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Abstract

Silicon carbide (SiC) is an attractive material for high-voltage and high-
temperature electronic applications owing to the wide bandgap, high critical
electric field, and high thermal conductivity. High- and ultra-high-voltage
silicon carbide bipolar devices, such as bipolar junction transistors (BJTs) and
PiN diodes, have the advantage of a low ON-resistance due to conductivity
modulation compared to unipolar devices. However, in order to be fully
competitive with unipolar devices, it is important to further improve the off-
state and on-state characteristics, such as breakdown voltage, leakage current,
common-emitter current gain, switching, current density, and ON-resistance.

In order to achieve a high breakdown voltage with a low leakage cur-
rent, an efficient and easy to fabricate junction edge protection or termina-
tion is needed. Among different proposed junction edge protections, a mesa
design integrated with junction termination extensions (JTEs) is a power-
ful approach. In this work, implantation-free 4H-SiC BJTs in two classes
of voltage, i.e., 6 kV-class and 15 kV-class with an efficient and optimized
implantation-free junction termination (O-JTE) and multiple-shallow-trench
junction termination extension (ST-JTE) are designed, fabricated and char-
acterized. These terminations result in high termination efficiency of 92% and
93%, respectively.

The 6 kV-class BJTs shows a maximum current gain of β = 44. A com-
prehensive study on the geometrical design is done in order to improve the
on-state performances. For the first time, new cell geometries (square and
hexagon) are presented for the SiC BJTs. The results show a significant im-
provement of the on-state characteristics because of a better utilization of the
base area. At a given current gain, new cell geometries show a 42% higher
current density and 21% lower ON-resistance. The results of this study, in-
cluding an optimized fabrication process, are utilized in the 15 kV-class BJTs
where a record high current gain of β = 139 is achieved.

Ultra-high-voltage PiN diodes in two classes of voltage, i.e., 10+ kV using
on-axis 4H-SiC and 15 kV-class off-axis 4H-SiC, are presented. O-JTE is
utilized for 15 kV-class PiN diodes, while three steps ion-implantation are used
to form the JTE in 10+ kV PiN diodes. Carbon implantation followed by high-
temperature annealing is also performed for the 10+ kV PiN diodes in order
to enhance the lifetime. Both type diodes depict conductivity modulation in
the drift layer. No bipolar degradation is observed in 10+ kV PiN diodes.

Keywords: silicon carbide (SiC), bipolar junction transistor (BJT), PiN
diode, current gain, breakdown voltage, ON-resistance, surface passivation,
SiC etching, conductivity modulation, emitter cell geometry, square cell ge-
ometry, hexagon cell geometry, single finger, interdigitated fingers.
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Sammanfattning

Kiselkarbid (SiC) är ett intressant halvledarmaterial för tillämpningar vid höga
spänningar och höga temperaturer tack vare sitt stora bandgap, höga genom-
brottsfält och stora termiska ledningsförmåga. Bipolära SiC-komponenter för höga
spänningar, t ex bipolärtransistorer (BJT) och PiN-dioder, kan erbjuda ett lågt
framspänningsfall på grund av konduktivitetsmodulering och har därigenom klara
konkurrensfördelar jämfört med unipolära komponenter. Det är dock viktigt att an-
dra parametrar hos de bipolära komponenterna förbättras, exempelvis att från- och
tillslagsförluster minimeras, att strömförstärkning och strömtäthet kan maximeras
och att läckströmmar kan minskas.

För att kunna hantera stora spänningar utan stora läckströmmar behövs dessu-
tom effektiv ytterminering och kantskydd, vilket reducerar de höga fältstyrkorna
som uppstår inuti komponenterna. Ofta används jonimplantation för att tillverka s
k ”junction termination extension” (JTE), som fördelar fältet längst en större yta
och därigenom minskar det maximala fältet. I denna avhandling har vi också des-
ignat, tillverkat och karakteriserat nya typer av termineringar genom etsteknik.
Terminering för två spänningsområden, 6 kV och 15 kV, med opimerad etsteknik
(O-JTE) och etsade rännor (”shallow trench”, ST-JTE) resulterade i komponenter
med 92%, respektive 93% av den teoretiska genombrottsspänningen.

Bipolärtransistorer för 6 kV uppnådde en maximal strömförstärkning på β = 44.
Vidare gjordes en omfattande kartläggning av den geometriska designen av dessa
komponenter för att förbättra egenskaperna i framspänning. Nya cellgeometrier
(kvadratiska och hexagonala) har här testats för första gången på SiC BJT kom-
ponenter och resultaten visar att ett mer effektivt utnyttjande av basarean ger
betydande förbättringar. För en given strömförstärkning visar de nya geometrierna
42% högre strömtäthet och 21% lägre resistans i framspänning. Dessa lovande re-
sultat, tillsammans med en optimerad tillverkningsprocess, utnyttjades sedan till
att tillverka 15 kV BJT-komponenter. För dessa uppnåddes en rekordhög ström-
förstärkning på β = 139.

PiN dioder för 10 kV med det epitaxiella skiktet växt parallellt med c-riktningen
(”on-axis”), samt PiN-dioder för 15 kV med det epitaxiella skiktet växt i nå-
gra graders vinkel mot c-rikningen (”off-axis”) har också designats, tillverkats
och karakteriserats. Jonimplanterad terminering med 3 steg användes för 10 kV
on-axis-dioderna, medan O-JTE användes för 15 kV-komponenterna. Även kol-
implantation tillsammans med värmebehandling användes på on-axis-materialet
för att förbättra livstiden. Båda diodtyperna uppnådde konduktivitetsmoduler-
ing i driftområdet och ingen degradering av framspänningsegenskaperna (”bipolar
degradation”) kunde upptäckas hos 10 kV-dioderna.
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ricated BJTs have a maximum current gain of (β = 40) at a current density of
JC = 370 A/cm2 and a specific ON-resistance of Ron = 28 mΩ · cm2.

The author performed 50% fabrication, 50% characterization, and
contributed to the writing the manuscript.

xvii



xviii CONTENTS

Paper III

Optimal Emitter Cell Geometry in High Power 4H-SiC BJTs
In this paper, new cell geometries, i.e., hexagon and square cell geometries are

designed and fabricated for the first time for BJTs, which open a new design space
for improved performance. Interdigitated fingers and single finger designs are also
studied, and all results are compared together. The emitter size effect is studied
for all designs. The linear interdigitated fingers design shows the highest current
gain, due to lower surface recombination. However, at a given current gain, about
42% higher current density and about 21% lower ON-resistance is observed for the
hexagon cell geometry, and about 21% higher current density and about 23% lower
ON-resistance is seen for the square cell geometry in comparison to the traditional
linear interdigitated finger geometry due to a better utilization of the base area.
This significant improvement in the on-state characteristics makes the device more
suited for high-power and high-temperature applications.

The author performed 100% simulation, 100% layout design, 100%
fabrication, 100% characterization, and wrote 90% of the manuscript.

Paper IV

15 kV-Class implantation-Free 4H-SiC BJTs with Record High Current
Gain

This paper presents an ultra-high-voltage implantation-free mesa-etched 4H-SiC
BJT with O-JTE and a record current gain of 139. In order to achieve this high
current gain, the devices are fabricated by optimizing the cell geometries, sacrificial
oxidation, and surface passivation. The current gain in different cell geometries, i.e.,
single finger, square, and hexagon cell geometries is presented. The effect of base
width on the current gain of square and hexagon cell geometries is also studied.
The measured ON-resistance of (Ron = 579 mΩ · cm2) which is lower than the
non-modulated drift resistance (754 mΩ · cm2) depicts a possibility of conductivity
modulation. No breakdown voltage was recorded up to 10 kV (our measurement
system limit at present) with a low leakage current of 0.1 µA.

The author performed 100% simulation, 100% layout design, 100%
fabrication, 100% characterization, and wrote 90% of the manuscript.

Paper V

A Comprehensive Study on the Geometrical Effect in High Power 4H-
SiC BJTs

This paper presents geometrical effects on the on-state characteristics of high-
voltage BJTs with O-JTE. The effect of varying the emitter-base geometry in the
different emitter cell geometries (single finger, hexagon and square cell geometries)
is studied. This comprehensive study includes the variation of the emitter width
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(WE), the base width (WB), emitter contact-emitter edge distance (Wn), and base
contact-emitter edge (Wp). The emitter size effect shows the highest influence
on the current gain. Furthermore, the base size effect also shows a significant
improvement on the current gain at a given WE . Variation of Wp has a higher
influence on the current gain than the Wn. This comprehensive study, offers that a
WE of 40 µm, WB of 30 µm, and a Wn = Wp = 3 µm results in about 23% higher
current gain and better utilization of the base area.

The author performed 100% simulation, 100% layout design, 100%
fabrication, 100% characterization, and wrote 90% of the manuscript.

Paper VI

Conductivity Modulated On-axis 4H-SiC 10+ kV PiN Diodes
This paper presents an ultra-high-voltage degradation-free PiN diode using on-

axis 4H-SiC with low forward voltage drop of VF = 3.3 V at 100 A/cm2. Lifetime
enhancement procedure is performed by carbon implantation followed by high-
temperature annealing. Minority carrier lifetime increases from 200 ns to about
3 µs. However, after processing, the minority carrier lifetime of (τp = 1.15 µs)
is measured by the OCVD technique at room temperature. The measured low
ON-resistance (Ron = 3.4 mΩ · cm2) at room temperature, depicts conductivity
modulation in the drift layer. The diodes have stable on-state characteristics over
a broad temperature range up to 200 ◦C. At elevated temperatures, a positive
temperature coefficient of the minority carrier lifetime (∆τp = 3.6 ns/K) and band
gap lowering at elevated temperatures, result in a negative temperature coefficient
of forward voltage drop (∆VF = −1 mV/K). No bipolar degradation is observed
after severe stressing at 100 A/cm2 for 50 hours and at 200 A/cm2 for 10 hours at
room temperature. It confirms the absence of expanding basal plane dislocations
(BPDs) in the on-axis 4H-SiC. No breakdown was recorded up to 10 kV which is
yet the highest blocking capability for 4H-SiC devices using on-axis material.

The author performed 100% layout design, 100% fabrication, 100%
characterization, and wrote 90% of the manuscript.





Chapter 1

Introduction

Climate change is today considered as one of the most important global issues. It is
disrupting national economies and affecting costing people and lives in every coun-
try on every continent. In order to solve this global problem, the Paris agreement
was adopted by all 196 parties to the United Nations framework convention on this
issue on 12 December 2015. All countries agreed to work to limit global temper-
ature rise to well below 2 ◦C, and given the grave risks, to strive for 1.5 ◦C [1].
In order to control the global warming trend, renewable energies are being con-
sidered as good candidates. Moreover, high-speed rail, hybrid cars, and electrical
cars are expanding rapidly in the whole world. All these new applications need
power electronic systems, and power semiconductor devices are recognized as a key
component. It is estimated that about 50% of the electricity used in the world is
controlled by these devices [2].

In order to achieve a more energy-efficient utilization of electric power, there is
an urgent need for rectifying and switching devices with lower losses than silicon
(Si) devices we are employing today [3]. Silicon carbide (SiC), with its superior
properties such as wide bandgap, high critical electric field and high-temperature
conductivity, is an interesting semiconductor material for high-voltage and high-
temperature applications [4]. 4H-SiC 1.7 kV-class unipolar devices are now com-
mercially available [5]. However, ultra-high-voltage (+10 kV) devices with much
low-losses are needed in future electric power networks. Bipolar devices such as
PiN diodes and bipolar junction transistors (BJTs) have the advantage of reduced
ON-resistance by conductivity modulation which make them a good candidate for
future electric power networks.

In this thesis, design, fabrication, and characterization of high- and ultra-high
voltage 4H-SiC PiN diodes and BJTs are demonstrated. A comprehensive study on
geometrical parameters including new cell geometries such as square and hexagon
cell geometries result in a significant progress in 4H-SiC BJT performances. Fur-
thermore, improved fabrication technology in this thesis results in a high record
current gain of 139 for 15 kV-class BJTs. Moreover, utilizing an efficient and opti-
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mized implantation-free junction termination extension (O-JTE) results in a high
termination efficiency of about 92%.

Chapter 2 gives an introduction to the material properties of 4H-SiC. Physical
and electrical properties of 4H-SiC are described. Chapter 3 briefly describes basic
operation and current technology of the 4H-SiC power devices. Different power
rectifiers and switch devices are demonstrated. In chapter 4, the principle of a BJT
design and the general device structure is presented. All geometrical parameters
are considered in order to achieve a BJT with high on- and off-state performances.
Chapter 5 illustrates the different process steps for fabrication of 4H-SiC BJTs and
PiN diodes. Results of the characterization of the fabricated BJTs and PiN diodes
are presented in chapters 6 and 7, respectively. Finally, chapter 8 summarizes this
work by highlighting the achievements. Furthermore, a future research outlook is
proposed.



Chapter 2

Material Properties

Silicon carbide (SiC) is a IV-IV compound semiconductor material consisting silicon
(Si) and carbon (C) atoms with exclusive chemical and physical properties. The
strong chemical Si-C bond (4.6 eV) [6] , gives this compound very hardness and
high thermal conductivity. Thanks further to its superior properties such as wide
bandgap, high critical electric field, and high saturation drift velocity, SiC is a
very promising candidate for high-voltage and high-temperature applications. This
chapter briefly describes the physical properties and advantages of SiC.

2.1 Crystal Structures and Polytypes

SiC is a compound material which consists of 50% Si and 50% C atoms. Both atoms
are tetravalent elements with four valence electrons available for covalent chemical
bonding. As a result, Si and C atoms are tetrahedrally bonded with covalent bonds
and form a SiC crystal by sharing electron pairs in sp3-hybrid orbitals [6]. Each
C atom, therefore, has four Si atom neighbors, and vice versa. Fig. 2.1 shows the
basic structural unit in SiC. SiC is the best known example of polytypism with more
than 200 different polytypes [8]. From a materials science point of view, polytypism
is the phenomenon where a solid material can accept different crystal structures.

Figure 2.1: The basic structural unit in SiC [7].

3
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(a) 3C (b) 4H (c) 6H

Figure 2.2: Schematic structures of popular SiC polytypes [7].

(a) (b)

Figure 2.3: Primitive cells and translation vectors of (a) cubic and (b) hexagonal
SiC.
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Table 2.1: lattice constants of popular SiC polytypes at room temperature [6].

Polytype a(Å) c(Å)
3C 4.36 −
4H 3.08 10.08
6H 3.08 15.11

These crystal structures vary in one dimension (stacking sequence) with no changes
in chemical composition, called polytypes. The different polytypes are represented
by the Ramsdell’s notation [9] which uses the number of Si-C bilayers in the unit
cell and the crystal system (C for cubic, H for hexagonal, and R for rhombohedral).
For example, 3C-SiC, 4H-SiC, and 6H-SiC are three popular SiC polytypes shown
in Fig. 2.2. The primitive cells and translation vectors of a cubic and hexagonal SiC
are shown in Fig. 2.3. Table 2.1 summarizes the lattice constant of these popular
SiC polytypes at room temperature.

2.2 Electrical Properties

Table 2.2 summarizes the major physical properties of different semiconductor ma-
terials [6, 10]. Wide bandgap semiconductors such as SiC, gallium nitride (GaN),
and diamond, permit devices to operate at much higher voltages, temperatures,
and frequencies than traditional semiconductors like silicon and gallium arsenide
(GaAs). GaN and diamond are candidates for future power semiconductor materi-
als [11–13]. Among different SiC polytypes, 4H-SiC exhibits a wider bandgap and
higher electron mobility along the c-axis. As a result, 4H-SiC has been exclusively
employed for power device applications. The n- and p- type 4H-SiC substrates up
to 150 mm are now commercially available.

4H-SiC has about ten times higher critical electric field than Si which results in
ten times higher breakdown voltage at the same depletion width. The breakdown
voltage of a p-n diode is given by:

BV = ECW

2 (2.1)

where BV , EC , and W are the breakdown voltage, critical electric field, and the
drift layer thickness, respectively. Likewise, a thinner SiC drift layer is needed for
the same breakdown voltage. The doping concentration (ND) of the drift layer is
calculated from the following relationship:
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Table 2.2: Electrical properties of SiC and other semiconductors.

Material properties Si GaAs 3C-SiC 6H-SiC 4H-SiC 2H-GaN Diamond
Bandgap,Eg

(eV at 300K) 1.12 1.43 2.36 3.02 3.26 3.4 5.6
Critical electric field,

Ec(MV cm−1) 0.25 0.3 2 2.5 2.2 3 5
Thermal conductivity,

λ(WKcm−1) 1.5 0.5 5 5 5 1.3 20
Saturated drift velocity,

vsat(cms−1) 1 1 2.5 2 2 2.5 2.7
Electron mobility,

µn,⊥c 1350 8500 1000 450 1020 400 2200
Electron mobility,

µn, ‖c n.a. n.a. 1000 100 1200 1200 n.a.
Hole mobility,

µp 480 400 100 100 120 30 1600
Relative permittivity,

εr 11.9 13 9.7 10 10 9.5 5

W ≈

√
2εBV
qND

(2.2)

ND = 2εBV
qW 2 = εE2

C

2qBV (2.3)

At a given BV a higher ND can be used in SiC due its higher EC . The unipolar
ON-resistance of the drift layer is calculated by:

Ron = W

qµnND
= 4BV 2

εµnE3
C

(2.4)

Fig. 2.4 shows the ON-resistance as a function of breakdown voltage for different
semiconductor materials. Eq. 2.1, Eq. 2.3, and Eq. 2.4 show that utilizing 4H-SiC
results in a ten times thinner W , 100 times higher ND, and about 400 lower Ron
than Si at a given VB [10].

2.3 Bandgap and Bandgap Narrowing

The electrical properties can be defined by the energy bandgap (Eg) which is a fun-
damental property of the semiconductors. The bandgap, however, can be changed
by increasing the temperature [14] or doping concentration [15].

The temperature dependence of the 4H-SiC bandgap can be modeled by Vanishi
equation as below [14]:
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Figure 2.4: ON-resistance versus breakdown voltage for different semiconductors.

Eg(T ) = Eg(300K) + η

(
3002

300 + κ
− T 2

T + κ

)
(2.5)

wehere η(eV K−1) and κ(K) are the fitting parameters reported in [16–18].
High doping concentration (> 1017cm−3), causes a reduction of the bandgap.

This is known as the badgap narrowing which has an important influence in bipolar
transistors. In SiC BJTs, with a high doped emitter layer, this narrowing will
pull the electrons and holes into the emitter. The increase of the hole flux into
the emitter reduces the emitter injection efficiency and hence the current gain [19]
(see also 4.2). The bandgap narrowing (∆Eg) in 4H-SiC is modeled by Lindefelt
calculation of band edge displacements as below [15]:

∆Eg = −∆Ec + ∆Eν (2.6)

For n-type semiconductors, the band displacements are giving by:

∆Ec = Anc

(
N+
d

1018

)1/3

+Bnc

(
N+
d

1018

)1/2

(2.7)

∆Eν = Anν

(
N−
d

1018

)1/3

+Bnν

(
N−
d

1018

)1/2

(2.8)

where the coefficients for 4H-SiC are Anc = −1.5×10−2eV , Bnc = −2.93×10−3eV ,
Anν = 1.9 × 10−2eV , and Bnν = 8.74 × 10−3eV [15]. The band displacements for
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p-type semiconductors are given by:

∆Ec = Apc

(
N+
d

1018

)1/3

+Bpc

(
N+
d

1018

)1/2

(2.9)

∆Eν = Apν

(
N−
d

1018

)1/3

+Bpν

(
N−
d

1018

)1/2

(2.10)

where the coefficients 4H-SiC are Apc = −1.57× 10−2eV , Bpc = −3.87× 10−4eV ,
Apν = 1.3× 10−2eV , and Bpν = 1.15× 10−3eV [15].

It should be noted that, the bandgap narrowing is a function of ionized doping
concentration in this model and, consequently, the temperature.

2.4 Mobility

The Arora model [20] has been commonly used to describe the electron and hole
mobilities [21–24] given by Eq. 2.11 and Eq. 2.12, respectively.

µn = µmin,n +
µmax,n ×

(
T

300K
)αn

1 +
(

ND

Nref,n

)γn
=

950×
(

T
300K

)−2.15

1 +
(

ND

1.94×1017

)0.61 (2.11)

µp = µmin,p +
µmax,p ×

(
T

300K
)αp

1 +
(

NA

Nref,p

)γp
= 16 +

108.1×
(

T
300K

)−2.15

1 +
(

NA

1.76×1019

)0.34 (2.12)

where the µmin,n,p, µmax,n,p, αn,p, γn,p and Nref,n,p are the fitting coefficients from
[25]. However, in the case of wide temperature ranges and doping concentrations,
the Arora model can be seriously questioned [26]. In this regard, the electron and
hole mobilities can be described by Caughey-Tomas equation given by Eq. 2.13 [27].

µn,p = µminn,p +
µmaxn,p − µminn,p

1 +
(

Ni

Ncrit
n,p

)δn,p
(2.13)

where Ni = NA + ND (cm−3) is the total concentration of ionized impurities and
δn,p is a fitting coefficient and describes how the mobility changes from µmin to
µmax. By considering the temperature dependency, Eq. 2.13 becomes [17]:

µn,p = µmin,0n,p

(
T

300K

)αn,p

+
µmax,0n,p

(
T

300K
)βn,p − µmin,0n,p

(
T

300K
)αn,p

1 +
(

T
300K

)γn,p
(

Ni

N0,crit
n,p

)δn,p
(2.14)

where βn,p is also a fitting coefficient. This model has been utilized in several studies
with slightly different values for fitting coefficients. Table 2.3 and 2.4 represent the
fitting coefficients for electron and hole mobilities in n- and p-type 4H-SiC proposed
by different groups [16,17,23,28–33], respectively.
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Table 2.3: Caughey-Tomas fitting coefficients for electron mobility in n-type 4H-SiC
reported by different groups.

µmax,0n µmin,0n N0,crit
n αn βn γn δn Ref.

(cm2/V s) (cm2/V s) (cm−3)
950 40.00 2.00× 1017 0.0 -2.40 -0.76 0.73 [16]
950 40.00 1.94× 1017 -0.5 -2.40 0.00 0.61 [28]
950 27.87 1.94× 1017 0.0 -1.80 0.00 0.61 [29]
950 40.00 2.00× 1017 -0.5 -2.40 -0.76 0.34 [30]
947 0.00 1.94× 1017 0.0 -2.15 0.00 0.61 [31]
947 88.00 1.94× 1017 0.0 -2.15 0.00 0.61 [23]
950 40.00 2.00× 1017 0.0 -2.40 0.73 0.34 [33]
950 28.00 1.94× 1017 0.0 -2.40 0.73 0.61 [17]

Table 2.4: Caughey-Tomas fitting coefficients for electron mobility in p-type 4H-SiC
reported by different groups.

µmax,0p µmin,0p N0,crit
p αp βp γp δp Ref.

(cm2/V s) (cm2/V s) (cm−3)
105.4 53.30 2.20× 1018 0.0 -2.10 0.00 0.70 [16]
125.0 15.90 1.76× 1019 -0.5 -2.15 0.00 0.34 [28]
124.0 15.90 1.76× 1019 0.0 -1.80 0.00 0.34 [29]
125.0 15.90 1.76× 1019 -0.5 -2.15 -0.76 0.34 [30]
124.0 15.90 1.76× 1019 0.0 -2.15 0.00 0.34 [31]
74.0 43.00 1.76× 1019 0.0 -2.15 0.00 0.34 [23]
114.1 00.00 5.38× 1018 0.0 -2.72 2.44 δp(T )1 [32]
105.4 15.30 2.20× 1018 0.0 -2.10 0.00 0.70 [33]
114.1 00.00 5.38× 1018 0.0 -2.72 2.44 δp(T ) [17]

Fig. 2.5 shows the calculated electron and hole mobilities as a function of doping
concentration for different groups and coefficient parameters listed in Table 2.3 and
2.4 at room temperature. Among these groups, Stefanakis reported a better fitting
model with the experimental results [17]. Fig. 2.6 shows the calculated mobility for
electron and hole based on Stefanakis model at different temperatures. Fig. 2.7 and
2.8 show a comparison between Arora and Stefanakis models at 300K and 600K,
respectively. These models predict a different doping concentration dependency,
especially at elevated temperatures. In this study, the electron and hole mobilities
in 4H-SiC have been calculated by Stefanikis model.

1δp(T ) = 0.66
(

T
300K

)−0.35
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(a) (b)

Figure 2.5: Calculated mobilities as a function of doping concentration from Eq.
2.14 with different fitting coefficients (Table 2.3 and 2.4) at room temperature for
(a) electron mobility and (b) hole mobility.

(a) (b)

Figure 2.6: Calculated mobilities as a function of doping concentration utlizing
Stefanikis model at different temperatures for (a) electron mobility and (b) hole
mobility.
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(a) (b)

Figure 2.7: Comparison between Arora and Stefanikis mobility models as a function
of doping concentration from Eq. 2.11, Eq. 2.12, and Eq. 2.14 at room temperature
for (a) electron mobility and (b) hole mobility.

(a) (b)

Figure 2.8: Comparison between Arora and Stefanikis mobility models as a function
of doping concentration from Eq. 2.11, Eq. 2.12, and Eq. 2.14 at 600 K for (a)
electron mobility and (b) hole mobility.

2.5 Recombination Processes

In order to study the current gain in 4H-SiC BJTs, the effect of bandgap narrowing
and recombination processes should be considered [19,34]. The bandgap narrowing
was described in 2.3. In this section, recombination process is studied. It has
been reported that bulk recombinations (2.5.1 and 2.5.2) and surface recombination
(2.5.3) are dominant at low and high current densities, respectively [35].
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2.5.1 SRH Recombination
Shockley−Read−Hall (SRH) recombination is an important recombination process
in indirect bandgap semiconductors such as Si and SiC. In this process, phonon
transitions happen in the presence of a defect or trap. The SRH recombination can
be described by Eq. 2.15 [36].

RSRH =
np− γnγpn2

i,eff

τp(n+ γnn1) + τn(p+ γpp1) (2.15)

where n1 and p1 are given by:

n1 = ni,effexp

(
−Etrap
kT

)
(2.16)

p1 = ni,effexp

(
−Etrap
kT

)
(2.17)

with:

ni,eff = niexp

(
Eg

2kT

)
(2.18)

ni =
√
NC(T )NV (T )exp

(
Eg(T )
2kT

)
(2.19)

and parameters γn and γp are given by:

γn = n

NC
exp(−ηn) (2.20)

γp = p

NV
exp(−ηp) (2.21)

with:

ηn = EF,n − EC
kT

(2.22)

ηp = EV − EF,p
kT

(2.23)

where Etrap is the difference between the defect level and intrinsic level, and set
equal to zero [36].

In this thesis the minority carrier lifetimes τn and τp have been modeled ac-
cording to the Schafetter relation [18,37] (see Eq. 2.24) and power low [38] (see Eq.
2.25) for doping dependence and temperature dependence, respectively.

τdop,n,p = τmax,n,p

1 +
(
NA,D

Nref

)γn,p
= τmax,n,p

1 +
(
NA,D

3×1o17

)0.3 (2.24)

τn,p = τn,p,o

(
T

T0

)EXN.TAU
= τn,p,o

(
T

T0

)1.72
(2.25)
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2.5.2 Auger Recombination
At high doping concentration or high injection levels, the Auger recombination
becomes dominant, resulting a reduction of the minority carrier lifetime [34]. This
type of recombination is a three-particle interaction. In SiC BJTs in which the
emitter layer has a high doping concentration, the Auger recombination reduces the
emitter diffusion length (LE), thus decreasing the emitter injection efficiency [34].
It is worth to notice that, at the presence of bandgap narrowing in the emitter layer
(see. section 2.3), the Auger recombination component is increasing. The band gap
narrowing increases the carrier injection into the emitter and cause an increase of
the Auger recombination. The Auger recombination can be modeled as below:

RAuger = (Cnn+ Cpp) · (np− n2
i,eff ) (2.26)

where Cn = 5× 10−31 cm−6s−1 and Cp = 2× 10−31 cm−6s−1 [39].

2.5.3 Surface Recombination
Silicon dioxide (SiO2) is mostly used as a surface passivation in SiC technology.
However, the current gain in 4H-SiC BJTs strongly suffers because of the surface
recombination. It is due to the presence of interface trap density at the SiC/SiO2 in-
terface. This type of recombination is dependent on the surface passivation technol-
ogy which will be described in section 5.4. In this thesis, the surface recombination
has been modeled based on [22,36].





Chapter 3

4H-SiC Power Devices

Power devices are generally divided into two main groups: power rectifiers and
power switches. The first group controls the direction of current flow, whereas
the second group regulates the duration of current flow. An ideal power device
should be able to control the power flow with no power dissipation. However,
the actual power devices exhibit power dissipation. Therefore, a comprehensive
optimization of the actual power device design is needed in order to approach the
ideal characteristics.

Fig. 3.1a shows the I-V characteristics of an ideal power rectifier. It can
be seen that on the on-state mode (forward conduction mode) it conducts any
amount of current with zero forward voltage drop (VF ). Moreover, it holds off
any amount of voltage on the off-state mode (reverse blocking mode). In other
words, an ideal power rectifier conducts infinite current in the forward direction
and supports infinite voltage in the reverse direction. Furthermore, the ideal power
rectifier switches between the on-state and the off-state modes with zero switching
time. However, an actual power rectifier exhibits the I-V characteristics as shown
in Fig. 3.1b. The actual device has a finite forward voltage drop (VF > 0), a leakage
current (ILEAKAGE > 0), a finite maximum breakdown voltage (BV), and a finite
switching time between the on-state and the off-state modes. It should also be
noted that the finite VF and ILEAKAGE result in power dissipation on the on-state
and off-state modes, respectively.

Fig. 3.2a shows the I-V characteristics of an ideal power switch. It carries
any amount of current with zero forward voltage drop and holds off any amount of
voltage with zero leakage current. It can also operate in the active region where the
saturation current is controlled by voltage or current. The uniform distance between
the steps in this region shows that the gain is independent of the forward voltage
or current. However, an actual power rectifier exhibits the I-V characteristics as
shown in Fig. 3.2b. The device has a finite forward voltage drop (VF > 0), a finite
ON-resistance (Ron), a leakage current (ILEAKAGE > 0), and a finite maximum
breakdown voltage (BV).

15
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(a) Ideal power rectifier (b) Actual power rectifier

Figure 3.1: I-V Characteristics of an ideal and an actual power rectifier.

(a) Ideal power switch (b) Actual power switch

Figure 3.2: I-V Characteristics of an ideal and an actual power switch.



3.1. POWER RECTIFIERS 17

In this chapter, the structure, characteristics, and challenges of the 4H-SiC
power devices are shortly described and their recent breakthroughs are highlighted.

3.1 Power Rectifiers

SiC rectifiers are mostly used as free-wheeling diodes in power supplies, power factor
correction circuits, and photovoltaic inverters. In this section, three types of diodes
are presented: Schottky Barrier Diodes (SBDs) as unipolar rectifiers, PiN diodes
as bipolar rectifiers, and Junction-Barrier-controlled Schottky (JBS) and Merged
PiN-Schottky (MPS) as a monolithic combination of both SBDs and PiN diodes.

3.1.1 SBD
The SiC Schottky Barrier Diode (SBD) is one of the most fundamental devices in the
area of metal−semiconductor device technology. It is an interesting unipolar device
for power applications because of its fast switching behavior and its low forward
voltage drop [41]. For example, it is utilized as a freewheeling diode in the power
electronic applications. The high voltage SiC SBDs can be utilized in motor control
applications. The most important advantage of the SBDs is the absence of minority
carriers, resulting in zero reverse recovery and fast switching. The forward voltage
drop of a SiC SBD is determined by the voltage drop across the metal−SiC interface,
the voltage drop in the drift layer, the substrate, and its ohmic contact. Therefore,
in order to reduce the forward voltage drop, one can reduce the potential barrier,
and increase the doping concentration of the drift layer. However, this results in
higher leakage current in the reverse blocking mode, and lower breakdown voltage,
respectively. Therefore, an SBD can be optimized by choosing a proper metal with

Figure 3.3: Schematic cross section of a 10 kV 4H-SiC SBD [40].
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Table 3.1: Recent reported 4H-SiC SBDs.
BV (kV ) VF (V ) Ron(mΩ · cm2) Ref.

1.2 1.35 at 200 A/cm2 − [42]
1.4 2 at 732 A/cm2 1.5 [43]
1.7 2 at 126 A/cm2 8.7 [44]
3 7.1 at 100 A/cm2 34 [45]
4 2.3 at 20 A/cm2 17 [46]
5 2.4 at 25 A/cm2 17 [47]
6.7 4 at 60 A/cm2 43 [48]
10 11.75 at 20 A/cm2 97.5 [40]

desired work function, and a proper value of doping concentration of the drift layer.
It leads to have an SBD with a maximum breakdown voltage, a minimum leakage
current, and a minimum ON-resistance. The 1700 V/50 A 4H-SiC SBDs are now
commercially available, and there is potential to fabricate higher power diodes. A
schematic cross-sectional view of a 10 kV SBD is shown in Fig. 3.3, and Table 3.1
summarizes recent reported 4H-SiC SBDs.

3.1.2 PiN Diodes

The 4H-SiC PiN diodes are bipolar rectifiers which involve a thick and lightly-
doped n-region (i-region) which has been sandwiched between highly doped p-
and n-regions. The i-region implies that the drift layer is equivalent to an intrin-
sic region, even though it is not truly intrinsic. Utilizing a thick i-region in the
SiC PiN diodes, make them very attractive candidates for ultra-high-voltage (>
10 kV) applications. Although SiC PiN diodes have a larger built-in voltage (∼
2.8 V) due to its wider bandgap than the Si PiN diodes, they have a lower for-
ward voltage drop at high current density and higher switching speed due to the
much thinner i-region [49]. Moreover, one can reduce the forward voltage drop
and the ON-resistance by utilizing the punch-through design (see section 4.3) and
lifetime enhancement procedure (see section 7.2). In the on-state mode, the drift
layer could be conductivity modulated when the concentration of injected electron
and hole carriers are higher than the doping concentration (see section 7.4). In
the off-state mode, the existence of a high concentration of stored carriers must be
recombined which causes a poor reverse recovery and off-state losses in PiN diodes.
Therefore, there is a trade of between a low forward voltage drop and switching
speed in the PiN diodes. However, due to a low minority carrier lifetime in the
4H-SiC devices, they show a fast switching performance.

The quality of the epitaxy layers in the bipolar devices such as PiN diodes is
important. The major defects like basal plane dislocations (BPDs) are reported
to act as a source of expanding stacking faults (SFs) formation during bipolar
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Figure 3.4: Schematic cross section of a 10+ kV 4H-SiC PiN (paper VI).

injection [50]. These SFs induce energy levels in the SiC bandgap which act as
recombination centers, decreasing the minority carrier lifetime in the drift layer [51].
This may result in an increased forward voltage drop during on-state mode, i.e.,
bipolar degradation [52]. There are two approaches to overcome this obstacle and
have a stable long-term operation. The first one is improving the 4H-SiC material
quality [53]; the second one is utilizing the on-axis epitaxial growth on an on-axis
4H-SiC wafer (paper VI). A schematic cross-sectional view of a 10+ kV PiN diode
is shown in Fig. 3.4, and Table 3.2 summarizes recent reported 4H-SiC PiN diodes.

3.1.3 JBS and MPS
The Junction-Barrier-controlled Schottky (JBS) and Merged PiN-Schottky (MPS)
diodes are monolithic combinations of Schottky and PiN diodes to have the best
characteristics of both. The SBD rectifiers have a lower forward voltage drop than
PiN diodes and zero reverse recovery. However, the SBDs show a high leakage
current and high power loss in the reverse mode which is not an issue in the PiN
diodes. In the forward biasing the JBS rectifiers are designed to operate as a SBD
to have a minimum on-state and switching losses. Conversely, they operate as a PiN
diode in the reverse biasing to have the minimum off-state losses. The structure of
a JBS-MPS involves of integrated Schottky and PiN rectifiers which are connected
in parallel [6]. Therefore, The metal layer on the top forms Schottky contacts to
the n− drift layer and ohmic contacts to the p+ regions. As reverse bias is applied,
the depletion layer under the p+ regions (PiN diodes) are extended and quickly
merged, shielding the SBDs. As a result, the leakage current and power loss in
off-state mode are reduced.

As described in 3.1.2, the current flow during the reverse recovery is a major
source of power switching loss in the PiN diodes. In order to decrease the reverse
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Table 3.2: Recent reported 4H-SiC PiN diodes.
BV (kV ) VF (V ) at Ron Lifetime (µs) at Growth Ref.

100 A/cm2 (mΩ · cm2) 300K
0.6 3.1 − − on-axis [54]
3.3 1.7 3.3 0.2 off-axis [55]
4.3 3.25 − − off-axis [56]
4.5 1.7 3.3 − off-axis [57]
6.5 34 3.4 0.26 off-axis [58]
8.6 7.1 10 2 off-axis [47]

10−13 3.75 3.3 4 off-axis [59]
10 3.87 38 − off-axis [60]
10 3.44 2.1 3.7 off-axis [61]
> 10 3.3 3.4 1.15 on-axis Paper VI
13 4.90 12 0.8 off-axis [62]
13 3.22 1.87 21.6 off-axis [63]
15 9.68 62 − off-axis [5]
15 4.10 25.5 4.5 off-axis [53]
27 4.72 9.72 21.16 off-axis [63]

recovery current, one can reduce the minority carrier lifetime in the drift layer.
However, it results in an increase in the forward voltage drop and power loss in
the on-state mode. This problem can be solved by utilizing the MPS diodes. As
the forward bias is applied, the Schottky regions are firstly conducting, resulting a
low forward voltage drop and low power loss in the forward mode. In other words,
there is no hole injection from the PiN diodes into the drift layer. The absence
of the minority carrier in the drift layer results in no reverse recovery and fast
switching (JBS regime). However, as the current increases, the PiN diodes turn
on, injecting holes into the drift layer (MPS regime). Therefore, a high current
density and even conductivity modulation with a low forward voltage drop could
be achieved. It should also be noted that the minority carrier injection in the
MPS is lower than the PiN diodes. As a result, the MPS diodes have lower power
switching loss. The transition between the MPS and JBS regimes depends on the
blocking voltage [6]. Low-voltage JBS−MPS rectifiers operate in the JBS regime
and high-voltage JBS−MPS rectifiers operate in the MPS regime. A schematic
cross-sectional view of a 10 kV JBS is shown in Fig. 3.5, and Table 3.3 summarizes
recent reported 4H-SiC JBSs.
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Figure 3.5: Schematic cross section of a 10 kV 4H-SiC JBS [64].

Table 3.3: Recent reported 4H-SiC JBS diodes.
BV (kV ) VF (V ) Ron(mΩ · cm2) Ref.
0.98 3.1 at 100 A/cm2 19 [65]
1.6 1.4 at 100 A/cm2 7.5 [66]
1.7 1.6 at 100 A/cm2 2.9 [67]
2.8 2 at 100 A/cm2 7.5 [68]
5 3.5 at 108 A/cm2 25.2 [69]
6.5 4 at 83 A/cm2 − [70]
10 3.37 at 20 A/cm2 100 [64]

3.2 Power Switch Devices

There are different power switch devices in high-power applications: Junction Field-
Effect Transistors (JFETs) andMetal-Oxide-Semiconductor Field-Effect-Transistors
(MOSFETs) as unipolar devices; Bipolar Junction Transistors (BJTs), Gate Turn-
Off Thyristors (GTOs), and Insulated Gate Bipolar Transistors (IGBTs) as bipolar
devices. The ON-resistance for a 4H-SiC unipolar device above 15 kV, increases to
the point where it is impractical from a yield standpoint and cost. Therefore, it
is best to focus on bipolar devices for ultra-high-voltage applications. In addition,
one can achieve conductivity modulation in a bipolar device in order to obtain a
much higher current density and a much lower ON-resistance beyond the unipolar
limit than would be possible with a unipolar device [71]. in this section, unipolar
and bipolar switch devices are presented.
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3.2.1 JFET
The Junction Field-Effect Transistor (JFET) is a three-terminal voltage-controlled
power device. There is no gate oxide in the JFETs; therefore, they do have no
problem of oxide reliability and mobility reduction by the interface traps at the
SiO2/SiC interface. Although they are mostly normally-on switch which is not
desired in power system applications, the normally-off JFETs have also been re-
ported [72]. A schematic cross-sectional view of a 1.2 kV normally-off 4H-SiC JFET
is shown in Fig. 3.6, and Table 3.4 summarizes recent reported 4H-SiC JFETs.

Figure 3.6: Schematic cross section of a 1.2 kV normally-off 4H-SiC JFET [73].

3.2.2 MOSFET
4H-SiC power vertical Metal-Oxide-Semiconductor Field-Effect-Transistor (MOS-
FET) reported to date as the most desired power device [4]. It has at least 5-10
times higher switching frequencies compare to Si unipolar devices at the same
voltage rating [83]. The ON-resistance of a power MOSFET is the sum of the
ON-resistance of the MOSFET channel, the drift layer, the substrate, and other
components regards to it’s geometry. In recent years, there have been increasing
interest in reducing the ON-resistance and increasing the breakdown voltage of the
power MOSFETs. The advanced MOSFETs design involves three discrete struc-
tures: DMOSFETs, UMOSFETs, and VMOSFETs. The new MOSFET designs and
process technology results in performance improvements and costs reductions [84].
Table 3.5 summarizes the recent reported 4H-SiC MOSFETs.
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Table 3.4: Recent repoerted 4H-SiC JFETs.
BV (kV ) Ron(mΩ · cm2) Ref.

0.6 2.6 [74]
1.2 5 [73]
1.68 5.5 [75]
1.73 3.6 [72]
1.9 2.8 [76]
2.55 5.7 [77]
3.5 390 [78]
4.2 454 [79]
9 96 [80]
9.4 127 [81]
11 130 [82]

Table 3.5: Recent repoerted 4H-SiC MOSFETs.
BV (kV ) Ron(mΩ · cm2) Structure Ref.
0.95 8.4 DMOSFET [85]
1.2 2 VMOSFET [86]
1.4 74 UMOSFET [87]
1.6 40 DMOSFET [88]
2.6 200 DMOSFET [89]
3.3 9.4 VMOSFET [90]
6.5 40 DMOSFET [84]
10 123 DMOSFET [71]
15 250 DMOSFET [84]

Fig. 3.7 shows a cross-sectional view of a developed DMOSFET [84]. The n+

source and p-well are formed by ion-implantation processing. The term DMOSFET
is derived from double-diffusion process in Si technology. This structure has been
the most commercially successful design. CREE has been developed the DMOSFET
from 900 V to 15 kV with low ON-resistance approaching the theoretical limit [84].

A cross-sectional view of a UMOSFET is shown in Fig. 3.8. The term UMOS-
FET derived from the U-shaped groove forming by SiC etching. This structure is
the first power SiC MOSFET developed by J. Palmour [91], and is also referred to
as a trench MOSFET. The MOS channel in the UMOSFET is oriented perpendic-
ular to the surface and is formed by epi-growth. Therefore, it makes it possible to
have a sub-micron channel. As a result, the UMOSFETs can be fabricated with a
smaller surface than the DMOSFETs. However, the UMOSFETs needs to be opti-
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Figure 3.7: Schematic cross section of the developed DMOSFET [84].

Figure 3.8: Schematic cross section of the developed UMOSFET [90].

mized in terms of some critical issues such as fixed charge density, interface state
density, oxide reliability, and high electric field at the corners of the trench.

Fig. 3.9 shows a schematic cross section view of a developed VMOSFET [86].
The term of the VMOSFET is derived from the V-shaped groove under the gate.
This structure is fabricated on the SiC (0-33-8) face which has lower interface state
density than the 4H-SiC (0001) face, thus improving the channel mobility. In order
to improve the electric field at the bottom of the trench, a thicker oxide at the
bottom of the trench and two buried p+ regions in the drift layer are employed.
However, this structure needs to be optimized in order to maximize the perfor-
mance.
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Figure 3.9: Schematic cross section of the developed V-groove trench MOSFET [86].

3.2.3 BJT
The Bipolar Junction Transistor (BJT) is a three-terminal power device invented
by Bardeen, Brattain, and Shockley in 1947 at Bell laboratories [92]. BJTs have
been available in the market more than 50 years [93]. Although the first SiC BJT
was reported by Muench et al. in 1977 [94], it did not receive much attention until
Ryu et al. reported the first high-voltage 4H-SiC BJT in 2001 [95, 96]. The 4H-
SiC BJT has been developed for high-voltage and high-temperature applications in
recent years due to its unique properties such as low ON-resistance, fast switching,
normally-off, and absence of the gate-oxide reliability problems. Thanks to its high
electric field, SiC BJTs have advantage of a possible higher doping concentration
in the collector layer. It results in a large safe operating area (SOA) in which the
second breakdown occurs outside the range of possible operation (very high current
density) [97].

SiC BJTs have several unique advantages compared to SiC MOSFETs:

1. Lower ON-resistance and fabrication cost.

2. Possibility to have conductivity modulation of the drift layer in order to min-
imize the ON-resistance and power losses in on-state mode.

3. Easy paralleling because of the negative coefficient of the current gain (β),
and positive temperature coefficient of the ON-resistance.

4. Non-dependency on a gate oxide and no suffering from the oxide reliability.

However, in order to be fully competitive with MOSFETs and IGBTs, the BJT
characteristics should be improved. In recent years, there has been growing interest
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Figure 3.10: Schematic cross section of a 15 kV-Class 4H-SiC BJT (paper V).

Table 3.6: Recent reported 4H-SiC BJTs.
BV (kV ) Ron(mΩ · cm2) β Termination efficiency (%) Ref.

3.2 28 28 40 [98]
2.8 4 55 75 [99]
2.8 6.8 52 75 [99]
1.8 4.4 40 76 [100]
2.3 4.5 35 85 [101]
6 28 90 [102]

23.5 321 7 91 [103]
10.5 110 75 91 [104]
2.7 4 132 90 [105]
5.65 18.8 44 92 Paper I
5.85 28 40 93 Paper II

15 kV-class 579 139 Paper V

in improving the current gain, breakdown voltage, current density (JC), and ON-
resistance. The main obstacle for commercialization of SiC BJTs is the existence
of bipolar degradation as same as the PiN diodes described in 3.1.2. A schematic
cross-sectional view of a 15 kV-class 4H-SiC BJT is shown in Fig. 3.10. Table
3.6 summarizes recent reported 4H-SiC BJTs. The structure and design of power
4H-SiC BJTs will be fully described in chapter 4.
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3.2.4 GTO
The Gate Turn-Off Thyristor (GTO) was discovered in the 1960s due to significant
interest in the control of motors operating from a DC power supply [41]. The
structure of the thyristors was modified to switch the device from the on-state to
off-state by gate bias control. The 4H-SiC GTOs offer excellent current handling,
fast turn-off capabilities, and very high voltage blocking. They exhibit a lower
forward voltage drop than the IGBTs at high injection-level currents [106], leading
to lower power dissipation in the on-state mode. A schematic cross-sectional view
of a 22 kV 4H-SiC GTO is shown in Fig. 3.11, and Table 3.7 summarizes recent
reported 4H-SiC GTOs.

Figure 3.11: Schematic cross section of a 22 kV 4H-SiC GTO [71].

Table 3.7: Recent reported 4H-SiC GTOs.
BV (kV ) Ron(mΩ · cm2) VF (V ) Ref.

0.4 − 4 [107]
3.1 − 5 [108]
7.8 5.3 3.9 [109]
8.1 6 3.8 [110]
9 − 3.7 [111]

12.7 − 6.6 [112]
20 11 8.5 [106]
22.1 7.7 6.6 [71]

3.2.5 IGBT
The Insulated Gate Bipolar Transistor (IGBT) was discovered by B. J. Baliga in
1984 [113]. It is a monolithic combination of a MOSFET and a BJT to have the
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best characteristics of both. Therefore, it is a voltage controlled device with a low
ON-resistance through the use of conductivity modulation. The n-channel IGBT
is an integration of an n-channel MOSFET and a pnp BJT, and conversely, the
p-channel IGBT is an integration of a p-channel MOSFET and an npn BJT. Both
high voltage n- and p-IGBTs have been reported. A schematic cross-sectional view
of a 27 kV 4H-SiC n-IGBT and 15 kV 4H-SiC p-IGBT are shown in Fig. 3.12 and
3.13, respectively. Table 3.8 summarizes recent reported 4H-SiC IGBTs. Although
the n-IGBTs are preferred to p-IGBTs due to their better switching performance
and lower current gain of the pnp BJT, they need p-type SiC substrates which
are highly resistive. The new techniques such as flip-type IGBTs [114] and free-
standing IGBTs [115,116] were employed to circumvent this obstacle and fabricate
the n-IGBTs with improved performance.

Figure 3.12: Schematic cross section of a 27 kV 4H-SiC n-IGBT [117].

Figure 3.13: Schematic cross section of a 15 kV 4H-SiC p-IGBT [118].
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Table 3.8: Performance comparison between the recent 4H-SiC p- and n-IGBTs.
IGBT BV (kV ) Ron(mΩ · cm2) Ref.
p- 2.7 161 [119]
p- 5.8 580 [120]
p- 7.5 26 [121]
p- 10.2 24 [122]
p- 12 18.6 [123]
p- 15 24 [124]
p- 15 41 [125]
p- 15 33 [118]
p- 15 148 [126]
n- < 2 kV 500 [115]
n- 12.5 5.3 [124]
n- 13 22 [127]
n- 15 − [128]
n- 16 11.3 [114]
n- 17 25.6 [125]
n- 20 177 [116]
n- 27 − [117]





Chapter 4

Power BJT Design

A BJT has principally a back-to-back pn junction configuration: emitter-base junc-
tion, and base-collector junction. Cancellation of these junction voltages in satu-
ration provides the possibility for a very low collector-emitter saturation voltage.
The npn BJTs are preferred to the pnp BJTs because the electron mobility is higher
than the hole mobility. In this chapter, an optimized structure of a power 4H-SiC
BJT is presented.

4.1 BJT Operation Principles

A BJT is fundamentally a current controlled three terminal switch mostly used in
the common-emitter configuration (see Fig. 4.1). In this case, the emitter terminal
is common between the base and collector terminals. The collector current (output

(a) npn BJT (b) pnp BJT

Figure 4.1: BJTs in common-emitter configuration.

31
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(a) npn BJT (b) pnp BJT

Figure 4.2: BJTs in common-base configuration.

variable) is controlled by the magnitude and polarity of the base (input variable).
Based upon Kirchoff’s law:

IE = IC + IB (4.1)

where IE , IC , and IB , are the emitter, collector, and base currents, respectively.
The common-emitter current gain (β) is defined as below:

β = IC
IE

(4.2)

Combining these two equations:

IE =
(

1 + IC
IE

)
IB = (1 + β)IB (4.3)

It shows that in order to operate the BJT with a high power gain, a large β is
needed.

The BJTs are sometimes utilized as common-base configuration (see Fig. 4.2).
In this case, the base terminal is common between the emitter and collector ter-
minals. The emitter current is the input variable and the collector current is the
output variable. In this configuration, the common-base current gain (α) is defined
as below:

α = IC
IB

(4.4)

The relations between the common-emitter and common-base gains are given by:

β = α

1− α (4.5)

α = β

1 + β
(4.6)

Eq. 4.5 and Eq. 4.6 show that in order to achieve a high common-emitter gain, the
common-base gain should be close to 1 which will be fully described in the following
sections.
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In recent years, there has been great interest in increasing the common-emitter
gain utilizing continuous epitaxial growth [129–131], optimized device geometry
[131–135], and improved surface passivation [136–139]. In the following sections of
this chapter, device structure optimization is considered and the surface passivation
improvement will be described in section 5.4.

4.2 Current Transport

Fig. 4.3 shows a schematic demonstration of a power npn BJT with current flux
components in the forward-active mode. In this mode, the emitter-base junction
is forward biased while the base-collector junction is reverse biased. Therefore,
electrons are injected from the highly doped n-layer (emitter) to the p-layer (base).
Conversely, holes are injected from the base region to the emitter region. Although
some of the electrons injected from the emitter region to the base region are recom-
bined, they are mostly diffused through the base region and collected at the reverse
biased base-collector junction. These diffused electrons produce a collector current.
The collector current in the both common-emitter and common-base configurations
are controlled by the emitter-base voltage.

Figure 4.3: Current components in an npn BJT under forward-active mode.

The emitter, base, and collector currents are given by:

IE = InE + IpE + IR (4.7)
IB = IpE + IRB + IRS + IR − IC0 (4.8)
IC = InE − IRB − IRS + IC0 (4.9)
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The currents are defined as follows [140]:
InE : due to injection of minority carrier electrons in the base.
IpE : due to injection of minority carrier holes in the emitter.
IR : recombination current in the space-charge region (SCR) of the emitter-base
junction.
IRB : bulk recombination current in the base.
IRS : surface recombination current due to the presence defects at the SiC/SiO2
interface.
IC0 : due to the generation of carriers in the reverse-biased base-collector junction
and is considered negligible value below avalanche breakdown.

One can rewrite the Eq. 4.4 as below:

α = IC
IE

= InE
IE
× InC
InE
× IC
InC

= γE × αT × γC (4.10)

where γE , αT , and γC are referred to as the emitter injection efficiency, base trans-
port factor, and collector efficiency, respectively. The emitter injection efficiency is
the fraction of the total emitter current because of the injection of electrons into
the base region. In other words, it shows only the ability of emitter to inject the
electrons into the base region in an efficient manner and does not consist of the
hole injection into the emitter region. As a result, it is always less than unity. Fur-
thermore, it is also reduced by recombination within the SCR of the emitter-base
junction. The emitter injection efficiency is responsible for producing the collector
current. This term can be expressed by:

γE = InE
IE

=
(

1 + NB
NE
· WB

WE
· DE

DB

)−1
(4.11)

where N, W, and D are the doping concentration, thickness, and minority carrier
diffusion constant, respectively. It shows that the emitter injection efficiency is
dependent on the design of emitter and base regions which will be described in
section 4.4 and 4.5.

Some of the electrons injected into the base are recombined within the base
region (bulk recombination) and are unable to reach the base-collector junction.
Therefore, the base transport factor defines as the ability of the electrons injected
from the emitter-base junction to reach the base-collector junction and is given by:

αT = InC
InE

= 1
cosh (WB/Ln) (4.12)

where Ln is the minority carrier diffusion length. It shows the base transport factor
becomes equal to unity, when the minority carrier diffusion length is much larger
than the base width (Ln � WB). In this case, one can expand the cosh function
in a Taylor series and the base transport factor is given by:

αT ≈ 1− W 2
B

2L2
n

(4.13)
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The collector efficiency shows the ability for electrons to transport through the
collector region and is assumed to be equal to unity. It is because of the presence
of a strong electric field in the reverse biased base-collector junction. Therefore,
almost all electrons transported through the base region are swept out and collected
at the collector terminal.

4.3 Collector Layer

The collector layer which is also called drift layer supports the blocking voltage
of a power BJT. The ON-resistance of a high-voltage 4H-SiC BJT is so close to
the collector resistance. Therefore, the collector layer should be optimized in order
to achieve a minimum ON-resistance at a given blocking voltage. This goal is
achieved by punch-through (PT) design, in which the depletion region reaches into
the substrate (see Fig. 4.4). It is worth to notice that, in the punch-through design
a buffer layer is generally grown between the substrate and drift layer. Therefore,
the depletion region reaches into the buffer layer instead of the substrate which
results in a better uniformity of the electric field distribution and a slightly higher
breakdown voltage. The breakdown voltage occurs when the maximum electric
field reaches to the critical electric field. The theoretical open-emitter breakdown
voltage BVCBO is given by:

BVCBO = EC · d−
qNDd

2

2εs
(4.14)

where d is the drift layer thickness and EC is the critical electric field in 4H-SiC.
This parameter is dependent on the doping concentration as below [141]:

EC = 2.49× 106

1− 1
4 log (ND/1016)

(4.15)

The optimum parameters for the collector layer are also given by Eq. 4.16 to
4.18. Fig. 4.5 shows the theoretical breakdown voltage and specific ON-resistance as
a function of doping concentration in a 125-µm-thick n− collector layer (paper V).
Although the breakdown voltage increases by reducing the doping concentration,
the ON-resistance increases which results in higher power losses in the on-state
mode. In addition, a doping concentration lower than 1.1×1014 cm−3 only increases
the ON-resistance with no achievement.

doptimum =
(

3
2

)
BVCBO
EC

(4.16)

Rdrift,optimum =
(

27
8

)
BV 2

CBO

µnεsE3
C

(4.17)

ND,optimum = toptimum
qµnRdrift,optimum

(4.18)
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Figure 4.4: Electric field versus distance for a punch-through collector design.

(a) Theoretical breakdown voltage (b) Specific ON-resistance

Figure 4.5: Theoretical breakdown voltage and ON-resistance versus doping con-
centration in a 125-µm-thick n− drift layer.

The open-base breakdown voltage (BVCEO) is generally smaller than the open-
emitter breakdown voltage (BVCBO) [142]. When a positive voltage is applied to
the collector terminal, the base-collector junction becomes reverse biased while the
emitter-base junction becomes forward biased. As a result, the leakage current from
the base-collector reaches to the emitter-base junction amplified by the current gain
of the BJT and reduces the breakdown voltage. The relation between them is given
by:

BVCEO = BVCBO
(1 + β)1/n (4.19)

The parameter n has been reported between 3 to 6 for Si [140] and 8 to 10 for
4H-SiC [143].
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4.4 Base Layer

The base region design plays a key role to determine the performance of a power
BJT. A sheet charge density 1 from 1 × 1017 cm−2 to 2 × 1017 cm−2 is gener-
ally needed in order to achieve a power BJT with a appropriate current gain and
blocking voltage capability. However, optimization on the base region may result
in better performances as described in this section.

Eq. 4.5, 4.10, and 4.11 show that a lowly doped thin base layer is needed in
order to achieve a high current gain. However, this may results in a punch-through
breakdown. As the reversed-bias base-collector voltage increases, the base-collector
depletion region may extends farther into the base region and reaches the emitter-
base depletion region. Fig. 4.6a shows a BJT with a thin base layer in which the
base-collector depletion has penetrated completely through the base and reached
the emitter-base depletion region. One can prevent the punch-through breakdown
by optimizing the thickness and doping concentration of the base region (see Fig.
4.6b). The punch-through voltage is given by:

Vpt = qW 2
B

2εs
· NB(NC +NB)

NC
(4.20)

where NB and NC are the doping concentration of the base and collector region,
respectively. Fig. 4.7 shows the punch-through voltage as a function of the base
width. The doping concentration of the base and collector layer are 2.5×1017 cm−3

and 1.1×1014 cm−3, respectively (paper V). It shows that a 600-µm-thick p-layer is
needed in order to achieve a stable breakdown voltage about 19.3 kV. However, due
to over-etching of the emitter layer, process variation, and to have some margin, a
thickness of the base layer of (WB = 0.7 µm) seems to be an appropriate value.

As described in section 4.2, the base transport factor should be equal to unity,
in order to maximize the current gain. As a result, the minority carrier diffusion
length should be much larger than the base width (see Eq. 4.13). The minority
carrier diffusion length can be calculated by:

Ln =
√
Dτp (4.21)

where τp is the minority carrier life time in the base region, and D is calculated by:

D = 2DP ·
b

b+ 1 (4.22)

DP = kTµp
q

(4.23)

b = µn
µp

(4.24)

where DP , µn, and µp are the hole diffusion length, electron mobility, and hole
mobility (extracted from Stefanikis model Eq. 2.14), respectively. Fig. 4.8 shows

1Sheet charge density or dose is defined as doping concentration × layer width (N·W).
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(a) (b)

Figure 4.6: Space charge regions in a power BJT with a (a) thin base region and
(b) optimized base region.

Figure 4.7: Punch-through voltage versus the thickness of the base region. The
dashed line shows the thickness of the base layer in paper V.

the base transport factor and the minority carrier diffusion length as a function of
the minority carrier lifetime in the base layer. It shows that for a base region with
a doping concentration of 2.5× 1017 cm−3 and a base width of (WB = 0.7 µm), a
low value of minority carrier lifetime of (τp = 100 ns) is needed in order to have
a minority carrier diffusion length of 0.7 µm. However, it results in a low base
transport factor of (αT = 0.43). Therefore, in order to increase the base transport
factor, the minority carrier lifetime should be increased. As an example, the αT
reaches to 0.9, and the Ln reaches to 1.6 µm with a minority carrier lifetime of
τp = 600 ns.
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Figure 4.8: Base transport factor and minority carrier diffusion length versus mi-
nority carrier lifetime in the base region. The dashed line corresponds to αT = 0.9
and Ln = 1.5 µm, and the solid line corresponds to αT = 0.99 and Ln = 5 µm.

4.5 Emitter Layer

Three parameters in the emitter region can affect the power BJT performance:
doping concentration, thickness, and epitaxial growth. In this section, the effect of
theses parameters on the emitter current gain is described.

Eq. 4.11 shows a highly doped emitter region results in a high emitter injection
efficiency. Moreover, a high doped emitter layer also leads to a low resistive ohmic
contact. However, as the doping concentration of the emitter region increases,
bandgap narrowing occurs (see section 2.3). As a result, the emitter injection
efficiency begins to fall off [19,140]. An optimum emitter injection efficiency can be
achieved by utilizing an emitter stack layer. In this case an n+-emitter layer with
a doping concentration of about 1018 − 1019 cm−3 is capped by a thin n++-layer
with a doping concentration of about 3× 1019 cm−3.

Eq. 4.11 also shows that a thicker emitter layer results in a higher emitter
injection efficiency. In addition, the emitter width should be larger than the hole
diffusion length. Consequently, all holes injected from the base layer into the emitter
layer can recombine within the emitter layer and cannot reach to the emitter contact
where the recombination velocity is higher. However, a very thick emitter layer in
a high power BJT has some topology problems and complicates the fabrication
process. Moreover, the surface recombination can also be increased by increasing
the SiC/SiO2 interface for a thicker emitter layer and hence, the emitter current
gain begins to fall off. A 1− to 2− µm emitter layer is generally considered as an
optimized width.

Several studies reported, a continuous base and emitter epitaxial growth improve
the current gain. The continuous epitaxial growth of the emitter-base junction
decreases the defect concentration and thus the recombination at this junction. In
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Figure 4.9: Base drive current flow in a power BJT.

this thesis, all BJTs have been fabricated with continuous epitaxial growth. The
emitter layer consists a 1.6-µm-thick, and nitrogen doped to 1× 1019 cm−3 capped
by 400-nm-thick doped to 3 × 1019 cm−3 in order to obtain optimum injection
efficiency and low-resistive ohmic contact.

4.6 Cell Geometry

The current flow in a power BJT was described in section 4.2. As a BJT is biased
into its on-state mode, a base drive current applied at the base terminal flow through
the base layer to reach the centre of the emitter layer (see Fig. 4.9). However, the
low doping concentration in the base region results in a non-zero base resistance
(RB). As a result, a voltage drop produced in the base region results in a non-
uniform current distribution within the emitter region. Therefore, the collector
current mostly flows at the edge of the emitter, leading emitter current crowding
and wasting a large amount of surface area. However, a large emitter area is required
in order to achieve a high current BJT. This obstacle can be solved by slicing the
BJT into a number of smaller parallel BJTs as shown in Fig 4.10.

All 4H-SiC BJTs; hitherto, employ linear interdigitated fingers to diminish the
current crowding at the edge of the emitter. In this thesis, two new emitter cell
geometries for BJTs are also presented: square and hexagon cell geometries. These
cell geometries show a higher current density and lower ON-resistance at a given
current gain due to a better utilization of the base area. All geometrical parameters
such as emitter width (WE), base width (WB), emitter contact-emitter edge distance
(Wn), and base contact-emitter edge (Wp) must be optimized in order to achieve a
high current gain, high current density and low ON-resistance (see chapter 6). Fig.
4.11 shows these three cell geometries with the same geometrical parameters.
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Figure 4.10: Interdigitated emitter-base finger geometry for a power BJT.

4.7 Edge Termination

There are two mechanisms that lead to breakdown in power devices: punch-through
breakdown, and avalanche breakdown described in 4.3 and 4.4, respectively. How-
ever, the breakdown voltage of a device is reduced by the electric field crowding
at the mesa edge as illustrated in Fig 4.12a. Therefore, in order to develop BJT
applications to high- and ultra-high-voltage applications an efficient edge termina-
tion is required. Fig. 4.12b shows that by utilizing an efficient and applicable edge
termination, the curvature of the depletion layer is modified. It results in more
uniform electric field distribution, a lower electric field peak at the edges, and a
higher breakdown voltage. However, a high breakdown voltage calls for a large area
junction termination which becomes costly, and hence the total device area needs
to be more efficiently optimized.

Different edge terminations have been reported for 4H-SiC devices: guard ring
[144], mesa etched junction termination extension (JTE) [99, 145], combination
of guard rings and JTE [146], Field plate [147], ion-implanted JTE [148], space-
modulated junction termination extension (SM-JTE) [103], multiple-shallow-trench
junction termination extension (ST-JTE) [149–151], area-optimized junction termi-
nation extension (O-JTE) [152], bevel edge termination [153], and Hybrid junction
termination extension (Hybrid-JTE) [154]. In this thesis, two-zone-JTE, O-JTE
and ST-JTE (see Fig. 4.13) with high termination efficiencies have been utilized
for BJTs and ion-implanted JTE has been used for PiN diodes. Different parame-
ters in each case have been optimized in order to reduce the device area as well as
overall cost of the fabricated BJTs (see section 6.4).
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(a) Interdigitated finger cell geome-
try.

(b) Square cell geometry.

(c) Hexagon cell geometry.

Figure 4.11: Mask layout of power BJTs with 300×300 µm2 area andWE = WB =
20 µm for different cell geometries.
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(a)

(b)

Figure 4.12: Electric field distribution for (a) non-terminated junction and (b)
ion-implanted edge termination.
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(a) (b)

(c)

Figure 4.13: Micrograph top view of 6 kV-class fabricated 4H-SiC BJTs with (a)
two-zone-JTE (b), O-JTE, and (c) ST-JTE.



Chapter 5

Fabrication Technology and Mask
Layout

In this chapter, the fabrication process technology of SiC BJTs and PiN diodes
is briefly described. First, the overall process flow for these devices is shown and
then some of the main steps, such as lithography, SiC etching, ion implantation,
sacrificial oxidation, surface passivation, and metallization are described. Fig. 5.1
and Fig. 5.2 show schematic diagrams of the 15 kV-class 4H-SiC BJT with four-
zone O-JTE and the On-axis 4H-SiC 10+ kV process flow, separately. It should
be noted that the fabrication of the 15 kV-class 4H-SiC BJTs is similar to the 6
kV-class but with one extra lithography step.

5.1 Lithography

Lithography is the cornerstone of the fabrication process technology. In this thesis,
7 to 11 lithography steps were utilized for fabrication of high- and ultra-high-voltage
4H-SiC BJTs and PiN diodes. A 1:1 Mask aligner MA6/BA6 Karl Suss and the
5:1 ALS 2035 G-line stepper were utilized for PiN diodes and BJTs, respectively
(see Fig. 5.3). A positive photoresist of 700 1.2 and developer CD-26 with different
exposure times based on each process step were utilized.

5.2 SiC Etching

Dry etching, such as Inductively Coupled Plasma(ICP) and Reactive Ion Etching
(RIE) are mostly applied in SiC etching. Although RIE with a photoresist mask is a
faster process than ICP with a SiO2 mask, it introduces surface damage due to the
high DC self-bias. Higher rates in RIE are achieved by increasing the power which
increases plasma density or ion flux. Furthermore, it increases the ion energy and
results in more surface damage. Although it is possible to increase the pressure to
raise the plasma density and keep the the ion energies low, it creates more isotropic

45
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Figure 5.1: Schematic diagrams of the 15 kV-class 4H-SiC BJT with four-zone
O-JTE process flow with 11 mask steps.

etching. In ICP etching, by supplying RF power to a inductive coil, a high plasma
density is produced at low pressure with low ion energies, resulting in a lower ion
bombardment damage than the RIE. It should also be noted that applying a mask
oxide instead of metal oxide in ICP prevents the trenching effect [155]. Fig. 5.4
shows schematic views of RIE and ICP reactors.

The available ICP etching procedure shows almost vertical sidewalls (about 80◦)
with a minor trenching effect [26]. Lanni et. al [156] showed that an emitter etched
by ICP results in better performance of the 4H-SiC BJTs. It is worth to notice that
the surface damage by etching should be removed by a proper sacrificial oxidation
to prevent the current gain reduction.

In this thesis, ICP etching with a SiO2 mask was utilized to form the emitter and
mesa in BJTs. RIE with a photoresist mask was used to form the well-controlled
three- and four-zone JTE. RIE with a photoresist mask was also utilized to form
the circular anodes in the 10+ kV PiN diodes. Fig. 5.5 shows SEM images of
interdigitated finger, square, and hexagon emitter cells after SiC etching by ICP.
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Figure 5.2: Schematic diagrams of the On-axis 4H-SiC 10+ kV process flow with 7
mask steps.
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(a) (b)

Figure 5.3: (a) 1:1 Mask aligner MA6/BA6 Karl Suss and (b) 5:1 ALS 2035 G-line
stepper.

(a) (b)

Figure 5.4: Schematic cross section of (a) RIE and (b) ICP reactors.
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(a) Interdigitated finger cell geometry with an
emitter width of WE = 20 µm.

(b) Square cell geometry with an emitter width
of WE = 20 µm.

(c) Hexagon cell geometry with an emitter
width of WE = 40 µm.

Figure 5.5: SEM image of power BJTs after SiC etching for different cell geometries.



5.3. ION IMPLANTATION 51

5.3 Ion Implantation

Ion implantation and diffusion are two techniques for selective area doping in semi-
conductors. However, due to the extremely low diffusion coefficients of dopants
and high-temperature annealing (about 2000◦C) in SiC, ion implantation is the
only available technique. In SiC technology, Nitrogen (N), and phosphorus (P)
are typically utilized as a donor, and aluminum (Al) and boron (B) are used for
acceptors. Different ions, such as C, Si, and Al can be utilized in order to enhance
the the minority carrier lifetime [157–159]. All these processes are then followed by
high-temperature annealing (1400◦ C - 1900◦ C) based on the doping concentration
of the dopants with a proper cap layer in order to activate the dopants and reduce
the surface damage. In SiC technology, ion implantation is used for making pn
junction [160], ion-implanted JTE [161–164], and highly doped ohmic contact re-
gions [165–167]. It is worth to notice that, the surface damage by ion implantation
should be removed by a proper sacrificial oxidation.

In this thesis, Al implantation and C implantation have been used for ion-
implanted JTE and lifetime enhancement procedure, respectively (paper VI). In this
section, the first one is illustrated and the second one will be described in section 7.2.
As seen in Fig. 5.2, the three-zone JTE in PiN diodes were formed by three steps of
Al implantation. JTE3, JTE2, and JTE1 were formed by 1st implantation, 1st+2nd
implantation, and 1st+2nd+3rd implantation, respectively. A photoresist was used
as a mask for all implantations. The implanted aluminium profile is made using
two different energies, i.e., 150 and 300 keV, and different doses; 2.5 × 1012cm−2

and 4.5×1012cm−2 for the 1st implantation and 0.6×1012cm−2 and 1.4×1012cm−2

for the 2nd and 3rd implantation, was simulated and performed according to [168].
Fig. 5.6 shows the aluminium profile for each step of implantation. The estimated
dose and the thickness of all JTEs are shown in Fig. 3.4. After all implantations,
activation annealing was done at 1650◦ C in Ar ambient for 15 min with a C cap
layer. The C cap layer was formed by baking a photoresist film of 6625 at 120◦ C
for 2 min and then 200◦ C for 10 min on a hot plate.

5.4 Surface Passivation

SiC has a great advantage of allowing thermal growth of silicon dioxide (SiO2)
compared to other bandgap materials. The SiO2 layer can be grown in a dry or
wet ambient in a diffusion furnace or deposited on the surface. However, due to
the strong bonds between Si and C atoms, the thermal oxidation rate in SiC is
lower than Si and needs a higher temperature. The thermal oxidation consists of
in-diffusion of oxygen (O2 ) atoms and out-diffusion of C atoms in form of CO or
CO2 gas [169]. However, some of the released C atoms remain at the interface,
accumulate as C clusters and act as interface traps [170–172].

As mentioned in section 2.5.3, the surface recombination caused by the presence
of interface trap density at the SiC/SiO2 interface reduces the current gain. It
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(a)

(b)

(c)

Figure 5.6: Aluminium profile for (a) JTE3 (1st implantation), (b) JTE2 (1st+2nd
implantation), and (c) JTE1 (1st+2nd+3rd implantation). The dotted line indicates
the first implantation, the dashed line indicates the second and third implantations,
and the solid line indicates the total Aluminium profile for the JTEs. Color legend:
blue indicates ion energy of 150 keV; red indicates ion energy of 300 keV.
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has also been reported that the interface trap density and fixed charges in the
passivation layer on the JTEs reduces the breakdown voltage [173]. Therefore, the
improvement of the surface passivation layer is one of the main goals in the SiC
process technology.

In recent years, there has been considerable interest in improving the quality
of the SiC/SiO2 interface. It has been reported that incorporation of nitrogen
(N) atoms at the SiC/SiO2 interface leads to reduction of interface trap density,
increased channel carrier mobility, and increased reliability [170]. This improvement
is due to the passivation of dangling Si bonds by N, and removing the interstitial
C and C clusters during nitridation. For this purpose, several methods have been
proposed, such as thermal oxidation in nitric oxide (NO) or nitrous oxide (N2O)
[139], implanting N before the growth of oxide layer [174, 175], high-temperature
annealing in NO or N2O ambient [136, 139], and thermally grown SiO2 followed
by annealing in Argon (Ar) ambient and re-annealing in NO ambient [176]. It is
worth to notice that other techniques such as high-temperature annealing in POCl3
ambient [177, 178] and high-temperature annealing in hydrogen (H) ambient [179]
can also reduce the interface trap density.

In this thesis, first, a surface preparation was performed in order to remove
organic and non-organic contaminations. Then, a dry sacrificial oxidation process
was performed at 1100◦ C for 1 hour (paper I) and 3 hours (paper V), which was
afterward removed by Hydrofluoric acid (HF). In paper I, the surface passivation
was grown with 50-nm of plasma enhanced chemical vapor deposited (PECVD)
SiO2 followed by post-deposition annealing in N2O ambient at 1100◦ C for 3 hours.
The highest current gain of β = 44 for 6 kV-class BJT was achieved. In paper V, an
improved surface passivation precess was utilized according to [137]. The surface
passivation was grown with 100-nm of PECVD SiO2 followed by post-deposition
annealing in N2O ambient at 1250◦ C for 3 hours. This improved surface passivation
precess resulted in the highest current gain of β = 139 for 15 kV-class BJT.

5.5 Metallization

Although some devices such as MESFETs and Schottky diodes have a Schottky
contact, a proper metallization with a good ohmic contact is needed for other de-
vices. It is due to a large voltage drop in a poor ohmic contact leads to the power
loss. This step consists of surface cleaning to remove photoresist and native oxide,
metal deposition, patterning by etching or lift-off, and high-temperature annealing
to form the ohmic contacts. It should be noted that surface roughness degrades
the ohmic contact, hence sacrificial oxidation after ion implantation and etching
is needed before metallization. In SiC technology, three different methods may be
used for metal deposition: sputtering or physical vapour deposition (PVD), evapo-
ration, and chemical vapour deposition (CVD). Sputtering is a fast and economical
method with a good adhesion; however, it could be problematic for lift-off pattern-
ing. Evaporation is performed in an ultra-clean vacuum system which allows higher
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Figure 5.7: Total resistance of the emitter contact (paper V) as a function of TLM
metal pad spacing.

rates, but a poor adhesion of the metal to the sample can be a problem. Epitaxial
growth of metals can be provided by CVD method; nevertheless, it may be difficult
to keep the quality of the layer and it has also a lower deposition rate compare
to the other methods. For n-type 4H-SiC, Ni is mostly used as metal, while for
p-type 4H-SiC different compounds such as Ti [180], Al/Ti [181], Ti/Al [181, 182],
Ni/Al [183], Ni/Ti/Al [183,184], Ti/Ni/Al [184] have been reported.

A key factor for forming good ohmic contacts is high-temperature annealing
in oxygen-free ambient. However, this high-temperature annealing may result in
rough contact surface morphology [183] that may be problematic for adhesion of
over-layer metal, poor alignment accuracy in the photo lithography process, and
reliability of the contacts. In addition, it may also affect the passivation layer and
hence the current gain. Therefore, it is necessary to find an optimum temperature
in order to have a good ohmic contact for all structures at a lower temperature.

Ni atoms can be mobile at 450◦ C, hence, it seems that a temperature of 700◦ C
can be high enough to form the Nickel-Silicide for n-type ohmic contacts. However,
a good ohmic contact with a high intensity of the NiSi and NiSi2 contacts are formed
by annealing about 960◦ C [185–187]. For p-type ohmic contacts and aluminium
based materials a lower temperature (750◦ C - 850◦ C) is required [184]. Among
different intermetallic phases, NiSi2 and Ti3SiC show a significant effect in the
formation of p-type ohmic contacts [188].

In this thesis, Ni and a stack layer of Ni/Ti/Al with the thickness ratio of 0.1/
0.15/0.85 were deposited for n- and p-type ohmic contacts, respectively. All n-type
ohmic contacts were formed by rapid thermal annealing (RTA) at 950◦ C for 60
sec in N2 ambient, while the p-type ohmic contacts were formed by RTA at 800◦

C - 850◦ C for 90 sec in Ar ambient. In order to estimate the contact resistance,
the linear transfer length method (TLM) was utilized. Fig. 5.7 shows the extracted
emitter contact resistance by utilizing the TLM structures (paper V).



5.6. MASK LAYOUT 55

5.6 Mask Layout

During the development of the SiC BJT process, more than 100 different devices
with different cell geometries (see section 4.6) were designed in order to study how
to improve the on-state and off-state performances of the BJTs such as current
gain, ON-resistant, current density, and breakdown voltage (see Fig. 5.8). The
optimized parameters were extracted from the results of these BJTs and utlized for
designing the mask layout of 15 kV-class BJTs (see Fig. 5.9).

Figure 5.8: The layout of 6 kV-class BJTs.
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Figure 5.9: The layout of 15 kV-class BJTs.



Chapter 6

4H-SiC Power BJTs Results

As mentioned in 3.2.3, it is important to improve the BJT characteristics such as
current gain (β), current density (JC), breakdown voltage (BV), and ON-resistance
(Ron) in order to completely compete with MOSFETs and IGBTs. In this chapter,
results on the characteristics of the fabricated 6 kV-class and 15 kV-class BJTs
are presented. The current gain increases about 3 times by utilizing a slightly
thinner base, an improved sacrificial oxidation, and an improved passivation layer.
Optimal emitter cell geometry results in about 42% higher current density and
about 21% lower ON-resistance at a given current gain. Area-optimized junction
termination extension (O-JTE) and multiple-shallow-trench junction termination
extension (S-JTE) show a 92% and 93% termination efficiency, respectively. In the
following, the effect of different parameters on the current gain, current density,
ON-resistance, and breakdown voltage are described. Finally, high temperature
on-state characteristics will be presented.

6.1 Current Gain

Improving the current gain is one of the most important issues in design and fabri-
cation of high- and ultra-high-power BJTs (section 4.1). The current gain would be
enhanced by utilizing a continuous epitaxial growth, a thinner base (section 4.4),
an improved SiC etching (section 5.2), an improved sacrificial oxidation and surface
passivation (section 5.4), and optimized device cell geometry (section 4.6 and 6.1.2).
Fig. 6.1a shows a cross-sectional view of a fabricated 6 kV-class BJT with five epi-
taxial layers grown in one continuous run with three-zone O-JTE. As mentioned in
section 4.3, 15 kV-class BJT needs a very thick drift layer (about 125 µm). Then,
chemical mechanical polishing (CMP) was used in order to improve the surface
morphology. Afterward, the base and emitter layers were grown in a continuous
run. Fig 6.1b shows a cross-sectional view of a fabricated 15 kV-class BJT with
four-zone O-JTE. Fig. 6.2 shows the forward I-V characteristics of the 6 kV- and
15 kV-class single finger BJTs with an emitter width of WE = 40 µm, base width
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(a) (b)

Figure 6.1: Schematic cross-sectional view of the fabricated (a) 6 kV-class 4H-SiC
BJT (paper I) and (b) 15 kV-class 4H-SiC BJT (paper V). The A-B cut line will
be used in the simulation results in Fig. 6.15.

(a) (b)

Figure 6.2: Room temperature on-state characteristics of the fabricated (a) 6 kV-
class 4H-SiC BJT (paper I) and (b) 15 kV-class 4H-SiC BJT (paper V).

of WB = 40 µm, emitter length of LE = 500 µm, emitter contact-emitter edge
distance of Wn = 3 µm, and base contact-emitter edge distance of Wp = 3 µm.
The highest current gain for 6 kV- and 15 kV-class BJT were measured 44 (paper
I) and 139 (paper V), respectively. It shows that utilizing a thinner base (700 nm)
in 15 kV-class compare to 6 kV-class (760 nm), improved sacrificial oxidation, and
improved surface passivation results in about 3 times higher current gain. Fig. 6.3
shows the Gummel plot measured at room temperature of the 15 kV-class BJT
with the same geometrical parameters as Fig. 6.2b. A maximum current gain of
139 can be seen at VBE = 3.15 V which is in a good agreement with Fig. 6.2b.



6.1. CURRENT GAIN 59

Figure 6.3: Gummel plot of fabricated 15 kV-class BJT measured under VCB = 20V
(paper V).

(a) (b)

Figure 6.4: Current gain plot of fabricated 15 kV-class BJT with WE = WB =
40 µm and Wn = Wp = 3 µm at different VCB in (a) linear and (b) logarithmic
scale.

Fig. 6.4 shows the current gain plot of a fabricated single finger 15 kV-class BJT
under different base-emitter voltage. Increasing the current gain from about 100
at VBC = 0 V up to 139 at VBC = 20 V depicts a strong effect of the reverse bias
of the base-collector junction on the current gain. This is due to the base width
modulation (early effect) in which the base-collector space charge region width
increases by increasing the base-collector voltage. As a result, the effective base
width reduces and the current gain increases.

In the following sections, the effect of different geometrical parameters on the
current gain will be described.
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6.1.1 Emitter Size Effect
Fig. 6.5 shows the maximum current gain as a function of emitter width of 6
kV-class BJTs with different cell geometries. It can be seen that the current gain
increases by increasing the emitter width for all cell geometries. This behaviour
called emitter size effect and comes from the effect of surface recombination on the
current gain and can be expressed as below [189,190]:

JC
β

= (JBulk + JScr + JInj) +Kb,surf ·
PE
AE

(6.1)

where JC , JBulk, JScr, and JInj are the collector current density, bulk recombination
current density, space-charge recombination current density, and base-emitter back-
injection current density, respectively. PE and AE are the periphery and area of
the emitter, respectively. Kb,surf (A/cm) is the normalized surface recombination
current and Kb,surf · PE is the emitter periphery recombination current. As the
periphery over area (PE/AE) ratio decreases, the surface recombination reduces,
hence, the current gain increases. Therefore, the current gain is reduced as the
emitter width decreases below 40 µm. However, the current gain shows a saturation
behaviour for a wider emitter (> 40 µm). As described in section 4.6, a non-uniform
current distribution within the emitter region makes an emitter crowding at the edge
of the emitter. In other words, the emitter current flow through the emitter that
is closer to the base contact and avoiding the center of this region. This saturation
behaviour is in a good agreement with the modeling in [133].

Figure 6.5: Maximum current gain for different emitter widths and cell geometries
in 6 kV-class BJTs (paper I and III).

6.1.2 Emitter Cell Geometry Effect
The effect of emitter cell geometry on the current gain was studied by means of
fabrication different emitter cell designs in 6 kV-class BJTs batch. The square and
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(a) (b)

(c)

Figure 6.6: Micrograph top views of the fabricated 6 kV-class 4H-SiC BJTs with
300 × 300 µm2 area, WE = WB = 20 µm and Wn = Wp = 3 µm and different
emitter cell geometries: (a) linear interdigitated fingers, (b) square cell geometry,
and (c) hexagon cell geometry (paper III).

hexagon cells have different emitter and base widths, i.e., 10, 20, 30, and 40 µm.
Furthermore, two different sets of the finger cell geometries were fabricated. The
first one is a single finger with an emitter length of 500 µm and different emitter and
base widths, i.e., 10, 20, 30, and 40 µm. The second one is a linear interdigitated
finger cell with emitter and base widths of 10 and 20 µm. All cells have the same
base area of 300 × 300 µm2, the same emitter contact-emitter edge distance of
Wn = 3 µm, and base contact-emitter edge distance of Wp = 3 µm. Fig. 6.6 shows
a micrograph top view of fabricated 6 kV-class 4H-SiC BJTs with three different
cell geometries.

In order to consider the effect of emitter cell geometry, the normalized surface
recombination current should be studied. Fig. 6.7 shows the emitter size effect for
different current densities in square and hexagon cell geometries. The normalized
surface recombination current can be calculated by the slope of the lines for each
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(a) (b)

Figure 6.7: JC/β as a function of PE/AE ratio for different current densities in a
(a) Square cell geometry (paper III) and (b) Hexagon cell geometry. WE varies
from 10 µm to 40 µm.

current density (see Eq. 6.1). It can be seen that the normalized surface recombina-
tion current increases by increasing the current density due to the emitter current
crowding. Fig. 6.8 shows the extracted normalized surface recombination current
as a function of collector density for different emitter cell geometries. It depicts that
the single finger geometry has the lowest normalized surface recombination current.
Therefore, it has the highest current gain among different emitter cell geometries
(see Fig. 6.5). Square and hexagon cell geometries have a lower current gain due
to a higher values of the normalized surface recombination current.

Emitter cell geometry effect on the current gain was also studied in the 15 kV-
class BJTs batch with the geometrical parameters as WE = WB = 40 µm and
Wn = Wp = 3 µm. Fig. 6.9 shows the current gain plot of the fabricated 15
kV-class BJTs with different cell geometries which confirms the previous results
in 6kV-class BJTs. One can conclude that the emitter size effect and emitter cell
geometries have a large effect on the current gain due to surface recombination.

6.1.3 Base Size Effect

In this thesis, the effect of base width is also studied in which the base width varies
while the emitter width is kept constant. Fig. 6.10 and Fig. 6.11 show the base
size effect on the current gain in the 6 kV- and 15 kV-class BJTs, respectively.
It is apparent that the current gain increases by increasing the base width up to
30 µm. It can be due to decrease the periphery to area (PB/AB) ratio and hence
reducing the surface recombination. However, a wider base (> 30 µm) does not
result in higher current gain; it might be due to the saturation behavior. One may
conclude that for a wide base region, the current tends to flow through the base
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Figure 6.8: Normalized surface recombination density (Kb,surf ) as a function of
collector current JC for different cell geometries in 6 kV-class BJT (paper III).

Figure 6.9: Current gain plot of fabricated 15 kV-class BJT with different cell
geometries (paper V).

region closer to the emitter contact (base crowding), avoiding the center of the base
region. Although it seems that the trend of the base size effect and the emitter size
effect are similar, the non-zero base resistance due to its low doping concentration
results in the saturation behavior in a narrower width compared to the emitter.
Furthermore, the comparison between the emitter and base size effect shows that
the emitter size effect has a higher influence on the current gain.

6.1.4 Emitter Contact-Base Contact Distance Effect
Fig. 6.12 shows the average current gain as a function of Wn −Wp distance for
a single finger, square cell geometry, and hexagon cell geometry. Each point is an
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(a) (b)

Figure 6.10: Current gain plot of fabricated 6 kV-class BJT as a function of base
width to emitter width ratio in (a) Square cell geometry and (b) Hexagon cell
geometry. (paper VI)

(a) (b)

Figure 6.11: Current gain plot of fabricated 15 kV-class BJT with base width
varaition and constant emitter width of WE = 40 µm and Wn = Wp = 3 µm in (a)
Square cell geometry (paper V) and (b) Hexagon cell geometry.
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(a) (b)

(c)

Figure 6.12: Current gain as a function of varying distance of Wn and Wp for (a)
Single finger geometry, (b) Square cell geometry, and (c) Hexagon cell geometry
(paper VI).

average of at least 10 measured BJTs in different dies on the wafer. It is apparent
that the single finger design is more sensitive to the variation of the Wn − Wp

distance than the square and hexagon cell geometries. In other words, the square
and hexagon cell geometries are more stable against this variation.

At a constant Wn of 2 µm, i.e., 2-2, 2-3, and 2-4; the current gain drops for
the small values of Wp. A wider (Wp > 3 µm) does not result in higher current
gain due to the saturation behavior. As the base contact is located so close to the
emitter edge, it induces a higher gradient of electron concentration thus increasing
the base current and lowering the current gain. Although the gradient of electron
concentration forWp = 4 µm is lower than forWp = 3 µm, it seems that saturation
behaviour has a dominant contribution in the current gain. At a constant Wp of
3 µm, i.e., 1-3, 2-3, and 3-3; the current gain is slightly increasing by increasing
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the Wn from 1 to 3 µm. As mentioned in section 4.5, the emitter region has a high
doping concentration. Therefore, this region can be considered an equipotential
region with the same gradient of electron concentration. Hence, one can conclude
that the effect of Wp on the current gain is higher than Wn. These results show
that a Wn = Wp = 3 µm results in higher current gain than the other distances.

6.2 ON-Resistance and Current Density

BJT as a bipolar device which can generally be made with a lower ON-resistance
than a unipolar device such as a MOSFET due to the conductivity modulation, and
the absence of a channel region. The conductivity modulation will be described in
section 7.4.

In order to extract the current density and ON-resistance from the forward I-
V characteristics, the active area should be calculated. As discussed in section
4.3, power devices need a low doped and thick drift layer in order to tolerate the
breakdown voltage. Therefore, the current spreading through this layer must be
considered in order to calculate the active area. In order to decrease the ON-
resistance and increase the current density, the new cell geometries (square and
hexagon) were designed at the first time for BJTs in this thesis. A better utilization
of the base area results in a significant improvement of these parameters. The
forward I-V characteristics of the 6 kV-class BJTs show that the hexagon cell
geometry has bout 42% higher current density and about 21% lower ON-resistance
than the interdigitated fingers. It was also seen that the square cell geometry
has bout 21% higher current density and about 23% lower ON-resistance than the
interdigitated fingers (see paper III for more details).

The ON-resistance for 15 kV-class BJT was estimated to 579 mΩ · cm2. The
ohmic resistance of the non-modulated drift layer (R = W/qµnn0 = 754 mΩ · cm2),
i.e., 1.3 times higher than the experimentally observed with a W = 125 µm,
n0 = ND − NA = 1.1 × 1014 cm−3, and µn = 940 cm2/V · s (see section 2.4).
One can conclude that the lower measured ON-resistance might be due to a slight
conductivity modulation. However, it should be noted that the calculation of the
active area, calculation of the mobility, and variation of the thickness and dop-
ing concentration of the drift layer affect the theoretical and experimental results.
Therefore, it is a little more difficult to claim for a real conductivity modulation
with this small ratio of 1.3 (see paper V for more details).

6.3 High Temperature Characteristics

The lack of the gate oxide in the BJTs make these devices as a good candidate for
high-temperature applications. Furthermore, SiC BJTs show a negative temper-
ature coefficient of the current gain and a positive temperature coefficient of the
ON-resistance. This makes the parallel connection capability by decreasing the risk
of thermal runaway. As temperature increases, the acceptor ionization in the base
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Figure 6.13: Temperature dependency of the maximum current gain and ON-
resistance with an emitter width of 40 µm and Wn = Wp = 3 µm in a fabricated 6
kV-class BJT.

(a) (b)

Figure 6.14: Temperature dependency of the maximum current gain in a fabricated
6 kV-class BJT with Wn = Wp = 3 µm for (a) different emitter widths and (b)
different cell geometries.

region increases which results in a higher base current and lower emitter injection
efficiency. As a result, the current gain decreases. The ON-resistance also increases
due to decreasing the mobility in the drift layer at elevated temperatures. Fig.
6.13 shows the 6 kV-BJT (single finger, with WE = 40 µm and Wn = Wp = 3 µm)
performance at elevated temperatures. The maximum current gain of 44 at room
temperature reduces to 14.5 at 200 ◦ C. Likewise, the ON-resistance of 18.8 mΩ·cm2

increases to 57.3 mΩ · cm2 at 200 ◦ C.
The negative temperature coefficient of the current gain for all emitter widths

can be seen in Fig. 6.14a. Each point shows an average of at least 10 measured
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(a) (b)

Figure 6.15: Simulated electric field distribution along the AB cut line in Fig. 6.1
for the O-JTE at the reverse bias of (a) 6kV-class BJT and (b) 15kV-class BJT.
The critical electric field for each case has been calculated from Eq. 4.15.

BJTs in different dies on the wafer. Fig. 6.14b also shows the performance of the
BJTs with different cell geometries at elevated temperatures.

6.4 Breakdown Voltage

As was described in section 4.7, in order to achieve a high breakdown voltage, a
practical and efficient junction termination is needed. In recent years, there has
been increasing interest in increase the termination efficiency [40,99,101–105,191].
Ion implantation is mostly utilized to form the termination due to their simple
design and processing technique. However, a high-temperature annealing is needed
to activate the implanted dopants. This process might produce lifetime killer de-
fects. These defects cause to bipolar degradation and reduce the common-emitter
current gain. Implantation-free process based on etched junction termination ex-
tension (JTE) can overcome this obstacle, and lower the cost. Furthermore, high
breakdown capability requires a large area termination. Therefore, a comprehensive
optimization is needed in order to achieve a high breakdown voltage and low cost. In
this thesis, two efficient and optimized terminations were utilized: area-optimized
junction termination extension (O-JTE) and multiple-shallow-trench junction ter-
mination extension (ST-JTE).

2-D device simulations were carried out (using Sentaurus TCAD) in order to
achieve the optimum design. Three main parameters, i.e., the number of the JTE
zones, their lengths, and their etching depth, were optimized. Simulation results
show that in order to have a high and stable breakdown voltage three- and four-
zone JTEs are needed for 6 kV- and 15 kV-class BJTs, respectively. Otherwise, the
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Figure 6.16: Simulated breakdown voltage as a function of the dose or etch depth
of the JTE1 in 15 kV-class BJTs.

devices cannot tolerate 6 kV and 15 kV due to a high electric field peak at the edge
of the junction (paper I and V).

Multistep JTEs have generally the same zone length [56, 99, 109]. However, a
descending length structure of the JTE zones results in a more uniform electric
field distribution and a lower peak electric field which leads to a higher breakdown
voltage [191]. Therefore, the O-JTE utilizes a descending length structure of the
JTE zones. Fig. 6.15 shows the electric field distribution along the AB cut line in
Fig. 6.1 for 6 kV- and 15 kV-class BJTs with an O-JTE. It shows that the electric
field distribution is completely uniform through the device and there is no a high
peak of the electric field at the edges.

The remaining dose or the etch depth of each JTE was also optimized. The
simulation results show that the breakdown voltage is more sensitive to the first
etch depth. However, by utilizing other zones, the breakdown voltage would be
more stable. Fig. 6.16 shows the effect of variation of the etch depth of the JTE1
on the breakdown voltage for 15 kV-class BJTs. It is apparent that the breakdown
voltage decreases as the etch depth is greater than 300 nm. Therefore, all JTEs
were precisely formed by RIE with a photoresist mask (see section 5.2). In order
to investigate the effect of this variation on the measured breakdown voltage, all
JTE etch depths were measured on the 36 dies as samples (see Fig. 6.17). Fig.
6.18 shows histograms of etch depths for these measured dies. As an example, Fig.
6.18a shows the variation of the SiC etching for the JTE1. The optimized value
based on the simulation is 260 nm, while the minimum and maximum measured
etch depths are 240 and 267 nm, respectively. Fig. 6.16 depicts that this variation
would not affect the breakdown voltage, hence a stable breakdown voltage could
be expected.



70 CHAPTER 6. 4H-SIC POWER BJTS RESULTS

Figure 6.17: The dies sampled for etch depths measurement on a 4 inch SiC wafer.

The effect of fixed charges within the surface passivation and interface trap
density at the SiC/SiO2 interface on the breakdown voltage of SiC BJTs were also
thoroughly investigated (see Fig. 6.19). Fig. 6.20 shows that he influence of the
fixed charges on the breakdown voltage is higher than the interface traps. The fixed
charges change the effective dose of the JTEs and electric field distribution within
the JTE zones. Hence, the leakage current increases and the breakdown voltage
decreases [173]. It is also apparent that the positive fixed charges decreases the
breakdown voltage more than the negative fixed charges.

ST-JTE structure was also studied by optimizing the number of trenches, the
etch depth, the width, and the space between them. The results show that seven
trenches with an etch depth of 300 nm, a gradually increasing width from 3 µm
to 9 µm, and a gradually decreasing spacing from 7 µm to 1 µm results in high
breakdown voltage (see more details in paper II).

Fig. 6.21a shows the measured open-base breakdown voltage (VCEO) for 6 kV-
class BJTs at room temperature. Two types of double-zone JTE with equal JTE
lengths (Double 1-JTE) and descending lengths (Double 2-JTE) were fabricated.
As expected, the descending lengths have a higher breakdown voltage due to better
electric field distribution. The O-JTE and ST-JTE structures were also presented
a breakdown voltage of 5650 V and 5850 V, respectively. They showed a high
termination efficiency of 92% (paper I) and 93% (paper II), respectively.

Fig. 6.21b shows the measured open-base breakdown voltage (VCEO) for 15 kV-
class BJTs at room temperature. The device design allows for a breakdown voltage
of about 19.3 kV according to simulations. No breakdown voltage was recorded up
to 10 kV (our measurement system limit at present) with a low leakage current of
0.1 µA.
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(a) (b)

(c) (d)

Figure 6.18: Histogram of etch depth for the measured dies in Fig. 6.17 for (a)
JTE1, (b) JTE2, (c) JTE3, and (d) JTE4.

Figure 6.19: Schematic cross-sectional view of a 6 kV-class BJT with the interface
traps and implemented fixed charges in the JTE zones.
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(a) (b)

Figure 6.20: Simulated breakdown voltage for 6 kV-class BJTs as a function of (a)
positive and negative fixed charges and (b) interface trap concentration.

(a) (b)

Figure 6.21: Room temperature open-base blocking characteristics for the (a) 6
kV-class BJTs (paper I and II) and (b) 15 kV-class BJTs (paper V).



Chapter 7

4H-SiC Power PiN Diodes Results

In this chapter, results on the characteristics of the fabricated 10+ kV and 15
kV-class 4H-SiC PiN diodes are presented. On-axis epitaxial growth following by
lifetime enhancement procedure with implanted JTEs have been utilized for the 10+
kV PiN diodes, whereas the 15 kV-class 4H-SiC PiN diodes have an off-axis epitaxial
growth with O-JTE. Both types of these diodes show a conductivity modulation.

7.1 On-Axis Epitaxial Growth

Polytype control in SiC is an important issue for SiC bulk growth. Off-axis epi-
taxial growth is a way to force the grown crystal to maintain the polytype of the
seed. However, it is not completely mature and introduces several defects such
as basal plane dislocations (BPDs). These defects are reported as a source of ex-
panding stacking faults formation in the basal plane during bipolar injection [50].
These stacking faults may result in an increased forward voltage drop and bipolar
degradation. On-axis epitaxial growth is an efficient way to overcome this obstacle.
However, it seems that the growth rate of on-axis is less than the off-axis growth.
One can conclude that on-axis growth can be more competitive against off-axis if
its growth rate improves. Fig. 7.1 shows a substrate with an indication of crystallo-
graphic orientations. The off-angle for an on-axis 4H-SiC substrate is about 0◦. For
10+ kV PiN diodes, a thick (W = 100 µm) and low nitrogen doped (7×1014 cm−3)
epitaxial n-layer was grown on the Si-face (0001) of a 75-mm on-axis 4H-SiC wafer
at Linköping University.

7.2 Lifetime Enhancement

As described in section 3.1.2, the forward voltage drop and the ON-resistance of a
device can be improved by enhancing the minority carrier lifetime. Furthermore,
in order to achieve a complete conductivity modulation, lifetime enhancement is an
essential process which will be described in section 7.4.

73
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Figure 7.1: A substrate with indication of crystallographic orientations, primary
and secondary flat locations, carbon face up for silicon face polished wafer, and
off-cut direction.

(a) (b)

Figure 7.2: Carrier lifetime mapping measured by TRPL (a) before lifetime en-
hancement in a 75-mm on-axis 4H-SiC wafer and (b) after lifetime enhancement in
a quarter of the wafer.
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It is reported that the recombination centers such as Z1/2 and EH6/7 can have
a strong effect on the the carrier lifetime. These centers are located at 0.65 eV
and 1.55 eV below the conduction band edge, respectively [192–195]. However,
these recombination centers can be decreased by increasing the C/Si ratio during
the epitaxial growth [196]. One can conclude that the carrier lifetime might be
increased by decreasing the carbon vacancies. Hitherto, three different methods
have been reported for lifetime enhancement: carbon implantation [157], thermal
oxidation [197], and thermodynamic equilibrium conditions [198].

In this thesis, the lifetime enhancement procedure was done for 10+ kV PiN
diodes by carbon implantation procedure. First, the minority carrier lifetime (τp)
was measured about 200 ns by time-resolved photoluminescence (TRPL) mapping
technique at room temperature (see Fig. 7.2a). Then, the wafer was cut into four
quarters, and the lifetime enhancement procedure was performed for one quarter.
The τp was increased up to 3 µs by carbon implantation at 600◦ C followed by
optimized thermal annealing with a carbon cap layer at 1550◦ C for 1 hour and
slow cooling rate of 10◦ C per minute in Ar ambient (see Fig. 7.2b).

The minority carrier lifetime was also measured after processing by open circuit
voltage decay (OCVD) technique. The effective lifetime at a high- and low-level
injection conditions can be calculated by the the following expressions, respectively
[199]:

τp(hl) = −2kBT
q

(
dV

dt

)−1
(7.1)

τp(ll) = −kBT
q

(
dV

dt

)−1
(7.2)

Fig. 7.3a and Fig. 7.3b show the voltage-time diagram of the OCVD measurement
at two different temperatures (300 K and 500 K). A minority carrier lifetime of
τp(hl) = 1.15 µs at 300 K was measured from the linear part of the high-level
injection (see Fig. 7.3c). It also shows that minority carrier lifetime has been
decreased from 3 µs (before processing) to 1.15 µs during the device fabrication.
It might be due to the high temperature activation annealing (1650◦ C) after Al
implantation (see section 5.3) [200]. Fig. 7.4 shows the variation of carrier lifetime
as a function of inverse temperature. As temperature increases, the minority carrier
lifetime increases to τp(hl) = 1.89 µs at 500 K.

7.3 I-V Characteristics

Electrical measurements of the fabricated 4H-SiC PiN diodes were done by utilizing
a probe station at room temperature. It should be noted that in order to calcu-
late the forward voltage drop and the differential ON-resistance, current spreading
within the thick drift layer was considered. Fig. 7.5a shows the measured I-V
forward characteristics of the fabricated 10+ kV PiN diodes at room temperature.
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(a)

(b)

(c)

Figure 7.3: Open circuit voltage decay (OCVD) measurement of a fabricated 10+
kV PiN diode at (a) 300 (b) 500 K and (c) minority carrier lifetime measured at
300 K and 500 K. The dooted lines show the slope of the linear part of high-level
injection at 300 K and 500 K.
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Figure 7.4: Measured minority carrier lifetime of a fabricated 10+ kV PiN diode as
a function of temperature.

The extracted ideality factor of (η = 1.59) indicates generation-recombination due
to the deep levels in the bandgap. A low forward voltage drop of (VF = 3.3 V ) and
low differential ON-resistance of (Diff. Ron = 3.4 mΩ · cm2) were measured at a
current density of 100 A/cm2. This result shows a conductivity modulation which
will be described in section 7.4. Fig. 7.5b shows the measured I-V forward charac-
teristics of the fabricated 15 kV-class PiN diodes at room temperature. The ideality
factor of (η = 1.52) was extracted which also shows generation-recombination due
to the deep levels in the bandgap. The forward voltage drop and differential ON-
resistance were measured to be VF = 11.4 V and Diff. Ron = 55.5 mΩ · cm2 at a
current density of 100 A/cm2, respectively. This result also shows a conductivity
modulation which will be more described in section 7.4.

For the reverse I-V characteristics, a high-voltage measurement set-up was used
consisting of a probe station, a 10 kV Bertan 225-10R high-voltage supply and a
current amplifier. The samples were submersed in a dielectric silicon fluid to avoid
air sparking, and the diodes contacted by means of probe tips (see Fig. 7.6). Fig.
7.7 shows the measured and simulated I-V reverse characteristics of the fabricated
10+ kV and 15 kV-class PiN diodes at room temperature. According to simulations
by Sentaurus TCAD, the device designs allow for a breakdown voltage of about 13
kV and 19.3 kV, respectively. No breakdown voltage was recorded up to 10 kV (our
measurement system limit at present) with a low leakage current. This result is
the highest blocking capability for 4H-SiC devices using on-axis to date.

7.4 Conductivity Modulation

Bipolar devices have an advantage of conductivity modulation compare to unipolar
devices. The conductivity modulation can be achieved whereas the electron and
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(a)

(b)

Figure 7.5: Measured forward I-V characteristics of a fabricated diode, shown with
logarithmic (left) and linear (right) scales for (a) 10+ kV 4H-SiC PiN diodes using
on-axis 4H-SiC substrate and (b) 15 kV-class 4H-SiC PiN diodes using off-axis
4H-SiC substrate.
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Figure 7.6: A photo of a quarter 75-mm on-axis 4H-SiC substrate including fabri-
cated 10+ kV PiN diodes glued with silver epoxy on a copper substrate for reverse
I-V characterization.

(a) (b)

Figure 7.7: Measured and simulated reverse I-V characteristics of a fabricated
diode for (a) 10+ kV 4H-SiC PiN diodes using on-axis 4H-SiC substrate and (b)15
kV-class 4H-SiC PiN diodes using off-axis 4H-SiC substrate.

hole concentration in the drift layer are equal and higher than the doping con-
centration of the layer (see Fig. 7.8). As a result, the forward voltage drop and
ON-resistance will be decreased and could be beyond the unipolar limit. The ohmic
resistance of a non-modulated drift region is calculated as below:

R = W

qµnn0
(7.3)

where W , q, µn, and n0 are the drift thickness, the charge of the electron, electron
mobility, and doping concentration of the drift layer, respectively. The electron
mobility of the drift layer for 10+ kV and 15 kV-class PiN diodes are calculated to
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Figure 7.8: Carrier concentration in a PiN diode at high-level injection.

be 921 and 940 cm2/V s based on their doping concentration at room temperature
(see section 2.4). The ohmic resistance of their non-modulated drift regions are
calculated to be 97 and 754 mΩ · cm2 for 10+ kV and 15 kV-class PiN diodes, re-
spectively. These values are higher then the the experimental results in Fig. 7.5 and
show a conductivity modulation for these diodes. However, a further investigation
of conductivity modulation could be done by studying the minority carrier diffu-
sion length (L) as described in section 4.4. Fig. 7.9 shows the calculated minority
carrier diffusion length (Eq. 4.21) as a function of minority carrier lifetime. As life-
time increases, the minority carrier diffusion length raises which results in a better
degree of modulation (W/L). A complete conductivity modulation (W/L = 1) of
the drift region requires a minority carrier lifetime of τp = 19 µs and τp = 30 µs
for 10+ kV and 15 kV-class PiN diodes, respectively.

7.5 High Temperature Characteristics

The on-state thermal stability of the 10+ kV PiN diodes was studied up to 300 ◦C.
Fig. 7.10 shows that as temperature increases, the forward voltage drop decreases.
This is due to increasing the minority carrier lifetime (see section 7.2) and bandgap
narrowing (see section 2.3) at elevated temperatures. Fig. 7.11 shows the forward
voltage drop results at 100 A/cm2 at different temperatures. It depicts a negative
temperature coefficient of (∆VF = −1 mV/K). After measurements at elevated
temperatures, the original forward voltage drop (VF = 3.3 V ) was again measured
at room temperature, showing that the devices are temperature stable.

Fig. 7.10 also shows that the forward I-V characteristics at elevated tempera-
tures have a roughly constant slope. In other words, the differential ON-resistance
remains roughly constant with temperature. One can explain that the increase in
minority carrier lifetime offsets the increase in substrate resistance with tempera-
ture. Fig. 7.11 also summarizes the differential ON-resistance of these diodes at
different temperatures.
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(a) (b)

Figure 7.9: Calculated minority carrier diffusion length (L) versus minority carrier
lifetime for (a) 10+ kV 4H-SiC PiN diodes using on-axis 4H-SiC substrate and (b)15
kV-class 4H-SiC PiN diodes using off-axis 4H-SiC substrate. W is the thickness of
the drift layer.

7.6 Bipolar Degradation

As described in section 7.1, the bipolar degradation might be regarded as a major
challenge for the bipolar devices. It has been reported that On-axis epitaxial growth
is free of basal plane dislocations which makes it as a good candidate for high-power
applications [158]. Therefore, in order to investigate any bipolar degradation effects,
forward bias stress test was carried out on 10+kV PiN diodes at 100 A/cm2 for
100 hours. Fig. 7.12 shows no bipolar degradation which confirms the absence of
expanding BPDs in the on-axis 4H-SiC. This test was repeated at 200 A/cm2 for 10
hours, and the results were the same which shows that the 10+ kV PiN diodes using
On-axis 4H-SiC are degradation-free. Fig. 7.13 shows a diode under forward bias
stress test. The blue-light emission might be due to a generation-recombination
process at the surface.
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(a)

(b)

Figure 7.10: Forward I-V characteristics at 25 ◦C to 300 ◦C of a fabricated 10+
kV PiN diode and (b) a magnified graph from 2 to 3.5 V (paper VI).
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Figure 7.11: Temperature dependence of the forward voltage drop and ON-
resistance for the fabricated 10+ kV PiN diodes.

Figure 7.12: Forward I-V characteristics of 10+ kV PiN diodes using on-axis 4H-
SiC before and after stress at a current density of 100 A/cm2 for 100 hours (paper
VI).

Figure 7.13: A 10+ kV on-axis 4H-SiC diode with 100 µm diameter for the anode
under forward bias stress test.





Chapter 8

Summary and Future Outlook

The main objective of this thesis was the design, fabrication, and characterization
of high- and ultra-high-voltage 4H-SiC BJTs and PiN diodes. The design and
fabrication of theses devices have been optimized, in order to improve the different
characteristics such as breakdown voltage (BV), current gain (β), ON-resistance
(Ron), current density (JC) and the forward voltage drop (VF ). In this thesis, new
cell geometries (hexagon and square cell geometries) were fabricated for the first
time for the BJTs. The single finger and interdigitated finger geometries with the
same base area were also fabricated and characterized and all results were compared
to each other.

In order to improve the breakdown voltage, two different terminations have been
utilized: an efficient and area optimized implantation-free junction termination ex-
tension (O-JTE), and multiple-shallow-trench junction termination extension (ST-
JTE). They resulted in high termination efficiency of 92% and 93%, respectively.
In the O-JTE design, the number of zones, length, and dose of each zone were
optimized in order to achieve a high breakdown voltage with an optimized area
termination. The simulation results also showed that utilizing this termination re-
sults in a uniform electric field distribution and a lower electric field peak at the
edges. The O-JTE structure includes a three-zone and four-zone JTE for 6 kV and
15 kV-class devices, respectively. The ST-JTE structure was also studied by opti-
mizing the number of trenches, etch depth, width, and space between them. This
structure includes seven trenches with no extra lithography step. Three steps ion-
implantation were performed to form the three-zone JTE for 10+ kV PiN diodes.
No breakdown voltage was recorded up to 10 kV (our measurement system limit
at present) with a low leakage current of 0.2 µA which is the highest blocking
capability for 4H-SiC devices using on-axis to date.

In order to improve the current gain, all geometrical parameters such as the
emitter width (WE), the base width (WB), emitter contact−emitter edge distance
(Wn), and base contact−emitter edge (Wp) were optimized. The results showed
that WE = 40 µm, WB = 30 µm, and Wn = Wp = 3 µm result in a maximum
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current gain for all cell geometries. The sacrificial oxidation and surface passivation
layer were also optimized in order to reduce the surface defects caused by the etching
steps, and minimize the interface charges at the SiO2/SiC interface, respectively.
These comprehensive study resulted in a high record current gain of 139 for 15
kV-class BJTs.

New cell geometries showed a lower ON-resistance and higher current density
at a given current gain due to better utilization of the base area. Hexagon cell
geometry has bout 42% higher current density and about 21% lower ON-resistance
than the interdigitated fingers. It was also observed that the square cell geometry
has bout 21% higher current density and about 23% lower ON-resistance than the
interdigitated fingers.

In order to improve the forward voltage drop, lifetime enhancement procedure
was performed by carbon implantation following by high temperate annealing on the
10+ kV PiN diodes using on-axis SiC. The minority carrier lifetime increased from
200 ns to about 3 µs. The I-V characteristics showed a low forward voltage drop
of (VF = 3.3 V). Both PiN diodes (10+ kV and 15 kV-class) showed a conductivity
modulation.

In order to investigate any bipolar degradation, forward bias stress test was
carried out at 100 A/cm2 for 100 hours and 200 A/cm2 for 10 hours. The results
showed that the 10+ kV PiN diodes using On-axis 4H-SiC are degradation-free.

Finally, some suggestions for future research on 4H-SiC BJTs and PiN diodes:

1. Improve the ON-resistance by optimizing the doping concentration and thick-
ness of the drift layer.

2. Lifetime enhancement by thermal oxidation or thermodynamic equilibrium
conditions can increase the minority carrier lifetime in order to achieve a
better conductivity modulation.

3. Although the current gain has been increased in this thesis, further improve-
ment might be achieved by more optimization:

• Doping concentration and thickness of the base region.
• Temperature and time for the sacrificial oxidation process.
• Thickness of the surface passivation layer.
• High-temperature annealing at different temperatures, time, and ambi-

ent for surface passivation.
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