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Abstract

Silicon carbide (SiC) is an ideal semiconductor material for the higher power and
high temperature applications due to-its wide bandgap, high critical electric field, and
good thermal conductivity. For high breakdown voltage device, the quality of the n°
epi-layers is very important, because it influences the on-resistance, junction leakage
current, and breakdown voltage of device. Deep level transient spectroscopy (DLTS)
is capable of characterizing the defect energy, defect capture cross section, and
density of defect quantitatively. Besides, DLTS has high sensitivity and is relatively
easier than the other defect detection systems to be setup. Hence, we choose DLTS to
analysis the defects in the epi-layer. The widest applications of SiC are its power
diodes like Schottky barrier diode, pn diode, and junction barrier Schottky (JBS)
diode. The JBS diodes have many different variations of structure for the
improvement in performance or the ease of process. The trench junction barrier

Schottky (TJBS) diode is one of the latest innovations, so we are going to figure out
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the design guidelines of the TJBS diodes by the Sentaurus TCAD tool.

The setup of DLTS system consists of a semiconductor parameter analyzer with a
capacitance measurement unit and a probe station with a temperature heating
controller. Our DLTS system can measure the same signal but weaker signal intensity
in comparison with the commercial DLTS system due to the sampling rate limitation
of the capacitance measurement unit.

To measure the defects in epi-layer, Ni/SiC Schottky barrier diode and SiC MOS
capacitor are fabricated. For the Schottky barrier diode, there is no defect measured by
our DLTS system. In order to create defects in the epi-layers, low dose nitrogen ion
implantation is introduced. After ion implantation, strong signal is measured in the
DLTS, but severe overlap of signals from different defects makes it hard to extract the
defect energy. Different processes are applied to eliminate the defects induced by ion
implantation. The most effective one is annealing at 1600 °C.Almost all the defects
induced by Ion implantation are eliminated. However, high temperature annealing
could generate Z;/, defect.

The interface state of the SIC MOS capacitor is also investigated by our DLTS
system. The gate dielectric of MOS capacitor is thermal oxide. The DLTS of MOS
capacitor is dominated by oxide trap in SiO,. The signals from oxide traps overlap the
signals from interface states. If the DLTS is not only composed of interface states, the
direct transformation of DLTS into interface state density would be incorrect. For
MOS capacitor fabricated on the ion-implanted epi-layer, poor capacitance-voltage
characteristic is exhibited, but the DLTS result is the same as that measured on the
Schottky barrier diode.

The design guidelines of the TIBS diode have been investigated by considering
different geometric parameters. As the trench depth becomes deeper, the cut-in

voltage becomes slight lower due to the extra sidewall current. We define the
Vv



transition voltage as the voltage at which the current transport changes from unipolar
conduction (Schottky junction dominant) to bipolar conduction (pn junction
dominant). TIBS diodes have lower transition voltage, and thus lower specific
on-resistance and higher forward conduction current after bipolar conduction. The
transition voltage increases as wider Schottky contact width, but decreases as wider
pn junction width or deeper trench depth. Because of trench corner and thinner
epi-layer under the pn junction due to the trench structure, relatively low breakdown
voltage is observed on TJBS diodes than JBS diodes. For TJBS diodes, the breakdown
voltage depends on structural design, which can be compensated by edge termination
design.

In _conclusion, the setup and verification of DLTS system have been
accomplished. Different defects after nitrogen ion implantation has been detected in
Schottky barrier diode. These defects can be annihilated by a 1600 °C annealing, but
meanwhile Z;,, defect will be generated. The DLTS of MOS capacitor are dominated
by oxide trap. The Dj; from DLTS would be overestimated. if other traps are mixed in
the signal. Under the same process condition, Schottky barrier diode has identical
DLTS result to MOS capacitor. The design guidelines of TIBS diodes are proposed.
The trench affects all the characteristics of device. It is suggested that TIBS diodes are
suitable for the higher current application, while JBS didoes are favored for high

voltage application.
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Chapter 1

Introduction

1-1 History of Power Devices

The first power device is germanium diode appeared in 1952. In 1957, Silicon
controlled rectifier (SCR) [1], also called thyristor, was invented in a 4-layer structure
with alternating n-type layer and p-type layer. SCR has the advantages of high
blocking voltage and high on-current. The structure of SCR contains 3 bipolar
junctions. These junction-capacitances result in low switching speed of about 50 to 60
Hz [2].

Bipolar Junction Transistor (BJT) was introduced in 1960s, which is capable of
withstanding high reverse blocking voltage and high on-current. In the meanwhile,
BJT overcomes the slow switching speed of SCR and can be controlled by external
signal [3]. However, it still takes time to charge junction capacitances in BJT which
slows the switching speed [4]. Furthermore, BJT has poor current gain in the high
frequency applications [5].

With the mature of semiconductor process.technology, the power MOSFET
commercial products became available in 1970s. Power MOSFET has high input
impendence and low input driving current. MOSFET has also much faster switching
speed than BJT, because MOSFET is free of minority carrier storage phenomenon [3].
The main drawback of MOSFET is that it’s limited to lower power applications [6].

Insulated Gate Bipolar Transistor (IGBT) combines the advantages of BJT and
MOSFET [3]. IGBT has the gate-structure of MOSFET and bipolar conduction of BJT,
which can be controlled by external signal. Better conducting current and higher

breakdown voltage than MOSFET can be achieved. However, if the switching speed
1



in IGBT become faster, the forward voltage drop will become larger. IGBT has slower
switching speed than MOSFET, although this problem has been solved in recently
researches [3].

Since the introduction of power device to today, it has been passed over several
decades, and most of power devices are made of silicon. Many efforts have been
devoted to meet the requirements of power devices, and the most important
characteristics of power devices are high breakdown voltage, low on-resistance, low
reverse leakage current, high operation temperature, and fast switching speed. The
followings are the fundamentals of these characteristics:

1. Breakdown voltage

Impact ionization is the phenomenon that electron gain energy from
semiconductor -band bending. Once the electron energy reaches 1.5 times of the
semiconductor bandgap [7], the electron can generate an electron-hole pair. The
generated electron and hole gain energy from band-bending again, and induce another
two electron-hole pairs. Such a multiplication process.is called avalanche breakdown.
2. On-resistance (Ron)

The ideal Ry, Of the drift region is expressed in eq. (1-1) [7].

4BV?

EsUnEc ,

Ron =

eq. (1-1)

where BV is the breakdown voltage of device, &, is the dielectric constant of
semiconductor (F/cm™), u, is the electron mobility (cm?V-s) in drift region. E: is
the critical breakdown electric field (V/cm), which is proportional to the
semiconductor bandgap. The increasing of doping concentration of the drift region
helps in reducing on-resistance, but it also decreases the breakdown voltage of

devices.



3. Reverse leakage current
Junction reverse leakage current is directly proportional to the intrinsic carrier
density (n;). From eq. (1-2) [9], the greater the intrinsic carrier density is, the larger

leakage current is.

1
JL:M +q(ﬁ) 2 iy , eq. (1-2)

Te Th Np

where n; is the intrinsic carrier concentration (cm™), W is the depletion region width

(cm), e is the lifetime of electrons (s), Np is the donor concentration (cm™®), Dy, is the

diffusion constant of holes in the n-type region (cm?/s), and , is the lifetime of holes.
In the view of intrinsic carrier density, as the bandgap (Eg) becomes larger, the

intrinsic carrier density becomes smaller as expressed in eq. (1-3) [10].

n; = \/m e_ngT , eq. (1-3)
where Ng is the effective density of states in conduction band (cm™) and Ny is the
effective density of states in valence band (cm™), Eg Is the bandgap, k is-Boltzmann
constant, and T is the temperature in Kelvin.
4. High operation temperature

For applications of power devices in special situations, like car engine, jet aircraft
engine, or deep oil extraction, the operation temperature of environment is normally
higher than 150°C [11] At such a high temperature, reverse leakage current will
increase remarkably according to eq. (1-3), which is not desire for high power devices.
For all mentioned above, the bandgap of material is a very important material
characteristics for high power device. Since the bandgap of silicon is only 1.12 eV, it’s

necessary to use wide bandgap material to match the requirements of power devices.

1-2 Overview of Wide Bandgap Materials

Recently advances in semiconductor process technology have pushed the
3



silicon-based power devices to the theoretical limit of silicon material. Even though,
silicon-based devices cannot satisfy all of the requirements of power devices, like
higher breakdown voltage, lower on-resistance, smaller reverse leakage current, and
higher operation temperature. Hence, many kinds of wide bandgap semiconductors
have been raised to break through the limitation of silicon as listed in Table 1 [11].
Silicon Carbide (SiC), Gallium nitride (GaN), and diamond have 3 times wider
bandgap than that of silicon. Accompanying with wider bandgap, the intrinsic carrier
density becomes smaller, so the reverse leakage current can be lower. Due to higher
critical electric field, which allows higher doping concentration in drift region, the
breakdown voltage and on-resistance of power device under the same requirement can
be improved future more. In addition, the total area of device can be reduced.

Among these materials, diamond has the best material properties, but it is too
expensive for massive production of semiconductor and its technology is not mature
enough to fabricate power devices. For the rest of wide bandgap materials, GaN
shows the best physical properties with wider bandgap and higher electron mobility
which benefits high frequency applications [12]. “However, there are some
disadvantages on GaN-based devices. First, GaN has no native oxide like silicon [11],
so it’s hard to fabricate MOSFET on GaN substrate. Second, the crystal growth of
GaN has to be heteroepitaxy on sapphire or SiC substrate, the quality of GaN wafer
and the cost are still issues. Though, pure GaN substrate is available, but it’s much
more expensive than heteroepitaxy.

When it comes to SiC, all the problems mentioned in GaN are relaxed. SiC has
native oxide like silicon, and it’s relatively easy to transfer the matured silicon-based
technology to SiC-based technology. SiC boules can be grown, so the cost of SiC
wafer is lower than that of GaN wafer. The most important advantage of SiC over

GaN s its excellent thermal conductivity, about 4 times higher than GaN [11],
4



because under high power and high temperature operation situation the dissipation of
heat generated by device inside must be conducted very quickly.
As discussed above, the excellent electrical and material properties of SiC are

very suitable for high temperature and high power devices.

1-3 Silicon carbide (SiC) Crystals

Silicon carbide (SiC) is composed of a silicon atom and a carbon atom, and each
silicon atom is covalently bonded with 4 carbon atoms in the tetrahedral arrangement
as shown inFig.1-1. The lattice structure of SiC is hexagonal, and all the atoms have
the suited position in lattice structure as shown in Fig. 1-2. There are more hundreds
of prototypes of SiC, because they all have different crystal stacking orders. If all the
bilayers of SIC have the same orientation, with an ABCABC stacking order in Fig.1-3,
we call.it 3C-SiC with face-centered cubic (FCC) structure [13]. 3C-SiC is the only
one cubic structure in all the prototypes of SiC [14]. When the stacking sequences
become ABAB with a hexagonal-closed packed (HCP) structure, we call it 2H-SiC.

All the SIC structures are described by hexagonal coordinate system. The
hexagonal coordinate system is composed by three plane coordinates: a;, a,, as and a
c-axis coordinate. As shown in Fig.1-4, a;, a, as are the plane coordinates with an
angle of 120° to each other, and c-axis is perpendicular to the plane coordinates,
which represents the stacking layer direction. If only three Miller indices, the
symmetry of lattice structure of hexagonal is not obvious, so four Miller indices is
quietly suitable for SiC crystals [14].

Different prototypes of SiC have different physical and electrical properties.
Here we interest in 4H-SIiC and 6H-SIC with bandgap equal to 3.26 eV and 3 eV,

respectively. 4H-SiC and 6H-SiC are the combination of hexagonal and cubic types of
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SiC. 4H-SiC has the ABAC structure order, and 6H-SiC has the ABCACB stacking
sequences as shown in Fig. 1-3. Although they have similar physical and electrical
properties, 4H-SIiC has about 2 times higher electron mobility than 6H-SiC. In
addition, 4H-SiC shows isotropic electrical characteristics in anisotropic direction of
lattice, but 6H-SiC doesn’t, which is not ideal for vertical structure [14]. Hence,

4H-SiC is the most widely used crystal in power devices.

1-4 Quality of SiC epi-layer

4H-SiC is an ideal candidate for high power devices. With a 3.26 eV bandgap,
4H-SiC has a critical electrical field about 10 times of silicon. Benefited from this,
4H-SiC power devices have higher breakdown voltage and lower on-resistance as
shown in Fig. 1-5 [15], as well as lower reverse leakage current. Besides, excellent
thermal conductivity promises the high temperature application of 4H-SIC power
devices [16]. Power devices are used as a discrete component in circuits, so there’s no
interconnection problem; in order to spare the device area and utilize the 4H-SiC
substrates, almost all the power devices are fabricated in vertical structure, like
VDMOSFET, UMOSFET, BJT and IGBT as shown in Fig.1-6 [16, 17].

For all the power devices, the lightly doped region to sustain high breakdown
voltage is essential. In silicon, this region can be doped by dopant diffusion, but it’s
impossible in SiC due to extreme low diffusivity of dopant in SiC [18]. lon
implantation causes lattice damages, and the electrical properties may be degraded
even after high temperature activation annealing [19]. Consequently, for SiC, adapting
epi-layers as the lightly doped region is vital, and the qualities of SiC epi-layers
directly affect the performance of SiC-based power device [20]. Defects in SiC

epi-layers cause the premature of breakdown and increase of leakage current and



on-resistance [21]. The structure defects in SiC epi-layers include stacking faults,
inclusions of prototypes, micro-pipes, dislocations, pits, carrots..., and all of them can
be inspected by techniques like optical microscopy (OM), scanning electron
microscopy (SEM), atomic force microscopy (AFM), x-ray diffraction (XRD) [22,
23]. However, some defects inside the epi-layers like vacancy, interstitials, and
carbon-clusters in SiC epi-layer cannot be detected easily by the above methods, but
they still affect the electrical properties directly.

Many techniques have been proposed to characterize the quality of epi-layer. The
simplest one is measuring the resistance of the epilayer, but it’s unable to locate the
defect energy level in the bandgap of semiconductor. There are some methods can
determine the energy level of trap. Photoluminescence (PL) and deep level transient
spectroscopy (DLTS) are the most common techniques used to characterize the energy
levels of traps in semiconductors [23, 24]. PL Is a non-destructive technique with very
high spectrum resolution to atom-sized defect. However, PL cannot detect some
defects. like di-vacancy and only neutral-charged trap can be characterized, called
guenching in PL. In addition, the intensity of PL spectrum is not proportional to the
density of defect, so it’s impossible to calculate density of defect from PL [25].

DLTS has high sensitivity to defects, and almost all defects can be characterized
under proper measurement conditions. Not only substrate defects but also interface
states of MOS structure can be characterized [26]. More information can be provided
from DLTS, like trap energy level, trap capture cross section, and trap density. DLTS
can even characterize the space distribution of defects in device. Besides, setting up a
DLTS measurement system only needs a capacitance versus time (C-t) meter, and a
temperature controller. It’s relatively easy to establish and operate in comparison with
other techniques. In order to verify the quality of 4H-SiC epi-layers after ion

implantation and dopant activation, we setup a DLTS measurement system and DLTS
7



measurement is performed on samples with different processes in this thesis.

1-5 Power diodes of SiC

As far as now, SiC-based power devices are the most matured technology among
the other wide bandgap materials. 4H-SiC Schottky barrier diodes (SBDs) have been
widely used in fast switching and high temperature applications as shown in Fig. 1-7
[27, 28]. The most commonly metals used on 4H-SiC SBDs are nickel (Ni) and
titanium (Ti) with Schottky barrier heights (SBH) equal to 1.6 eV and 1.2 eV,
respectively. The breakdown of Schottky diode occurs at the interface between metal
and SiC.

The PIN diode shown in Fig. 1-8 provides higher breakdown voltage than
Schottky barrier diode. With a built-in potential of 2.7 eV, an even lower reverse
leakage current in PiN diode is obtained than in Schottky barrier diode, but higher
forward voltage drop in PiN diode is not desired in some applications. Although PiN
has higher forward voltage drop, Schottky barrier diode has no enough breakdown
voltage.

In order to solve this dilemma, junction barrier Schottky (JBS) diode was
introduced as a new device. As shown in Fig. 1-8, there are some p-type grids
underneath the Schottky contact [29]. In forward operation, the Schottky contact will
turn on at low voltage; in reverse bias, the p-type grids will deplete the n-drift region
to provide higher breakdown voltage and lower leakage current from Schottky contact.
Hence, the JBS diode does not breakdown at the Schottky contact interface, but at the
boundary of pn junction.

Different JBS diodes have been proposed to ease the process of p-type dopant

activation or to improve the performances of JBS diodes with the same basic theory,



like dual-metal trench Schottky diode and MOS trenched Schottky barrier diode [28].
As shown in Fig. 1-9, by etching SiC substrate first, these trenches are filled with high
work-function metal or fabricated as trenched MOS capacitor [28]. Both of the
devices deplete n-drift region under reverse bias similar to the p-type grids in JBS
diode.

The trench junction barrier Schottky barrier (TJBS) diode is shown in Fig.1-10
[30]. TIBS diode is expected to provide more on-current from the sidewall of
Schottky contact than JBS, and maintain the same breakdown voltage as JBS. Here,
we simulate the TJBS structure in Sentaurus TCAD. We expect to figure out the

design guidelines of TJBS.

1-6 Thesis Organization

The first chapter includes the introduction of history of power devices, wide
bandgap materials, and fundamentals of SIC crystals. Different structures of
SiC-based power devices are introduced briefly. The importance in the quality of
epilayers of SIC and different characterization technologies of epilayer-quality are
discussed. The next chapter exhibits the theory and setup of DLTS system.
Verifications of DLTS system are also resented. Sample preparations of DLTS
measurement and results of different treatment are also discussed.

Then, the third chapter contains the simulation of new structures of TJBS and
geometric parameters, forward current characteristics, and breakdown voltage
compared to JBS. Finally, we will summarize the design guidelines of TJBS. The last

chapter is conclusions and suggested future works.



Table 1-1 Physical characteristics of Si and main wide bandgap semiconductor [11].

e=ereo,Where eo=28.8510F/cm

Property Si GaAs 6H-SIC 4H-SIiC |GaN Diamond
Bandgap, Eq (eV) [1.12 1.43 3.03 3.26 3.45 |5.45
Dielectric constant
11.9 -3¢ 9.66 10.1 9 55
Er
Electric Breakdown
. 0.3 0.4 2.5 2.2 2 10
Field, E; (MV/cm)
Electron  Mobility, Il c-axis:80
5 1500 8500 — 1000 1250 {2200
Un (cm®/V/-sec) c-axis:500
Hole Mobility, up
) 600 400 101 115 850 850
(cm*/V-sec)
Thermal
Conductivity, AlL5 0.46 4.9 4.9 1.3 22
(W/cm-K)
Saturated Electron
Drift Velocity (x107|1 ! 2 2 22 |27
cm/s)

10




Fig.1-1 In SIC, silicon.atom.is covalently bonded with 4 carbon atoms in the

tetrahedral arrangement [13].

Fig.1-2 Three possible suited positions for hexagonal structure [14].
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Fig.1-3 Common prototypes of SiC with different stacking orders [14]
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Fig.1-6 Cross section schematic of VDMOSFET, UMOSFET, BJT, IGBT [16, 17].

14



Metal Metal

P+
N- Drift Region N- Drift Region
N+ Substrate N+ Substrate
Ohmic contact Ohmic contact
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Fig. 1-7 Cross section schematics of Schottky diode and PiN diode in vertical
structure
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Fig. 1-8 Cross section schematics of junction barrier diode (JBS). In forward bias, the
Schottky contact will turn on at low voltage; in reverse bias, the p-type grids will

deplete n-drift region to provide higher breakdown voltage and smaller leakage [28].
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Fig. 1-9 Dual-metal trenched Schottky diode (DMTS) with two different metals to
achieve and trenched MOS barrier Schottky diode (TMBS) with MOS structure are

introduced by the same basic theory of JBS [28].
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Fig. 1-10 Device configuration of trenched junction barrier Schottky diode (TJBS)
[30]. In forward bias, the Schottky contact will turn on at low voltage,and sidewall of
schoottky diode can provide more on-current to lower down its on-resistance; in
reverse bias, the p-type grids will deplete n-drift region to maintain breakdown

voltage and smaller leakage
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Chapter 2
Defects in 4H-SIC by deep level transient

spectroscopy

2.1 Introduction to deep level transient spectroscopy (DLTS)

Deep level transient spectroscopy (DLTS) is a defect detection technique, which
was first proposed by D. V. Lang in 1974 [31]. DLTS is a capacitance transient
spectroscopy and it can acquire more information effectively than traditional defect
detection techniques [32].

The concept of DLTS is.on the bases of the change in capacitance of depletion
region in a pn diode or Schottky diode [31, 33]. The operation principle is shown in
Fig. 2-1. First, the diode is kept at a reverse bias Vg to empty electrons in depletion
region. Second, the device is pulsed with a voltage Vp, so the depletion region
becomes very small. The change in the width of depletion region results in the change
in capacitance. The original empty defects capture electrons from conduction band.
Last, after pulse, the voltage across the diode returns to the reverse bias Vg. The free
majority carrier can responds the bias soon, but the trapped electron cannot. Hence,
the depletion region would be wider than its original width to compensate the trapped
electrons, which corresponds to a smaller junction capacitance. The trapped electrons
will emit from defects eventually, so the depletion region will be back to steady state
as well as the junction capacitance [33].

The transient capacitance is a function of time as expressed in eq. (2-1) [33].
According to eq. (2-2), by selecting two different time points t; and t,, in a transient

capacitance, we can calculate the capacitance difference, 6C, between t; and t,.
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C(t) = G, [1 — Sexp(- i)] eq. (2-1)

8C = C(t2) — C(tz) = 7= Co {exp (— t—2) — exp(— t—l)} eq. (2-2)
where C, is the capacitance in steady state, n, is the defect concentration (cm™),
Np is the donor concentration (cm™), 1. is the emission time of the trapped electron (s),
and tis the time passed (s).

The emission time of trapped electron depends on the depth of the energy level
from band edge and the temperature during measurement as shown in eg. (2-3). In Fig.
2-2, if the temperature is low, the change of capacitance will be very slow, so the &C
will be very small; at high temperature, the emission time of the trapped electron is
short and the change of capacitance will be very fast, so the §C will be very small,
too. Consequently, at proper temperature T1, 8C will reach its maximum value [33].
By differentiating eq. (2-3) to ., we can get the relation of t. between t; and t; as
expressed by eq. (2-4). With eqg. (2-4) and proper temperature T;, we can get the
energy level and the capture cross section of the traps from eq. (2-3).

_ exp((Ec=Er)/KT) eq. (2-3)

YnOnT? ;

T _ =t
M In(ty /)

eq. (2-4)

where T is the emission time of trapped electron (S), Ec is the conduction band energy
(eV), Er is the energy of the deep trap in bandgap (eV), k is the Boltzmann constant, T
is the temperature in Kelvin, y, is a constant (cm?.s*.T?), and o, is the capture
cross section (cm?).

As mentioned above, we can acquire the deep trap level and capture cross section
from the DLTS effectively [31]. Since the introduction of DLTS in 1974, many
improvements have been proposed, like lock-in amplifier DLTS, CCDLTS, Correction

DLTS, isothermal DLTS, and Laplace DLTS [33]. Here, we established a conventional
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DLTS system.

2.2 Setup of DLTS system

In order to detect the defects in the 4H-SiC epi-layer and the traps after ion
implantation and dopant activation processes, we establish a conventional DLTS
system. The DLTS system requires two basic elements: transient capacitance meter
(C-t meter) and temperature controller [31].

The C-t meter in our DLTS system s a multi-frequency capacitance
measurement unit of module B1520A appended in the Agilent B1500A semiconductor
device parameter analyzer. The specifications of the C-t function of the B1520A are
listed in Table 2-1 [34]. Measurements are conducted in a probe station of model Lake
Shore CPX-VF with a temperature controller. The probe station can be vacuumed to
about 10 torr to avoid the condensation of moisture and residual gases. The
temperature of chuck can be cooled down to 77 K by liquid N, circulation and be
raised ~with regular ramping rate to 400 K by temperature heating controller.

Computer program written in HT BAISC language controls the B1520A and the
temperature controller simultaneously [35, 36]. The algorism of the program is
presented in Fig. 2-3. First, the chuck is cooled down to 77 K and maintaining at 77 K
for 20 minutes with probing on device. After setting measurement conditions in
program, the measurement procedure starts. During the Capacitance-time-temperature
(C-t-T) measurement, the program will acquire the temperature of chuck firstly. Then,
the program will invoke the B1520A to execute a C-t measurement and return the data
to computer. By repeat these two steps, the C-t-T measurement are done till the
temperature of chuck researches 400 K. By changing t; and t, according to eq. (2-4),

we can get different t. to shift the positions of peaks on temperature axis as shown in
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Fig. 2-4. Then, we can draw the “In(teT?) — 1/kT” plot [33]. From the slope of the
linear regression line, we can obtain the energy of the traps, and from the interception

on y-axis, we can obtain the capture cross section [33].

2.3 Verifications of DLTS system

To verify our DLTS system, the same sample was measured by our DLTS system
and by a commercial purchased DLTS system. The commercial DLTS system is
provided by the Sula Technologies Co. and was installed in Professor J. F. Chen’s lab
in the Department of Electrophysics of National Chiao Tung University. The sample
used here is sample IA. The process flow will be introduced in next section. Only
substrate defect is observed on sample IA from the DLTS result.

Fig. 2-5 shows the DLTS results measured by the commercial DLTS system and
our system. For the same emission time constant, the signal peak occurs at the same
temperature. The large signal intensity difference comes from the relatively slow
sampling rate of the B1520A. As shown in Fig. 2-6, the selection in different time
points will have the same time emission constant but different 6C. The shortest
sampling rate of the commercial DLTS system is less than 100 us [37]. This system
selects time points automatically according to the specified emission time constant,
but the actually time points are unknown. For our DLTS system, the actually time
points is known. However, the relatively slow sampling rate of the B1520A, 10ms, is
the main reason for the large difference in signal intensity. The signal intensity doesn’t
affect the temperature position of peak, so the function of our DLTS system is

verified.
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2.4 Sample fabrication for DLTS measurements

2.4.1 Ni/SiC Schottky barrier diode

The starting material is a 4-inch (0 0 0 -1)-oriented n-type 4H-SiC substrate with
a 5-um-thick epi-layer purchased from Cree. The substrate is doped by nitrogen to a
concentration of 5x10*® cm™. The nitrogen concentration Np in the epi-layer is equal
to 10" cm™. The 4H-SiC wafer was cut into small pieces. These samples were
cleaned by standard RCA clean process and followed by different treatments as
summarized in Table 2-2. These are four kinds of treatments. They are wet oxidation
(W), nitrogen ion implantation (1), N, annealing (N), and 1600°C high temperature
activation (A). The sample 1D indicates the. composition of these treatments. For
example, sample IN indicates that the sample receives nitrogen ion implantation and
N, annealing. The samples experienced 1600 °C annealing were capped with carbon
layer before annealing to avoid Si sublimation. The carbon layer was removed by a
900 °C oxidation for 1 hour in O, ambient. Before depositing PECVD oxide as field
oxide, all the substrates were cleaned by SPM (H,SO;:H,0, = 3:1) and dipped by
diluted HF. A 100-nm-thick Ni and a 10-nm-thick TiN were sputtered at samples’
backside followed by a 1000°C RTA for 30s to form backside ohmic contact. Then,
contact holes were defined by conventional lithography process and the field oxide
was etched by BOE. The Schottky metal of 10-nm-thick Ni was deposited by a
sputtering system. Samples were immediately loaded into a thermal coater within 5
min to evaporate a 300-nm-thick Al as electrode. Finally, the residual metal was
removed by a lift-off process. The schematic structure of the Ni/SiC Schottky barrier

diode (SBD) is shown in Fig. 2-7.
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2.4.1 SiC MOS capacitor

Metal-oxide-semiconductor (MOS) capacitors were fabricated on the same
4H-SIC epi-wafer. After standard RCA clean, some samples were implanted by
nitrogen at 200 keV to a dose of 10™ cm™. After ion implantation, samples were
cleaned by RCA clean process again and followed by 1050 °C wet oxidation for 5 hr.
Some samples received NH; plasma treatment for 5 min to reduce the interface states
(Dit) [38]. The main process conditions for the MOS capacitors are summarized in
Table 2-3. There are for process steps: wet oxidation (W), nitrogen ion implantation
(), NH3 plasma treatment (P), and high temperature activation (A). Aluminum was
deposited by thermal evaporation and patterned by lithography and wet etching to
form gate electrode. The backside of wafer was cleaned by BOE and followed by Al
deposition as backside contact. All the samples were sintered at 400 °C for 30 min in

N, ambient. The schematic structure of the SIC MOS capacitor is shown in Fig. 2-8.

2.5 Ni/SIC Schottky barrier diode

2.5.1 Current - voltage characteristics

The I-V characteristics of the Ni/4H-SiC Schottky barrier diode (SBD) fabricated
with different processes as listed in Table 2-2 are shown in Fig. 2-9. The reference
sample shows ideal SBD characteristics. The Schottky barrier height is 1.5 eV and the
ideality factor is 1.12. For the ion implanted samples, I, IN, and IW, the distorted I-V
curves and low forward current at 3 V are observed at forward bias. If we raising the
measurement temperature, kink phenomenon occurs and the forward current increases
to normal value at high forward bias as shown in Fig. 2-10 ~ Fig. 2-12. This
observation can be explained by a two energy barriers model - one is the Schottky

barrier and the other one comes from the damaged region formed by ion implantation.
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The raising of forward bias bends the energy band gradually so that electrons can
overcome the two barriers sequentially. The kink indicates electron overcomes the
potential barrier due to the high-low junction. As the measurement temperature
becomes higher, electron can overcome the barrier easier by thermionic emission.
Hence, the kink phenomenon fades out and the cut-in voltage drops due to higher
temperature. The other phenomenon like higher resistance is electrons suffers from
more phonon scattering at higher temperature [39].

Sample 1A has the same forward current at 3V as the reference sample, but kink
phenomenon is observed at lower voltage. Because the reverse current increases
apparently, it is suspected-that- there are two Schottky barrier heights at the Ni/SiC
contact. From thermionic emission equation [39], the two extracted Schottky barrier
heights are 0.6 eV and 1.3 eV. The low Schottky barrier may be originated from the
surface local defects induced by ion implantation and activation [40]. Fig. 2-13 and
Fig. 2-14 shows the cross sectional TEM micrographs of sample | and sample 1A, and
much poorer surface morphology is observed on sample IA which is corresponding to
the double barrier. The high Schottky barrier height is lower than the Schottky barrier
of the reference sample. During the epi-layer growth of SiC, the gas flow ratio of C/Si
has direct impact on the Schottky barrier height [41]. The lower the C/Si ratio is, the
lower the Shcottky barrier height is. This implies more carbon vacancy in SiC under
the lower C/Si ratio condition. Because of the generation of carbon vacancy after high
temperature, a relatively lower Schottky barrier is measured in sample 1A compared to

the reference sample [42].
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2.5.2 Capacitance - voltage characteristics

The C-V characteristics of all samples are shown in Fig. 2-15. The reference
sample shows the largest junction capacitance, but for samples I, IN, and IW,
relatively low capacitance was measured. Because of the ion implantation damage, the
damaged region is easily depleted so the total junction capacitance is much lower than
the reference sample. As for sample 1A, the 1600 °C annealing activates the nitrogen
from ion implantation, so the effective Np at the surface region may be slightly higher
than original Np as observed in Fig.2-16. Theoretically, the capacitance should be
larger due to the higher Np, but the result is opposite. The relatively low Schottky
barrier height and surface defects may be the reason for the lower capacitance

compared to the reference sample.

2.5.3 DLTS results of Ni/SiC Schottky barrier diode

The DLTS measurement conditions are listed in Table 2-4. Sample IA has
different measurement condition because of the smaller turn-on voltage due to its
relatively low Schottky barrier height. This measurement condition can reflect the
change in depletion width clearly.

The DLTS of reference sample is shown in Fig. 2-17. There is no significant
signal compared to the DLTS of sample I shown in Fig. 2-18. The DLTS of sample |
has distinct signals at 270 K and 370 K obviously. These signals are too broad to
result from a single trap. It’s impossible to identify the trap energy because the severe
overlap of signals. Different pulse voltages (Vp) of sample | have similar results. The
slightly difference in signal intensity comes from the difference in depletion width at

different Vp, so different amounts of traps can be detected. Besides, if the Vp becomes
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higher, the edge of the depletion region becomes closer to the surface of substrate.
The spatial distribution of defect can be detected.

In order to eliminate the ion implantation induced defects in the 4H-SiC epi-layer,
post implantation annealing was conducted. Annealing at 1050 °C for 5 hour in N, or
O, ambient was performed for defect recovery. Some defects can be annihilated by
thermal annealing and oxidation [43]. In order to avoid defects generation during
oxidation, DLTS of sample W was also measured and the result is shown in Fig. 2-19.
No significant signal is observed. As the results in Fig 2-20 and Fig 2-21, the DLTS of
sample IN and sample IW still have obvious signals. Even they are distinct to be
identified, but all of them are still too broad to be considered as a single trap. For Vp =
1V, both of the samples IN and IW have almost identical spectra, which represents
the same defects. While Vp = 2 V, a new signal appears at 170 K, which is located
spatially near the SiC surface. We can distinguish it barely compaosed of two traps 1D,
and IDg with activation energies Ec-0.37 eV and Ec-0.45 eV, respectively [44]. As to
the extra peak at 300 K in the DLTS of sample IW, it’s a single trap S2 with activation
energy Ec-0.70 eV [45]. In the DLTS of sample IN and sample IW, the other
un-discussed signals are still too broad to be a single trap, and are hard to be
distinguished.

The DLTS result of sample 1A is shown in Fig 2-22, almost all traps are vanished,
and only one trap, known as Zj,, with activation energy Ec-0.60eV, is observed [44].
High temperature annealing is effective in reducing defects, but in the meanwhile it
could generate large amount of Zy, trap [42]. By drawing the In(tT?) — 1/KT plot,
activation energy and capture cross section can be extracted from the slope and
interception on y-axis, respectively. The extracted results are shown in Fig. 2-23.

On sample I, traps ID4 and 1Dg are not obvious, but after 1050 °C annealing they

become distinct. During 1050 °C annealing, some defects may be mobile and migrate
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together to form stable structural defects. Oxidation of SiC will form carbon
interstitial (C;) [46]. Some C; will pile up at the interface between SiO;, and SiC,
which leads to large amount of Dj;, and some C; will diffuse into the substrate [46, 47].
From previous study, the trap S2 is a complex of C;, so the appearance of trap S2 in
sample IW near SiC surface is reasonable [45]. After 1600 °C annealing, the trap Z/,
shows up, which corresponds to carbon vacancy (V) [42]. The origin of Zy, in the
epi-layer may diffuse from the n” SiC substrate where high concentration of V¢
presents [42]. The Zj, traps can be reduced by thermal oxidation or carbon

implantation to improve the quality of epi-layers [42, 46].

2.6 SIC MOS capacitor

2.6.1 Capacitance — voltage characteristics

The high frequency and quasi-static C-V curves of SiC MOS capacitors are
shown from Fig. 2-24 to Fig. 2-27. Expect for the sample IP, the D;; extracted by the
high-low frequency method are shown in Fig. 2-28 [38]. It can be observed that the
samples with NHg plasma treatment have lower Dj; than the sample without plasma
treatment [38]. As to the sample IP, ion implantation produces an damaged region as
mentioned before. According to previous study; the MOS capacitor fabricated on high
resistive substrate suffers from seriously series resistance [48]. As shown in Fig. 2-29,
the equivalent circuit has to be modified to accommodate the frequency dependence.
With the presence of highly resistive substrate, the measured accumulation
capacitance at high frequency is relatively small to the capacitance of oxide, whereas
the accumulation capacitance at low frequency is not affected [48]. Fig.2-30 shows
the simulated and measured C-V curves from previous study which matches our

observation on sample | [48].
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For C-V characteristics over temperatures, since sample IP exhibits abnormal
C-V characteristic, it is not discussed here. A large flat band voltage shift can be
observed on the rest samples as shown from Figs. 2-31, 3-32, and 3-33, flat band
voltage shift is originated from the large amount of Dj; [47]. At high temperature, the
traps are capable of emitting the trapped electrons by thermal emission, and the
response is fast enough to follow the gate voltage sweep. At low temperature, the
same traps are unable to thermally emit their captured electrons within the time frame
of the measurement, so that the trapped charge is frozen in. These trapped electrons at

Di: in all the samples make the flat band voltage shift.

2.6.2 - DLTS results of SIC MQOS capacitor

The DLTS measurements are performed on the SiC MOS capacitors. There are
three types of traps can be identified by DLTS as shown in Fig. 2-34. They are
substrate defect, interface state (Di;), and oxide trap [49]. It’s relatively easy to
distinguish substrate defect from the other trap, because substrate defect does not
distribute “continuously in the bandgap. The Dj; and oxide trap are continuously
distributed in the bandgap so that both of them result in broader DLTS signals. Oxide
trap has relatively slow emission time constant and the time constant depends on
electric field in the gate dielectric [49]. The signal intensity of substrate defect and Dj;
will saturate as the Vp increasing due to the limited defect density of them near
surface. For oxide trap, the signal intensity keeps increasing, because more electrons
are trapped deeper into the dielectric [54]. Dipole-like relaxation will result in
opposite transient capacitance as shown in Fig. 2-35 [50]. The dipoles will be
arranged during the pulse, and become disordered during the measurement, so the

transient capacitance will decrease gradually.
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SiC MOS capacitors with different processes listed in Table 2-3 were fabricated.
Because of different flat band voltages on different samples, the parameters of DLTS
measurement are varied for different samples as listed in Table 2-5. The V, was
adjusted so that the electric field in dielectrics are the same. Because of the flat band
voltage shift at low temperature, the larger Vp was applied to make sure all the Dj; will
be measured.

In Fig. 2-36, the DLTS of sample W exhibits a continuous signal. The intensity
of signal increases and the peak position changes as Vp increasing. Only oxide trap
exhibits the behavior with the dependence with applied voltage. For Ve = 5.5V, the
dipole-like relaxation becomes-obvious. Because at high temperature the de-trapping
of electron becomes very fast, the transient capacitance due to electron de-trapping is
too fast to be measured, so the relatively slow dipole-like relaxation becomes the
dominant phenomenon. At higher Vp, it will induce more dipoles, so the dipole-like
relaxation becomes more obvious. If applying eq. (2-5) to transform the DLTS result
to the corresponding Dj;, the Dj extracted from DLTIS is much higher than that
extracted from the high-low frequency method as shown in Fig. 2-37 [26]. Because of
the presence of oxide trap, the D;; extracted from DLTS includes oxide trap and Dj;,
and we cannot separate them apart from the DLTS signal. The DLTS of sample P as
shown in Fig.2-38 shows similar Vr dependence as that on sample W, and oxide trap
signal dominates the entire DLTS. The Dj; extracted from DLTS is also higher than

that extracted from the high-low frequency method as shown in Fig.2-39.

L= _ YnonT?(t,—ty) o 5T50NDCOX )
Eie = B¢ — kT ln{ In(tz/t1) } Die = kTCE In(tz/ty) eq. (2-5) [26]

where Ej; is the energy level below conduction band (eV), e is the dielectric
constant of SiC, £, is the vacuum permittivity (F/cm), Cy is the transient

capacitance at time point t; (F/cm?).
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Sample IP has a high resistance damaged layer due to ion implantation induced
damages. In Fig. 2-40, the DLTS of sample IP shows three peaks as the Vp increases
from 3 V to 8 V. More electrons are trapped, so the signal becomes more obvious. The
DLTS theory is based on the change in depletion width [31]. It should be noted that
only the traps above Fermi level can be detected, because the trapped electrons are
hard to be emitted [52]. If we change the Vg, the DLTS signal becomes weak, because
the depletion region is not dominated by the damaged region. Instead, the un-damaged
epi-layer dominates the most of depletion, so the 6C will be very small. Hence, we
redraw it in Fig. 2-41, and a peak is observed at 370 K compared to Vg = 0 V. The
DLTS of the MOS capacitor-sample IP and the SBD sample IW exhibit the same
signal at the same temperature position which matches to each other very well.

Sample IAP was annealed at 1600 °C to repair the lattice damages and to activate
dopants. In Fig. 2-42 the DLTS of sample AP is the same as that of sample W, except
the peak related to substrate defect at 270 K. The substrate defect is detected on SBD
sample A, too. In Fig. 2-43, the D;; extracted by DLTS measurement is higher than
that extracted by high-low frequency method. Besides, the D;. extracted by DLTS

measurement is affected by substrate defect.

2.7 Summary of DLTS results

Different ion implantation damages in 4H-SiC epi-layer have been investigated
by DLTS. These traps are corresponding to ID, and IDg with activation energies
Ec-0.37 eV and Ec-0.45 eV, respectively. Due to severe overlap of signals, the other
defects are hard to be distinguished [44]. The carbon interstitial generated from
thermal oxidation induced a new trap S2 with activation energy Ec-0.70 eV [45, 46].

The carbon interstitials comes from oxidation, so the position of the S2 trap is near the
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surface of substrate. The DLTS of the SBD sample IW is consistent with that of the
MOS capacitor sample IP. For the 1600 °C annealed sample, both diode and capacitor
have the defect Z,,, with activation energy Ec-0.60 eV, which is generated after higher
temperature annealing [42, 44].

Oxide traps dominates the DLTS result of the MOS capacitor [49]. With the

presence of oxide trap, substrate defect, and dipole-like relaxation, eq. (2-5) would

result in overestimation of Dj; in comparis ith the Dj; extracted from high-low

frequency method [33, 49, 5
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Table 2-1 Specifications of C-t function in Agilent B1500A semiconductor device

parameter analyzer [34].

Frequency 1 kHz to 5 MHz

DC bias OVto + 25V
Oscillation level 10 mVrms to 250 mVrms
Pulse width = 10ms

Pulse voltage 0OVto £ 25V

Hold time of measurement after pulse = 10ms

Sampling interval of C-t function = 10 ms

Table 2-2 Main processes conditions of Ni/SiC Schottky barrier diodes.

Sample ID | Reference | W | IN W 1A

Main Nitrogen implantation at 200 keV to a dose 10*

process cm™
wet N, wet 1600 °C 30
oxidation anneal oxidation | min anneal
1050 °C 1050 °C | 1050 °C 5| with carbon
5hr 5hr hr capping
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http://www.home.agilent.com/zh-TW/pd-582565-pn-B1500A/semiconductor-device-analyzer
http://www.home.agilent.com/zh-TW/pd-582565-pn-B1500A/semiconductor-device-analyzer

Table 2-3 Main processes conditions of SiC MOS capacitors.

Sample ID |W P IP IAP
Nitrogen implantation at 200 keV to a dose
10" cm™

Main 1600 °C 30 min anneal

process with carbon capping.

RCA and wet oxidation 1050 °C 5 hr
NH; plasma treatment 150 W for 5 min

Table 2-4 Measurement conditions in DLTS of Ni/SiC Schottky barrier diodes. Sample
IA has different turn-on voltage, so the depletion width doesn’t change under the same

DLTS measurement condition as the other.

Sample ID Reference | W | IN W 1A

Vg ov -1V

Vp 1V,2V ov,1V
Pulse width 100 ms

Table 2-5 Measurement conditions in DLTS of SiC MOS capacitors. The Vp is depend

on the Vg of each sample, and all the sample have the same electric field.

Sample ID wW & IP IAP
Ves 03V 0.8V - 1.3V
VR 0.0V 05V 0.0V, -5.0V 1.0V
Vp (fixed electric field) |05V ~25 |10V~ 30V,50V,80 |1.5V~

V 25V V 3.0V
Vp (sweep all bandgap) 55V 55V 55V
Pulse width 100 ms
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trap, and from the interception on y-axis, we can obtain the capture cross section.
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Fig. 2-13 Cross section of sample | by TEM, and smooth morphology is observed.
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Fig. 2-14 Cross section of sample IA by TEM, and poor morphology is observed
which is responding for phenomenon of double barrier and high reverse leakage

current.
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Fig. 2-15 Capacitance-voltage characteristics of Ni/4H-SIC SBD fabricated on
different processed epi-layers
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Fig. 2-17 Measured DLTS result of Ni/4H-SiC SBD reference sample.
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Fig. 2-18 Measured DLTS result of Ni/4H-SiC SBD sample I.
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Fig. 2-20 Measured DLTS result of Ni/4H-SiC SBD sample IN.
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Fig. 2-22 Measured DLTS result of Ni/4H-SiC SBD sample IA.
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Fig. 2-23 In(eT%) — 1/KT plot. Activation energy and capture cross section can be

extracted from the slope and interception on y-axis.
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Fig. 2-24 High-low frequency C-V characteristics of SiC MOS capacitor sample W.
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Fig. 2-25 High-low frequency C-V characteristics of SIC MQOS capacitor sample P.
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Fig. 2-26 Different frequency C-V characteristics of SiC MOS capacitor sample IP.
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Fig. 2-27 High-low frequency C-V characteristics of SIC MQOS capacitor sample 1AP.
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Fig. 2-31 Capacitance-voltage characteristics over temperatures of SiC MOS
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Fig. 2-32 Capacitance-voltage characteristics over temperatures of SiC MOS

capacitor sample P.
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Fig. 2-33 Capacitance-voltage characteristics over temperatures of SiC MOS

capacitor sample IAP.
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Fig. 2-36 Measured DLTS of SiC MOS capacitor sample W
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Fig. 2-38 Measured DLTS of SiC MOS capacitor sample P

51



-

o
-
@

Dit (eV'1*cm'2)

-

o
N
N

Oxide trap + interface state "

interface state onTy'

HiLo-CV
DLTS, Vp= 5.5V
DLTS, Vp= 2.5V

05 06
Ec-E (eV)

02 03 04 0.7 08 0.9 1.0

Fig. 2-39 Measured Dj; from of SiC MOS capacitor sample P

300

250

N
[=
o

delta C (pF/cm?)

50

SamE)Ie IP
\wu ¥ %
eV =0V,V =35V
—4-\V.=0V,V =8V
—v V=5V, V=8V

""""""
. o

" ‘\':.“ SN

100 150 200 250 300

350

Temperature (K)
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Fig. 2-41 Measured DLTS of SiC MOS capacitor sample | with larger reverse bias to

observe the substrate defect with higher activation energy.
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Fig. 2-42 Measured DLTS of SiC MOS capacitor sample IAP
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Chapter 3
Design Analysis of the SIC Trench Junction
Schottky Barrier (TJBS) Diode

3-1 Structure and parameters in simulation

Many different JBS diodes in SiC have been proposed to ease the process
complexity or to enhance performance, for example, dual-metal trench Schottky
(DMTS) diode, trench MOS Schottky barrier (TMBS) diode, and trench junction
barrier Schottky barrier diode (TJBS) [29, 30]. For the DMTS diode and TMBS diode,
many researches have been done to enhance the performances [53, 54, 55]. The TJBS
diode proposed- by C. F. Huang is the latest diode among them, so there are few
relevant studies on 1t [30]. Hence, we expect to figure out the design guidelines of the
TJBS by two-dimensional TCAD simulation to explore the knowledge of TJBS.

We simulate the performance of JBS diode and TJBS diode with different
geometric parameters by the Sentaurus TCAD tool [56]. Even our main purpose is the
design of the TJBS diode, the JBS diode can be regarded as a TIBS with trench depth
equals 0 as shown in Fig. 3-1. Due to the symmetry of the diode structure, we
construct only a half pitch of the device. The JBS diode structure has a 5-um-thick
epi-layer with a constant doping concentration of Np= 5x10*° cm™. The dopant profile
of the p-type region is assumed Gaussian distribution with the highest concentration
of Na= 1x10%° cm™and a junction depth of 0.2 um. The lateral diffusion factor is
equal to 0.5. Generally, there should be an n* substrate underneath the epi-layer to
form ohmic contact in real device. However, it’s not important for our simulation. In
addition, to solve the failure of convergence in simulation, we remove it and ohmic

contact is directly placed below the epi-layer. Parameter Ws is the length of Schottky
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contact region, and parameter Wp is the length of p-type region with ohmic contact.
Because only a half pitch of diode is simulated, a half of Ws and a half of Wp are
constructed in the structure. For the TIBS diodes, parameter D is the trench depth and
the sidewall of the trench is defined as Schottky contact. It’s worthwhile to note that
the p* region must be thick enough and surround the bottom corner of the trench
sufficiently otherwise the premature of breakdown at corner tends to occur.

Different parameters of Ws, Wp, and D are split to investigate the design
guideline of the TJBS. The split values of Ws and Wp are 0.25, 0.5, 1, 2, and 3 um.
The split values of D are 0, 0.5, and 1 um. The JBS diode is the case while D=0 um.
The Schottky barrier height-is-about 1.2 eV, which equals the Schottky barrier height
of Ti on n-type 4H-SiC [27]. Physical parameters of 4H-SIC have been built in the
Sentaurus TCAD tool [56]. The breakdown voltage of device is defined as the voltage
at which the electric field reaches the critical electric field of 4H-SiC 3.2 MV/cm. The
sidewall area is not involved in the calculation of current density, because from the

top view of device the trench is not accounted for the footprint.

3-2 Forward bias characteristics of JBS diode

The forward bias characteristics of the JBS diode with fixed value of Ws and
different values of Wp are simulated firstly. For Ws='0.25 um and 0.5 um in Fig. 3-2
and Fig. 3-3, respectively, the conduction path of the Schottky junction is affected by
the depletion region of the pn junction, so the cut-in voltage becomes close to that of
the pn junction. This is similar to the JFET effect of the VDMOSFET [57]. For Ws= 1,
2, and 3 um in Figs. 3-4, 3-5, and 3-6, respectively, the conduction path are not
depleted completely by the pn junction, so the cut-in voltage is dominated by the

cut-in voltage of the Schottky junction. It can be observed that the cut-in voltage is
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dependent of the Schottky contact width Ws while independent of the pn junction
width Wp. Fig.3-7 compares the forward characteristics of devices with different
values of Ws at fixed Wp= 3 um. As Ws increases, the cut-in voltage returns to the
normal value of the Schottky juncton. The unipolar current is also higher due to wider
conducting path free from the influence of the depletion region of the pn junction.
Besides, the increase of Ws also retards the transition to bipolar conduction as shown
in Fig. 3-8. As to the increase of Wp, the switch of conduction mechanism occurs
earlier because higher voltage drops on the right-hand side of the pn junction away
from the Schottky contact and the higher bipolar conduction current.

It’s noticeable thatcurrent discontinuity occurs at the transition point from
unipolar conduction to bipolar conduction. = This discontinuity occurs while Ws
becomes larger. Hence, we investigate the smooth curve as Ws= 0.5 um and the
discontinuity curve as Ws= 3 um while both Wp= 3 pum in detail. Fig. 3-9 shows the
depletion region before and after the transition point. As Ws= 0.5 um, the depletion
regions are quite the same. As Ws= 3 um, before the transition, the lateral
non-uniformity of depletion region shows the partial conduction of the pn junction.
The change In depletion region after transition shows the complete turn-on of the pn
junction. From the distributions of electron current density and hole current density
shown in Fig. 3-10, it’s apparent to see the change in current density after transition as
Ws= 3 um, while Ws= 0.5 um is not. As Ws= 3 um, the conduction mechanism
changes from unipolar conduction to bipolar conduction. As well as the conduction
mechanism, the electrostatic potential under the pn junction shown in Fig. 3-10 has
the same behavior. Different electrostatic potential is due to different transition
voltage of the diodes with Ws= 0.25 um and 3 um. More voltage drop on the pn

junction after the transition as Ws= 3 um. As Ws= 0.5 um, the diode is always
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dominated by minority carrier conduction, so no more change on the electrostatic
potential will be observed.

The abrupt turn-on of the pn junction near the Schottky contact seems like the
main reason of the discontinuity in the forward 1-V curve. If we reduce the voltage
step of simulation, the numerical calculation of Sentaurus TCAD tool at the transition
point from unipolar conduction to bipolar conduction still results in such a
discontinuity, especially when Ws is large. However, the total current density after

transition is at the same level as that of the diode with smooth I-V curve.

3-3  Forward bias characteristics of TIBS diode

We expect to observe extra current from the sidewall Schottky contact and other
effect on the TJBS diode. An extra trench depth parameter D is involved in the
simulation structure as shown in Fig. 3-1. The split values of parameter D are 0.5 um
and 1 pm.

At fixed trench depth value of D= 0.5 um, the I-V characteristics with Ws= 0.25
um and 0.5 um are shown in Fig. 3-12 and Fig. 3-13, respectively. The TJBS diode
has similar characteristics as the JBS diode and the cut-in voltage is still suffered from
JFET effect. When ' Ws= 1 pum in Fig.3-14, the cut-in voltage return to the normal
value of the Schottky contact. The main unipolar conduction resistance comes from
the narrow path in the epi-layer nearby the pn junction. Hence, if the unipolar current
is the same with regardless of Wp, the wider Wp would result in smaller unipolar
current density but higher bipolar and total current density. Fig. 3-15 and Fig. 3-16 are
corresponding to Ws= 2 um and 3 um, respectively. As the Schottky contact width Ws
increases, the conducting path becomes wider, so the phenomenon associated with

parameter Wp is less obvious. Fig. 3-17 compares the TJBS diodes with different Ws
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values. The trench depth D and Wp are fixed at 0.5 um and 3 um, respectively. It can
be seen that the cut-in voltage as Ws= 1 um is still influenced by the depletion region
of the pn junction. The effect on transition voltage of Ws and Wp are still opposite for

the TJBS diodes as show in Fig. 3-18.

3-4 Comparison of electrical characteristics of TIBS diode

In this section, the performance of the TIBS diodes with D=0 pum, 0.5 um, and 1
um are compared. It is noted that the TIBS diode with D= 0 um is the JBS diode
actually. As Ws= 0.25 um as shown in Fig.3-19, Schottky contact region is depleted
by the pn junction. Before the turn-on of the pn junction, the Schottky junction is
pinched off so that each device behaves like a pn diode and the cut-in voltage is high.
The bipolar current is higher as the trench is deeper because of the lower resistance
from the thinner epi-layer beneath the pn junction. As Ws increases to 0.5 um as
shown-in Fig. 3-20, the cut-in voltages of the TJBS diodes are still affected by the
depletion region of the pn diode while the JBS diode is affected slightly. The turn-on
of the TIBS becomes not influenced by the pn junction until Ws increases to 1 um as
shown in Fig.3-21, but the poor ideality factors reflect the narrow conduction path.
From the inset in Fig. 3-22, the current level of TJBS diodes is higher than JBS diode
at low bias region. Hence, only at low current level, the current conduction will not be
affected. If the value of Ws becomes wider than 1 um, the utility of sidewall becomes
obvious as shown in Fig. 3-23. The Schottky junction turns on much earlier than the
pn junction and the cut-in voltage is smaller as the trench becomes deeper because the
extra current component from the sidewall Schottky contact [30]. On the TJBS diodes,
the narrow path of unipolar conduction results in the higher resistance. However, the

higher bipolar current could be obtained due to the lower resistance of thinner
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epi-layer. Furthermore, the pn junction turns on earlier as the trench depth become
deeper, which results in higher conduction current at high forward bias.

Breakdown voltages of the JBS diode and TJBS diode are shown from Fig. 3-24,
Fig. 3-25, and Fig. 3-26. The wider Ws and deeper D are, the lower of the breakdown
voltage will be. These diodes have symmetric structures, so the SiC nearby the
Schottky junction would be depleted by the pn junction to maintain the breakdown
voltage. If the value of Ws is small, the depletion regions of the neighboring pn
junctions would connect together in a smooth shape. Hence, the higher breakdown
voltage will be obtained with a smaller value of Ws. The function of the p* region of
the pn junction is to -provide enough acceptor concentration. If the acceptor
concentration is high enough, the pn junction length Wp is not an important factor for
breakdown voltage. The TJBS diodes have a lower breakdown voltage than the JBS
diode under the same WSs and Wp parameters. First, the trench corner suffers from
higher electric field. Second, the total length of the epi-layer is reduced because of the
trench. Hence, the relatively low breakdown voltage will be obtained in TIBS diodes.
It’s should be noted that the p* region must be thick enough and surrounds around the

trench corner well, otherwise the premature of breakdown at corner tends to occur.

3-5 Summary of the TIBS diodes

The geometric parameters of the TIBS diode have been investigated. The cut-in
voltage is mainly affected by the Schottky contact width Ws and the trench depth D.
The value of Ws can change the cut-in voltage greatly due to the depletion region of
pn junction as Ws is narrower than 1 um, i.e. the JFET effect. The value of D
modulates the cut-in voltage slightly because extra sidewall current is provided at low

forward bias. As the trench becomes deeper, the unipolar conduction current will be
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lower, but higher bipolar conduction current will be obtained. Namely, the TJBS
diodes have a lower specific on-resistance in bipolar operation. The value of Wp also
influenced the bipolar current level. As to the transition voltage of the conduction
mechanism, all the parameters have their effect. The larger value of Ws is, the greater
transition voltage will be, while opposite in lager value of Wp and D. The smaller
cut-in voltage of the TIBS diodes is in agreement with Huang [30], but different in the
transition voltage. To ease fabrication complexity, the electrode of pn junction is not
ohmic contact in previous study [30]. Partial voltage is consumed by the poor contact
on pn junction, so higher transition voltage will be.

The breakdown voltage-is-mainly influenced by the value of Ws and D. With the
increase of WS, the shape of the depletion edge can not be plat, so the breakdown
voltage reduces. With deep trench depth D, the trench corner and thinner epi-layer
reduce the breakdown voltage. The breakdown of the TIBS diodes comes from the
trench structure unlike pn diode which can be compensated by junction termination.
The tradeoff between electrical characteristics like cut-in voltage, transition voltage,
specific on-resistance after bipolar conduction, and breakdown voltage with different

parameters are summarized in Fig. 3-27.
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Fig. 3-2 Simulated forward characteristics of JBS diode with Ws= 0.25 pum and

different values of Wp.

62



-—
S
w

— I'

£ 10°}

g r

N -7

> 10 ¢

= r

g 10°) Ws= 0.5 um, D=0

S =0.5um, D=0

-2 | —=— Wp=0.25 um

o 10T e \Wp= 0.50 um

= r yr

O 4o —&—Wp=1.0 um

—v—Wp=2.0 um
e Wp= 3.0 um
105 1 2 3 4 5 6

Bias (V)

Fig. 3-3 Simulated forward characteristics of JBS diode with Ws= 0.5 pum and
different values of Wp.

10° . : . .
LA, B
:ES. 10°F
< r
N -7
> 10|
I r i
g 10°f ' Ws= 1.0 um, D= 0 um
g i .0 pm, B
= I / —=— Wp=0.25 um
© 10} / —e— Wp=0.50 um
S
8 _13f i —a— Wp=1.0 um
10"y / —~v— Wp=2.0 um
o ] f Wp= 3.0 um
0 0 1 2 3 4 5 6
Bias (V)
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Fig. 3-6 Simulated forward characteristics of JBS diode with Ws= 3 um and different
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Fig. 3-16 Simulated forward characteristics of TIBS diode with D= 0.5 um, Ws= 3.0

um and different values of Wp.
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Fig. 3-20 Comparison of simulated forward characteristics of JBS diode and TJBS
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Fig. 3-21 Comparison of simulated forward characteristics of JBS diode and TJBS
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Chapter 4

Conclusions and Future works

4-1 Conclusions

In the thesis, we setup a conventional DLTS system. This DLTS system is
composed of a semiconductor parameter analyzer of model Aglient B1500A with a
multi-frequency capacitance measurement unit of model B1520A and a probe station
of Lake Shore CPX-VF with a temperature heating controller. The DLTS system is
verified with the commercial DLTS system produced by Sula Technologies, which is
installed at the Department of Electrophysics in National Chiao-Tung University. Our
DLTS system has the same DLTS result as the commercial system. The relative
weaker signal intensity is due to longer measurement delay time of the B1520A.

The quality of 4H-SiC epi-layer as an important parameter of power devices is
investigated using our DLTS system. For the un-implanted SBDs, no defect is
detected. To those epi-layer damaged by nitrogen ion implantation, the DLTS shows
large amount of defects. After 1050 °C post ion implantation annealing in N, ambient,
different DLTS is measured due to the migration of defects. Almost all the signals of
defects are mixed together, and it’s hard to distinguish them. The only one mixed
signal we can identify is composed of ID, and IDg at Ec-0.37 eV and E.-0.45 eV,
respectively. For the SBD experiences 1050 °C wet oxidation after ion implantation,
the carbon interstitials generated by oxidation result in extra defects S2 at Ec-0.7 eV
near the SiC surface. For the 1600 °C high temperature annealed SBD, almost all the
defects are eliminated except for Z;, at Ec- 0.6 eV. The Zy, defect is regarded as a

carbon vacancy and is originated from the n* substrate during high temperature

76



annealing. It can be eliminated by carbon ion implantation or oxidation.

The DLTS of the 4H-SiC MOS capacitor are dominated by oxide trap which
overlaps the signal of interface state. The MOS capacitor with ion implantation or
high temperature annealing shows the same structural defects in SBD. The dipole-like
relaxation happens at higher pulse voltage and high temperature measurement,
because dipole arranged well and faster de-trapping of electron. If signals from
several kinds of defects are mixed in the DLTS, the direct extraction of interface state
from DLTS would be incorrect.

In the part of TIBS diodes design, the effects of different geometric parameters
of TJBS diodes are investigated-and the design guidelines for TIBS diodes are figured
out. In the view of forward bias characteristics, the cut-involtage is influenced by the
JFET effect of the neighboring pn junctions if the Schottky contact width is less than
1 um. Deeper trench depth can slightly reduce the cut-in voltage due to the
contribution of sidewall current. With the increase of Schottky contact width, the
transition voltage for the current changing from. unipolar conduction (Schottky
junction dominant) to bipolar conduction (pn junction dominant) increases, while the
increment of pn junction width and trench depth have opposite effect. The transition
voltage influenced by the voltage drop on Schottky junction and pn junction, so all the
geometric parameters should be taken into consideration. With lower transition
voltage, higher bipolar conduction current could be obtained under the same forward
bias. From the aspect of breakdown voltage, the breakdown voltage is mainly affected
by the Schottky contact width and the trench depth. As the increase of Schottky
contact width, the edge profile of the depletion region becomes curved, so the
breakdown voltage reduces. The deeper trench is, the lower breakdown voltage is.
Namely, TJBS diodes have lower breakdown voltage than JBS diodes due to the

trench corner and the thinner epi-layer under the pn junction. Furthermore, TJBS
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diodes suffer from the low breakdown voltage of its structural design unlike pn diode
which can be compensated by junction termination. It is concluded that the TJBS
didoes have the potential on higher current application, while for high breakdown

voltage devices, the JBS diode is a better choice.

4-2 Future works

In this study, important results have been summarized in previous section.

However, many works are worthy for further investigation. They are listed here.

4. The smoother and stronger DLTS signal can be obtained by shortening the
sampling delay time. A'-much better signal can be obtained like commercial system.
However, for the DLTS signal consist of multiple traps, and the improvement in
signal intensity still does not help in distinguishing them. It’s better to apply a
lock-in amplifier such as SR830 or Laplace DLTS by computer computation. This
helps the verification and extraction of defect energy so that more accurate result
can be obtained.

5. The other works on DLTS system is to check the lowest defect density that can be
measured by our DLTS system. The best choice is the 1600 °C annealing sample,
which contains ‘only one kind of defect. In addition, the defect density can be
reduced by oxidation. By repeating the oxidation process, we can get the detect
limitation of our DLTS system.

6. For TJBS diodes, the fabrication of device should be realized. Besides, different
parameters can be involved in the reticle design to verify the results of simulation.

7. The cut-in voltage of JBS diodes is influenced by depletion region. By applying

low Schottky barrier height metal, we can change the Schottky metal width to
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10.

11.

modulate the cut-in voltage. In addition, the cut-in voltage modulation can be
achieved by nitrogen implantation to contract the depletion region.

The transition voltage of TJBS diode is affected by the voltage drop on the pn
junction, so the doping concentration and thickness of the epi-layer have its own
influence, too. These factors would affect the device deign and should be studied.
The breakdown of TJBS diode occurs at the trench corner. Instead of a right angle,
the trench corner can be a bevel or a rounding corner in practice. Different shapes
of trench may also have different influences on the forward characteristics of
TJBS diodes. The profile of p* implantation can be also studied to prevent the
premature of breakdown- in- TJBS diode.

For trench with a gradual sidewall slope, the p-type ion implantation on the
sidewall is relative easy to occur. With p-type doping on sidewall, a stronger JFET
effect Is expected, but the influence on the breakdown voltage is un-cleared.
Besides, with different p-type concentration, different phenomenon would be
observed, too.

The trench structure has been applied in JBS diodes to become TJBS diodes.
Hence, it can be applied into the edge termination structure with above mentioned
works. The effect of trench shape, implantation.on sidewall or top of the un-etched
epi-layer, and the trench depth can be taken into consideration to evaluate the

trench termination structure.
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