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Abstract

Power switching devices are required for power electronics to regulate and distribute
the power and energy from power conversion circuits. Silicon carbide (SiC) as a wide
band gap semiconductor is the promising material for power switching device applica-
tions due to their inherent material characteristics. In present, SiC power transistors,
especially SiC power MOSFETs and JFETSs, are the most possible power switches
for high switching frequency power conversion circuits due to fast turn-off capabil-
ity. Transient behavior in switching operation of SiC power transistors responds to
charge/discharge phenomenon of terminal capacitances in the devices. The differential
capacitance in a semiconductor device varies with the applied voltage in accordance

with the depleted region thickness.

In this dissertation, we developed the C'-V characterization system for high-voltage
power transistors, which realizes the selective measurement of a specified capacitance
from among several capacitances integrated in one device. Three terminal capaci-
tances are evaluated to specify device characteristics—the capacitance for gate-source,
gate-drain, and drain-source. The input, output, and reverse transfer capacitances
are also evaluated to assess the switching behavior of the power transistors in the cir-
cuit. Next, we characterized the voltage dependence of terminal capacitances of the
SiC power MOSFET, lateral-type SiC JFET, and vertical-type SiC JFET, and also
characterized the static I-V characteristics of the power devices. Then, we evaluated
the switching operation of the power devices with considering the charge/discharge
behavior of terminal capacitances of the devices. Their device structures decide the
voltage dependence of the capacitance characteristics, so that the C'-V characteristics

govern their switching behaviors. The results give us a clue to understand the switch-



ing dynamics of the power devices. The simulated switching behavior of the power
devices is validated with the experimental results. It is clearly shown that the simu-
lated results in switching behavior of the power devices coincided with experimental
results suitably.

In the end, we demonstrated the operation of the SiC power MOSFET in a high
frequency switching converter circuit for evaluating its performances The experiment
results showed smooth waveforms of the current and voltage. Therefore, the SiC power
MOSFET can be suitably used in the high frequency switching converter circuit to

regulate the output voltage.
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Chapter 1
Introduction

The purpose of this introductory chapter is to present motivations and overviews
of the works done in this dissertation. A more in-depth introduction is given in each

of main chapters of this dissertation.

1.1 SiC power devices

Silicon carbide (SiC) has several properties such as high breakdown voltage, high
temperature operation capability, and high thermal conductivity, making them po-
tentially superior to Silicon (Si) semiconductors and thus making them attractive for
power devices [1-5]. Among the other SiC semiconductors, 4H-SiC is the most promis-
ing material for power switching device applications due to their inherent material
characteristics, quality of the crystal growth, and the maturity of manufacturing pro-
cess. Some of the electrical and material properties of Si and 4H-SiC are summarized
and compared in Tab. 1.1, which are pertinent for power device applications [2,6,7].

For the great advantages of SiC power devices, SiC diodes have studied well [9-13]
and Schottky Barrier Diodes (SBDs) made of 4H-SiC with sufficiently high current and
voltage ratings have already been commercialized by some manufactures [14]. The ad-
vantages of SiC SBDs in power conversion circuits have been reported in [15-18]; e.g.,
no reverse recovery current, no temperature influence on the switching behavior, no

forward recovery, fast switching, and so on. Various types of controllable switching



Table 1.1 A comparison of the electrical and material properties of Si and 4H-SiC for

power device applications at room temperature 300 K.

Parameters Si 4H-SiC
Energy band gap Eg (eV) 1.11 3.26
Intrinsic carrier concentration n; (cm™3) 1.4x1019  6.7x107
Electron mobility u, (cm™3) 1400 947
Hole mobility p, (cm™3) 450 124
Relative dielectric constant e 11.7 9.7
Saturation drift velocity vsat (cm/s) 1x107 2.1x107
Critical electric field for breakdown Egi (V/cm) — 2.5x10° 2.2x10°
Thermal conductivity (W/cm-K) 1.5 3.7

devices have been proposed, but they are currently under development [19-21]. The
main research now focuses on the unipolar devices of such as Junction Field-Effect
Transistor (JFET) and Metal Oxide Semiconductor Field-Effect Transistor (MOS-
FET). SiC JFETSs are expected to be the first commercial transistor available in this
technology, and SiC MOSFETSs are nearing commercial viability. The characteristics
of the switching devices must be analyzed and modeled, so that SiC power devices

based applications can be designed and built.

1.2 Characterization of SiC power transistors

Power electronics require high efficiency and versatile power conversion. High volt-
age capability is preferable, especially in high-power conversion circuits, to reduce the
conduction loss by large currents. High-frequency switching enables minimization of
bulky passive components and provides control functionality. Power switching de-
vices are the key components to realize them; therefore, the developments focus on
a power device with a high breakdown voltage, low forward voltage drop, and fast
switching capability [3,7,22,23]. However, the limitations to the above requirements

are not sufficient for the silicon (Si) power devices. To overcome the difficulty, SiC



power devices have been researched and developed to realize lower loss, higher voltage
breakdown, and faster switching with a thin voltage blocking layer. And also, the
largest efforts have concentrated on unipolar (SiC power switching devices). These in-
clude Field-Effect Transistors (FETs) such as JFET, MOSFET, and so on. Therefore,
power MOSFETs and JFETSs are the most possible power switches in present for high
switching frequency power converters due to fast turn-off capability. Power MOSFETSs
have a high input impedance that makes the gate drive circuitry very simple [4,5,20].
JFETSs, which have the possibility of lateral-type and vertical-type structure, are pre-
ferred because of the low resistance and ruggedness in harsh environments [21,24-26].

The switching behavior of actual power devices cannot be ideal. The non-ideal
characteristics of SiC power devices affect on the performance of power conversion cir-
cuits, especially at high switching frequency. Then, the characteristics of devices must
be clarified and evaluated in advance of the design of power conversion circuits. Here,
the switching characteristics of SiC power MOSFET and SiC JFET are discussed with
relation to their ac characteristics and dc characteristics [27-30]. The ac characteristics
are involved with their internal parasitic capacitances. The internal parasitic capac-
itances residing in the SiC power MOSFET are composed of the gate oxide and the
depletion region formed in the semiconductor [7,8,31]. The internal parasitic capaci-
tances residing in the SiC JFET are the depletion region formed at pn junction [29,32].
The capacitances of the SiC power MOSFET and the SiC JFET are integrated into the
terminal capacitances, which are charged and discharged during turn-on and turn-off
operations [33,34]. The terminal capacitances of the power devices increase as the
thickness of the voltage blocking layer is reduced to minimize conduction resistance.
The capacitances vary widely with the applied bias voltage because of depletion region
in the voltage blocking layer. Therefore, it is necessary to quantify these capacitances
of the power devices as well as the voltage dependence of capacitances. There is no
commercial apparatus that is able to measure the terminal capacitances of a high-
voltage power device with applying the bias voltage up to its rated value. JEDEC [35]
and IEC [36] standardized the capacitance measurement methods between the ter-
minals of a power device with a capacitance bridge, but no actual configuration or

circuit topology for the measurements are provided. Elferich et al. [37] measured the



C-V characteristics of a power MOSFET and validated the finite-element (FE) device
simulation; however, the measurement setup is not clearly described and the applied
voltage was low (0 V < Vps <20 V,—10 V < Vgg < 0 V). Therefore, we developed
a C-V measurement system for high-voltage power devices. Funaki et al. [38,39] pre-
sented the C-V measurement system for high-voltage power diodes with evolving [40]
and clarified the punch-through structure of SiC SBDs from the measured results. This
study develops a C-V measurement system for gate-controlled, high-voltage power de-
vices, e.g., power MOSFET, JFET, and so on. There exist three terminals (Gate,
drain, and source terminals) in a single device, and five specifications of the capaci-
tance measurement circuit for Cgs, Cgp(= Crss), Cps, Ciss, and Cogss are presented
to measure the terminal capacitances. On the contrary, the dc characteristics of the

power devices are easily measured by a curve tracer.

A model of semiconductor device is indispensable for evaluating the voltage and
current responses at switching in circuit simulation and estimating the system per-
formance in their applications. The dynamics at the transient state are obviously

governed by these characteristics of power devices.

This dissertation characterizes the voltage dependency of terminal capacitances of
the SiC power MOSFET, lateral-type SiC JFET, and vertical-type SiC JFET, models
the I-V characteristics with discussing the C-V characteristics of the power devices,
and extracts the model parameters from the measured C-V characteristics. Then, the
switching behavior of the power devices is experimentally evaluated. Next, we discuss
and compare the difference in voltage dependence of the terminal capacitances between
the SiC power MOSFET and the Si power MOSFET, and also between the lateral-
type SiC JFET and the vertical-type SiC JFET to estimate the difference in their
switching behaviors based on their device structures and the semiconductor physics.
In the end, the simulated switching behavior of the power devices is validated with
the experimental results. The SiC power MOSFET is also experimentally evaluated

its performances in a high frequency switching converter circuit.



1.3 Purpose and overview

This dissertation aims to characterize the C-V characteristics of the SiC power
MOSFET, lateral-type SiC JFET, and vertical-type SiC JFET with capacitance mea-
surement system at first. Then the static I-V and switching characteristics of the
devices are experimentally evaluated with a curve tracer and in power conversion cir-
cuits. Also, this study discuses and clarifies the difference of these characteristics
between SiC and Si power MOSFETSs. The difference in device structures is also fo-
cused on between lateral-type and vertical-type SiC JFETs. Finally, the models of the

devices are validated by comparing the experimental results on the switching response.

Chapter 2 begins with the introduction of physics and device structures of the
SiC power MOSFET and SiC JFET. At first, the simplified cross section of single
cell structure in a SiC Double-implanted MOSFET (DiMOSFET) is explained with
considering the physical capacitances, which are composed of the gate oxide and the
depletion layer formed in the semiconductor. They are integrated into the equivalent
capacitances between terminals. Secondly, the cross sections of the lateral-type and
vertical-type SiC JFET cells are also explained with considering that the depletion
region formed at pn junction behaves as parasitic capacitances, which are lumped into
terminal capacitances. The thickness of depletion region changes with the applied
reverse bias voltage. Therefore, the dependence of the depletion capacitance on the
reverse bias voltage can be represented by the uniformly doped and linearly graded

doped capacitances.

In Chapter 3, we describe the developed C-V characterization system for high-
voltage power transistors (e.g., MOSFET, IGBT, and JFET). The system realizes
the selective measurement of a specified capacitance among several capacitances in-
tegrated in one device. Three capacitances between terminals are evaluated to spec-
ify device characteristics. They are the capacitances for gate-source, gate-drain, and
drain-source. The input, output, and reverse transfer capacitance are also evaluated
to assess the switching behavior of the power transistor in a circuit. Thus, this chapter
discusses the five specifications of a C'-V' characterization system and its measurement

results. Moreover, the developed C-V characterization system enables measurement



of the transistor capacitances from its blocking condition to the conducting condi-
tion with varying gate bias voltage. The measured C-V characteristics show intricate
changes in the low-bias-voltage region, which reflect the device structure. The mono-
tonic capacitance change in the high-voltage region is attributable to the expansion
of the depletion region in the drift region. These results help us to understand the
dynamic behavior of high-power devices during switching operation.

In Chapter 4, the characteristics of the SiC power MOSFET are characterized and
modeled. The charge/discharge phenomenon of terminal capacitances and static I-
V' characteristics affect on its switching behavior of the device. Models for Si power
MOSFET have already been obtained through the previous studies. Based on the
model, a model for SiC power MOSFET is proposed with including the semiconductor
physics, the structures of the device, and extracted parameters from the measured
C-V characteristics. The static I-V characteristics are also discussed with the C-V
characteristics. And also, this chapter characterizes the relationship between the input
capacitance of the SiC power MOSFET and the gate voltage with considering the in-
ternal device structure. It compares the difference in gate-source voltage dependency
between the SiC power MOSFET with Si power MOSFET in order to estimate the
switching behavior. The results give us a clue to understand the switching characteris-
tics of the power MOSFET. It is clearly shown that the simulated results in switching
behavior of the proposed model coincide with experimental results suitably in some
conditions.

In Chapter 5, the characteristics of the lateral-type and vertical-type SiC JFETs are
characterized and modeled. The both types of SiC JFET studied here are normally-on
type devices. The transient behavior in switching operation of the SiC JFETS is dis-
cussed with their intrinsic parasitic capacitances. Therefore, this chapter characterizes
both C-V characteristics at first, and then the switching behavior is experimentally
evaluated. The terminal capacitances of both types of SiC JFET are substantial for
understanding the switching characteristics. Finally, the difference of these character-
istics is discussed between lateral-type and vertical-type structures with the parasitic
capacitances of the devices. The voltage dependency of the capacitance characteris-

tics remarkably shows their device structure. Their switching phenomenon is clearly



grasped.

In Chapter 6, the SiC power MOSFET is experimentally evaluated its performances
in a high frequency switching converter circuit. We demonstrate the operation of the
SiC power MOSFET in the resonant-switch de-dc step-up voltage converter as switch
to control the output current and voltage. Additionally, the results of the resonant
converter by using the SiC power MOSFET are compared with the results by using Si
power MOSFET.

In Chapter 7, the conclusions of this study are summarized. Some proposals for

the future works are also presented.






Chapter 2

Device structure and internal

parasitic capacitances of SiC power

MOSFET and SiC JFET

2.1 Introduction

Power semiconductor devices play a crucial role in the regulation and distribution
of power and energy for many applications. Recently, power conversion circuits re-
quire the power switching devices to operate at high voltage, high-temperature, and
fast switching. Power MOSFETs and JFETSs are the most possible power switches
for high frequency switching power converter circuits due to fast turn-off capability.
The capacitances are inherently presented as internal parasitic devices in the struc-
ture of power MOSFETSs and JFETs. These internal parasitic capacitances typically
determine the high frequency behavior of the switching circuit. Also, the principle
of operation of power MOSFETs and JFETSs is essentially based on the capacitance
effect.

Therefore, this chapter describes the device structure of a SiC power MOSFET,
a lateral-type SiC JFET, and a vertical-type SiC JFET with considering the internal

parasitic capacitances in their devices.



2.2 Device structure and internal parasitic capaci-

tances of SiC power MOSFET

2.2.1 Device structure of SiC power MOSFET

Figure 2.1 illustrates the simplified cross section of one cell structure in a SiC
Double-implanted MOSFET (DiMOSFET) studied in this study [7,8]. SiC DiMOS-
FET is fabricated to have the structure similar to that of a Si Double-diffused MOSFET
(DMOSFET) [27]. The main differences between these two devices are the fabrica-
tion process and dimensions of p well and nt source regions. They are formed by
ion implantation for SiC DiMOSFET and shallower than a Si DMOSFET formed by
diffusion. The various internal parasitic components of the device are superimposed
on its cross section in Fig. 2.1.

The physical capacitances residing in the SiC DIMOSFET are composed of the gate
oxide and the depletion layer formed in the semiconductor. They are integrated into
the equivalent terminals capacitances of MOSFET, which are composed of gate-source
capacitance Cgg, gate-drain capacitance Cqp, and drain-source capacitance Cpg. The

Cpg corresponds to the junction capacitance stemmed by depletion at the junction

|._

—
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Coxs‘r T Coxc T Coxd

n+ T Coq
$ # Reh Ra
BJTT—L JFET
L Rb
=
Casj !

b3
> Repi

|

n_
Epitaxial layer

n+ Substrate
Drain (D)

Figure 2.1 Cross section of a SiC DIMOSFET cell.
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between the p well and the n™-epitaxial layer Cy. It largely depends on drain-source
voltage Vps. The two other Cqs and Cgp have MOS structures provided with inversion
charge injectors. The Cgg is comprised of the gate oxide capacitance between the gate-
source electrode C,, the capacitance between the gate electrode and source n™ region
Coxs, the capacitance between the gate electrode and the top surface of the p well
region Cy., and the capacitance between the depletion region of the p well region
under the gate C.. The C, varies depending on gate-source voltage Vis. Though the
polysilicon is utilized as gate electrode, it also depletes the applied gate voltage. It is
heavily doped, so that its effect on the synthesized capacitance can be neglected [41].
As for Cgp, it is the series connection of the gate-drain oxide capacitance Cyq and the
drain depletion layer beneath the gate oxide capacitance Cyq;. It varies with gate-drain

voltage Vap(= Vs — Vbs)-

2.2.2 Internal parasitic capacitances of SiC power MOSFET
Gate-Source capacitance Cgg [29,42]

The dominant components of the gate-source capacitance Cgg of SiC DIMOSFET
are shown in Fig. 2.1. Cuy, Cn, and Cyy., related to the gate oxide, do not change
with the applied voltage. C., originated from the depletion layer in the top of p well,
are associated with the depletion region formed in the semiconductor beneath the gate
oxide. It can be derived from the depleted space charge (), which varies as a function
of the surface potential of semiconductor vs. Here, the surface potential g is governed

by gate voltage. The total gate-source capacitance Cgg can be given by Eq. (2.1):
CGS = C1oxs + Cm + C1gb7 (21)

where
1

Cgb: —1/00)(0_'_1/00.

The surface potential 5 of p-type semiconductor (p well) obtained from the Pois-
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son’s equation:

% p(z) q
W T T ) N
_aNa [e,w(m)/m 1= 2/ ()6 _ 1)]7 (2.2)
€s

where p denotes the charge density, N the accepter impurity concentration, ¢ the
thermal voltage, and ¢r the Fermi potential. Multiplied both sides of Eq. (2.2) by
2dey/de;

(j@/’) _ _2qNa [e—wm/m ] e 2on/on (@) _ 1)}(11/,' (2.3)
T €5

Integration both sides of Eq. (2.3) leads

d 2gN.
(_¢)2 — qivA [‘b —(x)/ Pt +h— ¢ +e 2¢F/¢t<¢ e¥(@)/¢e _ - Qﬁt)} (2.4>
dx €s
When electric field potential E(x) = —di/dz, therefore, the following is then
obtained:
d \/2
E(z) = _£ qesN, \/<Z5t€ Vb fa) — By + e"208/0(pet/P —ah — By). (2.5)

This gives —Fs = Q)./€s. Evaluating E; with ¢ = 1, the depleted space charge per
unit area ), is obtained as Eq. (2.6):

= F /206 Na\ SV l5 s — Gy e B S (Gete/P —— ). (26)

The electric field at the surface of the p-type semiconductor and the space-charge
density in the p-type semiconductor are shown in Figs. 2.2 and 2.3, respectively. They
vary with the surface potential 15 across the p-type semiconductor.

Therefore, the C. is derived from the space charge ()s. It can be discussed as a dif-
ferential capacitance per unit area of the space-charge region in p-type semiconductor,
which is given by Eq. (2.7):

,__das
C, = “ = :i:\/ZQESNA[

1 — e ¥s/dt + 6*2¢F/¢t(e¢s/¢c _ 1)

2\/¢t6_ws/(th + 1/15 - ¢t + 6_2¢F/¢t (sttews/qbt - 'QZ)S - ¢t)] .
(2.7)

Egs. (2.6) and (2.7) are validated in all conditions as accumulation, depletion, and

inversion.
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Figure 2.3 Variation of the space-charge density in the p-type semiconductor of a

MOS junction as a function of the surface potential.

- Accumulation condition (Vgs < Vip)
Figure 2.4(a) shows the structure of p-type semiconductor of power MOSFET, space-
charge distribution p(z), electric field strength E(x), and internal potential ¥ in ac-

13



cumulation condition. The condition in which Vgg < Vg is considered here. The
surface potential 15 being less than zero (¢, < 0), @, is positive and corresponds to
the accumulation condition, which varies exponentially with the surface potential 1.
Because the first term on the right-hand side of Eq. (2.6) becomes dominant. The

surface charge in p-type semiconductor for accumulation condition is given by

Q. = \/2qesNa v/ prelvsl/on, (2.8)

E(X)

-

Jo)
e I . N
Y
X

_I_

- Y-
\

£

p

Y Gat? y 1 Source
Veiﬁi//g - X i 11 1 i
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o Coxs +Crn
(a) (b)

Figure 2.4 Formation of accumulation layer in p-type semiconductor. (a) Structure
of p-type semiconductor of power MOSFET, space-charge distribution,
electric field strength, and internal potential; (b) Equivalent capacitance

Cgs in accumulation condition.
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and the accumulation capacitance per unit area C'y, which is shown in Fig. 2.4(b) as

a part of the (¢ capacitance, is equal to

dQ’ el¥sl/dt
Oy = ——2 = \/20e,Ny\————. 2.9
ST A el (29)
Therefore,
L + ! (2.10)
Céb Cc/)XC CJ/X .

oxc

where C’éb is the gate-body capacitance per unit area and C’__ the gate-channel oxide

capacitance per unit area.

- Depletion condition (Vi > Vog > Vip)

Figure 2.5(a) shows the structure of p-type semiconductor of power MOSFET, space-
charge distribution p(x), electric field strength F(x), and internal potential ¢ in de-
pletion condition. The condition in which Vi > Vog > Vg is considered here. The
surface potential ¢)s being more than zero (¢r > ¥s > 0), ), is negative and corre-
sponds to the depletion condition. The negative charge in the depletion region can
also be calculated from Eq. (2.6). In this condition, the second term on the right-hand
side of Eq. (2.6) becomes dominant. The surface charge in p-type semiconductor for

depletion condition is given by

Q; =V 2q€sNAwsa (211)

and the depletion capacitance per unit area Cf,, which is shown in Fig. 2.5(b) as a

part of the Cf,q capacitance, is equal to

: @ 1
Cp =— = \/2qesNa . (2.12)

di)y 2v/9s

Therefore,
L + ! (2.13)
g/gb a Cc/)XC ]/) .

- Inversion condition (Vgs > Vr)
Figure 2.6(a) shows the structure of p-type semiconductor of power MOSFET, space-
charge distribution p(z), electric field strength F(z), and internal potential ¢ in in-

version condition. The condition in which Vg > Vi is considered here. The surface
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Figure 2.5 Formation of depletion layer at surface semiconductor of p-type. (a) Struc-
ture of p well of power MOSFET, space-charge distribution, electric field

strength, and internal potential; (b) Equivalent capacitance Cgg in deple-

tion condition.

potential ¢5 being more than fermi potential (¢s > ¢r), Q)% is negative and corresponds
to the inversion condition. The negative charge in the inversion region can also be cal-
culated from Eq. (2.6). In this condition, the fourth term on the right-hand side of
Eq. (2.6) becomes dominant. The total charge per unit area in the space-charge region
Q). is then the sum of the charge of electron in the inversion layer @)1 and the charge of

the ionized acceptor atoms in the depletion region Q. Therefore, the surface charge
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in p-type semiconductor for inversion condition is given by

QL = Q + Q) = —/2qesNa /15 + prel¥s—200)/x, (2.14)

and the inversion and depletion capacitance per unit area Cf, 4+ C7], which is shown in

Fig. 2.6(b) as a part of the Cf,q capacitance, is equal to

dQ’ 1+ e(¥s—26r)/01
Cl+Cf = ——2 = \/2qe,N ) 2.15
PO dy o 0/ + Grel—20m)on (2.15)
G
11
I Source
o ——1—
I ;
C, |
Coxs ¥Cm
(a) (b)

Figure 2.6 Formation of inversion layer in p-type semiconductor. (a) Structure of p
well of power MOSFET, space-charge distribution, electric field strength,
and internal potential distribution; (b) Equivalent capacitance Cgg in

inversion condition.

17



Therefore,

1 1 1
—/ — ; + ’ /’ (2.16)
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Figure 2.7 Variation of Cfq/C! as a function of Vg for a p-type semiconductor.

1x10° F . . .

9x10! ‘ (/ ]

.8 8x10’!

Q I
>
R
O

7x10°"

6x10" | ;

leo—l [ PR S SR SR [N SR N SR SR N S SR SR SR (N SR SN ST SR NN S SR SR SR SR S ST
-15 -10 -5 0 5 10 15

Vis» Gate-Source Voltage (V)

Figure 2.8 Variation of C{,s/C! as a function of Vg for a p-type semiconductor with

considering the potential in the polygate.
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Real C-V curves: Polysilicon depletion effects

Polysilicon gates have been used in MOS technologies since the seventies in order to
obtain source and drain regions self-aligned to the gate [41]. When the p-semiconductor
substrate is in depletion and/or inversion, the positive charge in the polygate is stored
in a thin depletion layer. Thus, the capacitance of this depletion layer must be included
in the MOS equivalent circuit.

Considering the potential drop in the polygate ¢po1y, the potential balance equation

must be rewritten as
Q.
cr

oxc

VGS = VFB + 1/15 + wpoly - (217)
, 1

gb — 1 T T
C/ +Cé+cl

oxc poly

(2.18)

A very simple charge-control model of the capacitances is available when the semi-
conductor bulk is in inversion. The poly depletion capacitance per unit area CI’3

be calculated as Eq. (2.19):

oly Can

/ V 2qes]\/vpoly (2 19)
oly — ; .
oy 2 V ¢poly

and
¢p01y o NA

= . 2.20
1/15 Npoly ( )

The variation of C{g/C! as a function of Vgg for a p-type semiconductor with

considering the potential in the polygate are shown in Fig. 2.8.

Gate-Drain capacitance Cgp [29,42]

The gate-drain voltage Vop sweeps from a highly positive to a very low voltage, the
n-drain interface starts in accumulation. Once Vip drops below the drain flat-band
voltage Vg, , the n-drain surface charges to depletion. Finally, when Vg goes below

the threshold drain voltage Vrp, the inversion layer starts to build up.

The surface potential 5 of n-type semiconductor obtained from the Poisson’s equa-
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tion:

d*y plr) g
w2 . . () —n(z) + Npj
_ Mo [ezw/m(e—w(m)/m 1) — et/ 1]’ (2.21)
65

where Np denotes the donor impurity concentration. Multiplied both sides of Eq. (2.21)
by 2dv/dx;

dw 2 2(]ND _(z " z "
d<a> _ _6_5[62@/@(6 Y@/t 1) _ b@)/e +1}d¢. (2.22)

Integrate both sides of Eq. (2.22), the following relation is obtained:

(i_qi)g _ 2(]ij |:(Z5t€w/¢t _ w - (bt + e2¢p/¢c(¢te*¢/¢t + 1/} _ Qﬁt)} (2.23)

When E(z) = —dy/dz,

d v 2qes IV,
E(.T) = —% = i%\/qﬁtew/%

This gives —Fs = Q). /€s. Evaluating E; with ¢ = 1), we obtain:

QL = /206 N0y $ret/o —hy — G+ €200/ (e Vel b — 6). (2:25)

— 1) — Py + €208/9 (e V% 4 1h — ). (2.24)
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Figure 2.9 Electric field at the surface of the n-type semiconductor as a function of

the surface potential across the n-type semiconductor.
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Figure 2.10 Variation of the space-charge density in n-type semiconductor of a MOS

junction as a function of the surface potential.

Therefore, the Cyq; is derived from the space charge @s. It can be discussed as a dif-
ferential capacitance per unit area of the space-charge region in n-type semiconductor,

which is given by

1+ e¥s/bt _ €2¢F/¢t<e—ws/¢c _ 1)

2/ DreVe/ — iy — oy + €298/ B (e BI04 i — ) )
(2.26)

ol = —i% - i\/QqESND[

Egs. (2.25) and (2.26) are validated in all conditions (accumulation, depletion, and
inversion).
- Accumulation condition (Vgp > Vig,)
Figure 2.11(a) shows the structure of n~ drift region of power MOSFET, space-charge
distribution p(z), electric field strength E(x), and internal potential ¢ in accumulation
condition. The condition in which Vgp > Vpp, is considered in this section. The
surface potential ¢5 being more than zero (¢5 > 0), Q. is negative and corresponds
to the accumulation condition that varies exponentially with the surface potential
because the first term on the right-hand side of Eq. (2.25) becomes dominant. The

surface charge in n-type semiconductor for accumulation condition is given by
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Figure 2.11 Formation of accumulation layer in n-type semiconductor. (a) Structure
of n™ drift region of power MOSFET, space-charge distribution, electric
field strength, and internal potential; (b) Equivalent capacitance Cgp in

accumulation condition.

QL = —V/2qe,Np/ dpet=/%, (2.27)
and the accumulation capacitance per unit area C' is equal to
dQl €¢s/¢c
Oy = ——2= = /2¢e,Np———. 2.28
AT dd P2/ et/ (2:26)
Therefore,
L] + . (2.29)
o  Coa O '
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where Cf,p, is the gate-drain capacitance per unit area and C!_; the gate-drain oxide
capacitance per unit area. The gate voltage dependency of Cf, capacitance in the

accumulation condition is shown in Fig. 2.11(b).

- Depletion condition (Vip, > Vop > Vip)
Figure 2.12(a) shows the structure of n~ drift region of power MOSFET, space-charge
distribution p(z), electric field strength E(z), and internal potential ¢). The condition

| o™ Vos—Vbs |
: I I WD I '
| ————
.(7) -
_'? S = drift region n+ substrate g
N c
f’ @ Np Nsup 8
=
P
1 1
1 1
1 qN :
| D_,
' - X
= X
> X

Gate Q,),Xd N

I Drain
1 1

Figure 2.12 Formation of depletion layer at surface semiconductor of n-type. (a)
Structure of n~ drift region of power MOSFET, space-charge distribu-
tion, electric field strength, and internal potential; (b) Equivalent capac-

itance Cgp in depletion condition.
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in which Vpg, > Vgp > Vip is considered here. When the surface potential v is less
than zero (0 > 1 > ¢p), Q) is positive and corresponds to the depletion condition.
The positive charge in the depletion region can also be calculated from Eq. (2.25). In
this condition, the second term on the right-hand side of Eq. (2.25) becomes dominant.

The surface charge in n-type semiconductor for depletion condition is given by
QqESND|wS|7 (230)

and the depletion capacitance per unit area C7 is equal to

! 1
Ch = Q. _ vV 2qesNp—— (2.31)

Py 2V
Therefore,
S (2.32)
G Cha  Oh '

The gate voltage dependency of Cf, capacitance in the depletion condition is shown

in Fig. 2.12(b).

- Inversion condition (Vop < Vip)

Figure 2.13(a) shows the structure of n~ drift region of power MOSFET, space-charge
distribution p(x), electric field strength E(x), and internal potential ¢ in inversion
condition. The condition in which Vop < Vpp is considered here. When the surface
potential v is less than fermi potential (¢s < ¢r), Q% is positive and corresponds to the
inversion condition. The positive charge in the inversion region can also be calculated
from Eq. (2.25). In this condition, the fourth term on the right-hand side of Eq. (2.25)
becomes dominant. The total charge per unit area in the space-charge region Q). is
then the sum of the charge of electron in the inversion layer 7 and the charge of the
ionized acceptor atoms in the depletion region @),. Therefore, the surface charge in

n-type semiconductor for inversion condition is given by

Q= Qb + @t = V20eNoy/[va] + duelor—velor, (233)

and the inversion and depletion capacitance per unit area C, + CY is equal to

dQ/ ]_ + e‘(2¢F7ws)|/¢t
Ch,+ Cf = ——= = /2qe. ]V )
bt dafy 1 D2\/stl T Gel@or—ua)l/:

(2.34)
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Figure 2.13 Formation of inversion layer in n-type semiconductor. (a) Structure of
n~ drift region of power MOSFET, space-charge distribution, electric
field strength, and internal potential; (b) Equivalent capacitance Cgp in

inversion condition.

Therefore,
1 1 1
— . 2.35
R oA cTYG (2.35)

The gate voltage dependency of C{,, capacitance in the inversion condition is shown
in Fig. 2.13(b).
The n~ drift region of power MOSFET is divided into two regions: the space

charge region and the ohmic region. The Cgp is the combination of the gate-drain
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Figure 2.14 Variation of Cf/C!  as a function of Vg for a n-type semiconductor.

oxide capacitance C,q and the drain depletion layer beneath the gate oxide capacitance
Clgqj, which is shown in Fig. 2.1. For approximate calculations of switching behaviors,
Cep is approximated by the two discrete values Coxg and Cyq; with the change in value

occurring at Vps = Vigs as Eq. (2.36):

Cox for Vps < Vs — Virp,
Cep & d Oor Vps GS D (2.36)
Coxd - Cgaj/(Coxa + Cgaj)  for Vpg > Vigs — Virp.

The Cyqj can be discussed as the Cpg in the next section.

Drain-Source capacitance Cpg [29, 32]

Figure 2.15(a) shows the structure of pt-n~-n* of power MOSFET, space-charge
distribution p(z), and electric field distribution E(z). The drain-source capacitance
Cps corresponds to the junction capacitance stemmed by depletion at the junction
between the p well and the n™-epitaxial layer Cyqy. It largely depends on Vpg. Here,
Cps can be considered as p™-n~-n' structure shown in Fig. 2.15. It is supported
the punch-through structure at high breakdown voltage. When Vpg increases, the
depletion region expands from the p™ to the uniformly doped drift region n~ and

nt substrate. Therefore, the depletion region will appreciably simplify the solution
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Figure 2.15 pT-n"-n* junction under reverse bias voltage. (a) Structure of p*-n—-n™

of power MOSFET, space-charge distribution, and electric field strength;

(b) Equivalent capacitance Cpg.

of Poisson’s equation. Since the carrier concentrations are assumed to be much less

than the net ionized dopant density in the depletion region. Poisson’s equation can be

written as
9 —qND for 0 <z < Wh,
d*V(z) €
- o (2.37)
SIS for W <
€s

where Np denotes the donor impurity concentration in n™-drift region, Ng,;, the donor
impurity concentration in nt-substrate layer, and Wp the drift region width. When

both sides of Eq. (2.37) are integrated in the depletion region from x = 0 to x = W,
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the following is obtained in the differential equation by

_qND
av(w) €
dw ) ¢Nsw

€s

W for 0 <W < Whp,
(2.38)

W for W > Whp.

From Eq. (2.38), depletion region width W can be expressed with voltage V' and Vj;
in Eq. (2.39):

D)
\/q;;D(—V+Vbi) for 0 < W < Wp,
W = 2.39
. <—V+V')+<1— Mo )W2 for W > W, =
qNp b Ngw,/ P © b

The depletion region capacitance can be related to the applied reverse-bias voltage

Vg through depletion region width W:

€
=A> 24
C= A (2.40)

Therefore, the drain-source capacitance Cpg can be expressed with applying Vpg by

Eq. (2.41):

Aps & for 0 < W < Wp,
\/fj\eﬁ) (Vbs + Vii)
CDS = €s (241)
Aps for W > Whp,
RO+ (1 )

where Apg denotes the drain-source overlap area. And also, the drain depletion layer
beneath the gate oxide capacitance Cyq; can be expressed with applying Vpa(= Vs —

VGS) and Vi,; = Vpp by Eq. (2.42):

€s

\/fﬁ(VDS — Vas + Vip)
Coq; = 2.42
) A & for W > Wp, (242)

A s — Vs + Vi) + (1 4212

Acp for 0 < W < Whp,

where Agp denotes the gate-drain overlap area.
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2.3 Device structure and internal parasitic capaci-

tances of SiC JFET

2.3.1 Device structure of SiC JFET

Figure 2.16(a) shows the cross section of the lateral-type SiC JFET cell. The
n-channel is formed between buried p™ gate and p~ substrate. Their separation de-
termines the n-channel thickness. The n-region between drain and source areas is
designed to have a double reduced surface field (RESURF) effect to prevent electric
field concentration [21]. Figure 2.16(b) shows the cross section of the vertical-type
SiC JFET cell [60,66]. It has lateral and vertical channels. The lateral channel is
sandwiched between p gate at the center top of the device and buried p™ gate sections
connected to the source terminal at the top of the drift region. The vertical channel

is located between the two buried p™ gate regions.

Source Gate Drain

f ﬁ; ; ; ; Source G$te
~ C C
7l et ===,
nt (HHET 4Pt T .

I
- n = T Cos Cep Cost
Cos CDgr )
n~ (Drift layer)
o
n* (Fieldstop layer)
L& n (Substrate)
[ Drain
(a) Lateral-type (b) Vertical-type

Figure 2.16 Cross section of a SiC JFET cell.
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2.3.2 Internal parasitic capacitances of SiC JFET

The depletion region formed at pn junction behaves as internal parasitic capaci-
tances, which are lumped into terminal capacitances Cqs, Cap, and Cps, as depicted
in Fig. 2.16. The capacitances of pn junction depend on the doping profile, device
structure, and reverse-bias voltage V. In practice, most impurity concentration pro-
files can be approximated by the following two limiting cases: the uniformly doped
junction and the linearly graded doped junction [29,32,65]. The uniformly doped ap-
proximation provides an adequate description for alloyed junctions, shallowly diffused
junctions, and ion-implanted junctions. The linearly graded doped approximation is
reasonable for deeply diffused junctions. Therefore, the Poisson’s equation is valid for

the both approximation.

Uniformly doped junction capacitance

A pn junction is considered uniformly doped or abrupt if there dominates donor
impurity concentration Np on one side of the junction and acceptor impurity concen-
tration Ny on the other side. Here, the impurity concentration in a semiconductor
changes abruptly from N, to Np, as shown in Fig. 2.17. The charge density p around
the pn junction is graphically shown in Fig. 2.17, which can be separated into four
parts. Therefore, the relationship between the electric field E and the charge density
p is given by the Poisson’s equation as Eq. (2.43):

(

0 for z < —x,
qNa
—x. <
dQV(:c) N - for —z, <2 <0, "
da? qNp (2.43)
— for 0 < x <z,
6S
0 for x > x,.
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Figure 2.17 Uniformly doped pn junction in thermal equilibrium.

The electric field F is then obtained by integrating Eq. (2.43) on x:

(

0 for v < —x,
_quA (x +xp) for —z, <z <0,
quD (x — ) for 0 < x <z,
0 for x > x,.

\
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The integration of Eq. (2.44) gives the potential distribution V' (z) as:

(

0 for v < —x,,
N
a Az + )’ for —z, <z <0,
Viz)={ %& N (2.45)

Vii — qQED (x —x,)* for 0 <o <y,
Vi for x > x,.

\

At the condition E(0) = Npz, = Nazp, x, and z, are obtained as

263%1
T, = ) 2.46
: \/ VAT + (Na/ V)] (240
2Es‘/bi
Ty = . 247
\/C]ND[1 + (Np/Na)] (247
The total depletion region width W is obviously given by
265 NA + ND
W— . ——C————ﬁ“- 2.4
Tp +z \/ q NAND b ( 8)

In Eq. (2.48), Vi; + Vr will appear instead of Vi;:

. 265 NA+ND
W—\/q ( N ) (Vs + Vi). (2.49)

The depletion region capacitance is related to the applied reverse-bias voltage Vg
through depletion region width W as Eq. (2.40), so that the depletion region capaci-

tance can be expressed in the following compact form:

C=Co(1+ %)m, (2.50)

A 2€sNA
—,/ for Np >> N,
9 ‘/bi or INp A,
A 2€sND
— for Ny >> Np.
2V v A .
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where Cj is

Co = (2.51)
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Figure 2.18 Linearly graded doped pn junction in thermal equilibrium.

Linearly graded doped junction capacitance

A pn junction is considered linearly graded doped, where the charge density p
changes from the most negative value to the most positive value in the smoothest
possible way, which is shown in Fig. 2.18. Therefore, the relationship between the
electric field £ and the charge density p is governed by the Poisson’s equation as

Eq. (2.52):

dQV(x) _ P _gqax

for —W/2 <ax <W/2, (2.52)

da? €5 €



where a denotes the slope of the linear dependence, which depends on the doping
concentration. The electric field E' is then obtained by integrating Eq. (2.52):
W/2)? — x?

_dvdf) — E(z) = _‘i_“% for —W/2 <z < W)/2. (2.53)

The potential distribution V'(x) is obtained by integrating the Eq. (2.53):

3 3
_qafw W 2 w
V(x)—2€s[3 (5)°z+ 12] (2.54)
The built-in potential V;; is given by
qaW3
Vi = . 2.55
P9 (2.55)
The depletion region width W is obtained from Eq. (2.55) as
12 0\ /3
W= ( &b ) . (2.56)
qa

The depletion region capacitance can be related to the applied reverse-bias voltage
Vg through depletion region width W as Eq. (2.40). Therefore, the depletion region

capacitance can be expressed in the following compact form:

Vi \ —1/3
C=Co(1+ Vbi> , (2.57)
where C is
2.1/3
. anS
Co = A<12Vbi> . (2.58)

Eventually, the depletion capacitance depending on the applied reverse-bias voltage

VR can be expressed in the following compact form:

C=Co(1+ %)_m (2.59)

where C denotes the zero-bias capacitance, V}; the built-in potential barrier, and m
the junction grading coefficient. In addition, m = 1/2 is for the uniformly doped and

m = 1/3 for the linearly graded doped.

34



2.4 Summary

This chapter illustrated the cross section of a SiC power MOSFET cell, a lateral-
type SiC JFET cell, and a vertical-type SiC JFET cell. This chapter also described the
two most commonly used types of capacitances, which are the MOS capacitance and
pn junction capacitance. Their device structures decide the voltage dependence of the
capacitance characteristics. The voltage dependence of the MOS capacitance is distin-
guished as accumulation, depletion, and inversion conditions. The voltage dependence
of the pn junction capacitance is expressed as the uniformly doped and the linearly
graded doped junctions. The capacitances of the SiC power MOSFET and SiC JFETs
including the internal parasitic capacitances will be measured by the capacitance mea-
surement system, which is explained in Chapter 3. The measured capacitances of the
SiC power MOSFET and SiC JFETs will be also shown and discussed in Chapter 4
and Chapter 5, respectively.
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Chapter 3

Measurement of terminal
capacitances and its voltage
dependency for high-voltage power

transistors

3.1 Introduction

Power electronics require high efficiency and versatile power conversion. High-
voltage capability is preferable, especially in high-power circuits, to reduce the con-
duction loss of large currents. High-frequency switching enables minimization of bulky
passive components and provides control functionality. Power switching devices are
the key components to realize for power electronics. Therefore, it is strongly focused
on a developing power device with a high breakdown voltage, low forward voltage
drop, and fast switching capability [3,7,22,23].

It is well known that an Si-insulated gate bipolar transistor (IGBT) has been
developed and improved to meet these requirements [45,46]. Recently, a superjunction
structure of Si power MOSFET was proposed to realize a high breakdown voltage
using a pn junction and fast switching capability by majority carriers [47-49]. In

addition to the Si-based power device, wide band gap semiconductor power devices
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have been researched and developed to achieve lower loss, higher voltage breakdown,
and faster switching with a thin voltage blocking layer. SiC and GaN devices are good
examples [1,3,9,11,16,31,48,50-57].

The terminal capacitances of a power device affect its switching behavior, because
it must be charged and discharged during turn-off and turn-on operations [33,34]. The
capacitances of a power device increase as the thickness of the voltage blocking layer is
decreased to minimize conduction resistance. The capacitances vary widely with the
applied bias voltage because of depletion in the voltage blocking layer. Therefore, it is
necessary to quantify the terminal capacitances of the power device as well as the volt-
age dependency of capacitance. One method is to estimate the capacitance value with
finite-element (FE) device simulation and validate it with circuit simulation or exper-
iments [37,58]. However, this approach requires physical parameters a detailed device
structure, dimensions, and process parameters. Another method is to characterize the
capacitances experimentally. However, there is no commercial product that is able to
measure the terminal capacitances of a high-voltage power device by applying the bias
voltage up to its rated value. JEDEC [35] and IEC [36] standardized the capacitance
measurement between the terminals of a power device with a capacitance bridge, but
no actual configuration or circuit topology for the measurements are provided. Elferich
et al. [37) measured the C-V characteristics of a power MOSFET and validated the
FE device simulation; however, the measurement setup is not clearly described and
the applied voltage was low (0 V < Vpg < 20 V,—10 V < Vg < 0 V). Therefore,
we developed a C-V measurement system for high-voltage power devices. Funaki et
al.  [38,39] presented the C-V measurement system for high-voltage power diodes
with evolving [40] and clarified the punch-through structure of SiC Schottky barrier
diodes (SBDs) from the measured results. This study develops a C-V measurement
system for gate-controlled, high-voltage power devices, e.g., power MOSFET, JFET,
and IGBT. There are three terminals in a single device, and five specifications of the
measurement circuit are presented to measure the capacitance between gate-source
(Cgs), gate-drain (Cgp), and drain-source (Cps), and to measure input (Cisg), output
(Coss), and reverse transfer (Crss = Cgp) capacitances. The capacitances Cgs, Cap,

and Cpg are measured to clarify the device structure and physical behavior, and Cigg,
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Coss, and Cgrgg are used to estimate their influence on circuit operation.

The developed measurement circuit can apply a bias voltage between drain and
source, and simultaneously to the gate with reference to the source potential. Thus,
the circuit can measure the C-V characteristics for both normally-off and normally-
on devices [60]. Also, it enables measurement of the capacitances from the blocking
condition to the conducting condition with varying gate bias voltage. For instance, a
power MOSFET is a high-voltage power device, and its measurements illustrate the
physical phenomenon occurring in the device, which depends on the applied drain and

gate bias voltages.

3.2 Capacitance of a power device and measure-

ment circuit

This section examines the makeup of the capacitive component in a power transistor
when assuming a planar gate device structure and a vertical drift region-type double-
diffused MOSFET (VDMOSFET) [7]. Further, this chapter discusses a circuit for
measuring the capacitance between the power device terminals. The circuit can apply
bias voltages between drain and source Vpg, and gate and source Vg, up to the rated

voltage of the device.

3.2.1 Terminal capacitances of VDMOSFET

Figure 3.1(a) shows the cross section of one cell in a VDMOSFET chip. The main
dielectrics for inducing capacitance in the cell are the depletion layer formed in the
semiconductor and the gate oxide. The capacitances arising from the gate oxide have a
constant value, irrespective of the voltage applied across it. However, the capacitance
arising from the depletion layer, which is formed in the semiconductor, changes with the
applied voltage across it, where the capacitance is treated as a differential capacitance
d@/dV. Here, dQ denotes the charge depleted to the incremental bias voltage dV. The
capacitance components residing in the VDMOSFET are integrated into three terminal

capacitances Cgs, Cgp, and Cpg, when they are estimated from the terminal of the
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Figure 3.1 Example of a gate-controlled transistor to illustrate device capacitance.

(a) Cross section of a VDMOSFET cell. (b) Equivalent capacitances
between terminals of VDMOSFET.

electrode in a discrete device, as shown in Fig. 3.1(b). These terminal capacitances

are configured by the capacitive components shown in Fig. 3.1(a) as

1

CGS - C(m + C(oxs + M7

Cap (3.1)

- 1/Coxa +1/Clq’
Cps = Csj-

Here, (', denotes the capacitance between the gate electrode and the source electrode
across the gate oxide, C\ the capacitance of the gate electrode and source n't region,
Coxe the capacitance of the gate electrode and the top surface of the p™ region, C,
the capacitance of the depletion region for the p* region under the gate, Cyq the
capacitance of the gate electrode and top surface of the drain region across the gate
oxide, Cgqj the capacitance of the depletion region for the drain under the gate, and
Cysj the capacitance of the depletion region for the drain under the source.

The combination of terminal capacitances in the power device determines circuit

operation. The input capacitance is the equivalent capacitance when the transistor is
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grasped from the gate terminal to drive the gate; it can be expressed as Cigs = Cas +
Cap. The reverse transfer capacitance Crgg is the same as Cgp. It induces the well-
known Miller effect and deteriorates the gate driving response because of the effectively
increased capacitance by the multiplier factor of device transconductance [22]. The
output capacitance corresponds to the capacitance from the drain terminal, and its
charge/discharge operation by the drain current affects the main circuit response. It
can be expressed as Coss = Cps + Cgp. Thus, five capacitance specifications are

needed to characterize the device.

3.2.2 (gs measurement circuit

Figure 3.2 shows the circuit for measuring Cgs. This circuit can perform four-
terminal (Kelvin sense) measurements—H ot and Lyt (for detecting the small ac volt-
age of the measurement signal) and H., and L, (for detecting the current of the
measurement signal). The four measurement terminals are connected to an LC'R me-
ter or impedance analyzer. C'1 and C2 block the bias gate voltage, transferring only
the ac measurement signal from terminals H,, and H.,. These blocking capacitors
enable application of the Vg, and the circuit measures the capacitance characteristics
related to channel condition, such as accumulation, depletion, and inversion. Moreover,
the blocking capacitance enables the measurement of C'gg for a normally-on device by
applying a gate voltage and making the device channel operate in the blocking con-
dition. The Vg and Vpg impose the dc bias voltage, and the C-V characteristics are
measured by sweeping one of them. The ac measurement signal at the source terminal
is blocked by L1 (because of its high impedance at the operating frequency); there-
fore, it is transferred to terminals L, and L. L1 shorts the source terminal to dc
ground and establishes the dc bias voltages Vgs and Vpg at the device terminals with
reference to ground potential. Diodes D1-D12 and Z D1-Z D4 provide protection. The
RC' circuit at the Vgg and Vpg input and the monitor output constitute a low-pass
filter to block the measurement signal, and apply and measure the dc bias voltage.
C'7 shorts the drain terminal when measuring an ac frequency and blocks dc from the

measurement.
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Figure 3.3 Cgp(CRrss) measurement circuit.
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3.2.3 C(Cgp(Crss) measurement circuit

Figure 3.3 shows the circuit diagram for measuring Cgp(Crss). This circuit has
two groups of blocking capacitors for the drain and source terminals to ensure ground
potential at the source terminal. C'1 and C2 block the dc bias voltage of Vpg, and C7
and C8 block the dc bias voltage of Vizg. The capacitances transfer the ac measurement
signal from H,, and Hyo t0 Leyy and Ly, respectively. The source terminal is directly
grounded, and the capacitance component in the device related to the source terminal
is excluded from the measurement. The dc bias voltages Vpg and Vg are applied and

monitored through the RC filter.

3.2.4 (ps measurement circuit

Figure 3.4 shows the circuit diagram for measuring Cpg. C'1 and C'2 block the dc
bias voltage Vpg and transfer the ac measurement signal from H.,, and H . terminals.

The dc bias voltages Vps and Vg are applied and monitored through the RC' filter
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Zb1 7D3 D2 R1, R3: 620
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DUT

G
S
D5 D7 D9 D11
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1 D6 D8 D10 D12
o
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Figure 3.4 (Cpg measurement circuit.
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circuit. L1 connected to the source terminal, blocks the measurement ac signal and
transfers it to Ley, and Lyo. However, it shorts the source terminal to dc ground
and helps to establish the dc bias voltage with reference to the source terminal. C6
connected to the gate terminal, blocks the dc voltage, and establishes the dc potential
of the gate terminal, but shorts ac signals to ground. Therefore, the capacitive com-
ponent connected to the gate terminal is excluded from the measurement since it is

shunted to the ground.

3.2.5 (s measurement circuit

Figure 3.5 shows the circuit diagram for measuring the input capacitance Cisg. This
circuit differs from the former measurement circuits in that it measures the combined
capacitance of Cgs and Cgp, which have different dc potentials for the drain and
source. C'l, C2, C'7, and C8 block the dc bias voltages of Vpg and Vg, and transfer
the ac measurement signal from Hc,, and Hpor t0 Ley and Ly, respectively. The dc
bias voltages Vps and Vg are applied and monitored through the RC filter. L1 shorts

dc signals at the source terminal to ground, establishes the reference potential for the

VD.S R2 R1 R3 R4
Monitor®  V V'V IVVV W
c3 ;C4 %VDS ZD1
ZD2
A Cl
|_< Hcur
—eoD4 D3
D |_ Hpot
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Figure 3.5 (Clgs measurement circuit.
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dc bias voltage, and blocks the ac measurement signal from shorting to ground. The
blocked ac measurement signal is transferred to H,, and H,. terminals through the
bypass capacitors C9 and C'10. Consequentially, the capacitance between the drain

and source terminals are eliminated by bypass capacitors C'1, C2, C'9, and C'10.

3.2.6 (pss measurement circuit

Figure 3.6 shows the circuit diagram for measuring the output capacitance Cogs,
which is the combined capacitance of Cpg and Cop—the capacitances have different
dc potentials at the gate and source terminals. Capacitors C'1 and C2 block the
dc bias voltage of Vpg and transfer the ac measurement signal from terminals H,,
and H,.. The dc bias voltages Vpg and Vgg are applied and monitored through the
RC filter. L1 shorts dc signals to ground at the source terminal and establishes the
reference potential for the dc bias voltage. It also blocks the ac measurement signal

from shorting to ground and helps transfer it to terminals Ly, and L. C6 blocks the
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Figure 3.6 Cpss measurement circuit.
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dc bias voltage of Vg from the source and passes the ac measurement signal, which
is then transferred to L., and L, terminals. L1 provides a high ac resistance to
ground. C'6 bypasses and eliminates the Cgs.

The values of the blocking and bypass capacitances are selected to have sufficiently
small impedance with relation to the capacitance measurement or elimination ability
in the device. Film-type capacitors are adopted because of their superior high fre-

quency performance, but high-voltage-blocking large capacitors tend to be bulky and
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Figure 3.7 Frequency characteristics of blocking element. (a) Blocking capacitor (1
uF, 850 V) (Cs + Rg measurement), (b) Blocking capacitor (5 pF, 700
V) (Cs + Rs measurement), and (c¢) Blocking inductor (1 mH) (Ls + Rg

measurement )
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have relatively large effective series inductance (ESL). Figure 3.7 shows the frequency
characteristics of blocking element used for blocking high voltages and measurement ac
signal as measured by an impedance analyzer (Agilent 4294A). The largest capacitance
used in the measurement circuit has a self-resonant frequency around 300 kHz because
of the capacitance and ESL, as shown in Fig. 3.7. JEDEC [60] suggests that the mea-
surement frequency be low enough to prevent the introduction of the error stemming
from parasitic components, and frequencies below 2 MHz are preferred. Therefore,

100 kHz was selected as the measurement frequency.

3.3 Measurement of (-V characteristics

This section certifies the measured capacitance using the developed capacitance
measurement circuit, based on a reference capacitance set whose values are known a
priori. The measured C-V characteristics of an example device are presented and their

features discussed as associated with the device structure and composition.
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Figure 3.8 Configuration of C-V characterization system.
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Table 3.1 Test results for reference capacitance (nF) [C, = 11.01 nF, C}, = 21.57 nF,

C. = 33.36 nF].
GS|GD |DS| Cags | Cep | Ciss | Cas+Cep | Cps | Coss | Cps+ Cap
(err%) | (ert%) | (err%) (err%) (ert%) | (err%) (err%)
Co | Cb | C. | 1147 21.44 32.64 32.90 33.35 54.50 54.79
(4.10) | (0.60) | (0.18) |  (0.99) | (0.04) | (0.79) |  (0.26)
Ca| Co | Cp | 1133 | 33.25 | 44.46 44.59 22.11 53.89 55.37
(2.90) | (0.31) | (0.21) (0.49) (2.52) | (1.89) (0.80)
Cyp | Cy | Co | 22.02 11.02 32.72 33.04 34.05 44.30 45.07
(2.10) | (0.05) | (0.41) (1.41) (2.08) | (0.15) (1.58)
Cyp | Co | Cy | 21.74 33.42 55.18 55.16 11.46 43.35 44.87
(0.80) | (0.17) | (0.45) | (0.42) | (4.02) | (2.29) | (1.13)
C. | Ca | Cy | 33.83 11.05 44.65 44.88 22.40 32.47 33.45
(1.40) | (0.33) | (0.62) | (1.14) | (3.85) | (0.36) |  (2.66)
C. | Cy | Ca | 33.59 21.38 55.25 54.97 11.51 32.16 32.88
(0.70) | (0.90) | (0.58) |  (0.08) | (4.47) | (1.31) |  (0.92)

3.3.1 Certification of the measurement circuit

The developed capacitance measurement circuit is connected to a HIOKI 3522
LCR meter to quantify the capacitance through measurement terminals Heyy, Hpot,
Ly, and Lo as shown in Fig. 3.8. At the beginning of setting up the experiment,
open- and short-circuit calibration of the measurement circuit is performed for LC'R
meter operation. Although the developed circuit applies a bias voltage between ter-
minals, a dc short-circuit current flows through the bias voltage source. Therefore, a
0-V dc bias voltage is applied during circuit calibration. Three capacitances C,, C},
and C, whose values are given in the margin of Tab. 3.1 and are similar to those of an
actual semiconductor device, are used to validate the measurement circuit. The test
capacitors are constant capacitances connected in delta to imitate the terminal capac-
itance of a power device, and six possible combinations of the terminal connection are
tested for the five capacitance measurements. The measured values for the respective

combinations of reference capacitance connections are given in Tab. 3.1. The relative
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percentage error of the actual value is also given in parentheses. The compound ca-
pacitances Cas + Cop and Cps + Cap, which are, respectively, equivalent to Clss and
Coss, are also shown in the table for comparison.

The measurement errors for Cqp and Cigg were confirmed as less than 1% that is a
low error. The error in measuring C'gg tends to become large when Cpg is larger than
Cgs. This can be attributed to measurement signal leakage in the blocking inductor
L1 and bypass capacitor C7 (see Fig. 3.2). The opposite effects are found in the
measurement of Cpg. The error in Cpg becomes large when Cgg is larger than Cpg.
This is attributed to measurement signal leakage in blocking inductor L1 and bypass
capacitor C6 (see Fig. 3.4). Thus, the errors of compound capacitance Cqs + Cap
tend to become larger than directly measured Cigs, except when Cpg is small. The
error in the measured Cpgs becomes large when Cgp is larger than Cpg. The leakage
of the measurement signal through L1 in Fig. 3.6 cannot explain this phenomenon.
Hence, this can be attributed to the residue of the measurement signal for the bypass
capacitor C6 (see Fig. 3.6), i.e., the detection terminal for Cpg is directly connected
to the LC'R meter through L., and L, terminals, but the detection terminal for
Cgp is connected to the LC'R meter through C'6. Therefore, the Cogs measurement
circuit is amenable to Cqp value. The errors of directly measured Cpgs tend to become
larger than the compound capacitance Cps + Cop when Cgp is small. The extracted
error falls within 5% using the measurement circuit parameters, as shown in Figs. 3.2-
3.7. This error can be reduced by increasing the value of the blocking and bypassing
elements. The accuracy given in Tab. 3.1 is sufficient to characterize the device because

of the dispersion of the characteristics among devices.

3.3.2 Measured Results

The measured C-V characteristics are exemplified here by considering a planar
gate VDMOSFET with a 600-V-rated voltage (2SK3767) as an example, and the
relationship of the capacitance characteristics to the device structure is discussed.

Figure 3.9(a) illustrates the relationship of the measured Cgs, Cgp, and Cpg to
Vbs with Vgs = 0 V. Cgs is larger than Cpg and Cgp when Vpg > 1 V because of the
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closely spaced gate and source electrodes at the surface of the device. It barely changes
with the applied Vpg, because Vpg does not affect the expansion of the depletion region
across the gate and source. Also, depletion in the drift layer depends on Vpg. Therefore,
Cps and Cgp decrease with increasing Vpg in accordance with the expansion of the
depletion region. There are irregular capacitance changes around Vpg = 13 V, which
can be attributed to the transition of the expanding depletion region from the JFET
region of the planar gate VDMOSFET to the entire drift region.

Figure 3.9(b) illustrates the directly measured Ciss and Coss and the calculated
Ciss(= Cgs + Cap) and Coss(= Cps + Cap) from the measured Cpg, Cgs, and Cgp.
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Figure 3.10 (a) Measured C-V characteristics of VDMOSFET for Vig. (b) Measured
Ips...-Va characteristics of VDMOSFET.

The respective results coincide, validating the adequacy of the measured results. Fig-
ure 3.9(c) shows measured Cgg to Vpg for different Vizs. The accumulation of charge
(holes) occurs at the device channel and results in a decrease in C., as shown in
Fig. 3.1(a), when a gate voltage of Vgg = —20 V is applied. Cgg becomes larger than
the depleted condition of the channel by the time Vs = 0 V. This phenomenon is
shown clearly in Fig. 3.10(a), where Cgg is measured to Vgs and Vps = 0 V. Cgs
begins to decrease when Vg becomes higher than —3 V and it reaches a minimum
around Vs = 3 V. This indicates the depletion of the accumulated charge (holes) at
the channel with increase in Vigg. The inversion at the channel begins to occur with
increasing gate voltages when Vg exceeds 3 V, and Cgg increases to the threshold
voltage. The threshold voltage of this device is 3.5 V, as shown in Fig. 3.10(b), and
the channel conducts for a higher gate voltage. Figure 3.9(d) shows Cp(Crss) to Vps
for different Vizs. The accumulation phenomenon is also seen at the top of the JFET
region in a planar device around Cyg;, as shown in Fig. 3.1(a), and Cgp varies with Vig.
It also shows that negative Vg reduces Cgp. This phenomenon is clearly confirmed
in Fig. 3.10(a), where Cgp is measured at Vgs and Vpg = 0 V. The accumulation at
the top of the JFET region tends to occur when voltages with different polarities are

applied across that part, resulting in an increase in Cyg; as shown in Fig. 3.1(a). Then,

o1



Cap becomes large for low Vpg within the —3 V < Vigg < 3 V region. The capacitance
measurement is by no means restricted to merely determining the capacitance between
terminals, but it can also clarify a wide variety of physical phenomenon occurring in

the device.

3.4 Summary

The capacitances between the terminals of a power device are important for un-
derstanding the dynamic behavior of the device, such as its switching operation. The
device capacitances are not constant and change with the voltage applied between the
terminals. Therefore, a C-V characterization system for gate-controlled power devices
was developed in this study. Five measurement circuits were proposed to measure
the three combinations of capacitances between the device terminals, and three com-
binations of device capacitance for circuit operation. The adequacy of the proposed
measurement system was verified using a reference capacitance and the factor of error
was discussed. The developed capacitance characterization system can measure ca-
pacitance from the blocking condition to the conducting condition while changing the
gate bias voltage. The variation of the accumulation, depletion, and inversion condi-
tions in the device was reflected to the device capacitance. The measured capacitance

explained the device structure and the physical phenomenon occurring in the device.
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Chapter 4

Characterization of SiC power

MOSFET

4.1 Introduction

Power MOSFETSs are practically used in high frequency switching power converter
circuits due to the fast turn-off capability [27,28]. Recently, power converters have been
requested to operate at high voltage, high-temperature, and fast switching to realize
their high performances. However, the limitation to the above requirements is low for
the silicon (Si) power devices. To overcome the difficulty, silicon carbide (SiC) power
devices have been researched and developed because of its several superior physical
characteristics than Si [1,3,7]. The device modeling is inevitable in circuit simulation
to evaluate the voltage and current response in power converter circuit and to achieve
system performance in their applications. This chapter focuses on the modeling based
on detailed measurements.

In the references [28,61,62], the dynamic behavior of the device is discussed with
relation to their internal parasitic capacitances, drain-source current Ipg, drain current
It(= Ip), gate current Ig, gate-source voltage Vg, and drain-source voltage Vps.
The equivalent capacitance between terminals of the device affects on its switching
behavior. The capacitance in a power device changes nonlinearly with applied voltage

between terminals (Vs and Vpg), because it comprises the depletion capacitance in
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Figure 4.1 (a) Equivalent terminal capacitances. (b) Cross section of SiC DiMOS-
FET cell.

the device [29]. Then, it is important to characterize the C-V characteristics of the
SiC MOSFET to estimate its switching performance. Figures 4.1(a) and (b) show the
equivalent capacitance between terminals and the cross section of the SiC DiMOSFET
cell, respectively [7,8]. The equivalent terminal capacitances are composed of the
capacitances Cgs, Cap, and Cpg. Here, the Cgg and Cgp, which combine the gate
oxide and depletion capacitance, constitute the input capacitance Ciss(= Cgs + Cap)-
It is charged and discharged by the gate drive circuit for switching operation. Cgp is
also equivalent to the reverse transfer capacitance Crsg. The effective capacitance is
multiplied the voltage gain of the MOSFET in switching operation by Miller effect.
Also, Cgp(= Crgs) and Cpg constitute the output capacitance Cogs(= Cap + Cps),
which is charged and discharged by the load current, and governs the switching speed.
The Cgs mainly depends on the applied Vg, the Cop varies with both the Vg and
Vpbs, and the Cpg largely varies with the Vpg.

This chapter characterizes the voltage dependency of terminal capacitances of the
power MOSFETSs, models the I-V characteristics with discussing the C-V charac-

teristics of the devices, and extracts the model parameters from the measured C-V
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characteristics. Next, this chapter discusses and compares the difference in Vg de-
pendency of terminal capacitances between the SiC MOSFET and the Si MOSFET
to estimate the difference in their switching behavior. The constitution of internal
parasitic components in the devices are also addressed. Finally, the obtained model is

validated by comparing the experimental results of the switching response.

4.2 Characterization

The details of the studied SiC power MOSFET are mentioned in Chapter 2. This
section describes the characterization of the SiC power MOSFET, which has been
carried out under room temperature. The static I-V characteristics for the forward
conduction condition were measured as the dc characteristics using IWATSU TE-1198
curve tracer. The C-V characteristics for the reverse non-conducting condition were

measured as the ac characteristics by the capacitance measurement system in Chapter

3.

4.2.1 Forward dc characteristics of power MOSFET

Figures 4.2 and 4.3 show the measured and modeled forward conduction character-
istics of the 900-V, 1-A SiC DiMOSFET and 600-V, 2-A Si DMOSFET, respectively.
The Vs is set at a governing parameter. The charged/discharged currents for para-
sitic capacitance are neglected at steady-state condition. The steady-state forward I-V
characteristics of a power MOSFET is drawn by a pentode like curve to a parameter
of Vigs. The relationship between Ipg and Vpg is modeled as [27,64] a function of Vg
and Vpg at the steady-state by Eq. (4.1) :

( g
2(1+60(Vgs — Vi)

for Vpg < Vgs — Vo,
Ipg = 3 (4.1)

Vas — V)2 (1 + A\
2(1+9(VGS—VT))( as = Vo) (1 + AVs)
for VDS > VGS — VT,

[2(Vas — Vi) Vs — Vi) (1 + AVhs)
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where (5 denotes the MOSFET channel transconductance, Vr the threshold voltage, A
the channel length modulation factor, and # the mobility modulation coefficient. Here,

the effect of drain resistance Rp and source resistance Rg in this model is neglected.
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Figure 4.2 Static I-V characteristics of SiC DIMOSFET.
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Figure 4.4 Transfer characteristics of power MOSFET.

Determination of § and Vi

The drain-source current of MOSFET Ipg is given irrespectively to the drain voltage
by Eq. (4.1) for saturation region of Vpg > Vgs — V. Thus, the MOSFET channel
transconductance # and the threshold voltage Vp can be estimated from Eq. (4.1)
with the MOSFET transfer characteristics, which is shown in Fig. 4.4, when the A is

approximately equal to zero.

Determination of \

The channel length modulation factor A is determined from the rating current on
a set of static I-V characteristics in the saturation region. The detailed definition on

A is given in Ref. [63].

Determination of 6

The deviation of the measured Ipg current from the linear dependence in due to
the mobility reduction effect, and is taken into account by the mobility modulation
coefficient . Therefore, 6 is determined from the linear region by Eq. (4.1) [65].

The model extracted parameters of static -V characteristics of power MOSFET

are summarized to Tab. 4.1.
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4.2.2 Reverse conduction dc characteristics of power MOS-

FET

Due to the device structure, the power MOSFET has a body diode, which is con-
nected anti-parallel to drain-source of the power MOSFET as depicted in Fig. 4.1(b).
In the body diode -V curve measurement, the device channel needs to be pinched

off during the measurement. This implies shorting the gate-source terminals (Vg = 0
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Figure 4.5 Reverse conduction characteristics of power MOSFET.
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V) of the power MOSFET. Figure 4.5 shows the reverse conduction characteristics
of power MOSFET. The dc characteristics of body diode of power MOSFET can be
expressed as

p
Ink = Is(enw - 1), (4.2)

where V; denotes the thermal voltage, n the diode emission coefficient, and Ig the
saturation current. Then, I5 and n are extracted by the LMS method by applying the
measured data to Eq. (4.2).

4.2.3 (C-V characteristics of power MOSFET

The various internal parasitic components of the device are superimposed on its
cross section in Fig. 4.1(b). The physical capacitances residing in the SiC DIMOSFET
are composed of the gate oxide and the depletion layer formed in the semiconductor.
They are integrated into the equivalent terminal capacitances of power MOSFET Cgs,
Cep, and Cps. Cgs and Cgp constitute the input capacitance Ciss(= Cas + Cap),
which is charged and discharged by the gate drive circuit for switching operation. Cqp
is also equivalent to the reverse transfer capacitance (or Miller capacitance) Cgss.
Also, Cop(= CRrss) and Cpg constitute the output capacitance Coss(= Cap + Cbs),
which is charged and discharged by the load current, and governs the switching speed.

In the experimental setup for C-V' characterization, the voltage dependence of
the terminal capacitances is evaluated by the clarification of the device structure and
fabrication. The C-V characteristics of power MOSFET are precisely measured by a
LCR meter with applying the dc bias voltage Vs and Vpg to the device, through C-V

measurement fixture in Chapter 3.

Characterization of the drain-voltage dependency of terminal capacitances

This section characterizes the drain-voltage dependency of terminal capacitances
Cas, Cap, and Cpg. The Cgs, Cap, and Cpg are individually measured with applying
dc bias voltage Vps.

Figures 4.6 and 4.7 show the C-Vpg characteristics of power MOSFET, which illus-
trate the relationships between the measured Cgg, Cap, Cps, and the Vpg, for a 600-V,
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Figure 4.6 C-Vpg characteristics of Si DMOSFET.

2-A Si DMOSFET and a 900-V, 1-A SiC DiMOSFET, respectively. The measured C-
Vbs characteristics of the S DMOSFET and SiC DIMOSFET are shown in Figs. 4.6(a)
and 4.7(a) at logarithmic scale. The measured and modeled C-Vpg characteristics of

the Si DMOSFET and SiC DiIMOSFET are shown in Figs. 4.6(b) and 4.7(b) at linear

60



-9
>y -
E Cas
_ Cps —=
)
3 C
g i e
&
@) N
&} x
Ix107t b
1 10 100
Vps» Drain-Source Voltage (V)
(a) Logarithmic-Logarithmic
I.OXIO_IO L L L e
» @EDEECT N e lllllllllli“:i
. 8.0x10 Cgs(Measured) — = |
) Cgp(Measured) -]
3 -11 Cps(Measured) B ]
g 6:0x10 Cag(Modeled) --------- ;
'g Cgp(Modeled) —— |
£4.0x10™" Cps(Modeled) '
@]
&}
2.0x107"!
0.0x10"

Vps» Drain-Source Voltage (V)

(b) Linear-Linear

Figure 4.7 (C-Vpg characteristics of SiC DIMOSFET.

scale. Setting Vo = 0 V to block the device channel for Vpg dependency, Vpg is swept
from 0 V to 600 V. The relationship between the capacitance characteristics can be
obtained. Cgg hardly changes with the variation of Vpg. The values are around 304

pF for Si DMOSFET and 88 pF for SiC DIMOSFET. Because Vpg does not govern the
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expansion of the depletion region across the gate and source. Also, depletion region in
drift layer depends on Vpg. On the other hand, Cqp and Cpg decrease with increase of
Vps in accordance with the expansion of the depletion region. For the Si DMOSFET,
there are irregular capacitance changes around Vpg = 12 V|, which can be attributed to
the transition of the expanding depletion region from JFET region of the planar gate
MOSFET to the entire drift layer. For the SiC DiIMOSFET, there are no irregular
capacitance, and the decrease of the capacitance in Cgp and Cpg stops around Vpg
= 200 V. It indicates that the expansion of the depletion region is terminated in the
drift layer because of the punch-through structure of the device.

The C-Vpg characteristics of power MOSFETSs are modeled by using Eqs. (2.36),
(2.41), and (2.42). It can be expressed in the following compact form:

Cas = Cas(0), (4.3)
Vs — Vag) ~1/2
Caa = Can(0) (1 + %) , (4.4)
Viya \ —1/2
Cos = Cps(0) (1 + ‘23) , (4.5)

where Cgg(0) denotes the gate-source zero-bias capacitance, Cop(0) the gate-drain

zero-bias capacitance, and Cpg(0) the drain-source zero-bias capacitance.

Characterization of the gate-voltage dependency of terminal capacitances

This section characterizes the gate-voltage dependency of input capacitance Ciss(=
Cas+Ccp). The Cgs, Cap, and Cigg are individually measured with applying dc bias
voltage Vias.

Figures 4.8(a) and (b) show the measured C-V characteristics, which illustrate the
relationships between the measured Cgs, Cap, Ciss, and the Vg, for a 600-V, 2-A
Si DMOSFET and a 900-V, 1-A SiC DiMOSFET, respectively. The measurements
are performed with keeping Vps = 0 V to minimize the depletion region at the top of
the n™-epitaxial layer (Cyq;) and to neglect its influence in the equivalent capacitance.
When Vg is swept from —25 V to +25 V, the relationship between the capacitance

characteristics and the device structure can be estimated.
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Figure 4.8 Measured C-Vg characteristics of power MOSFET.

When the applied voltage Vg is lower than —5 V for a Si DMOSFET and —7 V
for a SiC DIMOSFET, the capacitance holds a constant value. This is because the
carrier accumulation occurs at the device channel in the top of the p well region. The

C. results in very large capacitance or disappears with conducting condition. Then,
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the Cqg achieves their highest values. On the other hand, the inversion occurs at the
top of the n™-epitaxial layer under the gate oxide as the negative Vg attracts holes to
the interface and constitutes depletion layer underneath. Then the Cyq; becomes very
small. Thus, the Cgp achieves its lowest value.

When the applied voltage Vs becomes higher than —5 V for the Si DMOSFET and
—7 V for the SiC DIMOSFET, the Cgg begins to decrease and reaches to a minimum
value. The minimum value occurs around Vgg = 3 V for the Si DMOSFET and =
1 V for the SiC DIMOSFET, because the holes in the p well are repelled from the
surface. Thus, the depletion layer appears at the surface of the channel. The inversion
at the channel begins to occur with increasing Vs when Vg exceeds 3 V for the Si
DMOSFET and 1 V for the SiC DIMOSFET. The Cgg increases up to the threshold
gate voltage Vi where the C. disappears by channel conduction. At the same region
of Vg, the electrons are attracted to the top of the JFET region or the n™-epitaxial
layer under the gate oxide. Thus, it induces the accumulation layer there, and increase
of Cgqgj. Then, the Cgp becomes large within —3 V < Vg < 3 V region for the Si
DMOSFET and —5 V < Vgs < 5 V for the SiC DiMOSFET. The Vi of the Si
DMOSFET is 3.5 V and the Vi of the SiC DIMOSFET is 5.0 V, as shown in Fig. 4.3.
The Vi from measured C-V characteristics corresponds to the Vi from the measured
\/TSsM—VGS characteristics. In Fig. 4.4, when Vs < Vir, the measured \/E is kept
around 0.1 A'/2. This does not imply the leakage current, but the residual error due
to quantization of A/D converter in the curve tracer.

The channel conducts when the applied voltage Vg becomes higher than the V.
Then, the strong inversion of electrons occurs at the top of the p well region. The
Cas of the Si DMOSFET becomes abruptly large and saturates with increasing Vs,
but the Cgg of the SiC DIMOSFET becomes gradually large and hardly saturates due
to Vgs. This non-saturable characteristics stem from the short channel effects [43].
The channel length of the SiC DiMOSFET is approximately equal to 0.75 pm. Thus,
the channel resistance Rq, of the Si DMOSFET in Fig. 4.1(a) is much lower than
that of the SiC DIMOSFET. At the same region of Vg, the electrons are attracted to
the surface of the JFET region and forms the accumulation layer when Vpg is lower

than Vgs. The Cqp of the Si DMOSFET becomes abruptly small and saturates with
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increasing Vg, but the Cgp of the SiC DIMOSFET becomes gradually small and
hardly saturates with increasing Vis. The variation of the C'gp associates with the
total of the parasitic resistance Ryppr and epitaxial resistance Repi, which depend on
the impurity concentration in n~-epitaxial layer [27] [44]. These resistances of the Si
DMOSFET are higher than that of the SiC DIMOSFET, because the doped impurity
concentration of Si DMOSFET is lower than that of SiC DIMOSFET [7,44]. The Cgp

characteristics in Fig. 4.8 is validated for this facts.

As the results in Figs. 4.8(a) and (b), the Ciss are obtained as the sum of Cgg
and Cgp. In Fig. 4.8(b), the measured Cisg is smaller than the sum of Cgg and Cgp.
This can be attributed to the overlap area, between p well and n™-epitaxial layer,
which appears through the strong inversion and the accumulation of electrons at the
top of them individually. The difference of the C-V characteristics between the Si
DMOSFET and the SiC DiMOSFET is explained by the short channel effects in SiC
DiMOSFET and the doping density difference in the n~-epitaxial layer.

The model extracted parameters of C-V characteristics of power MOSFET are
detailed in Tab. 4.1.

Table 4.1 Model extracted parameters for Si and SiC power MOSFETsS.

Parameter Si power MOSFET SiC power MOSFET

3 1.1 A/V? 0.055 A/V?
Vi 35V 50V

A 0.002 1/V 0.035 1/V

0.046 1/V 0.025 1/V
Coxd 293 pF 176 pF
Cas(0) 304 pF 88 pF
Cap(0) 98 pF 95 pF
Cps(0) 228 pF 144 pF
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4.2.4 Dynamic behavior of power MOSFET

The internal parasitic capacitances of the power MOSFET, which are shown in
Fig. 4.1(a), mainly depend on the variable depletion capacitances and constant MOS
layer capacitances in Fig. 4.1(b). The dynamic behavior of Si and SiC power MOSFET
is governed by these capacitances that are the functions of the relative terminal voltages
(Vis and Vpg). The gate current I flowing through the input of power MOSFET is
given by Eq. (4.6):
dVis dVps

— Oy —=2 4.6
dt GOt (4.6)

and the difference between drain current It(= Ip) and drain-source current Ipg is

I = (Cas + Cap)

expressed by Eq. (4.7):

CasCep )dVDS ~ Cop

It — Ins = (Cps + Ic. (4.7)

Eventually, the dynamic behavior of Si and SiC power MOSFET is given by
Egs. (4.8) and (4.9) at charging/discharging these capacitances:
dVas I Cep  dVps

= + , 4.8
dt Cas+Cap  Cgs+Cgp  dt (48)
dVps B Iy — Ips + CGSEBGD e (4 9)
= CasC ' :
dt Cps + coiicon

The depletion capacitance in gate-drain capacitance Cgp and drain-source capaci-

tance Cpg is modeled by using the differential capacitance in Chapter 2.

4.3 Evaluation of switching response

The transient switching response of the Si and SiC power MOSFET is evaluated
by the test circuit with a power supply, a load, and a gate drive circuit. The inductive
load circuit is shown in Fig. 4.9. The state equations of the load circuit and gate drive

circuit are given as Eqgs. (4.10) and (4.11), respectively:

dlp 1
&0 _ (s — I—V) 410
& LL( aA — Rilp DS |, (4.10)
[G:M’ (4.11)
Rg
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Figure 4.9 Inductive load circuit for measured switching characteristics of power

MOSFET.

where I denotes the total current I, Li, the drain series inductance including para-
sitic, Ry, the drain series resistance, Vi the drain supply voltage, and Vg the gate
pulse generator voltage.

The state equations in Egs. (4.8) and (4.9) of the power MOSFET can be solved
simultaneously with state equations in Egs. (4.10) and (4.11) of the load circuit.

Figures 4.10-4.13 show both simulated and measured waveforms of the Si power
MOSFET at turn-on and turn-off. Figures 4.14-4.17 also show both simulated and
measured waveforms of the SiC power MOSFET at turn-on and turn-off. The drain
supply voltage Vaa is set at 100 V. The drain series inductance including parasitic
Ly, is 200 nH, and the drain series resistance Ry, is 103 2. The gate pulse generator
voltage Vgq is set at 20 V. The gate series resistance Rg is varied to provide different
turn-on and turn-off speed for the Si and SiC power MOSFET by 10 €2, 51 €2, 100 €2,
and 200 €.

The turn-on process begins with the gate drive circuit when the gate drive voltage
rises up to 20 V. Gate current I immediately begins to flow as the gate-source capaci-
tance C'gs and gate-drain capacitance Cqp are charged passing through the gate series
resistance Rg. When gate-source voltage Vg increases to the threshold voltage Vr,
the drain current I begins to increase and the drain-source voltage Vpg also begins to
decrease to IpRpsen. The simulated and measured turn-on responses of I and Vg are

shown in Fig. 4.10 for Si power MOSFET and Fig. 4.14 for SiC power MOSFET. The
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SiC power MOSFET shows faster turn-on speed of measured Vg than the Si power
MOSFET. Because the SiC power MOSFET has smaller the gate-source capacitance
Cgs and gate-drain capacitance Cgp than the Si power MOSFET, as shown in Fig.
4.8. On the other hand, The simulated and measured turn-on responses of Ip and Vpg
are shown in Fig. 4.11 for Si power MOSFET and Fig. 4.15 for SiC power MOSFET.
The turn-on speed of Vpg between the SiC power MOSFET and the Si power MOS-
FET is slightly different, because the gate-drain capacitance Cgp and drain-source
capacitance Cpg of the Si and SiC power MOSFETSs respectively shown in Figs. 4.6
and 4.7 are rather same values.

Additionally, the turn-off process begins when the gate drive voltage falls to 0 V.
The gate-source capacitance Cgg and gate-drain capacitance Cgp are discharged with
the gate current I passing through the gate series resistance Rg. Once gate-source
voltage Vs decreases to the threshold voltage Vi, the drain current Ip begins to
decrease and the drain-source voltage Vpg also begins to increase to the drain voltage
supply Vaa. The simulated and measured turn-off responses of I and Vg are shown
in Fig. 4.12 for Si power MOSFET and Fig. 4.16 for SiC power MOSFET. And also,
the SiC power MOSFET shows faster turn-off speed of measured Vg than the Si power
MOSFET. Because the SiC power MOSFET has smaller the gate-source capacitance
Cas and gate-drain capacitance Cgp than the Si power MOSFET, as shown in Fig. 4.8.
On the other hand, The simulated and measured turn-off responses of Ip and Vpg are
shown in Fig. 4.13 for Si power MOSFET and Fig. 4.17 for SiC power MOSFET. The
turn-off speed of Vpg between the SiC power MOSFET and the Si power MOSFET is
slightly different, because the gate-drain capacitance C'gp and drain-source capacitance
Cpg of the Si and SiC power MOSFETSs respectively shown in Figs. 4.6 and 4.7 are
rather same values. But the SiC power MOSFET has smaller delay time of I, and
Vps than the Si power MOSFET during turn-off, when the gate series resistance Rg
increases. Because the gate-source capacitance C'ggs and gate-drain capacitance Cgp
of the SiC power MOSFET in Fig. 4.8(b) are less than that of the Si power MOSFET
in Fig. 4.8(a).

At small gate series resistance Rg about 10 €2, the measured current and voltage

oscillate due to the resonance between parasitic inductances of wiring and internal
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parasitic capacitances. There are differences between the simulated results through
the model and the measured results for the gate current I and gate-source voltage
Vs, especially at turn-off of Si and SiC power MOSFET with high gate series resistance
Rg. When gate series resistance R increases, the measured I, Vgs, and Ip become
smooth waveforms. Because time constant increasingly associated with the gate series
resistance R increase. Thereby, the responses of all of the current and voltage are not
affected by parasitic components. Therefore, the current and voltage show the well
correspondence with measured results. In this case, the simulated results cannot show
the oscillation of the current and voltage at small gate series resistance Rg because its
parasitic gate inductance L¢g in the gate drive circuit are neglected.

The SiC power MOSFET shows faster turn-off speed than the Si power MOSFET.
Because the SiC power MOSFET has smaller Cqg, Cap, and Cpg than the Si power
MOSFET as shown in Fig. 4.6 and 4.7 for Si power MOSFET and SiC power MOSFET,
respectively. And also, the rise time and fall time of current and voltage for Si and

SiC power MOSFET increase when Rg increases.

4.4 Summary

In order to predict the device characteristics of Si and SiC power MOSFET ac-
curately over their wide range of operation, a physics-based model was studied and
proposed based on terminal capacitances. This chapter also discussed the parameter
extraction for the model and the I-V characteristics for model with precisely measured
C-V characteristics of Si and SiC power MOSFETs. It was shown that the simulated
results of the switching behavior well agree with the experimental results for some
conditions of the model and extracted parameters.

In addition, this chapter characterized and discussed the switching characteristics
of power MOSFETSs through the voltage dependency of terminal capacitances. The
difference between the switching characteristics of the Si and SiC power MOSFETSs
depends on their internal parasitic capacitances, which can be classified by the MOS

capacitance and pn junction capacitance.
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Figure 4.10 Measured and simulated turn-on response of I and Vgg for Si power

MOSFET as a function of gate series resistance.
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Figure 4.16 Measured and simulated turn-off response of I and Vg for SiC power

MOSFET as a function of gate series resistance.

76



12 M T T T T T T T ]
[ Measured ——

1 b Modeled -------=-- _
08 | ]
06 |
04 |

02 |

Iy, Drain Current (A)

0}

02t '
0.0x10° 2.0x107 4.0x107 6.0x107 8.0x107 1.0x10°°

Time (sec)

(a) Ip current

e —
A O 0 O N
S o o o O

[\
(@)

Vps» Drain-Source Voltage (V)

o

_20 : 1 1
0.0x10° 2.0x107 4.0x107 6.0x107 8.0x107 1.0x10°°
Time (sec)

(b) Vps voltage

Figure 4.17 Measured and simulated turn-off response of Iy and Vpg for SiC power

MOSFET as a function of gate series resistance.
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Chapter 5

Characterization of SiC JFET

5.1 Introduction

Recently, SiC-based semiconductor power devices are strongly expected to replace
Si power devices at high-temperature, high switching frequency, and high voltage ap-
plication [1]. Among the devices, transistors are the most possible power switches
for power conversions. Several types of SiC-based transistors have been proposed
and developed. Junction field-effect transistor (JFET) is preferred for its low on-
resistance Rpgon and ruggedness in harsh environments. Lateral-type and vertical-
type SiC JFETSs [21,60,66] have been developed. Their structures have shown the
normally-on characteristics for a long time, but recently the normally-off type de-
vices were developed. In this dissertation, both types are under test experimentally.
However, low on-resistance Rps,, characteristics of JFET are violated by achieving
normally-off characteristics. Then, the SiC JFETs discussed in this study are limited
in normally-on type devices.

The switching behavior of actual power devices is far from ideal. The non-ideal
characteristics of SiC device affect on the performance of power conversion circuits,
especially at high switching frequency. Then, the characteristics of the devices must
be clarified and evaluated in advance of the design of power conversion circuits. Here,
the switching characteristics of two different types SiC JFETs are discussed with re-

lation to their internal parasitic capacitances, drain-source current Ipg, drain current
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Figure 5.1 (a) Equivalent parasitic terminal capacitances of JFET, (b) Cross section
of lateral-type SiC JFET cell, and (c) Cross section of vertical-type SiC
JFET cell.

Ip, gate current I, gate-source voltage Vs, and drain-source voltage Vpg. Their def-
initions are shown in Fig. 5.1(a). The parasitic capacitances in FET, which are shown
in Figs. 5.1(b) and (c), are composed of gate-source capacitance Cgg, gate-drain ca-

pacitance Cgp, and drain-source capacitance Cpg. Cas and Cgqp constitute the input

80



capacitance Ciss(= Cgs + Cap), which is charged and discharged by the gate drive
circuit for switching operation. Cgp is also equivalent to the reverse transfer capac-
itance Crgs. The effective capacitance is multiplied by the voltage gain of the FET
in switching operation by Miller effect. Also, Cqp(= Crss) and Cpg constitute the
output capacitance Cogs(= Cap + Cps), which is charged and discharged by the load
current and governs the switching speed. Major part of these effective capacitance is
originated from the junction capacitances in the semiconductor, which vary in accor-
dance with the applied voltage. Therefore, the characteristics of terminal capacitances

are substantial for understanding the switching behavior.

A model of semiconductor device is indispensable for evaluating the voltage and
current response at switching in circuit simulation and estimating the system per-
formance in their applications. The dynamics at the transient state are obviously

governed by these characteristics of devices.

This chapter characterizes the static /-V characteristics and the voltage depen-
dency of terminal capacitances of SiC JFETs at first, then the switching behaviors
are experimentally evaluated. Next, we discuss the C-V and switching characteris-
tics based on their device structures and the semiconductor physics. In the end, the
simulated switching behaviors of both SiC JFETSs are validated with the experimental

results.

5.2 Characterization of SiC JFET devices

The details of the studied lateral-type and vertical-type SiC JFETSs were explained
in Chapter 2. In this section, the characterizations of both SiC JFETSs are figured out
under room temperature. The static I-V characteristics for the forward conduction
condition were measured as the dc characteristics using IWATSU IE-1198 curve tracer.
The C-V characteristics for the reverse non-conducting condition were measured as

the ac characteristics by the capacitance measurement system in Chapter 3.
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Figure 5.2 Static I-V characteristics of SiC JFET.

5.2.1 Static /-V characteristics

Figures 5.2(a) and (b) show the measured and modeled static I-V characteristics
of lateral-type SiC JFET and vertical-type SiC JFET, respectively, for different values
of gate-source voltage Vs. The steady-state forward I-V characteristics of both SiC

JFETSs are drawn by pentode like curves to the gate-source voltage Vs. The relation-
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ship between the drain-source current Ipg and the drain-source voltage Vpg is modeled

at the steady-state as a function of Vgg and Vpg. The both of SiC JFETSs studied in

this chapter are the normally-on type devices, so that Ipg flows at Vigg = 0 V. The

static I-V characteristics of both SiC JFETSs in unipolar operation can be expressed

by Eq. (5.1) [32,65,67]:

( g
2(1+60(Vgs — Vi)

for Vps < Vas — Vi,
Ips = ES e (5.1)

2(1+0(Vas — V) (Vs = Vo) (L + AVis)

for Vbs > Vgs — V.

[2(Vas — Vi) Vs — Viss] (1 + AVhs)

\

Here, 8 denotes the JFET channel transconductance, Vr the threshold voltage, A the
channel length modulation factor, and 6 the mobility modulation coefficient. In this
model, the effect of drain resistance Rp and source resistance Rg is neglected.

These four parameters used in Eq. (5.1) can be extracted from the measurement re-
sults. The threshold voltage V1 and JFET channel transconductance 3 are determined
in advance to extracting the channel length modulation factor A from the measured

data as shown in Figs. 5.3 and 5.4 for lateral-type SiC JFET and vertical-type SiC
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q
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<
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Figure 5.3 Measured /Ips,,,-Vas characteristics of lateral-type SiC JFET.
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Figure 5.4 Measured /Ipg.,,-Vas characteristics of vertical-type SiC JFET.

Table 5.1 Model extracted parameters for static I-V characteristics of both SiC
JFETs.

Parameter Lateral-type SiC JFET Vertical-type SiC JFET

B 0.184 A/V? 0.428 A/V?

Vi 6.9V -18.3 V

A 0.013 1/V 0.0015 1/V
0.048 1/V 0.077 1/V

JFET, respectively. The model extracted parameters for static I-V characteristics of

both SiC JFETs are shown in Tab. 5.1.

5.2.2 (C-V characteristics

The depletion region formed at pn junction behaves as parasitic capacitances, which
are lumped into terminal capacitances Cgs, Cap, and Cpg, as depicted in Fig. 5.1(a).
The thickness of depletion region changes with the applied reverse bias voltage Vg (Vs

and Vpg). The dependence of the depletion capacitance on the Vg can be expressed in
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the following compact form by Eq. (2.59) [29,60,65] in Chapter 2.

Both SiC JFETs are limited to the normally-on type as mentioned above. The
lateral-type SiC JFET has 0.006x60-mm in RESURF and 0.36 mm? active area with
200 V blocking voltage and the rated 5 A drain current. The vertical-type SiC JFET
has 2.32x2.32-mm in die size and 4 mm? active area with 900 V blocking voltage and
the rated 2.5 A drain current.

In the experimental setup for characterization, the C-V' characteristics of both de-
vices are precisely measured by a LC'R meter with applying dc bias voltages Vg and
Vps to the devices, through C-V measurement fixture in Chapter 3. The measure-
ments are performed with applying Vps = 0 V to avoid short circuit current for Vg
dependency, and Vg = —20 V to block the channel of devices for Vpg dependency.
For characterizing the Vg dependency, Vg is swept from 0 V to —20 V for both SiC
JFETs. For the measurement of Vpg dependency, Vpg is swept from 0 V to 200 V for
lateral-type and from 0 V to 600 V for vertical-type.

5.2.3 Switching characteristics

The switching behaviors of both SiC JFETSs are governed by the parasitic terminal
capacitances (Fig. 5.1(a)) [28-30], which are the functions of the applied voltages
between terminals. Eventually, the transient behavior of terminal voltages for both
SiC JFETSs can be represented by Eqgs. (5.2) and (5.3) at charging/discharging states of
the capacitances. When Vgg > Vp, JFET is conducting, then, d‘g% ~ 0. Vs changes
as follows

dVas ~ Vas — Vaa (5.2)

de " Ra (Cas(Vas) + Cap(Vas))
When Vgs < Vi, JFET is blocked, Vpg is built up as follows

dVbs o, Vbs — Vaa (5.3)
dt  Ru(Can(Vos) + Cos(Vos)) |

The switching behaviors of both devices are evaluated with the inductive load
circuit, which is shown in Fig. 5.5. Then Vpg, Vgg, and Ip are measured in the

experiments. Vja is varied with setting three different Vpg at 25 V, 50 V, and 75 V.
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Figure 5.5 Inductive load circuit for measured switching characteristics of SiC JFET.

Here, Ly, is set at 200 nH and Ry, at 103 €. Vi applied to the gate of JFET through
Rq 5 Q is switched between 0 V and —20 V.

5.3 Results of -V and switching characteristics of
SiC JFETSs

5.3.1 (C-V characteristics

The measured and modeled C-Vg characteristics are shown for both SiC JFETS in
Figs. 5.6(a) and (b). Cgs and Cgp decrease with negative Vg, because the depletion
region expands in the n-region facing at p* gate in Fig. 5.1(b) and the n™-drift region
facing at p gate in Fig. 5.1(c). Then, Cgs and Cgp become constant around 66 pF
and 33 pF for lateral-type, respectively. They become 400 pF and 200 pF for vertical-
type, respectively. Because the channel area is fully depleted for Vs < Vi (cut-off
condition). The V7 is approximately equal to —6.9 V for lateral-type and —18.3 V
for vertical-type. Cgs and Cgp of lateral-type increase for Vg < —11.3 V as shown
in Fig. 5.6(a). They stem from the leakage current at pn junction between gate and
source. The capacitance model parameters of Cas and Cgp are extracted for Vg higher
than cut-off voltage to neglect the influence of leakage current. They are Cy = 119 pF,
m = 0.48 (uniformly doped) and Cy = 106 pF, m = 0.24 (linearly graded doped) for
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Figure 5.6 C-Vs characteristics of SiC JFETs.

lateral-type, respectively. They are Cy = 1045 pF, m = 0.33 (linearly graded doped)
and Cy = 500 pF, m = 0.33 (linearly graded doped) for vertical-type, respectively.

The measured and modeled C-Vpg characteristics for both SiC JFETSs are shown
in Figs. 5.7(a) and (b). Cgs hardly changes with the variation of Vps. The values
are around 415 pF for lateral-type and 368 pF for vertical-type. Because the electric
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Figure 5.7 C-Vpg characteristics of SiC JFETs.

fields induced by Vpg does not affect on the electric field across gate and source due
to the fixed Vigs. On the other hand, C'op and Cpg decrease smoothly according to
the increase of Vpg. The extracted capacitance model parameters of Cqp and Chg
are Cy = 77 pF, m = 0.34 (linearly graded doped) and Cy = 148 pF, m = 0.38
(linearly graded doped) for lateral-type, respectively. They are Cy = 278 pF, m = 0.55
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(uniformly doped) and Cy = 481 pF, m = 0.52 (uniformly doped) for vertical-type,
respectively. For the lateral-type in Fig. 5.1(b), Cqp and Cpg change slightly with the
variation of Vpg, because the depletion region expands from the linearly graded doped
n-region to p™ gate and n-region to p~ region, respectively. For the vertical-type in
Fig. 5.1(c), the n-channel is aligned in horizontal-axis, but the n-type semiconductor
(n~ drift region) is aligned in vertical-axis. Therefore, Cgp has almost constant around
132 pF at Vpg < 13 V, because the depletion region expands around channel opened
between buried p* region for low Vps. Then, Cgp changes substantially with the
variation of Vpg when Vpg > 13 V, because the depletion region expands from the
p gate to the uniformly doped drift region. Cpg also changes substantially with the
variation of Vpg in the low and high voltage ranges. It is because the depletion region

expands from under the buried p™ region to the uniformly doped drift region.

5.3.2 Switching characteristics

Figures 5.8(a) and (b) demonstrate the switching behaviors of both SiC JFETs

dVas
dt

for turn-off operation. Derivative of the Vg, in Eq. (5.2) obviously depends on

Ciss(= Cgs + Cgp) with variation of Vgs. The derivative of the Vs, d‘d/?s, is equal

to —2.83 x 10® V/s (modeled) and —2.50 x 10® V/s (measured) for lateral-type in
Fig. 5.8(a). It is also —3.14 x 10® V/s (modeled) and —3.59 x 10® V/s (measured)
for vertical-type in Fig. 5.8(b). The simulated results by the model well coincide

with experimental results. The lateral-type has smaller the derivative of the Vg,

dVas
dt

than the vertical-type. Because Cgg and Cgp of lateral-type SiC JFET increase
substantially for Vos < —11.3 V as mentioned above. The accumulated charge @)
calculated from gate voltage dependency of capacitance is equal to 6.79 nC for lateral-
type in Fig. 5.6(a) and 19.15 nC for vertical-type in Fig. 5.6(b). The lateral-type has
smaller () than the vertical-type. Because the lateral-type device has smaller Cg and
Cgp than the vertical-type while Vgg > —11.3 V.

Derivative of the Vpg, d‘cﬁ’s, in Eq. (5.3) depends on Cogs(= Cgp + Cpg) with vari-

ation of Vpg. It affects on the switching behaviors when Vs < Vi (cut-off condition).

It is obvious that Eqs. (5.2) and (5.3) cannot take the Miller effect into account. The
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Figure 5.8 Switching characteristics of SiC JFET during turn-off.

derivatives of the Vpg, d‘(;?s for lateral-type in Fig. 5.8(a) at Vps = 25 V, 50 V, and 75

V correspond to 7.89 x 108 V/s, 20.42 x 10® V/s, and 33.67 x 10® V/s by the model.
They are 8.00 x 108 V/s, 17.06 x 108 V /s, and 23.88 x 10® V /s in the measurement. The
derivatives of the Vpg, d‘g‘fs, for vertical-type in Fig. 5.8(b) at Vps = 25 V, 50 V, and
75 V correspond to 3.07 x 108 V/s, 8.05 x 10% V/s, and 14.03 x 10® V/s by the model.
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They are 2.60 x 10® V/s, 5.71 x 10® V/s, and 10.47 x 10® V/s in the measurement.
The model accurately explains the experimental results. The accumulated charges @),
calculated from drain voltage dependency of capacitance at Vps = 25V, 50 V, and 75
V, are equal to 3.27 nC, 5.35 nC, and 7.09 nC for lateral-type in Fig. 5.7(a). Those

are 8.42 nC, 13.33 nC, and 17.12 nC for vertical-type in Fig. 5.7(b). The ratios of the

dVps
de

2.53, and 2.40. The ratios of () between both types are equal to 1/2.57, 1/2.50, and
1/2.41. Therefore, the ratio of turn-off speed of Vpg between SiC JFETSs depends on

derivative of the Vpg, between lateral-type and vertical-type are equal to 2.57,

the inverse ratio of ). The lateral-type shows about 2.5 times faster turn-off speed
than the vertical-type. Because the lateral-type has smaller Chg and Cqp than the

vertical-type as mentioned above.

5.4 Summary

This chapter characterized and discussed the switching characteristics of SiC JFET's
through the voltage dependency of terminal capacitances. The difference between the
switching characteristics of the lateral-type and the vertical-type SiC JFETSs depends
on their internal parasitic capacitances, which can be classified by the dependence
of depletion capacitance. Therefore, the device structure and switching phenomenon
can be characterized and explained for these SiC JFETs by the measurement of C-
V' characteristics of devices. The simulated results of the switching behavior well
agree with the experimental results for some conditions of the model and extracted

parameter from the C-V and I-V characteristics of these devices.
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Chapter 6

An application of SiC power

transistors

6.1 Introduction

Silicon carbide (SiC) power devices have been researched and developed because of
its several superior physical characteristics than Si. SiC power MOSFETSs are currently
under development almost closed to commercial use. The theoretical analysis predicts
that the SiC power MOSFETSs have potentials at high frequency, high temperature,
and high voltage. Therefore, it is important to confirm these performances of SiC

power MOSFET at high voltage and fast switching operation.

This chapter estimates the use of SiC power MOSFETs for the control of the
voltages and currents in a high frequency switching converter circuit [28,68]. To
evaluate the performances of the power devices, the SiC power MOSFETSs are here
used in a resonant-switch converter to shape the switch voltage and current at zero-
voltage switching (ZVS) and/or zero-current switching (ZCS) with comparison to the
performances of the Si power MOSFETs.
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Figure 6.1 Functional block diagram of resonant-switch dc-dc step-up voltage con-

verter

6.2 Resonant-switch dc-dc step-up voltage converter

The functional block diagram of the resonant-switch dc-dc step-up voltage con-
verter is shown in Fig. 6.1. It consists of the rectifier and filter, power circuit, and
control circuit. Figure 6.2 shows the power circuit of the resonant-switch de-dc step-up
voltage converter. Its main application is in regulated dc power supplies. The con-
verter transforms a dc voltage input to a dc voltage output that is greater in magnitude
but has the same polarity as the input. It operates at a 25 us (40 kHz) with involving
a H-bridge circuit, which generates an ac square-wave voltage. The operation of circuit
is originally similar to a boost converter [28,68], but the circuit is performed by four
switches @1, @2, (I3, and @), to shape the switch voltage and current to provide ZVS
and/or ZCS. It can be utilized primarily by an LC' resonance.

6.2.1 Power circuit

The power circuit of the resonant-switch de-dc step-up voltage converter is shown

in Fig. 6.2. The components of this converter are given in Tab. 6.1. The switches @1,
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Figure 6.2 Resonant-switch dec-dc step-up voltage converter.

@2, Q3, and 4 are operated by control signal to transform the dc voltage input to
the dc voltage output. The inductances L; and Ly are a transformer that performs a
primary boosting function and provides nearly constant current to the output circuit
through body diode D; of switch ;. The inductance L, and capacitance C,(= Cs)
provide a simple LC resonant circuit, thereby shaping the switch voltage and current
in order to yield ZVS and ZCS in this converter. The capacitance C] is a snubber
capacitor for switch ). The diodes D5 and Dg are used to Kkill the effect of body
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Table 6.1 Components of resonant-switch de-de step-up voltage converter.

Component Value
Inductance L, 3 mH
Inductance Lo 760 uH
Inductance L, 10 uH

Input capacitance Cj, 100 pF, 900 V
Capacitance Cy 10 nF
Capacitance Cy 10 nF

Output capacitance Cyyt 2.5 uF, 850 V
Diode D5, Dg 30 A, 600 V (RHRP3060)
Gate resistance Rg 10
Output resistance Rout 660

diodes D3 and D, inside the switches Q)3 and ()4, respectively. The capacitances Cj,
and Cyy are the filter capacitor for input and output of the converter to keep a nearly
constant instantaneous value. The L,C, resonance around the switches ()5 and )4 do
not affect the primary boosting function of inductances Ly and Ls. The Ly and Ls act
as a step-up transformer to increase the input voltage Vi, with setting a duty-cycle D
and a turn ratio nt of transformer between L; and L. Therefore, the ratio between

the input voltage Vi, and the output voltage V, is expressed by Eq. (6.1):

V;)ut _ 1
Ve 1-D ' (6:1)

where np = \/L1/Ls.

6.2.2 Control circuit

The control circuit is composed of the signal generator and gate drive circuit,
which are shown in Fig. 6.1. Here, the signal generator is timing generator Time98-
50MHz [69], which is utilized to generate the signal for gate drive circuit. The signal

generator can be programmed by PC-computer. Figure 6.3 shows the gate drive circuit
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Figure 6.3 Gate drive circuit for resonant-switch de-dec step-up voltage converter.

of the resonant-switch dc-dc step-up voltage converter. PC929 photocoupler is used
for gate drive circuit to drive the switches @1, 2, O3, and Q)4. The schematic gate

drive circuit and experimental gate drive circuit are shown in Fig. 6.3. To stabilize
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the operation of the photocoupler, it is recommended to connect a bypass capacitor
Cb about 0.01 uF or more between Vce and GND. For the detecting voltage of pin-C
from drain terminal of power MOSFET, it is recommended to connect a capacitor Cp
(approximately 1000 pF) between pin-C and GND, and a resistor Rc (approximately
1.0 k) between Vce and pin-C. For the blocking diode D, which is connected between
pin-C and drain of power MOSFET, it is recommended to use a diode that has the
withstand voltage characteristic equivalent to power MOSFET and also has little leak
current. Then, for preventing the failure mode or breakdown of pin-C from variation
voltage of power MOSFET) it is recommended to connect a resistor R1 (approximately
10 k2) and a diode D7 at near pin-C, and a resistor R2 (approximately 50 k2) and a
diode D8 at between pin-C and GND.

6.2.3 Modes of operation—resonant-switch dc-dc step-up volt-

age converter

The sequence operation of the resonant-switch dc-dc step-up voltage converter
depends on the gate drive signal, which is given by a signal generator. It is separated
to 7 modes depending on the operation of switches () and (4. Here each mode is

explained as follows:

Mode 1

The converter is operated in Mode 1 as shown in Fig. 6.4, when the switch Qs is
turned on. The inductance L; provides nearly constant current to the output circuit.
The input current ¢;, flows through inductance L; and switch ). Therefore, the
voltage dropping on inductance L; is given as Eq. (6.2):

dir,,

L
bt

= V. (6.2)

Mode 2

Figure 6.5 shows the operation of the converter in Mode 2, when the switch Qo

is turned off. In this case, the output voltage Vg, is higher than the input voltage
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Figure 6.5 Operation of the converter in Mode 2.

Vin. The input current i1, and output current iy (= ic, ) flow through capacitance Cs.
The input current 41, is equal to —ic, + ic,. Therefore, the input current ¢;, can be
represented by Eq. (6.3):

d d
UCI +02 UCQ

=0, dt

(6.3)

Mode 3

Figure 6.6 shows the operation of the converter in Mode 3. The output voltage Vit
is lower than the input voltage Vi,. The input current i;, continuously flows through

diode D; inside switch ) to the output circuit. The voltage dropping inductance L
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Figure 6.6 Operation of the converter in Mode 3.

can be represented by Eq. (6.4):

dir,,
Ly d; = —(Vaus — Vin)- (6.4)

Mode 4

Figure 6.7 shows the operation of the converter in Mode 4, when the switch Q4
is turned on and the switch ()5 is still turned off. In this case, the output voltage
Vout is lower than the input voltage Vi,. Then, the input current i, continuously
flows through diode Dy, inductance Lo, and inductance L,. The voltage dropping on
inductance L; and L, in transformer is given by Egs. (6.5) and (6.6):

diy dip

B L Y 6.5

Ul = Mg at (6.5)
diy dip

_ o, g 6.6

Ve = famg T M (6.6)

where M = k+/L1L, is the mutual inductance between L, and Lo, and k the coupling
coefficient. Then, the input voltage Vi, can be expressed by Eq. (6.7):

div, , ,,dir,

‘/in:L
bt dt

+ Vo (6.7)
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Figure 6.7 Operation of the converter in Mode 4.
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Figure 6.8 Operation of the converter in Mode 5.

Mode 5

Figure 6.8 shows the operation of the converter in Mode 5, when the switch @), is
turned on and the switch ()5 is still turned off. In this case, the output voltage V.
is higher than the input voltage Vi,. Then, the input current ¢y, and output current
iout (= ic,) continuously flows through capacitance Cy, inductance Ly, and inductance
L,. The voltage dropping on inductance L; and L in transformer is given by Eqgs. (6.5)
and (6.6) and the current flows through capacitance C and C; is given by Eqs. (6.8)
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and (6.9):

dvc
=C— 6.8
1cy 1 dt ) ( )
dUC
= Co—>— 6.9
ZC2 2 dt ( )
Then, the input voltage Vi, can be represented by Eq. (6.10):
di di
Vio = (Ly+ M)= + (Lo + M + L)—2. (6.10)

Mode 6

Figure 6.9 shows the operation of the converter in Mode 6, when the switch @), is
turned on and the switch (), is still turned off. In this case, the inductance current
ir, (= ir,) still flow through switch @y, diode Dg, and diode Dy. Because the voltage
dropping on inductance L, becomes higher than the voltage dropping on inductance
L, and also the polarity of inductance L, changes oppositely. The voltage dropping
on inductance L; and L, in transformer is given by Egs. (6.5) and (6.6). Then, the
input voltage Vi, can be expressed by Eq. (6.11):

din, . diy
ar e
@ M

Vi, = L4 (6.11)

Mode 7

Figure 6.10 shows the operation of the converter in Mode 6, when the switch ()4 is

turned on and the switch ()3 becomes to turn on again. In this case, the inductance

I, L, Lo L,
- I <V— —_

Vi L I
VinT : D, Q4
D)

Figure 6.9 Operation of the converter in Mode 6.
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Figure 6.10 Operation of the converter in Mode 7.

current i, (= ir,) still flows through switch @4, diode Dg, and switch ()5. Because
the voltage dropping on inductance L, becomes higher than the voltage dropping on
inductance L; and also the polarity of inductance L, changes oppositely. The voltage
dropping on inductance Ly and Lo in transformer is given by Egs. (6.5) and (6.6).
Then, the input voltage Vi, represented by Eq. (6.11).

6.3 Experimental results of resonant-switch dc-dc

step-up voltage converter

The operation of the resonant-switch dc-dc step-up voltage converter is governed
by the switches ()2 and )4 as mentioned above. The switches )1 and ()3 are entirely
turned off in this operation. Here, the Si and SiC power MOSFETSs are used to be the
switches ()1, Q2, @3, and Q4. The Si power MOSFET has 700 V blocking voltage and
the rated 10 A drain current. The SiC power MOSFET has 900 V blocking voltage
and the rated 10 A drain current. The static I-V, transfer, and C-V characteristics of
Si and SiC power MOSFET are shown in Figs. 6.11-6.13, respectively.

In comparison between the Si and SiC power MOSFET on-state curves, the Si
curves, which is shown in Fig. 6.11(a), are linear in the on-state region and have a
pronounced change in curvature as the saturation or pinch-off region is approached
around Vg = 6 V. This occurs because the Si power MOSFET has a large epitaxial
layer resistance in series with the MOSFET channel and the channel has a very high
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Figure 6.11 Measured static -V characteristics of power MOSFET.
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Figure 6.12 Transfer characteristics of power MOSFET.

transconductance [7,44]. On the other hand, the SiC curves, which is shown in Fig.
6.11(b), gradually transit from the linear region to the saturation region. In SiC power
MOSFET, the epitaxial layer resistance is much smaller and the channel resistance is
higher, because of the non-saturable characteristics stemming from the short channel
effects [43]. The Vr of the Si power MOSFET is 3.2 V and the Vit of the SiC power
MOSFET is 4.2 V, as shown in Fig. 6.12.

The measured C-Vpg characteristics of the Si and SiC power MOSFETSs are shown
in Figs. 6.13(a) and 6.13(b) at logarithmic scale. The capacitances Cag, Cgp, and Cpg
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Figure 6.13 Measured C-V characteristics of power MOSFET.

of the SiC power MOSFET are slightly smaller that of the Si power MOSFET, when
Vbs < 100 V. For the SiC power MOSFET, there are no irregular capacitance, and the
decrease of the capacitance in Cgp and Cpg stops around Vpg = 200 V. It indicates
that the expansion of the depletion region is terminated in the drift layer because of
the punch-through structure of the device.

Figures 6.14 and 6.15 show the gate drive signals for Si and SiC power MOSFETs,
respectively. The gate drive signals of both power MOSFETSs for switches (02 and Q4
are Vgq, and Viq,, which are shown in Figs. 6.2 and 6.3. The switching time T} is
equal to 25 ps, and the switch-on time 7, of Vg, and Vgq, is equal to 12.3 us and
13.3 us, respectively. Here, the input voltage Vi, is set at 50 V. The output voltage
Vout of the converter is calculated by Eq. (6.1) as follows.

The duty cycle D of the converter, which depends on the switch-on time T, of

Vaq,, is equal to

Ton 123 x 1076
D="2_- """ __—04
T, 25.0x 106 049,

and the turn ratio nt of transformer between L; and L, is equal to

Ly 3x 103
=4/— =4/ ——— =1.99.
"IN, T V760 x 106
Therefore, the output voltage V. of the converter is equal to

1 1
—_ —_— . . in = T~ =< 1' :1 .1 .
Vou = 7= 11+ Vi = 7= X 199 X 50 = 195.1 V

105



25

20

15

10

Gate Drive Voltage (V)

_5 1 1 1 1
-1.0x10° 0.0x10° 1.0x10° 2.0x10° 3.0x10° 4.0x10”

Time (sec)

Figure 6.14 Gate drive signals for Si power MOSFET in the converter.
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Figure 6.15 Gate drive signals for SiC power MOSFET in the converter.

Figures 6.16-6.19 show the currents and voltages of the resonant-switch de-dc step-
up voltage converter. The output voltage Vg is approximately equal to 194 V. It

is almost similar to the calculated results. The circuit resonant frequency f, can be
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(24 in the converter by using Si power MOSFET as switch.
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Figure 6.17 Input voltage, output voltage, and voltages dropping on inductances L,

Ly, and L, in the converter by using Si power MOSFET as switch.
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calculated from the inductance L, and capacitance C,(= C5), that is

1 1
Cony/L,C,  27mV10 x 106 x 10 x 109

It is more than the switching frequency fs tremendously. Therefore, the resonant-

fo =503 kHz.

switch dc-dc step-up voltage converter can be operated in ZVS and ZCS resonant
conditions properly.

The currents and voltages of each component in the converter, which are shown
in Figs. 6.16 and 6.17 for Si power MOSFET and Figs. 6.18 and 6.19 for SiC power
MOSFET, have smooth waveforms. The switch () shows the operation under the
zero-voltage switching (ZVS) condition, and the switch )4 shows the operation under
the zero-current switching (ZCS) condition. As the same components in the resonant-
switch dc-de step-up voltage converter, the voltage dropping on switch )4 by using
SiC power MOSFET in Fig. 6.18(b) shows smaller oscillation than that by using Si
power MOSFET in Fig. 6.16(b). The maximum voltage of inductances L;, Lo, and
L, by using Si power MOSFET in Fig. 6.17(b) is equal to 50 V, 265 V, and 170 V,
respectively. The maximum voltage of inductances L;, Lo, and L, by using SiC power
MOSFET in Fig. 6.19(b) is equal to 50 V, 257 V, and 143 V| respectively. Therefore,
the voltage dropping on inductances Ly and L, by using SiC power MOSFET shows
smaller oscillation and magnitude than that by using Si power MOSFET. The output
voltage V,ut and currents flowing through L, Lo, and L, by using SiC power MOSFET
are similar to that by using Si power MOSFET.

6.4 Summary

This chapter demonstrated the operation of the SiC power MOSFET in the resonant-
switch dc-dc step-up voltage converter as switch to control the output current and
voltage. The experimental results show that the SiC power MOSFET achieves the
resonant operation at the zero voltage and zero current switchings. The output volt-
age, which depends on duty cycle D and turn ratio nyt of transformer, was constant
throughout the operation. Moreover, the results of the resonant converter by using

the SiC power MOSFET were compared with the results by using Si power MOSFET.
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The results by using SiC power MOSFET showed smoother waveforms of the current
and voltage than the results by using Si power MOSFET. Therefore, the SiC power

MOSFET can be used in the resonant-switch dec-dec step-up voltage converter.
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Chapter 7

Conclusions

In this dissertation, SiC power transistors, especially power MOSFET and JFETS,
were characterized for power conversion circuits. Transient behavior in switching op-
eration of the SiC power devices is affected by their intrinsic parasitic capacitances.
Therefore, it is important to characterize the C-V characteristics of the power de-
vices to estimate their switching performance. The major conclusions obtained in the

present study are summarized as follows.

Chapter 2 illustrated the simplified cross section of the SiC DiMOSFET cell, the
lateral-type RESURF SiC JFET cell, the vertical-type bare die SiC JFET cell. In
this chapter, we also described the two most commonly used types of capacitances in
semiconductor devices. They are composed of the MOS capacitance type and the pn
junction capacitance type. Their device structures decide the voltage dependence of
the capacitance characteristics. The voltage dependence of the MOS capacitance in
the SiC DIMOSFET can be distinguished as accumulation, depletion, and inversion
conditions, which is similar to the Si power MOSFET. The voltage dependence of the
pn junction capacitance in both SiC JFETSs is expressed at the uniformly doped and
the linearly graded doped junctions.

In Chapter 3, we described the developed C-V characterization system for high-
voltage power transistors. Because the terminal capacitances of a power device are
important to understand the dynamic behavior of the device, such as its switching

operation. The device capacitances are not constant, but change with terminal ap-
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plied voltage. Therefore, a C-V characterization system for gate-controlled power
devices was developed in this study. It consists of five measurement circuits, which
were proposed to measure the three combinations of terminal capacitances and three
combinations of device capacitance for circuit operation. The developed capacitance
characterization system can measure capacitance from the blocking condition to the
conducting condition while changing the gate bias voltage. The variation of the deple-
tion and accumulation condition in the device was reflected in the device capacitance.
The measured capacitance explained the device structure and the physical phenomenon
occurring in the device clearly.

In order to predict the device characteristics of the Si and SiC power MOSFET'Ss
accurately over their wide range of operation, a physics-based model was studied and
proposed based on terminal capacitances in Chapter 4. In this chapter, we character-
ized the voltage dependence of terminal capacitances of the power devices, modeled
the I-V characteristics with discussing the C-V characteristics of the power devices,
and extracted the model parameters from their characteristics. And also, this chapter
characterized and discussed the switching characteristics of power MOSFETSs through
the voltage dependence of terminal capacitances. The difference between the switching
characteristics of the Si and SiC power MOSFETSs depends on their internal parasitic
capacitances, which can be classified by the MOS capacitance and pn junction capac-
itance. Finally, it was shown that the simulated results of the switching behavior well
agree with the experimental results for some conditions of the model and extracted pa-
rameters. The SiC power MOSFET has faster turn-on and turn-off speed than the Si
power MOSFET. Because the SiC power MOSFET has smaller terminal capacitances
than the Si power MOSFET.

In Chapter 5, we characterized and discussed the switching characteristics of the
lateral-type and vertical-type SiC JFETSs through the gate and drain voltage depen-
dency of terminal capacitances, and also the static I-V characteristics of both SiC
JFETs. The difference between the switching characteristics of the lateral-type and
the vertical-type SiC JFETs depends on their internal parasitic capacitances, which
can be classified by the dependence of depletion capacitance. The lateral-type SiC
JFET has faster turn-off speed than the vertical-type SiC JFET. Therefore, the de-
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vice structure and switching phenomenon can be characterized and explained for these
SiC JFETSs by the measurement of C-V characteristics of devices. In the end of this
chapter, it was shown that the simulated results of the switching behavior well agree
with the experimental results.

Finally, the SiC power MOSFET was experimentally evaluated its performances in
a high frequency switching converter circuit. The characterization of the SiC power
MOSFET was examined via measured and simulated results in Chapter 4. In Chapter
6, we demonstrated the operation of the SiC power MOSFET in the resonant-switch dec-
dc step-up voltage converter as switch to control the output current and voltage. As the
experimental results, the SiC power MOSFET in the resonant converter was switched
at the zero-voltage and zero-current switching conditions. The output voltage, which
depends on duty cycle D and turn ratio nt of transformer, was constant throughout
the operation. And also, the results of the resonant converter using the SiC power
MOSFET were compared with the results using Si power MOSFET. The results showed
smoother waveforms of the current and voltage. Therefore, the SiC power MOSFET
is preferable in the resonant converter towards power conversion circuits.

Through this study, several issues in characterization of SiC power transistors for
power conversion circuits have been clarified. However, there remain several issues to

be solved. They have emerged several goals to be accomplished in the future:

e An analysis of switching behavior by equivalent circuit of SiC power
transistors:
We have worked on characterization of SiC power transistor to characterize the
static I-V, C-V, and switching characteristics of the SiC power devices for power
conversion circuits. This dissertation shows that the transient behavior in switch-
ing operation of the SiC power devices are discussed with relation to their C-V
characteristics and static /-V characteristics. The simulated results in switching
behavior of the SiC power devices coincided with experimental results suitably in
some conditions. Therefore, we now are analyzing on the dynamics model of SiC
power devices with equivalent circuit based on C'-V measurement for suitably all

conditions.
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e Evaluation of SiC power transistors in a high frequency switching
power conversion circuit:
SiC semiconductor is the most promising material for power switching devices
due to their inherent material characteristics. For this reason, SiC power devices
are also expected to have fast switching capability. Under development, SiC
power MOSFETSs and SiC JFETs now are the most possible power switches for
high switching frequency power converters. To realize the fast switching with a
thin voltage blocking layer, the switching characteristics of the SiC power MOS-
FETs and SiC JFETSs have to be evaluated in a high frequency switching power

conversion circuit.

e Performance evaluation of a SiC power MOSFET in a resonant circuit
application:
In Chapter 6, we demonstrated the operation of the SiC power MOSFET in a
resonant converter to regulate the output voltage. The obtained experimental
results of the resonant converter by using the SiC power MOSFET showed the
smooth waveforms of the current and voltage of the converter. Therefore, the
SiC power MOSFET can be used as a switch to control the output current and
voltage appropriately. Next, we are evaluating and discussing the performance of
the SiC power MOSFET in the resonant converter with comparing the Si power
MOSFET.
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