny +nr N4
Donor G-R _ _ +
centers N4 Na=pr

The speed of the emission process depends on the emission time constant 7.. During emis-
sion, the charges gradually change, and the change in charges can be reflected in capacitance
measurements. For example, in an n-type substrate with G-R centers under electron occupancy,

the capacitance can be written as

o \/qe (N —ny)

2 (Voi + |Vl)

(3.18)

Using a first-order Taylor’s series expansion, the capacitance can be approximated with (3.19).
The capacitance given by (3.19) is a function of the time and temperature. It shows that the ca-
pacitance is expected to increase with time during the emission of majority carriers in an n-type
substrate with acceptors G-R centers. Other scenarios for the change in capacitance are sum-
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marized in Table 3.5 for an n-type substrate. In all four scenarios, the traps are acceptors in

nature.

Np 2Np
t
nr(0) exp (—m) (3.19)
2Np

o, 1) = CoJ1 - "W < ¢ (1 _ nT<t)>

%C() 1-—

The emission of majority carriers happens on Schottky diodes and results in an increase
in capacitance. The second scenario depicts the emission of minority carriers, which is likely
realized on a one-sided p™ — n junction. In forward bias, holes are injected in the n-regions,
switching the states to pp. Following a reverse bias, the states emit holes resulting in a decrease
of charges from N}) to N}, —nr(t) and a decrease in capacitance. The third scenario is the capture
of majority carriers in Schottky diodes. First, the Schottky diode is reverse biased, forcing the
emission of electrons. When a forward bias is applied, electrons rush into the space charge region
where they are captured. During the capture, the charges decrease from N}, to N — np(t),
resulting in a decrease in the capacitance [47]. The last and fourth scenario illustrates the capture
of minority carriers on p — n or Schottky diodes. The devices in reverse biased, and the G-
R centers are in the np state. Upon an optical illumination, minority holes are generated and
captured, increasing the total charge and the capacitance.

Regardless of which scenario takes place for the transient of G-R centers occupancy, the
form of the capacitance is given by (3.19). The difference in capacitance between time ¢, and ¢,

gives a signal which is a function of the emission time constant and has a peak. More precisely
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Table 3.5: Predicted changes in capacitance due to changes in generation-recombination centers
occupancy.

Acceptor traps Acceptor traps
e Schottky diodes pt —n diodes
mission en > e, ¢p >
Cincreases overtime C decreases over time
Acceptor traps Acceptor traps
Schottky diodes p — n or Schottky diodes
Ca pture F.B. after R.B. Carriers generated optically
C decreases over time Cincreases over time (R.B.)

the difference of capacitance between time ¢; and time t5 is C'(t2, 7)) — C(t1,T) < f(1.) =

e(~t1/7e) — e(=t2/7¢) The signal f(,) has a peak as illustrated in Fig. 3.11; the peak occurs at

to —t

Te,mazx = (3.20)
’ ln(tg/tl)

0.8 (0.00866, 0.779)

0.2 ’[1 =1.6ms -

'[2 =25.6 ms

O | | | |
0 0.02 0.04 0.06 0.08 0.1

7y (S)

Figure 3.11: Predicted peak in the function f(7,) = e **/7 - e~*2/7¢_Tllustration for the case when
t; = 1.6 ms and t5 = 25.6 ms.
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The emission time constant is a function of the temperature. By measuring the capacitance
over time as a function of the temperature, it is possible to experimentally extract the temperature

corresponding to the maximum DLTS signal and correlate it to the emission time constant.

3.2.3.2 Setup for DLTS Measurements

It is possible to obtain the characteristics of G-R centers in semiconductors by measuring
the capacitance as a function of time and temperature. DLTS measurements and analysis were
performed on 4H-SiC avalanche photodiodes in this work. The setup for measuring the DLTS

data is shown in Fig. 3.12. The setup consists of a cryogenic chamber hooked to a vacuum pump.

Figure 3.12: Setup for the deep-level transient spectroscopy measurements.
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The device under test is mounted on a stage inside the cryogenic chamber; the mounting
stage can be heated up to 800 K, and the chamber can be cooled down to 100 K with nitrogen. A
temperature controller is used to set and monitor the temperature of the stage. A program devel-
oped by SEMETROL [56] is used to acquire the DLTS data. The schematic presented in Fig. 3.13
shows how the controller drives the temperature of the stage and capacitance measurements. The
measurement starts by setting temperature points. After the temperature is established in the
chamber, a small positive bias, the filling pulse, is applied to the devices to fill the G-R centers.
The device is then reverse biased with a small negative voltage, and the capacitance is monitored

over time.

Capacitance-
Voltage
Measurement

Cryostat

Device
| Under Test I

| Temperature Stage

Controller

Figure 3.13: Illustrative diagram for DLTS measurements.

3.3 Baseline for the Dark Current in Wide-Bandgap Semiconductors from DLTS

Characterization of 4H-SiC p — ¢ — n Diodes

The theoretically calculated saturation current for diode fabricated with wide- and ultrawide-

bandgap semiconductors appear to be so small that it is necessary to investigate the source of
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the dark current at low applied biases (unity gain). The previous section discussed generation-
recombination centers (deep traps) and their effect on electrical characterization. This section
presents capacitance measurements and the main results of DLTS analysis on 4H-SiCp —¢ —n
diodes. The DLTS analysis improved the understanding of 4H-SiC; the main conclusion drawn
on 4H-SiC can be extended to other wide bandgap semiconductors. Because ultrawide-bandgap
semiconductors represent a new class of material, it is necessary to fabricate a test structure with
diamond, gallium oxide, or aluminum nitride to perform experiments that could help reinforce

the understanding of ultrawide-bandgap materials.

3.3.1 Measured Capacitance as a Function of the Temperature for Extracting

the Characteristics of Deep-Level Centers in 4H-SiC

Following the method described in Section 3.2.3.2, capacitances were measured in 4H-SiC
p—1i—n diodes over time for several temperatures. The device measured is shown in Fig.2.27. The
capacitances were measured from 100 K to 700 K. For each temperature setpoint, the capacitance
was monitored for 10 seconds. The results of the measurement are shown in Fig. 3.14 For more
details, the measured capacitance is shown in Fig. 3.15 as a function of the temperature; the data
shown represent two horizontal cut-line of Fig. 3.14. The capacitance traces shown are measured
1.6 milliseconds and 8 seconds after the filling pulse.

It is observed that the capacitance increases with temperature but appears to be invariant to the
time after the filling pulse, except in the range of 110 K to 220 K. For DLTS analysis, it is best
to visualize the capacitance as a function of the time after the filling pulse as shown in Fig. 3.16;

the plots on the figure represent vertical cut-lines in Fig. 3.14.
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Figure 3.14: Measured capacitance transient as a function of the temperature in 4H-SiC p—7—n
diodes for DLTS analysis.
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Figure 3.15: Capacitance versus temperature measured after 1.6 milliseconds and 8 seconds after
the filling pulse.
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Figure 3.16: Capacitance measured as a function of the time after the filling pulse. At 200 K,
the capacitance decreases, indicating that the generation-recombination centers are acceptors in
nature.

The DLTS data shows that the capacitance is constant at high temperatures (> 300 K). Be-
tween 100 K and 220 K, the capacitance decreases over time. The observed trend in capacitance
corresponds to the second scenario described in Section 3.2.3.1; the observed distortion in capac-
itance appears to be related to the emission of minority holes during the measurement pulse (in
reverse bias). Processing the measured capacitance transient allows the characterization of the

deep traps.

3.3.2 Extracted Density of Deep Traps, Temperature Dependence of the Emis-
sion Time Constant, and Implication on the Dark Current

The DLTS signal is the difference in measured capacitance between time ¢, and ¢, and is

expressed as [47]
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5C = C(ty) — Clts) = COQ”TT[()O) (exp (-?) —exp (—j—l)) . (3.21)

For a given measurement window given by ¢; and ¢,, the DLTS signal is a function of the
emission time constant 7., which is a function of the temperature T [47]. The relationship be-
tween the 7. and T is given by (3.17), but the lack of knowledge about the energy of the traps
and its cross-section makes the expression difficult to use. DLTS analysis combines theoretical
and experimental findings to establish the dependence of the emission time constant on the tem-
perature, leading to the extraction of traps’ energy. From (3.21), it is possible to calculate the
emission time constant that would result in the maximum DLTS signal [47]. This is accomplished

by taking the derivative of the DLTS signal with respect to the emission time constant.

06C C()TLT(O) tg tg tl tl
= —= —— | - = —— 3.22
0T, 2Np T2 P Te T2 P Te (3.22)
Setting the partial to zero results to
t t t t
Zexp(-2)=ZLexp (-2 (3.23)
T2 Te T2 Te

Therefore, the DLTS signal is maximum when

b oxp <t2 - tl) _ (3.24)
tl Te

In (t9/t
Temaz(50) = t2(+/tll) (3.25)
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The emission time constant corresponding to the maximum DLTS signal is given by (3.25).
It is possible for a given gate window to theoretically predict the emission time constant that will
result in the maximum change in capacitance. The measurement of the capacitance is done as
a function of the temperature. From the measured data and for a gate window, it is possible to
recover the temperature at which the difference in capacitance is maximum. The difference in
capacitance (C'(t,) — C(t2)) is called the DLTS signal [47]. Evaluating the DLTS signal as a
function of the temperature gives the DLTS spectra. The normalized DLTS spectra ((C'(¢1) —
C(t2))/Cp) for the 4H-SiC p — i — n diodes investigated is shown in Fig. 3.17 for five different

gate windows.

10 w w w
—t1=1 .6 ms
81 —t,=2.4ms T
= _
2 6l t=11.2ms | |
= —1,=26.4 ms
RS 4 —1,=107.2ms
X
S 2
o
L
0
) x 1 |
100 150 200 250 300

Temperature (K)

Figure 3.17: Normalized DLTS spectra for five selected gate windows. The windows are such
that ¢, = 16 x t;. The temperature at which the maximum of the DLTS spectra occurs depends
on the selected gate window.

The gate windows used to calculate the DLTS spectra are such that ¢, = 16¢;. Setting the

ratio between ¢, and ¢; to 16 is somewhat arbitrary; however, the ratio should be sufficiently long
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to measure an appreciable change in capacitance. It should be noted that the time ¢, is limited by
the measurement duration. The DLTS spectra can be calculated for several windows; Fig. 3.18
shows the DLTS spectra for several gate windows with r = ¢5/t; = 16. The color map highlights

the region where the DLTS signal tends to be maximum.

%1073
18
107"
5
— Il
K2 y
1072

100 200 300 400 500 600
Temperature (K)

Figure 3.18: Calculated DLTS spectra for several gate windows. The gate windows are such that
to = 16t,. A few DLTS spectra’s peaks are appended to the figure.

The peaks of the DLTS spectra were calculated and appended to Fig. 3.18. For a gate
window, the theoretical emission time constant and the experimental temperature, which tell the
DLTS spectra’ peak, are matched. Based on the relationship between the emission time constant
and the temperature (3.17), the following equation can be obtained

The density of generation-recombination center can be calculated using (3.26) [47].

INpr™/ T=6C, e
NT = C )
0(1 — T’)

(3.26)
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Figure 3.19: Extracted density of generation-recombination centers for different gate windows
(tg =16 X tl)

where r = t5/t; [41]. For acceptors traps the lifetime of the is related to the traps energy by [51]

_ exp(Er — Ey)
O'pUthNV

(3.27)

e

with £ — E)y, being the location of the center w.r.t. the valence band. The holes’ velocity,

Vg, 1S glven by
v, = /3T /ms, (3.28)

where m; is the effective mass for holes. The density of states in the valence band, Ny is

ormikT\*?
Ny =2 (%) . (3.29)

The emission lifetime for holes and the cross-section obtained by considering the equations above

96



are given by
Er—F
hs@q)(_z;__gz>

kT
- . (330)
20, T?k2mz\/3(27)3/2
Multiplying (3.30) by 7" and taking the natural logarithmic lead to
h3 1(Er—FE
In (7.7%) = In  L1Er—Ey) (3.31)
ZUkam;\/g(Qw)?’/? T k

The plot of In (7,7?) versus 1/T is shown in Fig. 3.19. The depth of the traps extracted from the
slope of the fit is 0.49 eV. Based on the extracted data, the emission time constant is plotted as a

function of the temperature in Fig. 3.20. The cross-section can be calculated using

h3

g

(3.32)

- 2 exp (Yine ) K2misv/3(2m)3/

100}

1072 : :
125 130 135 140
T (K)

Figure 3.20: Measured emission constant as a function of the temperature.

97



Deep level transient spectroscopy (DLTS) analysis revealed the presence of deep levels
(=~ 1 x 10' cm™3, calculated with (3.26)) in the characterized 4H-SiC avalanche photodiodes
(p—1—mn diodes). The extracted cross-section, however, is too large and works as a fitting param-
eter. The analysis shows that the emission time constant of the traps decreases with temperature;
this indicates that at elevated temperature, the emission could be so fast that instruments may be
too slow to capture changes in signal due to trap emission. Understanding the measured I-V char-
acteristics is important for calculating the multiplication (gain) and extracting impact ionization

coefficients for breakdown voltage predictions.

3.4 Extraction of the Multiplication from Reverse I-V Measurements

In the previous sessions, deep-level transient spectroscopy analyses were performed to un-
derstand the source of the dark current in devices fabricated with wide- and ultrawide-bandgap
semiconductors. It was seen that, for the case of 4H-SiC, the emission time constant decreases
with the temperature, suggesting emission of carriers at a faster rate at elevated temperature. This
section presents reverse current-Voltage measurements performed on 4H-SiC p — ¢ — n diodes.
The measured current-voltage characteristics are used in future sessions to assess impact ioniza-

tion coefficients relevant to breakdown voltage predictions.

3.4.1 Modeling The Photo Current of p — 7 — n Diodes

Several factors can influence the resulting current and multiplication when a reverse bias is

applied to diodes. Under illumination, the total current across a p — 7 — n diode can be written as
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]D - ]opt + ]darlc + ]SW; (333)

where I, is the optical current (under illumination), which is bias-dependent. Note that
when the p — ¢ — n diode is illuminated, it operates as a photodetector, and the current at unity
gain (I(V4 = 0V)) is large enough to be well measured. 4, is the dark current made up of
the saturation current and the current emanating from the deep traps. /gy is the parallel leakage,
generally, through the sidewalls of the devices. The sidewall leakage is external to the diode
and does not get multiplied; it can be extracted as the slope of the fit through the current at low
voltage (before the avalanche process). For some of the 4H-SiC devices measured in this work,
the current in the dark was still below the noise level. With the current being less than 1x 10~
A ata 100 V (see Fig 6.6) in the dark, the sidewall resistance can be estimated to be at large as
1x10% Q.

Besides the reverse saturation current, the generation current is another component of the
dark current. The generation current in the depletion is given by (2.45). The current depends on
the emission lifetime of the carriers. In the previous section, the emission lifetime is extracted
at low temperatures. The lifetime is modeled using (3.27); it decreases with the temperature;
however, in the case of holes, there must be a minimum lifetime given by (3.34) [38]. N is the
concentration of deep centers, vy, 1s the carrier velocity, o, is the carrier cross-section, and mj is

the effective mass for hole. The plot of the lifetime and its lower limit is shown in Fig. 3.21.

*

B 1 B my
NTvthUp NT V 3]{3T0'p

(3.34)

Te

The calculations are performed with Ny =2x10' cm ™3 = 2x 10%! m~3; the effective mass
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Figure 3.21: Calculated lifetime in 4H-SiC p — ¢ — n diodes.
for hole is m; = 0.82m, [57, 58], leading to the velocity, vy, = 1.29x% 107 cm/s. With the re-
ported cross section for 4H-SiC being 5x 1071, the calculated emission lifetime for hole is 7.
= 7.75x107%. The measured diodes are doped at 2x10'" cm™3, and the depletion width at
breakdown is about 1pm. The generation current [38] is

Lgen = —5- t 1.1 x 10777A. (3.35)

In silicon, the intrinsic carrier concentration is 7; = 8.71 x 10° cm™3 at room temperature,
the corresponding generation current is 2.02 x 10~ A. The intrinsic carrier concentration has
a strong influence on the generation current. In 4H-SiC and materials with a large bandgap, the
intrinsic carrier concentration is very small, resulting in insignificant generation currents.

The generation current can be experimentally determined from the dark count using the

continuity equation [59]. The expression for the generation current is
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e, (3.36)
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where the generation rate is the count rate (CPS) divided by the volume of the depletion
region. If the generation rate is uniform over the length of the depletion, the generation current
becomes the count rate per second multiplied by the electron charge. The diode investigated
shows 11 counts in 400 us in Fig. 2.23, resulting in 27.5 k counts per second and a generation
current of 4.41 x107' A. The large difference between the generation current extracted with
DLTS measurement and Geiger mode measurement can be attributed to the low speed of the
DLTS setup. In DLTS measurements, the capacitance is sampled every 1.6 ms, while the resolu-
tion is far improved in Geiger mode. Deep traps in the characterized diodes seem to have a fast
transient, making them undetectable with the DLTS setup.

The equivalent circuit of the diode is shown in Fig. 3.22. In the multiplication regime, the
gain is highly sensitive to the change in applied bias; an increment of the bias by 0.1 V could
take the gain from the thousands to the millions. For the multiplication modeling, it is essential
to adjust the effective voltage across the diode by considering the effect of the series resistance.
The effective voltage across the diode is Vp = Vpp — Rslp.

For devices with good edge termination, the leakage through the sidewall can be signifi-
cantly reduced so that Rp is very large (10'° Q) for 4H-SiC. When Rp is small, a considerable
amount of current flows through the sidewall, causing early failure and preventing the avalanche
process. Fabricating devices with good passivation and edge termination is crucial for the possi-

bility of measuring avalanche current for breakdown studies.
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Figure 3.22: Equivalent model of the diode. This model allows the extraction of the effective
voltage across the multiplication layer. The series resistance Rg is obtained from the Forward
I-V measurement, The parallel resistance capture the device leakage.

3.4.2 Dark and Photo Measurements for the Experimental Evaluation of the
Multiplication and the Establishment of the p — ¢« — n Diode Equivalent

Circuit Model

The measured reverse current-voltage characteristics of the 4H-SiC p—i—n diode described
in Section 2.5 is shown on Fig. 3.23. The current reading is done with a Keithley 6514 mounted
in series with the diode under test. The voltage was supplied by a Keithley 2400. In the figure,
the photocurrent is large enough to be measured on the entire voltage range. The dark current at
unity gain (low biases) is below the resolution limit of the instrument (early data is missing for
the dark current).

Since the current in the reverse bias regime is very small, measurements were performed

with additional care. A waiting time of 30 seconds was used for all bias points. The long wait
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Figure 3.23: Measured dark- and photo-current in 4H-SiC p — ¢ — n diodes for the extraction of
impact ionization coefficients. The measurements are performed at room temperature.

time allows ripples due to changes in voltage to disappear before the measurement is done. Also,
the wait time accommodates the diode response time (driven by the RC constant). Because of
the long wait time, a non-uniform voltage mesh is necessary to shorten the total duration of the
measurement. The voltage mesh is finer at low voltages and denser in the avalanche region.
The photo multiplication (the gain) is calculated by correcting the measured current. The photo
current is recovered by subtracting the dark current from the total current (photo + dark). The

gain associated with the current measurement is calculated using

](VA) — ]MD(VA)
Ip(Va=0V)—Ip(Va=0V)’

M, (Va) = (3.37)

where (V) is the total multiplied current (photo + dark); I, (V) is the multiplied dark
current; I[p(V4 = 0 V) is the total primary current (photo + dark) measured at V4 = 0 V, also
referred as the unity gain total current, and Ip (V4 = 0 V') is the primary dark current measured

at V4 = 0 V. Vy is the applied reverse bias. In practice, for 4H-SiC devices, the primary dark
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current is considered a system-induced error that is subtracted from the photocurrent, usually
much larger in magnitude. The gain associated with the measured current plotted in Fig. 3.23 is
shown in Fig 3.24. Given the nature of the calculation, the gain is unity at 0 V and increases with

the applied bias. In the avalanche region (V4 > 170 V), the gain increases significantly.
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Figure 3.24: Bias dependent measured photo-multiplication in 4H-SiC p — ¢ — n diodes.

3.4.3 Extraction of the Unity-Gain Dark Current

From the experimentally calculated gain, it is possible to recover the dark current of the
device at zero volts. Assuming that all carriers are multiplied in the same fashion and that the
dark current is well measurable at high biases, the unity-gain dark current can be recovered by
applying the known multiplication to the measured dark current. If the carriers are multiplied in

the same fashion, the multiplication of the dark current is such that

[MD = Mph X ID, (338)

where I,p is the multiplied dark current and [ is the dark current at unity gain. Taking
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the logarithmic of (3.38) results to

log (Inp) = log (M) + log (Ip) (3.39)

Plotting log (I5;p) against log (M,,) should ideally yield a line with a slope of 1 and a
y-intercept equal to the logarithmic of the dark current. The plot of log (Iy/p) versus log (M)
is shown on Fig. 3.25, for gain that are large enough for the dark current to be measurable. The
data shows a linear trend, and the slope is close to 1, supporting the idea that the dark current is
multiplied in the same fashion as the photo-current. The dark current can be extracted from the

plot; the extracted dark current is

Ligre = 1071359 — 9 54 % 107 1A. (3.40)

The measured dark current is much greater than the theoretical saturation current calculated
in Section 2.4.4, suggesting that the unity-gain dark current may have multiple origins, one of
them being the emission of deep centers.

From the deep level transient analysis, it is arguable that the saturation current in wide- and
ultrawide-bandgap semiconductors is negligible compared to the background current generated
by generation-recombination centers. In the dark, the main component of the current comes from
the deep traps and the leakage at the sidewall. From the investigation of the dark current, it is
essential to establish an equivalent model for the p — ¢ — n diodes. Such a model allows proper

evaluation of the gain as a function of the effective voltage across the diode.
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Figure 3.25: Extraction of the unity-gain dark current at room-temperature in 4H-SIC avalanche
photodiodes using the log(/4,,) versus log(M) method.

Conclusion

As materials emerge to fabricate power electronics devices, one of the main objectives
is to achieve low resistance for increased efficiency and high breakdown voltages to improve
functionality. The breakdown voltage and the on-resistance tend to oppose each other as high
doping and low thicknesses result in low on-resistance and, undesirably, low breakdown voltage.
To better evaluate the on-resistance versus the breakdown voltage limits of semiconductors, the
effects of dopants’ partial activation and incomplete ionization on the on-resistance of materials
are investigated in Chapter 2. In this chapter, measurements performed on 4H-SiC p—i—n diodes
revealed that, though not often accounted for, the contact resistance in wide- and ultrawide-
bandgap semiconductors is the dominant resistance.

Calculations in Chapter 2 showed that the concentration of free carriers in the depletion
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regions of reverse biased p — ¢ — n diodes is very small, especially for the WBG and UWBG
materials, and their potential energy is not enough to trigger an avalanche process. In this chapter,
deep-level transient spectroscopy measurements were performed to reinforce the understanding
of measured reverse current-voltage characteristics. The emission time constant of deep traps in
4H-SiC p—1i—n was characterized as a function of the temperature. The cross-section of the traps
present in the 4H-SiC samples was too large and is considered a fitting parameter. The generation
current in 4H-SiC, calculated from the carrier lifetime and the intrinsic carrier concentration, is
insignificant for WBG and UWBG materials. Modern instruments cannot resolve the dark current
of 4H-SiC at low applied biases (V4 < 100 V); if any, the dark current at those low applied biases
seems to be dominated by the sidewalls.

For an improved accuracy in breakdown voltage calculation, reverse the measured current-
voltage characteristics of p — ¢ — n diodes are used to extract impact ionization coefficients in
the next chapter. The gain calculated from photo measurements is essential for establishing those

coefficients.
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Chapter 4: Survey of the Literature and Use of Experimental Data for the Cal-
ibration of Impact Ionization Coefficients Needed for Breakdown

Voltage Calculations

Wide- and ultrawide-bandgap semiconductors are excellent candidates for expanding the
capabilities of electronics devices beyond the limits of silicon. For power electronics, WBG and
UWBG materials are desired because predictions show that they can block high voltages while
maintaining a low on-resistance. The metric generally used to assess the trade-offs between the
breakdown voltage and the unipolar on-resistance is the Baliga figure-of-merit (BFoM); however,
the metric is commonly misevaluated, resulting in over-performance prediction. Instead of evalu-
ating a set expression (Roy = 4V2 5/ (1n€€2,)) for the power limits of a material, a more accurate
approach is to assess the breakdown voltage and the on-resistance as separate entities. In the pre-
vious chapters, the partial activation and the incomplete ionization of dopants were studied for a
more accurate assessment of the on-resistance. This chapter aims to set a framework for calcu-
lating the on-resistance and the breakdown voltage of p — i — n structures and establish improved
on-resistance versus breakdown voltage limits for wide- and ultrawide-bandgap semiconductors
as a function of the temperature.

The chapter starts with the modeling of the avalanche process in semiconductors. The ex-

pressions for the multiplication process are derived as a function of impact ionization coefficients,
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and the condition that indicates breakdown is discussed. Impact ionization coefficients drive the
multiplication process and are essential for evaluating the breakdown voltage of devices based
on their geometry and doping concentration of the constituent layers. A temperature-dependent
model for impact ionization coefficients is proposed for more accurate multiplication and break-
down voltage modeling. The model is calibrated with measured multiplication, measured break-
down voltages, and reports from the literature. Impact ionization coefficients proposed for wide-
and ultrawide-bandgap materials allow a more accurate calculation of the breakdown voltage.
The breakdown voltages of p — ¢ —n structures are calculated using established impact ion-
ization coefficients. The optimum structures, which set on-resistance versus breakdown voltage
limits, are discussed. The on-resistance and the breakdown voltage are evaluated as a function
of the temperature, and improved power limits (on-resistance versus breakdown voltage) are
proposed as a function of the temperature. Results indicate a significant improvement in the per-
formance of ultrawide-bandgap materials (with high ionization energy) when the temperature is
increased. It is observed that the background doping of semiconductors significantly deteriorates
their ability to block high voltages. The failure to consider the incomplete ionization of dopants

(as commonly done in the literature) results in performance overestimation.

4.1 Modeling the Avalanche Process with Impact Ionization Coefficients

The depletion region of semiconductor devices can hold applied reverse biases. Applied
biases give rise to an electric field contained within the depletion region. A carrier injected in the
depletion region can, under the effect of the electric field, drift and gain enough energy to trigger

impact ionization events, resulting in charge multiplication. Depending on the direction of the
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electric field, carriers must be injected appropriately to travel the depletion region. If the electric
field in the depletion region is oriented from left to right, holes must be injected from the left edge,
and electrons must be injected from the right edge. Carriers can also originate within the depletion
region (under illumination) at a considerable distance away from the edges and gain enough
energy from the electric field to initiate impact ionization events. Impact ionization collisions
from carriers that have obtained high energy by drifting under the influence of the electric field
result in the creation of new electron-hole pairs. The newly created carriers, in turn, can also drift
under the electric field to generate new electron-hole pairs. Under high-electric fields, the creation
of electron-hole pairs occurs in cascade successions of impact ionization collisions, resulting in
charge multiplication. When out of control, the multiplication of carriers within the depletion
region results in large currents and in the avalanche breakdown of the material. Modeling the

avalanche multiplication allows the formulation of the breakdown voltage condition.

4.1.1 The Multiplication Process in The Depletion Region of Semiconductors

To model the multiplication process, a drift region of width I is considered, as shown in
Fig. 4.1. An initial electron current, 1,0, is injected from the left side of the depletion, and the
electric field, 5(4935 , 1s oriented from right to left. For simplicity, only the depletion region, where
the multiplication takes place, is presented. The depletion region is assumed to be delimited by
0 and W. For a p — 7 — n diode, W could be the thickness of the i-layer; however, because the
field extends slightly into the cladding layers, W' is somewhat greater than the thickness of the
i-layer. The depletion width, W, can also be smaller than the thickness of the i-layer if the i-layer

is too thick or highly doped so that it is not fully depleted. Because of the multiplication due
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to the electric field, the electron current increases when traversing the depletion region from left
to right. A quantitative description of the charge multiplication process involves the continuity

equations.

0 w

Figure 4.1: Illustration of current injection and charge multiplication in the depletion region. The
current injected from the left side of the depletion region is multiplied under the influence of the
electric field. At steady state, the total current (/ = I,,(x) + I,(x)) is constant with position.
Under high electric fields, the generation rate due to impact ionization collisions is much
greater than the recombination rate. When the recombination rate is neglected, the electron con-
tinuity equation can be expressed as
on 10J,

AL 4.1
o g on + G, 4.1)

where ¢ is the electron charge; ¢ is the time; J, is the electron current density; G, is the
generation rate, and x is the position. Similarly, using the subscript p to denote holes, the hole

continuity equation is

o _ 1040

ot~ g or Gp 4.2)
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At steady state, g—? = (0 and % = 0. Combining (4.1) and (4.2) results to
1d

Impact ionization collisions result in the creation of electron-hole pairs, and it can be as-
sumed that the generation rate of electrons is equal to that of holes. Combining both the electrons

and the holes continuity equation under impact ionization regime leads to

% (Ja(@) + Jp(a)) = 0. @.4)

As implied by (4.4), at steady state, the derivative of the total current with respect to posi-
tion is zero; therefore, the current is constant with the position at steady state, and the constant

total current is

I =1I,(z) + L(x). (4.5)

In the case where electrons are injected from the left as shown in Fig. 4.1, the electron
current grows from left to right, but the total current, /, is constant. The hole current, ,(z), is
not shown in Fig. 4.1; it can be evaluated as [,,(z) = I — I,,(z). The hole current at steady state
is such that [,,(W) = 0, and 1,(0) = I — I,,0.

By the nature of the impact ionization process, the increase in hole current at a position x
is opposite to the incremental increase in the electron current. Because the gradual increase in
current is related to the number of electron-hole pairs generated by impact ionization, the change

in current is such that
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dL(x) _ dl, _ o(z)ld + f(x)lda

q q q

(4.6)

where « represents impact ionization coefficients for electrons, and ( represents impact
ionization coefficients for holes. Impact ionization coefficients represent the number of electron-
hole pairs generated by impact ionization collisions when a carrier travels one centimeter of the
material. In this work, Impact ionization coefficients are indirectly a function of position; that
is, impact ionization coefficients are evaluated as a function of the electric field, which is space-

dependent. The multiplication process in the depletion region can be modeled with (4.7) [41,60].

dl,(z) = al,(x)dz + fL,(x)dz

—dl,(z) = al,(z)dx + Bl,(z)dx 4.7)

\ I = L(z) + ()

The equations given by (4.7) lead to two differential equations that can be solved for the

modeling of the multiplication and for establishing the breakdown voltage condition.

4.1.2 The Ionization Integral for the Breakdown Voltage Condition

By combining the first and the third equation of (4.7), a differential equation is obtained for

the electron current in the depletion region described in Fig. 4.1 [41]. The equation is given by

— L(a(z) - B()) = AL. (4.8)

The equation is a first-order differential equation; for simplicity and conciseness, the space-
dependence of impact ionization coefficients is not always stated; «(x) and () are occasionally
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expressed as o and . Multiplying all terms of (4.8) by the integration factor yields

d[n(QZ) efoz —(a—B)du _ I

dr n(@)(a = B)elo (=D — grely (oA 4.9)

Using the chain rule, the equation can be arranged to give

L1 ()eks *W*ﬁ)d“] = Blels ~(a=B)du, (4.10)
X

Integrating both sides of the equation over the depletion regions results to

Wod v W .
/ < [In(a:)efo *<a*5>d“] dr = / BIels ~(a=Bdugy @.11)
o dz 0

Applying the fundamental theorem of calculus and realizing that [,,(0) = I, and that

I,,(W) = I, the previous equation yields

w
JeJo' ~eBydu _ [ / Belo ~(a=Pdu gy, (4.12)
0

The right-hand side of the previous equation can be broken into two integrals; this is ac-

complished by using the fact that 5 = —(a — ) + a. It follows that

w W
e ~to=Bdu _p ]/ aelo ~(a=Bdugy ]/ (a— B)elo ~@=Fdy. (4.13)
0 0

Further rearrangement results to
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w W
elo’ —(a=B)du _ % = / aelo —(@=Bdugy _ / (a— ﬁ)ef(;” —(a=Bdu gy (4.14)
0 0

Realizing that [,,o/I = 1/M leads to

w w
I (o _ L el ~(a-B)du g, _ / (a — B)eki ~(@=B)iugy 4.15)

M, 0 0

The following is an identity needed to further simplify the expression for the modeling of

the multiplication

w
/ Fx)e Fo Fdugy — 1 o= f" fwydu, (4.16)

0
The identity stated above can be used to rewrite the second term of (4.15), which becomes

w

efoW —(a=B)du 1 aelo ~(e=Pdugs 1 4 efOW ~(a=p)du (4.17)

~ i - 0
The first term of the LHS and the last term of the RHS can be dropped since they are equal.

The result is the following equation, which gives a relationship between the total multiplication

and impact ionization coefficients under electron injection.

1 w .
1—— = / aedo ~(e=Pdu gy (4.18)
0

n

The right-hand side of (4.18) is the ionization integral. At the breakdown, the electron
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initiated multiplication, M,,, is very large (infinity), and the ionization integral equals 1.

4.2 Key Differences Between p — 7 — n and n — 2 — p Structures

The avalanche multiplication of carriers given by (4.18) is specific for the case when elec-
trons are injected from the left edge of the depletion regions, and the electric field is oriented
from right to left. It is also possible for the electric field to be oriented from left to right. In the
case of diodes with an i-layer, the electric field’s direction depends on the type of the structure,

whichcanbep — i —norn —i— p.

4.2.1 The Ionization Integral for p — ¢ — n Structures

There can be two versions of the p — 2 — n diodes as shown in Fig. 4.2(a) and Fig. 4.2(b).
Normally, the layers are stacked vertically; in the case of the p — ¢ — n diode, the p™ layer
faces upward, and the structure is also called a p-illuminated device. in both structures shown
in Fig. 4.2, the electric field is oriented from right to left. Illuminating the device from the top
results in electron injection, and illumination from the bottom results in holes injections.

There is a significant difference in how multiplication is achieved in the two p —¢ —n struc-
tures presented above. In the case of electron injection, in the case illustrated in Fig. 4.2(a) the
injected electrons are first subjected to a high electric field, which gradually decreases, whereas
in the case presented in Fig. 4.2(b) the electrons experience a low electric field, which gradu-
ally increases. In both cases, because the electric field has the same direction, the equations for
modeling the multiplication are similar; one should be careful to properly align the electric field

with the position of the devices when evaluating impact ionization coefficients. The system of
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() (b)

Figure 4.2: Two possible p — ¢ — n structures and their resulting field profile. In both structures,
the electric field is oriented from right to left (bottom to top for vertical stacking). In the case of
(a) the i-laver is n-type doped, and the peak electric field is toward the surface. In the case of (b),
the i-layer is p-type doped, and the peak electric field is toward the bottom of the structure.

equations below models the multiplication for pure electron injection (first equation) and pure
holes injection (second equation). The case of electron injection was treated in Section 4.1.2; a

analogous derivation gives the following for hole multiplication.

1 W
1— A = / aelo —(a=B)du g,
0 (4.19)

1 /W w
l——= Bela (a=B)du gy,
M, 0

4.2.2 The Ionization Integral for n — 7 — p Structures

Two possible n — i — p structures are shown in Fig. 4.3. When stacked vertically, the n™
layer faces upward, and the device is called n-illuminated. Illuminating the device from the top
results in holes injection, and illumination from the bottom results in electrons injection. In the
case of n — ¢ — p structures, the electric field is oriented from left to right (top to bottom if

stacked vertically). The multiplication for n — ¢ — p diodes can be derived following the steps of
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Section 4.1.2; however, there is a symmetry that simplifies the problem. Electrons in Fig. 4.2(a)
behave like holes in Fig. 4.3(a). The expression for the n — ¢ — p structure is deduced from those

of p — ¢ — n structures by just substituting « for 3, 3 for o, and M,, for M,,.

(a) (b)

Figure 4.3: Possible field profiles in n-i-p structures. In (a), holes travels in an increasing field,
and in (b), holes travel a decreasing field.

For the cases illustrated in Fig. 4.3(a) and Fig. 4.3(b) the multiplications for pure electrons
injection and pure holes injection are given, respectively, by the first and second equation of the

following system of equations.

1 W
= / aels ~(eAdugy
0

1— —

M,

1 " gelia-pa

1——:/ Belo P dy
M, 0

(4.20)

4.2.3 Impact of the Injection Method on the Multiplication

In the previous section, four equations were derived for modeling the multiplication in
p — 1t —nand n — ¢ — p structures. The four equations exist in the literature, but it is essential to

know which equation to use depending on the case presented. The equations derived for p—:—n
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structures are found in the work of [61, 62], and the equation proposed for n — ¢ — p structures
can be found in the work of [63].

Pure electron injection and pure hole injection result in different multiplication processes
but lead to the same breakdown voltage as shown in Fig. 4.4. The multiplication shown in Fig. 4.4
is calculated using (4.19) and assuming that the i-layer of the p — ¢ — n diode is n-type doped.
The figure shows the multiplication for pure electron injection from the left side and pure hole
injection from the right side of the device. The geometry of the device is given in Table 5.1. The
material simulated is 4H-SiC, and the impact ionization coefficients used for the simulation are
summarized in Table 4.2. Note that the breakdown voltage is defined as the voltage at which the
multiplication becomes very large, and the current in the devices grows significantly in reverse
bias. In other word, breakdown occurs when the multiplication is infinity, and the right-hand side
of equations given by (4.19) and (4.20) equals to one.

As illustrated in Fig. 4.2 there are two version of the p — ¢ — n structure. In Fig. 4.2(a),
holes are injected from the low field side to the high field side; in Fig. 4.2(b) holes are injected
from the high field side to the low field side. Fig. 4.5 illustrate how the multiplication changes
depending on how holes traverse the electric field. When the i-layer of the p — ¢ — n structure is
n-doped, holes travel the depletion region from the low field side to the high field side (increasing
field), and calculation shows that the breakdown voltage in this scenario is larger. Forp —i —n
devices with a p-type i-layer (decreasing field), the breakdown voltage appears smaller with hole
injection. A p — ¢ — n structure with an n-type doped i-layer could result in higher breakdown
voltages for diodes with non-uniform internal fields.

Another physics worth considering for modeling the avalanche multiplication is the dark-
space, which accounts for the distance the carriers must travel to gain the threshold energy needed
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Figure 4.4: Comparison of the multiplication initiated by electrons and holes injection in a 4H-
SiC p — ¢ — n diode. Though the multiplication is different with the reverse bias, both electrons

and holes lead to the same breakdown voltage.
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Figure 4.5: Comparison of multiplication with holes injection in a 4H-SiC p — ¢ — n diodes for
an n-doped i-layer and a p-doped i-layer. It is seen that the injection of carriers with dominant
impact ionization coefficients in an increasing field leads to higher breakdown voltages.
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for an impact ionization collision. The main effect of dark-space is the reduction of the available
distance for impact ionization collisions, so accounting for the dark-space results in less multi-
plication and slightly higher breakdown voltage. The effects of the dark-space are discussed in
the work of Okuto [64]; it is reported that the impact of the dark-space is severe for devices with
small geometry. In this work, the effects of the dark-space are neglected because the focus is on
the studies of power devices that somewhat require large geometries to block high voltages.

In most cases, the diodes experience both electron and hole injection. In this scenario,
the resulting multiplication combines the results of both pure electrons and hole injection. The
resulting multiplication [65] is given by (4.21). The injection mixture is indicated with k; k

equals O for pure electron injection and 1 for pure hole injection.

1 — i _ (1 — k;) fOW ae” f(f(a_ﬁ)dudl’ + ke~ fow(a—ﬂ)dx fOW B@fxw(a_ﬁ)d“dl-

4.21
i Lkt ke @2

There are more reports in the literature on the modeling of the multiplication with impact
ionization coefficients. The time dependence of impact ionization coefficients is discussed by
Lee et al. [66], and Woods e al. [61] have addressed the effect of local generation on the multi-

plication.

4.3 History of Impact Ionization Coefficients and Proposed Model

The modeling of the multiplication and the breakdown voltage requires knowledge of im-
pact ionization coefficients. For the more mature materials such as silicon, 4H-SiC and gallium
nitride, several studies have been taken to establish the electric field dependence of impact ion-

ization coefficients, but for the most recent materials such as ultrawide-bandgap semiconductors,
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more studies are needed for those coefficients. In this work, the breakdown voltage is evaluated
from the ionization integral, and the need for accurate values of impact ionization coefficients
and their temperature dependence is paramount.

Several authors have reported values for impact ionization coefficients for silicon and 4H-
SiC. For 4H-SiC, the temperature dependence of impact ionization coefficients has been proposed
by Nida and Grossner [67], Hatakeyama [68], and Niwa et al. [69]. Using existing temperature-
dependent impact ionization coefficients models to evaluate the temperature dependence of the

breakdown voltage of a 4H-SiC p — ¢ — n diode yields results shown in Fig. 4.6.
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Figure 4.6: Predicted temperature dependence of the breakdown voltage based on impact ioniza-

tion coefficients surveyed from the literature. The discrepancy in breakdown voltage calculated

with different models shows the need for more reliable values of impact ionization coefficients.
The i-layer of the simulated diode is 2 pm thick, and its doping concentration is 2x 107

cm 3. Measurement of a p — i — n diodes with similar characteristics indicates a breakdown

voltage around 184 + 5 V. The predicted breakdown voltages shown in Fig. 4.6 are different de-
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pending on the impact ionization coefficient model used. To effectively compute more accurate
breakdown voltage values, this work undertakes efforts to establish more reliable values of im-
pact ionization coefficients. After a brief review of the history of impact ionization coefficients, a
modified Thornber model is proposed for those coefficients. The modified Thornber model is cal-
ibrated with experimentally measured multiplication, measured breakdown voltage, and reports

from the literature.

4.3.1 History of Impact Ionization Coefficients

Impact ionization coefficients are essential parameters for evaluating the performance of
semiconductors. There are numerous models for impact ionization coefficients across the litera-
ture; the earliest models come from plasma theory [70]. In the early studies of avalanche break-
down in semiconductors, the two predominant models for impact ionization were the Wolf and the
Shockley models, also known as the high- and low-field models. In the Wolf model, the carrier’s
energy (from the field) is high compared to the energy loss due to collision. As such, the electrons
that undergo collision have a quasi-Maxwellian distribution in which the electron temperature (7
is related to the mean-free-path (), the electric field (£), and the optical phonon energy (E) by
T = géEM(3ER) [71], leading to the 1/£2 model for impact ionization coefficients. In Shockley’s
model, the energy of the carriers is low, and only carriers that do not undergo a collision (lucky
carriers) create impact ionization. The distribution of those electrons that are able to reach the
ionization energy, E;, without undergoing a collision is proportional to exp (—E;/(g¢\)), leading
to the 1/£ model for impact ionization coefficients. Several authors have proposed models that

consolidate both the high- and low-field models for impact ionization coefficients. Baraff’s model
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is based on a maximum anisotropy electron distribution function [71]. Okuto and Crowell have
proposed two models [72, 73]; they rely on nonphysical parameters. In Silicon, Goldsman ex-
tracted impact ionization coefficients by solving the Boltzmann Transport Equation (BTE), from
which he obtained the non-equilibrium distribution function [74].

Although there are several models for impact ionization coefficients, their actual values are
more important than the formulas used to obtain them. The correct values of impact ionization
coefficients are the ones that can predict experimentally observed multiplications. For optical ap-
plication, it is desired to have a large ratio between the impact ionization coefficients of electrons
and that of holes for low noise [26].

The literature also reports on the anisotropy of impact ionization coefficients; the break-
down voltage of p™ — n diodes on a (1120) 4H-SiC wafer was found to be only 60 % that on a
(0001) 4H-SiC wafer [68]. The anisotropy of the impact ionization is related to the anisotropy
of the drift velocity, scattering mechanisms, and the electronic band structure [68]. It is also re-
ported that wide bandgap semiconductors have smaller impact ionization coefficients compared
to silicon and that the junction type has little effect on the breakdown voltage [75]. It is worth
noting that the avalanche process is primarily dominated by the carrier having the dominant im-
pact ionization coefficient [76]. The time dependence of the avalanche process is discussed by
Lee et al. [66].

For AlGaN alloys, the dependence of impact ionization on the alloy composition has been
discussed by Bulutay [77]. Although there is no empirical expression for evaluating impact
ionization coefficients as a function of the alloy composition, it is stated that the alloy composition
significantly affects the alloy scattering. The overall effect of alloy composition is the reduction
of impact ionization coefficients due to the decrease in the mean-free path of carriers.
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4.3.2 Proposed Model for the Temperature Dependence of Impact Ionization
Coefficients

Impact ionization coefficients are modeled as a function of the electric field and the temper-
ature. The coefficients for electrons are denoted «, and that of holes are denoted (3. The proposed
modified Thornber model for impact ionization coefficients are given by (4.22) and (4.23), where
E¢ represents the bandgap of the material. The parameters of the proposed model have expected
effects on impact ionization coefficients; however, when used in the expression, they do not
necessarily retain their physical values. The ionization threshold energy, one of those physical
parameters, is theoretically 3/2 Es [78] for parabolic energy band; however, findings shows that
this value may vary [79]. The parameters for electrons are denoted with the subscript e, and the
parameters for holes are denoted with the subscript 4. The high field effective ionization energies

are expressed with the parameters F;. and E;;, for electrons and holes, respectively.

SEa(T
a(g,T) = E,qu) exp pere f (<T)>2 4.22)
- dT) + Lol 4 B (1)
SELT
BET)= E-qu) exXp q22§2/\G((T)>2 (4.23)
ih qf)\h(T) —+ E—hh + EkTh(T)

The parameters A\, and )\, capture the effects of the mean free path. The effects of the
Raman phonon energy are considered with the parameters F,. and FE,,. The effects of ther-
mal deacceleration [80] are accounted for with Fyr. and Ejr,. To account for the temperature

dependence of impact ionization coefficients, the parameters are modeled as a function of the
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temperature. The temperature-dependence of the bandgap can be found in the literature for sil-
icon [81], SiC [81], GaN [81], 5-Gay03 [25, 82], diamond [83], and Al,Ga;_,N [84]. For the

other parameters, the temperature dependence is given by [41,67,80]

300K

Eiren(T) = Egren(300K) = (4.24)

Eq(T)

Eio(T) = Ei,e(SOOK)W

(4.25)

tanh <E”"" )

2T

Aen(T) = Aen(300K) (4.26)
tanh( Ere. )

2k300K

The proposed model shows that impact ionization coefficients increase with the parameters
E; and E, and decrease with the parameters A and £},,. The model has eight parameters in total
(four for electrons and four for holes). The advantage of using four parameters for each carrier (as
opposed to just two, as in the case of the Chynoweth model) is that impact ionization coefficients
can be more accurately modeled at both low and high electric fields simultaneously. It is possible
for the parameters to compensate each other; If for, example, E? + 2¢¢AE, — géA* = 0 then
A and E, will compensate their effect on the values of impact ionization coefficients. There are
possible scenarios where E; compensates the effect of \; where F; compensates the effect of
E},., and where E, can compensate the effect of ;. One way to prevent the compensation
is to avoid constant (uniform) field profiles when establishing the value of impact ionization
coefficients. Other than the fact that the Chynoweth model fails when the electric field is zero

(division by zero), another advantage of the proposed model is that it meets required asymptotic
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requirements. At high electric fields, the term in the exponential approaches zero, and aF; ~ g¢&,
suggesting that the energy lost to phonon scattering is negligible, and work done by the electric
field is approximately equal to the energy lost to impact ionization collisions. Having E, = 0
implies that there is no energy lost to phonon scattering, resulting once again to aF; ~ ¢£. The
model works like the Shockley model at low electric fields, and, at high electric fields, the model

is similar to Wolff’s model.

4.4 Establishing the Value of Impact Ionization Coefficients by Accounting for
both Measured Multiplication and Impact Ionization Coefficients Reported

in the Literature

Establishing an adequate equation for the modeling of impact ionization coefficients is a
challenge, but more challenging is acquiring the values of those coefficients. Predicting accu-
rate breakdown voltages (for power-electronics) and gain (for opto-electronics) requires reliable
values of impact ionization coefficients. The parameters of the proposed Thornber model can
be found from the known values of impact ionization coefficients. Because the model has four
parameters, it fits impact ionization values well at the detriments of the parameters losing their
realistic physical values. The main challenge is obtaining values of the coefficients to be mod-
eled. Multiple approaches exist to extract values of impact ionization coefficients. Theoretically,
impact ionization coefficients can be obtained by solving the Boltzmann equation as done in the
work of Goldsman et al. [74, 85]; they can be obtained from Monte Carlo simulations as done in
the work of [86,87]. Impact ionization coefficients can also be extracted experimentally [88,89].

Regardless of how they are determined, impact ionization coefficients, when accurate, should
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correctly predict breakdown voltages and multiplication. This work undertakes efforts to estab-
lish more accurate values of impact ionization coefficients by considering several factors. As
presented in Fig. 4.7, values of the coefficients are crafted by simultaneously accounting for
measured breakdown voltage, measured multiplication, and values reported in the literature. The
accuracy of the coefficients relies on the fact that they are generated from multiple sources and

hence are more trustworthy and representative.

Figure 4.7: Establishing values for impact ionization coefficients by accounting for measured
multiplication, measured breakdown voltages, and reports from the literature.

The proposed model for impact ionization coefficients has eight parameters; for each mate-
rial, a unique set of parameters is needed to evaluate the values of impact ionization coefficients
as a function of the local field and the temperature. The desired eight-parameters set for the mod-
ified Thornber model lives in a solution space, as shown in Fig. 4.8. For a given material, the
best set of parameters accurately predicts the breakdown voltage and the multiplication; it also
generates values of impact ionization coefficients that somewhat match values reported in the lit-
erature. Finding the best set of parameters in the solution space is done using an iteration process
described in Section 4.4.3. Measured multiplication data needed for the calibration of impact

ionization coefficients were discussed in the previous chapter. Measured breakdown voltages and
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values of impact ionization coefficients reported in the literature are reviewed for the calibration

process.
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Figure 4.8: Illustration of the solution space for the eight-parameters proposed model of impact
ionization coefficients.

4.4.1 Measured Breakdown Voltage for the Calibration of Impact ionization
Coefficients

Breakdown voltages are measured on 4H-SiC p — 7 — n as a function of the temperature
for the calibration of impact ionization coefficients. The drift layer of the measured diode is
2 pm thick, and its doping concentration is 2x 10'7 cm™3. The reverse characteristics of the
measured diode are shown in Fig. 4.9. The reverse current-voltage characteristics are measured
in the temperature range of 100 K to 600 K, and the measurements indicate a significant increase
of the background current with the temperature. For measurements done at 350 K and below,
the background current appears limited by the instrument’s resolution. For measurements above

400 K, the background current increases significantly with the temperature. The increase of

the background current with the temperature is expected because the saturation current rises
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considerably with the temperature; thermionic emission and a faster emission from the deep

centers contribute to the increase of the background current.
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Figure 4.9: Measured reverse I-V characteristics of 4H-SiC p — ¢ — n diodes as a function of the
temperature. The background current increases significantly with temperature for measurements

above 400 K.

For the experimental extraction of the breakdown voltage, the reverse I-V characteristic of
the p — ¢+ — n diode is close-in in the avalanche region, as shown in Fig. 4.10. The breakdown
voltage is obtained as the reverse voltage at which the current is double the saturation current
and is plotted in Fig. 4.11 as a function of the temperature. It is seen that the breakdown voltage
initially decreases with the temperature, and at 350 K, there is a turnaround, and the breakdown
voltage starts to increase with the temperature.

The decrease in breakdown voltage at low temperature (below 350 K) appears to be related
to the incomplete ionization of dopants. A lower temperature implies more severe incomplete

ionization, a lower effective doping concentration, a lower internal field, and thus a higher break-
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Figure 4.10: Current-voltage characteristics of a 4H-SiC p — ¢ — n diode in the avalanche regime.
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Figure 4.11: Temperature dependence of the breakdown voltage in a 4H-SiC p — 7 — n diode. For
measurements below 350 K, the breakdown voltage decreases with the temperature. Above 350
K, the breakdown voltage increases with the temperature, and the increase in breakdown voltage
appears more substantial with temperature rise.
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down voltage. At elevated temperatures (above 350 K), the increase of the breakdown voltage
with the temperature conforms with the rise of the phonon population at high temperatures. Note
that the phonons population is given by

1

The number of phonons increases non-linearly with the temperature; the population rises
even faster at elevated temperatures, resulting in more scattering. The enhanced scattering of
carriers with phonons leads to a reduction of carriers’ energy and an increase of the breakdown
voltage.

Additional breakdown voltage measurements were surveyed in the literature to calibrate
impact ionization coefficients. The data considered are discussed by Niwa et al. [69]. The sum-
mary of devices used for the calibration of impact ionization coefficients is shown in Table. 4.1.
The p — ¢ — n diodes have different thicknesses and doping concentrations, and the breakdown
voltages are measured for several temperatures.

The fitting process with measured breakdown voltages is global. Instead of finding room-
temperature models and expanding them to temperature, all data at various temperatures are fitted
concurrently. Accounting for all data at various temperatures at once also ensures the calibration
of the temperature model proposed in Section 4.3.2. The challenge with the proposed model is
that at room temperature, the values of the parameters should be within a given range; otherwise,
the parameters become invariant with temperature in some cases or change drastically with tem-
perature in others. The need to calibrate all temperature measurements at once is particularly

needed for the parameter representing the Raman phonon energy, F,., which strongly affects the
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Table 4.1: Device characteristics and measured breakdown voltage as a function of the temper-
ature for the calibration of impact ionization coefficients in 4H-SiC. The data in the table are
gathered from measuring APDs from CoolCAD electronics and the work of Niwa et al. [69].

Devices Temperature (K)| Measured Vg, (V)
CoolCAD Avalanche Photodiodes 100 180.35
(This work) 300 179.05
Np = 2x10% cm? 400 179.4

W=2pum 600 182.15
Avalanche Photodiodes from 298.15 605.21
(Kimoto) 323.08 607.81

NPT1
W =13 pm 423.09 618.75
Avalanche Photodiodes from 298.16 1032.81
(Kimoto) 323.09 1038.02

NPT2
W =13 pm 423.10 1061.98
Avalanche Photodiodes from 298.05 971.35
(Kimoto) 323.08 975.00

PT1
W =4.75 pm 423.08 993.75

variation of A\ with temperature.

4.4.2 Survey of the Literature for the Values of Impact Ionization Coefficients

The literature is surveyed for the values of impact ionization coefficients needed to calibrate
the proposed modified Thornber model given by (4.22) and (4.23). The literature provides the
impact ionization coefficients for Si [72,73,79, 80, 90-94]; SiC [67-69,95-101]; GaN [77, 89,
102]; 5-Gay03 [25,76,103], diamond [104], and Al,Ga;_,N [26,77,86, 105, 106]. The plots of
impact ionization coefficients surveyed are shown in Fig 4.12 for silicon and Fig. 4.13 for 4H-

SiC. The plots also show the fit obtained by using the reported values to find the parameters of
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the modified Thornber model.
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Figure 4.12: Impact ionization coefficients reported in the literature for silicon at room temper-
ature. The reported coefficients are used to find the parameters of the modified Thornber model
for silicon.
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Figure 4.13: Impact ionization coefficients reported in the literature for 4H-SiC at room temper-
ature. The values reported in the literature are used to calibrate the model for impact ionization
coefficients.
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The method used to determine the values of impact ionization coefficients is indicated in
the legend of the plots. Coefficients obtained from measurements have the asterisk () symbol
in front of the author’s name. Similarly, the and (&) symbol indicates coefficients obtained from
Monte Carlo simulations; the pound key symbol (#) indicates values from a fitting process. The
difficulty with impact ionization coefficients is that there are multiple reports on mature mate-
rials, such as silicon and 4H-SiC, and fewer and less reliable reports of mature materials such
as ultrawide-bandgap materials. For the more mature materials, the reported coefficients do not
fully agree with each other, resulting in different performance predictions depending on the model
used. Establishing the values of impact ionization coefficients for Al,Ga; . N poses additional
challenges because one has to consider the effects of aluminum mole fraction. It is reported that
at low aluminum content, holes’ coefficients are larger than those of electrons; however, as the
aluminum mole fraction increases, holes’ impact ionization coefficients drastically drop so that
toward AIN, impact ionization coefficients for electrons are larger than those of holes [105]. As
the mole fraction increases, the material’s bandgap rises, and the width of the valence band de-
creases. The drastic reduction of holes’ impact ionization coefficients is due to the lowering of the
valence band energy available to accommodate holes’ ionization collisions. It is reported [105]

that the energy range of the valence band is 4.5 eV in GaN and is only about 1.0 eV in AIN.

4.4.3 Established Models for the Impact Ionization Coefficients of Wide- and
Ultrawide-Bandgap Semiconductors

The extraction of impact ionization coefficients can be achieved experimentally [60] from

measured multiplication; the approach used typically depends on the type of electric field en-

135



countered. This work expresses the coefficients with a modified Thornber model and calibrates
them with measured multiplication, breakdown voltages, and values reported in the literature.
The method used to calibrate the modified Thornber model and evaluate the value of impact ion-
ization coefficients is shown in Fig. 4.14. The calibration process starts with the definition of a
device and a couple of bias points informed by the measurements of the multiplication and the
breakdown voltage (Step A). In Step B, the electric field profile is calculated as a function of
applied biases. Step C calculates the position-dependence of impact ionization coefficients from
electric profiles. Because the calculated electric field is position-dependent, impact ionization co-
efficients are also a function of the position, as seen in Fig. 5.3. The impact ionization coefficients
are evaluated based on an initial guess of the parameters of the Thornber model from the solu-
tion space shown in Fig. 4.8. The theoretical gain is calculated, and breakdown requirements are
checked in Step D. The theoretical multiplication is compared to measurements, and error one is
defined to evaluate the effectiveness of the selected parameter set in modeling the multiplication.
A second error (error 2) is used to determine how far off the breakdown voltages predicted by the
coefficients are from measurements. A third error (error 3) is used to assess how well the selected
set of parameters matches the coefficients reported in the literature. As indicated in step E, the
best parameter minimizes the sum of all three errors and is searched using an iterative feedback
loop.

The search for the best parameter is done using a multi-mode iteration approach. The
iteration runs on four modes (mode 4, mode 3, mode 2, and mode 1). Each potential solution has
nine parameters: the eight parameters used to model impact ionization coefficients and one for the
carrier injection ratio. Since it is difficult to realize pure carrier injection during measurement,
mixed injection is assumed. In mode 4, four of the nine parameters are selected and are each
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Step A

Device
. Doping
. Thicknesses
. Temperature
. Applied Bias (V, = 194.54 V)

Step B

Electric Field Profile: {(x,V,, T)
. Calculation (Poisson eq)
. Position dependent
. Used non uniform mesh
. Depletion approximation ok
. 100% lonization acceptable
. Voltage dependent

Step C

Impact lonization Coefficients (lICs)
lICs for electrons: a(¢,T)
lICs for electrons: B(¢,T)
a, f Become space dependent
Used a modified Thornber model

3
. T) = _as _ 2
@B, T) Ei(T) exp( qf/l(T)+M+EkT(T)>

Er(T)

Step D

Calculation of the reduced

ionization integral
From IICs profile

Used trapezoidal method
RM — fOW aef(i( _(a_ﬁ) dde
Gain = 1.00/(1 — RM)

Step E

* Adjust parameters until calculations (Vgg and Gain) agree with measurements

e Parameters to solve are:

* E;, A, Ey, Exr (for electrons and holes: 8 parameters in total)
*  Want theoretical multiplication and breakdown voltage to agree with measurements

a

Because there are 9 parameters, in mode 4 there are (
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Figure 4.14: Block diagram explaining the calibration process of impact ionization coefficients.

attributed six different values, resulting in a solution space with 6 = 1296 possible candidates.
All the candidates are evaluated in one generation, and the candidate that minimizes the fitting
error is retained. A generation is associated with selecting the four parameters to be multi-valued.
) = 126 generations. In mode 3, three

parameters are selected at once and are each assigned twelve different values. The solution space



has 123 = 1728 candidates, and there are 84 generations. In mode 2, the two parameters selected
are each assigned forty-nine different values, and there are thirty-six generations. In mode 1, only
one parameter is selected and is first attributed one thousand possible values; then 1500 more
values are added between the two mesh points, which bracket the solution for more accuracy.
The number of different values attributed (six, twelve, and nine) is chosen to have a decent mesh
and a decent computational speed; they can be adjusted depending on one computing resource.
For 4H-SiC, the experimental data used for the modeling of the gain was discussed in the
previous chapter. The modeled multiplication is limited to 2000 to avoid the effect of the series
resistance. The experimentally measured multiplication and its modeling with calibrated impact
ionization coefficients are shown in Fig. 4.15. The calibrated coefficients are compared against

literature data in Fig. 4.13.
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Figure 4.15: Modeled multiplication using calibrated impact ionization coefficients.

For each material, the parameters of the revised Thornber model are summarized in Ta-
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Figure 4.16: Measured and modeled temperature dependence of the breakdown voltage in 4H-

SiC.

ble 4.2. The table has missing entries. In the case of GaN, the fit shows that the Raman phonon

energy for holes is very large such that the quadratic term in the denominator of the expression

in the exponential vanishes. The Raman phonon energy is also large for electrons in gallium

oxide. For aluminum gallium nitride, no report was found on the value of holes impact ionization

coefficients.

Table 4.2: Calibrated parameters for the impact ionization coefficients of wide- and ultrawide-
bandgap semiconductors.

Parameters Si 4H-SiC | GaN | 5-Gay03 | Aly¢Gag4N | Diamond | AIN
X (10-m) Electron | 63.84 | 9.04 9.54 35.36 21.09 13.01 24.69
Hole | 19.71 | 13.68 34.83 41.77
E: (V) Electron | 2.54 | 38.01 1.64 9.30 4.12 71.08 7.83
! Hole | 3.11 8.69 4.19 1.68
E, (eV) Electron | 0.09 0.06 0.28 2.02 0.01 2.49
g Hole | 0.01 0.14 0.79
E, (V) Electron | 1.65 4.95 5.10 9.43 7.81 8.25 9.02
Hole | 1.65 4.95 5.10 8.25
Eer (meV) Electron | 52.52 | 113.77 | 242.44 0.00 1.65 1.92 0.07
B Hole | 17.99 | 156.07 | 51.63 181.80

139



The calibration process described above was applied to 4H-SiC p — ¢ — n diodes given
devices and experimental data availability. The fitting process relied mainly on the values of
impact ionization coefficients reported in the literature for the other materials. The calibration
of the coefficients provided a decent fit of the measured multiplication and breakdown voltages.
The breakdown voltage measured and reported by Niwa et al [69] could not be fitted at low
doping. The model over-predicts the breakdown voltage at low doping, suggesting that low

doped materials may have impact ionization coefficients higher than expected.

Conclusion

This chapter proposed a model for the impact ionization coefficients of semiconductors.
Those coefficients are important for modeling the multiplication processes leading to avalanche
breakdown. The chapter also discussed the multiplication process in p—¢—n and n—¢—p diodes.
Preliminary calculations showed that the injection process affects the multiplication process but
does not impact the breakdown voltage. It was seen that the polarity of the i-layer could be used
to set increasing or decreasing electric field profiles. It was also observed that a slightly higher
breakdown voltage could be achieved when carriers with dominant impact ionization coefficients
travel increasing-electric field profiles. Calibrated ionization coefficients are used in the next

chapter to assess the on-resistance versus breakdown voltage limits.
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Chapter 5: Using Calibrated Impact Ionization Coefficients to Establish more
Accurate On-resistance versus Breakdown Voltage Limits of Wide-

and Ultrawide-Bandgap Semiconductors for Power Electronics

5.1 Calculation of the Breakdown Voltage Using Calibrated Impact Ionization

Coefficients

Avalanche breakdown tells the maximum voltage that a device can block; it occurs when
the multiplication of carriers in the semiconductors grows out of control (multiplication equals
infinity), resulting in an abrupt surge of current in reverse bias. The mathematical breakdown
condition depends on the type of structure, which can be p — ¢ —n or n — 7 — p. This section used
calibrated impact ionization coefficients to study the high voltage blocking capability of materials

under investigation.

5.1.1 Proposed Method for the Calculation of the Avalanche Breakdown Volt-
age in Semiconductors

The process used to solve the breakdown voltage is illustrated in the block diagram shown
in Fig. 5.1. The applied bias is adjusted until the ionization integral, also referred to as the reduced
multiplication (RM), is within a small error, e ~ 1 X 10~8 from 1.
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Figure 5.1: Process used for calculating the avalanche breakdown voltage. The voltage is adjusted
until the ionization integral is within an error, e, from 1.

The calculation of the breakdown voltage is initiated with the definition of a test structure.
For illustration, the characteristics of the test structure simulated are shown in Table 5.1. The
temperature and an initial guess of the breakdown voltage are also defined. A good initial guess

for the breakdown voltage is 500 V.

Table 5.1: Thicknesses and doping concentrations of the 4H-SiC p—¢—n simulated for theoretical
multiplication studies.

Thickness (m) | Doping (cm ™)
p'-layer 0.2 1 x 10*
i-layer 1 2 x 10'7
n*-layer 0.2 1 x 10*

Following the definition of structure, the electric field within the test structure is calculated
preferably with the depletion approximation for computational speed. A typical electric field for
the device simulated (Table 5.1) is shown in Fig. 5.2 for an applied bias of 199.6 V. The electric
field profile is plotted as a function of the position. The p*/n~ interface is at 0 ym, and the n=/n™
interface is located at 1 pm.
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Figure 5.2: Calculated field profile in 4H-SiC p — ¢ — n diode to evaluate the ionization integral.
The applied bias is 199.6 V.

The position-dependence of impact ionization coefficients resulting from the electric field
profile shown in Fig. 5.2 is plotted in Fig 5.3. The material simulated is 4H-SiC, and the parame-
ters used for calculating the coefficients are given in Table 4.2. The device simulatedisap—i—n
diode with an n™ drift layer, adequate for the breakdown voltage limits in 4H-SiC because holes,
which are the carriers with the dominant impact ionization coefficients, travel in the increasing
direction of the electric field.

The profile of impact ionization coefficients allows evaluating the ionization integral, also
referred to as the reduced multiplication. The multiplication can be predicted assuming mixed
injection and using (4.21); however, a similar breakdown voltage can be expected considering
pure electrons or holes injections. To find the breakdown voltage, (4.18) is used to evaluate the
ionization integral. If the ionization integral is less than one, the guessed voltage is small and

must be increased. If the ionization integral is greater than one, the guessed voltage needs to be
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Figure 5.3: Impact ionization coefficients calculated from the electric field profile of 4H-SiC
p — 1 — n diodes. The voltage applied on the diode is 199.6 V.

reduced.

Fig. 5.4 shows the evolution of the guessed breakdown voltage and the evaluated ionization
integral in the process of finding the breakdown voltage using the bisection method. For the 4H-
SiC p—i—n diode simulated, the initial guess for the breakdown voltage is 500V, and the resulting
ionization integral is too large (270480818.6). The next guess for the breakdown voltage is 250
V; however, the ionization integral is still larger than one. The third guess is 125 V; this time,
the 1onization integral is less than one, suggesting that the breakdown voltage is between 250V
and 125V. The bisection method is continued until the ionization integral approach one with a
satisfactory metric prescribed by the error e. As seen in Fig. 5.4, the guess voltages converge
to the breakdown voltage. The steps used to find the breakdown voltage are applied to many
4H-SiC devices with different geometry and p — ¢ — n devices fabricated with the other materials

investigated.

144



—100 AN T T T 1010
AN
R
-200 1 —
— ©
> 10° 2
2] —
© [
E I _
_0-300 5
8 =
& 100 T
<_4oow 2, % 2 % > 2
5 0% @ 2 9
_500 Il Il Il Il 10-5
0 5 10 15 20

Iteration Number

Figure 5.4: Illustration of the iterative approach for solving the ionization integral. The break-
down voltage is found using the bisection method.

5.1.2 The Optimum Structure for the On-resistance Versus Breakdown Voltage
Limits

The previous section demonstrated the use of the ionization integral and calibrated im-
pact ionization coefficients to calculate the breakdown voltage. This work is the study of the
breakdown limits; the breakdown of various p-i-n structures is calculated as a function of the
characteristics of the i-layer. For a p — 7 — n diodes, the parameters that are very important in
terms of breakdown voltage are the thickness and the doping concentration of the i-layer. The
cladding layers are usually highly doped, and their primary purpose is to terminate the electric
field.

The effect of the i-layer thickness on the breakdown voltage is studied. The breakdown

voltage of 4H-SiC p — ¢ — n diodes is calculated based on the i-layer thickness. The other
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parameters of the diodes are summarized in Table 5.1. The calculated breakdown voltage is

shown in Fig. 5.5; it is seen that the breakdown voltage increases with the thickness of the i-layer.
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Figure 5.5: Calculated breakdown voltage as a function of the i-layer thickness in 4H-SiC p—i—n
diodes. The doping in the i-layer is set to 2x 10'"cm~3, and the thickness is varied. It is seen that
the breakdown voltage stops increasing after a certain thickness, the optimum thickness.

The plot shows three regions. When the thickness is below 10 nm (small), the breakdown
voltage appears to be invariant to the thickness of the multiplication layer (thicknesses below 10
nm are unrealistic and should be discarded). Between 10 nm and 1 pm, the breakdown voltage
increase significantly with the thickness. Eventually, the breakdown voltage remains constant
when the thickness exceeds 1 pm. For this scenario, it is allowed to state that the maximum
breakdown voltage achievable with doping of 2x 107cm ™2 is 200.14 Volts.

Because the breakdown voltage was evaluated as a function of the i-layer thickness, it is
convenient to also evaluate the resistance of the diode as a function of the i-layer thickness.

Before continuing, it is important to clear the air between the on-resistance and the resistance.
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When discussing on-resistance versus breakdown voltage limits in the literature, the on-resistance
refers to the resistance of a solid bar, and the breakdown voltage is the maximum voltage that the
bar could support when depleted. The i-layer of the p — ¢ — n represents such a bar; because
the device has a p — n junction, the depletion is easily achieved, and the being lightly doped, the
i-layer carries most (if not all) of the depletion. The literature’s on-resistance (from the way it is
evaluated) is nothing more than the i-layer resistance. Still, it is not necessarily the diode’s actual
resistance when it is in the on-state. In the on-state, the conduction mechanism in the diode is
dominated by the diffusion of minority, whereas the on-resistance reported in the literature is the
unipolar drift resistance. Because this work is interested in the limits, the unipolar resistance of
the i-layer is considered the maximum on-resistance. The drift resistance is usually smaller than
the diffusion resistance. It is important to note that the drift resistance could be the on-resistance
of vertical power MOSFETs. In all, the effective unipolar resistance of the i-layer is considered
the on-resistance.

The thickness of the i-layers determines its resistance, which is evaluated using (5.1), where
Wops tins 11p, and N are the thickness of the i-layer, the electron mobility, the hole mobility, and
the net concentration of free carriers, respectively. Note that the mobilities 1, and p, can be
interchanged if the i-layer is p-doped instead of being n-doped. Once again, the literature is
surveyed for the mobility model used to calculate the on-resistance. The models were found for
silicon [107], 4H-SiC [108], GaN [109], 3-Ga;03 [82], diamond [83], and Al,Ga;_,N [110].
The concentration of minority carriers is very small at large reverse biases and has a negligible
effect on the on-resistance; however, at elevated temperature, n; and the concentration of minority
carriers increase significantly and is worth considering mainly for completeness. Bulk incomplete
ionization, discussed in Chapter 2, is accounted for in the calculation of the breakdown voltage.
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The calculated breakdown voltage is shown in Fig. 5.6 for 4H-SiC. The on-resistance increases

with the thickness of the i-layer.
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Figure 5.6: Calculated i-layer resistance of a 4H-SiC p — @ — n diode as a function of device
thickness. The resistance increases with the i-layer thickness.

The past section calculated the breakdown voltage and the on-resistance as a function of
the i-layer’s thickness. The doping concentration of the i-layer was set at 2 x 10" cm™3. The two
results are combined, and the on-resistance versus the breakdown voltage is plotted in Fig. 5.7.

The plot shows the details of the breakdown voltage and the on-resistance and presents the
optimum structure. At 200.14 V, the on-resistance increases vertically because the breakdown
voltage has a saturation point with the thickness, while the on-resistance always increases with

the thickness.
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Figure 5.7: On-resistance versus breakdown voltage of a 4H-SiC p — ¢ — n diodes with an i-layer
doping concentration of 2 x 10'7 cm~3. Past the optimum thickness, the on-resistance increase
while the breakdown voltage stops changing.

5.1.3 Breakdown Voltage Calculations in WBG and UWBG Semiconductors

In the past section, the breakdown voltage was studied as a function of the i-layer thickness
at a fixed doping concentration. This section investigates the effect of the doping concentration
on the optimum structures for a given material. The breakdown voltage is calculated as a function
of the i-layer thickness and the i-layer doping concentration as seen in Fig. 5.8 for 4H-SiC and
Fig. 5.9 for AIN.

The dashed lines in Fig. 5.8 and Fig. 5.9 indicate devices that are unnecessary thick, as they
get more resistive without improvement of the breakdown voltage. For both 4H-SiC and AIN, it
is observed that the breakdown voltage saturates after a specific thickness for every doping con-
centration investigated. The lower the doping concentration, the greater the width of the optimum

structure. The electric field changes less rapidly for uniform and low doping concentrations, and
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Figure 5.8: Calculated breakdown voltage as a function of the i-layer thickness for several doping
concentrations in 4H-SiC.
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Figure 5.9: Calculated breakdown voltage as a function of the i-layer thickness for several doping
concentrations in AIN.

150



higher depletion widths are achievable. A crucial point to note is that for a given doping con-
centration, there is a unique optimum thickness leading to a unique optimum breakdown voltage.
For the optimized structure, the doping concentration of the i-layer, the thickness of the i-layer,
and the breakdown voltage form a unique trio so that knowledge of one leads to the extraction
of the other two. For example, knowledge of the doping concentration allows the recovery of the
optimum thickness and the breakdown voltage. It is possible to recover the optimum doping and
the optimum thickness from the breakdown voltage. It is possible to find the optimum doping
and breakdown voltage from a given thickness.

It is convenient to design p-i-n structures with targeted breakdown voltages. Here, the
goal is to find the combination of doping and i-layer thickness resulting in a specific breakdown

voltage. Fig. 5.10 shows the design for specifically targeted voltages from 100 V up to 50 kV.
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i 200 V == 6.5 kV
f e 300 V/ 10 kV
e 400 V 32 kV
- ( 500 V 50 kV
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107" 10° 10’ 102 103

I-Layer Thickness (um)

Figure 5.10: Designing 4H-SiC p — 7 — n diodes for a specific breakdown voltage. Doping levels
and i-layer thicknesses are carefully selected so that the p — 2 — n structure breaks at the targeted
voltage.
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For each targeted voltage, the design choices are fundamentally limited by the minimum
achievable doping. Achieving a higher blocking voltage requires a decrease in the doping con-
centration and an increase of the minimum i-layer thickness. Beyond the optimum thickness, no
increase in the doping is necessary to maintain the breakdown voltage (if the doping is increased,
the breakdown voltage will decrease, thus deviating from the targeted voltage). Consequently,
after the saturation thickness, the solutions are such that the doping remains constant for all i-
layer thicknesses; in other words, the solutions become horizontal flat lines. These observations
are explained by picturing the total electric field within the structure.

It is common to think about the reverse bias; what should be considered with more attention
is the reverse field, which has a component due to doping (built-in field) and another component
due to the reverse bias (the external field). The field is what triggers the breakdown. At low i-layer
thicknesses, the larger component of the field comes from the applied bias, so the breakdown
becomes very sensitive to the i-layer thickness and less sensitive to the doping. High voltage
devices have larger thicknesses and tend to reach their saturation thickness at lower doping levels.
For high voltage devices, the breakdown is less sensitive to the i-layer thickness and is highly
affected by the doping of the i-layer. It is also observed that, as the targeted breakdown voltage
increases, the solution space for its design becomes narrower due to the limits imposed by the
doping floor of the material. With 4H-SiC, 50 kV can only be theoretically achieved if the doping
is less than 1.2x 10 cm™. The doping floor of 4H-SiC is 1x 10 ¢m™ [111], so the range of

doping capable of achieving 50 kV is very small.
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5.2 The Critical Field: a By-product of Breakdown Voltage Calculations

5.2.1 Extraction of the Critical Field from Breakdown Voltage Calculations

One of the main contributions of this work is that the critical field, which is used to evaluate
the Baliga figure-of-merit, is not assumed to be a constant value. The critical is defined as the peak
electric field at breakdown. The critical field is extracted by simply calculating the electric profile
at the breakdown voltage and finding its peak. For illustration, Fig. 5.11 shows the electric field

profile for several devices that have the same i-layer doping concentration but different thickness.

T T T

— 21.6V /0.01m
= 31.3V/ 0.05um

45.9V /0.10um
—— 125.4V / 0.40m
e 200.1V / 1.10um | -

200.1V / 1.40pm
= 200.1V / 1.60m

Electric Field (MV/cm)

h a

0.6 1 1.4 1.8
Position (um)

Figure 5.11: Calculated field profile at breakdown voltage for 4H-SiC p — ¢« — n diodes with
different i-layer thicknesses. The breakdown voltage and the thickness of the i-layer are indicated
in the legend. The breakdown voltage remains constant after the optimum thickness because the
electric field profile stops changing.

The critical field is plotted as a function of the i-layer thickness in Fig. 5.12. For more

details, the critical field is calculated as a function of the i-layer thickness for several doping
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concentrations. The calculated critical values are plotted in Fig. 5.13 for 4H-SiC and Fig. 5.14

for AIN.

102 10° 102 10*
Thickness (um)

Figure 5.12: Thickness dependence of the critical field in 4H-SiC p — 7 — n diode at room

temperature. The i-layer doping concentration is 2x 107 cm™3.

The critical field decreases with the i-layer doping. It is also seen that the critical field
becomes doping-dependent at large thickness. Low values of the critical field are obtained at
low doping concentrations. The critical field of 4H-SiC ranges from 1.6 MV/cm to 6 MV/cm.
In AIN, an ultrawide-bandgap semiconductor, the critical field ranges from about 3.8 MV/cm
to 18 MV/cm. The calculations agree with reports that materials with a larger bandgap have a
higher critical field. This work presents the thickness and doping dependence of the critical field,
which is usually specified as a constant for each material. This work also allows the modeling
of the critical field. It is more convenient to model the critical field as a function of the doping
concentration. When assessing power devices’ on-resistance versus breakdown limits, the critical
field considered is that of an optimum structure. Similarly, optimum devices are evaluated for
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Figure 5.13: Calculated critical field in 4H-SiC p — ¢ — n diodes as a function of the i-layer
thickness for several doping concentrations. Each doping level shows a saturation of the critical
field at different i-layer thicknesses.
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Figure 5.14: Calculated critical field in AIN as a function of the i-layer thickness for several
doping concentrations. The calculated critical field of AIN is much higher compared to that of
4H-SiC.
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each doping concentration to model the critical field.

5.2.2  Modeling of the Critical Field Calculated Using Impact Ionization Coef-
ficients

In the previous section, the breakdown voltage and the critical field were evaluated as a
function of the i-layer thickness for several p — ¢ — n structures. It was found that the break-
down voltage increases and the critical field decreases with increasing i-layer thickness. For each
doping, there is a threshold thickness at which the breakdown voltage ceases to increase. The
calculations showed a saturation of the breakdown voltage and the critical field. Though materi-
als with a large bandgap are advantageous because they have large critical fields, the calculations
show that large critical fields are associated with small breakdown voltages. Low critical fields
result in large breakdown voltages.

Modeling of the critical is important for an easy evaluation of the Baliga figure of merit as
given by (1.5). Note that in (1.5) the breakdown voltage is indirectly a function of the optimum
doping, which is uniquely associated with the optimum thickness. Because the optimum structure
is associated with the onset of breakdown voltage saturation, the critical field needed for the limit
of a material is the minimum critical field for a given doping concentration. As seen in Fig. 5.13
and Fig. 5.14, for each doping concentration, there is a minimum critical field. The minimum
critical field is plotted as a function of the doping concentration in Fig. 5.15.

The symbols indicate the minimum critical field for a given doping concentration. The

solid lines represent fits using (5.2), where A, B, and P are fitting parameters.
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Figure 5.15: Extracted doping dependence of the critical field in wide- and ultrawide-bandgap
semiconductors.
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Table 5.2: Critical electric field parameters.

e = 5(V/cm) (5.2)

Materials | B(MV/cm) | A P
Si 0.43 0.27 | 1.38
4H-SiC 2.70 0.22 | 1.29
GaN 2.94 0.11 | 2.60
[-Gag O3 5.76 0.18 | 1.75
Aly¢Gag 4N 4.25 0.16 | 1.29
Diamond 2.82 0.22 | 1.45
AIN 421 0.16 | 1.28

The parameters for each of the investigated materials are summarized in Table 5.2. The

critical field results obtained in this work are in close agreement with the results obtained in our

previous study [112]. For Si and 4H-SiC, which are considered mature materials, the breakdown
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voltage results also agree with the results seen in Baliga’s work [10], indicating the effectiveness
of this study. For diamond, it is seen that the critical field is much lower compared to what one
would have expected for materials with such a high bandgap. It is also observed that Al Gag 4N
and AIN have similar critical-field trends (The fit for AIN is omitted because it is too close to that

of A10.6G30_4N).

5.3 Improved On-resistance versus Breakdown Voltage Figure-of-Merit for Wide-

and Ultrawide-Bandgap Semiconductors as a Function of the Temperature

The previous section set a framework to evaluate the on-resistance and the breakdown
voltage of p — ¢ — n as a function of the thickness and doping concentration of the i-layer. This
section investigates the temperature dependence of the on-resistance versus breakdown voltage

limits.

5.3.1 Impact of the Temperature on the Breakdown Voltage

The temperature dependence of the breakdown voltage is accounted for with the temper-
ature dependence of impact ionization discussed in Section 4.3.2 and is shown in Fig. 5.16 for
4H-SiC.

The characteristics of the device simulated are summarized in Table 5.1. Just as observed
experimentally, the temperature has a limited effect on the breakdown voltage. The drift of the

breakdown due to temperature changes is less than 5%.
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Figure 5.16: Calculated temperature dependence of the breakdown voltage in 4H-SiC. The effects
of the temperature on the breakdown voltage are not drastic.

5.3.2 Impact of the Temperature on the On-Resistance

The temperature dependence of the on-resistance is accounted for with the temperature
dependence of the mobility and of incomplete ionization. The on-resistance is calculated as a
function of the i-layer thickness for several temperatures for an n-type doped substrate (2x 107
cm~?) and is plotted in Fig. 5.17 for 4H-SiC and Fig. 5.18 for diamond.

At elevated temperatures, two phenomena compete for the values of the resistance. The
deterioration of mobility with the temperature increases the on-resistance, while the enhanced
ionization of dopants decreases the on-resistance. In the case of SiC, where the ionization energy
of dopants is not very large (compared to diamond), it is observed that the temperature tends to
increase the on-resistance. In the case of diamond, where the ionization energy of dopants is

significant, the temperature has a more substantial effect on the ionization of dopants. It is seen
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Figure 5.17: Temperature dependence of the i-layer resistance of 4H-SiC (calculated with (5.1)).
The resistance is observed to increase with the temperature.
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Figure 5.18: Temperature dependence of the i-layer resistance in an n-type doped diamond. The
i-layer resistance decreases significantly when the temperature rises.
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that the temperature significantly reduces the on-resistance.

5.3.3 Improved On-Resistance Versus Breakdown Voltage of Wide- and Ultrawide-
Bandgap Semiconductors

The previous section of this work discussed breakdown voltage calculations from impact
ionization coefficients; it also considered the assessment of the on-resistance using existing mo-
bility models and accounting for the incomplete ionization of dopants. From the thickness of the
p — 1 —n diode’s i-layer, it is possible to compute the breakdown voltage and the on-resistance of
multiple p — ¢ — n structures and create a plot of the on-resistance versus breakdown voltage as
previously shown in Fig. 5.7. The plot of Fig. 5.7 is reproduced for several doping concentration
and the results are shown in Fig. 5.19. Just as previously observed, the on-resistance and the
breakdown voltage both increase with the thickness of the i-layer. There is a threshold thick-
ness at which the breakdown voltage remains constant while the resistance continues to increase,
resulting in unnecessarily thick devices.

The plot of the on-resistance versus breakdown voltages shown in Fig. 5.19 omits devices
that are unnecessary thick. The breakdown voltage and the on-resistance are evaluated up to
the optimum thickness. The set of curves shown in Fig. 5.19 highlights the on-resistance versus
breakdown voltage limits of 4H-SiC, and the process is repeated for other materials. Fig. 5.19
shows that each doping level considered is associated with a unique optimum breakdown voltage
and an optimum on-resistance. The higher the doping concentration, the lower the optimum
breakdown voltages and optimum on-resistance.

The on-resistance versus breakdown voltage limits line is established by connecting the
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Figure 5.19: On-resistance versus breakdown voltage calculated as a function of drift-layer dop-
ing.

optimum breakdown voltage and on-resistance associated with each doping concentration as seen
in Fig. 5.21.

This work investigated two aspects of the optimum breakdown voltage. For a given doping
concentration, the optimum breakdown voltage can first be considered as the maximum achiev-
able voltage at that doping level. However, it is also worth noticing that the on-resistance in-
creases much faster before reaching the maximum breakdown voltage (The curves curl upward
just before the end). Getting the maximum breakdown voltage becomes very costly in terms of
the on-resistance. As such, the on-resistance versus breakdown voltage limits can be extracted
slightly before the maximum breakdown voltage, as presented in Fig. 5.21. The points at which
the change in curvature observed in Fig. 5.19 occur can be made evident by rotating the calcu-

lated on-resistance versus breakdown voltage anti-clockwise by about an angle of about 57/8 as
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Figure 5.20: Rotating the Ron versus Vg curves to obtain the optimum limits. Rotating by an
angle of 57/8 radians makes the optimum points maximums easily extractable.

shown in Fig. 5.20. The optimum points are then matched with the peaks of the curves shown in
Fig. 5.20.

There is only a slight difference between the limits extracted at the maximum breakdown
voltage and those obtained at curvature change. It is essential to correlate the optimum device
with the devices used in the literature to derive the on-resistance versus breakdown voltage figure
of merit. As seen in Fig. 1.5, the substrate considered is just fully depleted, and the electric field
profile is shaped like a right triangle. The optimum structure also has an almost right rectangular
electric field profile at the breakdown voltage. The ideality of the right rectangle is slightly
compromised with the punch-through in the cladding layers, and the punch-through effects are
insignificant, especially when the doping concentration in the cladding layers is high.

Fig. 5.21 shows how different doping concentrations lead to the on-resistance versus break-

down voltage limit of 4H-SiC at room temperature. Starting from several doping concentrations
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Figure 5.21: Calculated on-resistance versus breakdown voltage along with the limits given by
the optimized structures (black line).

(from the minimum achievable doping to 10'® cm™3), the optimum thickness is found, and the
corresponding optimum on-resistance and breakdown voltages are calculated. The breakdown
voltage and the on-resistance are also evaluated as a function of the temperature. The tempera-
ture affects the breakdown voltage through impact ionization coefficients and the on-resistance
through the mobility and the incomplete ionization of dopants. The calculations are performed
for several temperatures and the different materials investigated. The on-resistance versus break-
down voltage limits for the material studied are shown in Fig. 5.22 for 300 K, in Fig. 5.23 for 400
K, and in Fig. 5.24 at 800 K.

For each material, the simulated doping range is adjusted to reflect the minimum achiev-
able doping levels reported in the literature. Those minimum doping levels are on the order

of 2.5x10™ cm™3 for $-GayO3 [113], 1 to 5x10'® cm™® for GaN [114], 1x10'* cm™3 for
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Figure 5.22: Calculated on-resistance versus breakdown voltage limits of si, WBG- and UWBG-
semiconductors at 300 K. The solid lines represent limits obtained in this work; the dashed lines
represent limits reported by Tsao et al. [11].
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Figure 5.24: Calculated on-resistance versus breakdown voltage limits of si, WBG- and UWBG-
semiconductors at 800 K.

4H-SiC [111], and 1x10'® ¢cm™3 for Si. The calculations show that the power performance
of ultrawide-bandgap semiconductors improves with the temperature; despite the reduction of
the mobility at elevated temperature, the enhanced ionization of dopants is more pronounced,
resulting in the lowering of the on-resistance. The performance of 5-Ga;O3 and wide bandgap
materials seems to deteriorate with temperature. At room temperature, the proposed limits im-

prove on existing limits that overestimate device performance.

Conclusion

This chapter demonstrated the use of impact ionization coefficients for breakdown voltage
calculations. Breakdown voltages calculated as a function of the i-layer thickness for a fixed dop-
ing concentration showed the existence of a threshold thickness (critical thickness or optimum
thickness) at which the breakdown voltage ceases to increase with the thickness. Devices with
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an optimum thickness are such that their electric field profile at breakdown is shaped like a right
triangle, just as the field profile used for deriving the unipolar Baliga figure-of-merit. Calculating
the breakdown voltage as a function of the i-layer thickness for various doping concentrations
highlighted that the optimum thickness is unique for a given doping concentration. The work
showed that each limiting breakdown voltage is associated with a unique optimum thickness and
optimum doping. The calculated critical field decreases with thickness and increases with doping
concentration. Calculations also showed that each doping level is associated with a minimum
critical field, and high breakdown voltages are achieved at low critical field values. The chapter
discussed critical field models for wide- and ultrawide-bandgap semiconductors. The chapter
also investigated the effects of the temperature on the device’s performance. The temperature
is observed to have a negligible impact on the breakdown voltage (seen experimentally for 4H-
SiC); however, for semiconductors with high ionization energies, the temperature significantly
lowers the on-resistance. Calculated breakdown voltages and on-resistance were merged, and
improved on-resistance versus breakdown voltage limits were obtained. It is seen that the high
voltage performance of a semiconductor is limited by the minimum achievable doping, which
tends to be high for large gap materials. The temperature is seen to improve the power per-
formance of ultrawide-bandgap materials, suggesting that they are suitable and convenient for

high-temperature applications.
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Chapter 6: Application and Conclusion

Using impact ionization coefficients for multiplication and breakdown voltage calculations
provided a more fundamental approach to evaluating the power performance of wide and ultraw-
ide bandgap semiconductors. This chapter discusses how breakdown voltages and on-resistances
calculated using impact ionization coefficients are used to assess the efficiency and the power
density of power electronics devices depending on the material used for their fabrication. In ad-
dition to efficiency studies, the chapter discusses avalanche photodiodes and how impact ioniza-
tion coefficients affect some aspects of their operations. The incorporation of impact ionization
coefficients in the drift-diffusion model for simulating breakdown characteristics of devices is
discussed. The second part of this chapter presents the main findings of the dissertation and ideas

worth pursuing to expand on them.

6.1 Use of Calculated Breakdown Voltage and On-Resistance to Assess the

Efficiency of Power Electronics Devices

In the past chapters, the primary concern was the trade-offs between the on-state resistance
and the breakdown voltage of power devices. Another important trade-off for power electronics
platforms (namely converter systems) is that of power density versus efficiency. Calculated break-

down voltages and on-resistance are essential for comparing studied materials for their efficiency
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and power density. During operations, the total power loss has two components: the switching
loss and the conduction loss. The switching loss is due to leakage through the output capaci-
tance, and the conduction loss is due to the ohmic joule heating through the on-resistance. For
an illustration of the power loss during operation, a vertical power MOSFET subject to switching
cycles of an electrical platform (boost or buck converter) is considered. The energy loss during

switching is

t(Vps)
ECOSS = / ’Ups(t)i(t)dt, (61)
0

where t(Vpg) is the time it takes to switch from 0 to Vpg. vpg(t) and i(t) are the time

dependent drain to source voltage and current during switching, respectively. Using i(t) =

d’UDS(t)

Coss(Vps) leads to

t(Vps)
Ecoss = / Ups (t)Coss (UDS)dUDS (62)
0

The output capacitance for the case of a vertical power MOSFET is just the depletion
capacitance. The depletion capacitance is inversely proportional to the square root of the applied
bias. It is convenient to express the bias dependence of the depletion capacitance using the
breakdown voltage depletion as a reference. the output capacitance, which is the drain to source

capacitance for the case of a power MOSFET (see Fig. 3.2) can be expressed as

A
Coss (UDS) = €657,
W(vps) (6.3)
e A VBr
"W(Vgr) V vps
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A is the area of the power semiconductors. W, . is the depletion width at a voltage vpg
during the switching process, and Wy, . is the depletion width at the breakdown voltage, ideally
the maximum depletion width or the thickness of the drift region for an optimized device. The

energy loss due to switching becomes

(Vbs) A VR
E = ” d . 6.4
Coss /0 €0er 17 BR\ vos vpsdups (6.4)

Performing the integral and using 0 and Vg for the boundary of vpg yields the following

equation for the energy loss due to switching through the output capacitor.

9
B, = 5606 5 VVerVES (6.5)
3 VBR

The power loss due to switching is obtained by multiplying the derived energy by the
converter’s switching frequency, fsw. The ohmic is calculated from the on-resistance Roy, and
the on-state current /oy and is modulated using the duty cycle, o. The total power loss, P0ss is

the sum of the switching loss and the ohmic loss and can be expressed as

2 SRonI?
PLoss = _EOET‘ VBR V VBRVDSSQfsw M (66)

The switching, ohmic, and total switching were assessed for 4H-SiC. The thickness and
the on-resistance used for calculating the losses were obtained using the procedure explained
in Chapter 5 and are summarized in Table 6.1. For the calculation, the Power MOSFET was
designed to have a breakdown voltage of 6.5 kV, block 6 kV in the off-state, and run 10 A of

current in the on-state.
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Table 6.1: Calculated optimum thickness (W (Vgg)) and on-resistance (Roy) for a targeted
breakdown voltage of 6.5 kV in wide- and ultrawide-bandgap semiconductors.

Materials | Temperature [K] | W(Vgg) [um] | Rox [mS) - cm?]
300 54.03 20.73
4H-SiC 500 54.03 60.38
700 54.00 124.12
300 48.36 12.73
GaN 500 48.36 34.97
700 48.6 68.37
300 19.54 3.56
£-GayO5 500 19.54 8.71
700 19.54 14.34
300 29.09 6.95
Al 4GaggN 500 29.08 8.51
700 29.08 15.36
300 54.15 11540.05
Diamond 500 54.15 115.41
700 54.15 38.18
300 27.98 31.62
AIN 500 28.01 11.07
700 28.01 14.78

The calculated power loss are shown in Fig. 6.1 as a function of the device area A. While
the conduction losses decrease with increasing the device’s area, the switching losses increase
with the device’s area. The plot displays a minimum corresponding to the minimum total power

loss.

Loss

The optimum area can be found by finding the zero of . The optimum area A,, that

minimizes the switching loss is given by

SRonIZN3W (Vps)
Aop = ON 3/2 . (67)
2606\/ VBRVDS sw

The corresponding optimum power (The minimum power loss as a function of the area) is

given by
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Figure 6.1: Calculated area dependence of the conduction, switching, and total loss for a 4H-SiC
in a switching application. The calculations are performed at room-temperature. It is assumed

that the device’s breakdown voltage is 6.5 kV and that it is operating at 6 kV with a current of 10
A in the on-state.

(6.8)
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’ 3W (Vps)

The calculations were repeated for the other materials under investigation; Fig. 6.2 shows
the total loss in wide- and ultrawide-bandgap semiconductors as a function of the area. The
parameters used for the calculation are summarized in Table 6.1, and the operating conditions are
6.5 kV for the breakdown voltage, 6 kV for the reverse voltage, and 10 A for the forward current.
The calculations show that 3-Ga,;O3 offers the best efficiency and power density. 5-GasOg is the
ultrawide-bandgap material studied with the least ionization energy for n-type doping. 3-Ga;O3
also benefits from low values of impact ionization coefficients, likely due to the poor mobility of

electrons, resulting in low impact ionization coefficients and large breakdown voltages.
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Figure 6.2: Calculated switching loss in wide- and ultra-wide bandgap semiconductors devices
during switching. The calculations are perform using (6.6) along with the parameters indicated
in Table 6.1.

The total power loss is investigated as a function of the temperature. Fig. 6.3 and Fig. 6.4
shows the calculated total power loss at 300 K, 500 K, and 700 K in 4H-SiC and diamond,
respectively.

For 4H-SiC, it is observed that the optimal power density and efficiency are degraded at
elevated temperatures, for the overall effect of the temperature is an increase of the on-resistance.
In diamond, improvements in power density and efficiency are observed when the temperature
increases. The high ionization energy of dopants in diamond results in high resistances at room
temperature; As the temperature increases, the ionization of dopants is enhanced, resulting in
better performance.

It is important to note that the on-resistance considered in this work is that of a solid bar.

Because of the high ionization energy of dopants in diamond, the on-resistance versus breakdown
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Figure 6.3: Effect of the temperature on the power losses of 4H-SiC power switches. The increase
in temperature results in higher resistance and deterioration of efficiency and power density.
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Figure 6.4: Effects of the temperature on the power losses in diamond. The temperature improves
the performance by augmenting the power density and reducing the optimum power loss.
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voltage limits, the efficiency, and the power density of diamond is observed to be poor. The
observation does not necessarily mean that diamond is not a valuable semiconductor. Diamond
is an excellent material for RF electronics, where achieving a high breakdown voltage is not a
top priority. for power electronics, p-type diamond is preferred for the lower ionization energy
of acceptors. Multiple doping alternatives, such as surface transfer doping, are viable paths for
improving the concentration of active dopants in diamond, which already exhibits high carrier
mobility. Conduction doesn’t have to happen through the bulk as studied in this chapter; in
fact, there is a significant difference between the power figure-of-merit for vertical and lateral
devices [115]. A lateral power device that exploits surface transfer doping could project diamond

as one of the highly desired materials for power electronics.

6.2 Impact Ionization Coefficients and the Performance of Avalanche Photodi-

odes

Avalanche photodiodes are similar to p — ¢ — n structures because their architecture con-
sists of an intrinsic layer (or lowly doped layer) sandwiched between two heavily doped layers
of opposite polarity. This work measured p — ¢ — n structures to backtrack impact ionization
coefficients from their reverse current-voltage characteristics. This section provides more insight

into the operation of avalanche photodiodes in linear and Geiger modes.

6.2.1 Characterization of Avalanche Photodiodes in Linear Mode

In linear mode operation, the diodes are illuminated with an optical source, and the pho-

tocurrent is measured as a function of the applied bias. Figure 6.5 shows the test setup for linear
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mode testing. The lamp emits a monochromatic beam of light; the wavelength of the light emit-
ted can be set from 200 nm to 700 nm. A filter adjusts the intensity of the light emitted, which is

projected on the device through an optical fiber. The diameter of the fiber is 200 un.

=
% Filter

Figure 6.5: Setup for linear mode testing.

4H-SiC avalanche photodiodes were characterized in the linear mode setup. Current-
voltage characteristics measured as a function of the light source’s wavelength are shown in
Fig. 6.6. The figure ( 6.6(a)) also shows the reversed current-voltage characteristic measured in
the dark.

Figure 6.6 highlights the effect of the optical wavelength on the measured current-voltage
characteristics. Measurements in the dark to up to 280 nm show an increase in the unity gain (low
biases) current with increasing wavelength. Measurements at high wavelength, from 290 nm to
390 nm, show a decrease of unity gain current with increasing wavelength. The diode’s response
(at zero bias) to various optical wavelengths is shown in Fig. 6.7. The observed trend conforms to

existing rules about the absorption of carriers in semiconductors. Light sources with high energy
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Figure 6.6: Measured photo-current as a function of the optical wavelength. In (a), the photo-
current increases as the wavelength increases. In (b) the photo-current decreases with increasing
wavelength. The calculated cut-off wavelength of 4H-SIC is 380.6 nm; this cut-off wavelength
is observed experimentally.

(low wavelengths are absorbed close to the surface). As the light goes through the material, its

intensity is attenuated according to the following equation
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In(x) = 4In0 eXp_aOpwa (6.9)

where, the absorption coefficient «,,, is given by

(6.10)

The parameter \,, denotes the wavelength of the light, and k,, is called the extinction
coefficient.

The diode measured is n-illuminated; the top layer is n-type doped, and excess holes are
created when illuminated at a low wavelength. When the wavelength is too small, the excess holes
can recombine before entering the high field region where they can drift. While impact ionization
coefficients are not relevant for operation at unity gain, higher voltages result in larger punch-
through depletion width toward the surface and improve carriers’ collection and gain [116].

When the wavelength increases, the optical energy decreases. To be absorbed, the energy
of the incident photon should be higher than the material’s bandgap. The relationship between

the wavelength and the energy is given by

he

E=-—".
Nop

(6.11)

For 4H-SiC, which has a bandgap of 3.26 eV, the cut-off wavelength (maximum wave-

length) of a photon that can be absorbed is

Aop = x 107% = 380.6 nm. (6.12)
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As seen in Fig. 6.6, at 390 nm, the diode behaves as if it was in the dark.

6.2.1.1 The Quantum Efficiency

Another important characteristic of avalanche photodiodes is the quantum efficiency, which
is the number of charges collected per incident photon. The number of electrons emitted, n., in a

period ¢ is given by

n, = ot 6.13)
q

where [, is the measured photo-current at unity gain. The number of photons incident in

a time t is given by

P,t
= 6.14
Nph hy ( )
The quantum efficiency is
e L, h h
N= e = 2h ¥ pl¥ (6.15)
Tph Pot q q

6.2.1.2 The Responsivity

In addition to the quantum efficiency, the responsivity, } is another metric of high interest
for avalanche photodiodes. The responsivity is the ratio of the photo-generated current to the
incident optical power. The responsivity can also be expressed as a function of the quantum

efficiency; it results that
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Iph N(]
R P,, hc (6.16)

The plot of the responsivity is shown in Fig. 6.7 as a function of the illumination wavelength
for a 4H-SiC avalanche photodiode. If the quantum efficiency remains constant and invariant to
the wavelength, the responsivity becomes a straight line. Responsivity for constant efficiency of

25 %, 50%, 75 % and 100 % are shown in Fig.6.7 for reference.
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Figure 6.7: Measured responsivity in 4H-SiC avalanche photodiodes. Reference lines are added
for quantum efficiency of 25 %, 50%, 75 % and 100 %.

The characterization of diodes in linear mode allows the extraction of the responsivity;
however, extracting the quantum efficiency is challenging because of underfilling problems. If
the diode’s surface is smaller than the area of the incident optical beam, not all the sourced

light is incident on the device, and finding the effective power incident on the device becomes

challenging.
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6.2.2 Characterization of Opto-electronics Devices with Impact Ionization Co-
efficients: Geiger Mode Operation

While in linear mode setup, the wavelength of the light can be changed by adjusting the
lamp, in Geiger mode operation, the optical source has only one wavelength. However, the bean
size is much smaller and can be calibrated to determine the number of photons incident on the

measured sample. The setup for Geiger mode testing is shown on Fig. 6.8.

Bright ) XYz
; Alignment Optical Translation Stage
LED Density Filters I
I - Camera
K. «PMT
* Test APD
Objective I
Fast Pulsed Spatial Filter NA0.28 *
LED (10 ym pin hole) - — (R —

Observation Camera
(locates focal plane)

Figure 6.8: Illustrative diagram for scanning Geiger mode experiments.

The evaluation of p — 2 — n diodes in the Geiger mode setup was performed with a 285
nm fast pulsed LED source. The setup was calibrated for about a half-million (438709) incident
photons per second. In Geiger mode testing, the avalanche photodiode is biased close to break-
down, and incident photons trigger the breakdown process. Photons that trigger breakdown are
successfully detected. When a breakdown occurs, the current surge leads to a significant voltage
drop across the quenching resistor connected in series with the diodes. As the quenching resistor
steals the voltage across the diode, the current lowers, and the diode, now acting as a photon
detector, awaits the next quenching cycle. More on Geiger mode operation can be found in [117].
In Geiger mode operation, the avalanche photodiode works as a single-photon detector, and the

single-photon detection efficiency (SPDE) is one of its essential characteristics.
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Using a discriminator at the cathode of the avalanche photodiodes allows the counting of
quenching cycles. In the dark, no incident photon triggers an avalanche; however, quenching
cycles are still observed, likely triggered by carriers emanating from defect centers. The dark and
total counts of the detector are shown in Fig. 6.9 for a pulsed light source of 285 nm. The single-
photon detection efficiency is obtained by dividing the photo counts by the number of incident
photons. The photo count is obtained by subtracting the dark count from the total count. The plot

of the single-photon detection efficiency is shown in Fig. 6.10 for the 4H-SiC diodes investigated.
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Figure 6.9: Dark and photo counts measured on 4H-SiC avalanche photodiodes as a function of
the applied bias.

The measured single detection efficiency (SPDE) saturates at about 7%. Several factors
may influence the SPDE; the low response time of the diode due to a large RC constant could
result in long quenching cycles receiving more than two photons. The measured SPDE can
be improved if the number of photons incident per second is reduced, but one runs the risk of
blocking all the light. The dark count also contributes to low SPDE. DLTS analysis performed in
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Figure 6.10: Calculated single-photon detection efficiency of a 4H-SiC avalanche photodiode.
this work revealed the presence of deep traps in 4H-SiC substrates. Emissions from those deep
traps also alter the SPDE of devices.

As captured by the equation below, the SPDE is the product of the quantum efficiency by
the avalanche probability as given by (6.17). The avalanche probability increases with the applied
bias. The problem with high biases is that the dark count catches up with the total count (the total
count is the sum of the dark and photo counts). Though there is little to no report on the empirical
formula for the avalanche probability, impact ionization coefficients allow the determination of
the avalanche probability through Monte Carlo simulations [118]. The random motion of carriers
within the drift region can be repeatedly emulated; the avalanche probability is the fraction of
emulations resulting in a breakdown. In this case, the breakdown voltage is dependent upon the
reverse current reaching a set threshold point.

Another important aspect of the operation of avalanche photodiodes is the detection uni-
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formity of devices. When a diode is non-uniform, the probability that a photon gets detected will
depend on where it impinges on the surface of the device. Fig. 6.11 shows the spatial uniformity

of the measured diode with a reverse bias of 20 V.

SPDE = QE x AP (6.17)
current (A)
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Figure 6.11: Spatial dependence of the photo-current in 4H-SiC avalanche photodiodes biased at
20 V. The diameter of the diode is 200 pm, and the surface is scanned with a 10 pm spot size
pulsed LED at 285 nm.

The diode measured is shown in Fig. 2.27. It is observed that the diode becomes more

non-uniform as the reverse bias increases. The reasons behind the non-uniformity are still under

investigation. It has been suggested that the non-uniformity problem results from poor field

spreading on the surface of the device. More efforts to are needed to fully understand non-

uniformity.
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6.3 Impact Ionization Coefficients and the Drift-Diffusion Equations

Impact ionization coefficients are also crucial for their use in the drift-diffusion model to
simulate the reverse current-voltage characteristics of semiconductors devices. The equations
commonly used in the drift-diffusion model are the Poisson, the continuity, and the current equa-

tions. The Poisson equation is expressed as

V26 =—2(p—n+Nj—Ny) (6.18)

The continuity equation for electrons is

d 1
an “VJ,+ G, — Ry, (6.19)
dt ¢

where (5, is the generation rate, and R,, is the recombination rate. Similarly, the hole’s
continuity equation is
dp

1
= V),+G,—F, (6.20)

where G, and R, are the generation and recombination rate for electrons and holes, re-
spectively. The electron current is given by (6.21) and (6.22), where p,, and 1, are the mobility
for electrons and holes respectively. The parameters D,, and D, are the diffusion constant for

electrons and holes, respectively.

Jp = —qu.nNVo + qD,Vn. (6.21)
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Jp = —quppV o — qD,Vp. (6.22)

The generation rate due to the impact ionization collisions is

j; oy + 7; Qy
G = . . (6.23)

When impact ionization collisions are dominants, G = G,, = G,. The calibrated impact
ionization coefficients reported in Table 4.2 was use to simulated a p — ¢ — n structure with an
i-layer doping of 5x 10'® cm ™ with a thickness of 0.48 pm. The current-voltage characteristic of
the avalanche photodiodes measured and modeled with calibrated impact ionization coefficients
are shown in Fig. 6.12. The simulation is done by incorporating calibrated impact ionization
coefficients into a commercial simulator, Sentaurus Device [119]. While modeling results and
measured data agree well at low gains, discrepancies are observed at larger multiplications. At
large gains, the series resistance lowers the effective voltage across the diode, resulting in exper-
imental currents lower than that predicted by theory.

The results shown in Fig. 6.12 are representative of a single device. It is challenging
to model the current-voltage characteristics accurately because of fabrication reproducibility.
Though processed on the same wafer, the 4H-SiC diodes studied for the multiplication data per-
formed differently, mainly in their off-state leakage. The variation of breakdown voltage observed
between the measures devices was up to 7 V, resulting in slight inaccuracies in the ability to pre-
dict the breakdown voltage. The gain is even more challenging to model because it is susceptible
to the voltage across the multiplication layer, which is highly affected by the series resistance.

It is worth accounting for the fraction of generated carriers lost to recombination processes for
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Figure 6.12: Measured and modeled with impact ionization coefficients current-voltage charac-
teristic of a 4H-SiC p — ¢ — n diode. The simulation was performed with Synopsys TCAD, a
commercial simulator into which was incorporated impact ionization coefficients celebrated in
this work.

improved modeling.

6.4 Conclusion, Key Contributions and Future Work

The advances in electronics observed in the 20th century have changed how humans inter-
act with themselves and the world. The use of electrical systems in conjunction with mechanical
machines has tremendously improved human living standards and productivity. Initially con-
ceived for radios and televisions, electronics devices have perfected over time and are present
across the spectrum from low- to high-energy systems. The use of machinery for meeting the
increasing needs of a growing population has resulted in problems of energy shortage and envi-
ronmental concerns. Developing efficient electronics systems with high power density is a viable

solution for reducing greenhouse gas emissions and the efficient use of available resources of
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energy. Because of their properties, wide- and ultrawide-bandgap semiconductors have gained
a lot of attention from the research community for the past decades as great candidates for the
fabrication of power electronic devices. Compared to silicon, materials with a large bandgap
can operate at much higher temperatures, reducing the need for cooling requirements. Their
critical field and saturation velocity are much higher, enabling high-speed operations. Also, large

bandgap materials allow the fabrication of devices with a high power density and more efficiency.

6.4.1 Contributions

Compared to silicon, however, wide- and ultrawide-bandgap materials are not well ma-
tured, and the understanding of those materials is still limited by several factors such as the ability
to grow good quality materials, doping-related challenges, and fabrication challenges. To better
understand the power performance of wide- and ultrawide-bandgap semiconductors, this work
investigated the on-resistance versus breakdown voltage limits of WBG and UWBG materials
for power electronics application as a function of the temperature. Instead of using an empirical
formula for the trade-offs between the on-resistance and the breakdown voltage, the calculations
considered the incomplete activation and ionization of dopants for an improved evaluation of the
on-resistance and impact ionization coefficients for breakdown voltage calculations.

Investigation results for p-type doped 4H-SiC substrates showed that ion implantation (as
opposed to epitaxial growth) could increase the substrate resistivity by a factor of ten, result-
ing in deteriorated on-resistance limits. The incomplete ionization of dopants was investigated
in substrates, junctions at zero bias, and junctions subjected to reverse biases using the Poisson

equation. For Uniformly doped substrates in equilibrium, the Poisson equation simplifies to the
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charge neutrality equation, and the temperature dependence of dopant ionization was investi-
gated. The ionization energy of dopants was modeled as a function of the doping concentration,
and results showed that materials with high ionization energy, such as diamond, could have their
on-resistance three order of magnitude larger than that expected if dopants were fully ionized. For
junctions, the electric profile was calculated as a function of the temperature, and it was observed
that because of field-assisted ionization, the incomplete ionization of dopant was less severe in the
space charge regions and more prominent quasi-neutral regions. Also, because of field-assisted
ionization, electric field profiles calculated with the depletion approximation and the assumption
of 100% ionization were similar to electric field profiles calculated with an account of incomplete
ionization.

The concentration of free carriers was obtained with the study of incomplete ionization.
It was found that because of their large bandgap, in reverse bias, carriers are less likely to gain
enough energy via lucky drift to initiate avalanche breakdown, prompting questions on the origin
of carriers for avalanche breakdown in the dark. Deep level transient spectroscopy was employed
to study deep traps in 4H-SiC p — ¢ — n structures. The extracted density of deep levels and
the extracted temperature dependence of their emission time constant suggested that generation-
recombination centers in materials contribute to background currents through a succession of
emission and capture processes. The series resistance, the total resistance, and the non-ideality
factors extracted from forward I-V characteristics measured on 4H-SiC p — ¢ — n diodes as a
function of the temperature showed the effects of incomplete ionization. Also, the measured ca-
pacitance was modeled, and the extracted effective doping concentrations in the depletion region
were similar to that obtained theoretically.

The calculated electric field profile was essential for evaluating the temperature depen-
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dence of impact ionization coefficients modeled with a modified Thornber expression. This work
calibrated impact ionization coefficients based on measured coefficients reported in the litera-
ture and measured multiplication and breakdown voltages. Theoretical breakdown voltages were
calculated for p — 7+ — n diodes as a function of the i-layer thickness and doping concentration.
The calculation showed the existence of optimum structures suitable for assessing the breakdown
voltage versus on-resistance limits.

Breakdown voltage calculation using impact ionization coefficients showed that materials
with a larger bandgap have higher ionization threshold energy and consequently lower impact
ionization coefficients at a given electric field. Materials with low impact ionization coefficients
can block larger voltages with thinner thickness. For p — ¢ — n diodes, it was found that the
breakdown voltage increases with the i-layer thickness and reduces with the i-layer doping con-
centration. Studies of the breakdown voltage as a function of the i-layer thickness revealed the
existence of an optimum thickness at which the breakdown voltage ceases to increase with the
i-layer thickness. It was found that the optimum thickness and the corresponding optimum dop-
ing and breakdown voltage form a unique trio, and the set of such trio defines the on-resistance
versus breakdown voltage limits of a material. The ability of a material to block large voltages
also depends on the minimum achievable doping concentration (the doping floor), which limits
the maximum breakdown voltage.

Temperature studies have indicated that the on-resistance results from trade-offs between
the enhanced ionization of dopants and mobility deterioration. For wide bandgap semiconductors
with reasonable ionization energy, the temperature degrades the material’s performance; how-
ever, for some of the ultrawide-bandgap semiconductors with high ionization energy (Diamond,

for example), the on-resistance was found to decrease with the temperature. Experimental studies
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revealed that at low temperatures, the breakdown voltage decreases with the increase of temper-
ature because the incomplete ionization of the dopants results in lower internal fields. It was also
observed that at elevated temperature, the breakdown voltage increases with the temperature due
to the growing population of phonons which enhances carriers’ scattering, reduces their carriers’
energy, and decreases the practical values of impact ionization coefficients.

Previous reports have shown that accounting for incomplete ionization is crucial for im-
proving the accuracy of semiconductors’ power limits. In addition to the study of incomplete
ionization, this work has not assumed a constant value for the critical field. Instead, the critical
field was obtained as a by-product of breakdown voltage calculations and was modeled as a func-
tion of the doping concentration and drift layer thickness. The main findings of this work rely
on existing values of impact ionization coefficients. As demonstrated in this work, knowledge of
those coefficients is paramount for the performance predictions of power devices. It can be said
that the maturity of a given material relies upon the accuracy of its impact ionization coefficients.
Those coefficients are paramount because they are the products of micro-scale quantum phe-
nomena happening at the device physics level, and they are also the primary source driving the
devices’ performance observed at the macro-scale. As important as they are, there are numerous
challenges related to establishing accurate values of impact ionization coefficients.

Impact ionization coefficients are commonly modeled as a function of the electric field,
but the ability of a carrier to engage in an impact ionization collision depends on its energy. A
low energy carrier in a high electric field region cannot trigger an impact ionization collision at
the observed location; however, with sufficiently high energy, carriers can impact ionize even
in low electric field regions. It would be more accurate to model impact ionization coefficients

as a function of carriers’ energy; however, this is hardly achievable because, unlike the electric
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field, carriers’ energy is not a local property of the material and constantly change depending
on carriers’ history. While for small-scale systems, the problem of electric field and carrier’s
energy needs to be addressed, for thicker devices (power electronics) that do not suffer from the
dark space problem, it is convenient and reasonable to model impact ionization coefficients as a
function of the local electric field because those coefficients are a statistical average of how many

impact ionization collisions are encountered when a carrier travel one centimeter of the material.

6.4.2 Future Work

New considerations are likely necessary for modeling impact ionization coefficients for
microelectronics and low-power systems. For power electronics, modeling impact ionization co-
efficients as a function of the local field is acceptable; however, results from this work suggest that
it could be more accurate to include a doping dependence in the modeling of impact ionization
coefficients, i.e., a(&, T, N). For Al,Ga; N there are additional challenges because coefficients
should account for both doping and alloy composition variations. The results obtained in this
work relied closely on impact ionization coefficients existing in the literature, and the need to get
more accurate values of impact ionization coefficients has been demonstrated. Though it may
require a lot of computational and experimental resources, it is worth converging efforts for more
detailed studies of impact ionization coefficients because they inform on device performance
and reinforce understanding of materials. As demonstrated in this work, impact ionization coeffi-
cients are essential for calculating the critical field and the breakdown voltage, which in turn helps
captures the power density of materials. They are also crucial for the simulation of the current-

voltage characteristics of devices. Efforts to predict impact ionization coefficients from ab-initio
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studies, such as solving the Boltzmann transport equation or Monte Carlo simulations, require
in-depth studies of fundamental material properties. Such exercise requires accurate knowledge
of the energy band diagram to extract the dispersion relation, the effective masses, and other

parameters necessary to describe carrier-lattice interactions.
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Chapter A: Equations for Trapezoidal Field Profile of Punch Through p —7 —n

Diodes

When the doping concentration in the i-layer or its the thickness are sufficiently small, the

electric field profile in the p — ¢ — n diode is trapezoidal as seen below.

Figure A.1: Trapezoidal field profile (not drawn to scale) in a p — ¢ — n diode.

The slope of the electric field in the p*, n~, and n™ regions are given by my, ms, and ms,

respectively; those slopes can be expressed as
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The charge neutrality equation is
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The total built-in potential with an applied bias V4, a p™ — n™~ built-in potential V};1, and a

n~ — n built in potential Vs, is

1 1
Vi = Va4 Viir + Vi = 551 (w1 +xR) + 552(102 + zR), (A.3)

where &; and &, are the peak electric field at the p™ — n~ and n~ — n' interfaces, respec-
tively; those peaks field are expressed as £, = myw; and & = mgw,. The total built-in potential,

V7, 1s such that
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Substituting for the slopes, The three parameters for the quadratic are
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qNa 5 Np1 ( Np1 + Na qNp1 Np1 + Ny

C = — 2V = — 2V; A.8

¢ BN, ( Na g o NA T (A-8)

Note that this derivation applies to trapezoidal field profiles with the punch-throughs ter-
minating in the cladding layers. There are cases where the punch-throughs extend to the contact;
one or both of the cladding layers are fully depleted. The charge neutrality equation still applies

and leads to quadratic equations like the one derived above.
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