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Ultra-high voltage 4H-SiC gate turn-off thyristor for
low switching time*

Qing Liu(X|#), Hong-Bin PuGH LK), and Xi Wang(F )
Xi’an University of Technology, Xi’an 710048, China
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An ultra-high voltage 4H-silicon carbide (SiC) gate turn-off (GTO) thyristor for low switching time is proposed and
analyzed by numerical simulation. It features a double epitaxial p-base in which an extra electrical field is induced to en-
hance the transportation of the electrons in the thin p-base and reduce recombination. As a result, the turn-on characteristics
are improved. What is more, to obtain a low turn-off loss, an alternating p™/n™ region formed in the backside acts as the
anode in the GTO thyristor. Consequently, another path formed by the reverse-biased n*—p junction accelerates the fast
removal of excess electrons during turn-off. This work demonstrates that the turn-on time and turn-off time of the new
structure are reduced to 37 ns and 783.1 ns, respectively, under a bus voltage of 8000 V and load current of 100 A/cm?.

Keywords: 4H-SiC, gate turn-off (GTO) thyristor, turn-on, turn-off

PACS: 72.80.Ey, 73.40.Kp, 85.30.De, 85.30.Rs

1. Introduction

In recent years, global demand of high voltage power
semiconductor devices has been increasing in many indus-
trial fields. In particular, high voltage gate turn-off (GTO)
thyristor based on SiC has rapidly developed in simulations
and experiments for being used as the ultra-high voltage di-
The SiC GTO thyris-
tors can withstand higher blocking voltage, operate at higher

rect current (UHVDC) converters.

junction temperature and have faster switching speed than Si
thyristor,[l'zl because SiC material has characteristics of wide
bandgap, high breakdown electric field, high thermal conduc-
tivity, and radiation-resistance.!**! Currently, the asymmetri-
cal 22-kV 4H-SiC GTO thyristor with a thickness of 160-pm
p~ drift layer is reported by Cree, Inc.!! In fact, the devel-
opment of SiC GTO thyristor with n-type drift layer is ahead
of that of SiC GTO thyristor with p-type drift layer. Owing
to the limitation of technology level, the SiC GTO thyristors
with n-type thyristor use p-type SiC substrates that will in-
duce a high resistance connected in series with the devices.
Hence, the SiC GTO thyristor with p-type drift layer has been
reported and investigated most during the past three decades.
However, in 2015, the 27-kV/20-A 4H-SiC IGBTs with n-type
drift layer was fabricated successfully on an n-type substrate
and subsequently the n* substrate was removed by mechani-
cal grinding or chemical mechanical polishing (CMP).[®] Ad-
ditionally, in 2017, a low cost substrate removal process was
developed commercially to obtain lightly doped free stand-
ing epitaxial SiC wafers with atomically flat surfaces on both
Si- and C-faces. Using this process, a 350-pum-thick n*-SiC

DOI: 10.1088/1674-1056/ab4e89

substrate has been successfully removed to fabricate 180-pum-—
250-pm-thick 4-inch-sized (1 inch=2.54 cm) n-SiC epitax-
ial free standing wafers by electrochemical etching process.”!
Hence, the fabrication of the SiC thyristors with thick n-type
drift layer is feasible. Besides, n-type GTO thyristors have
a high upper transistor gain onpn (~ 0.95) due to the strong
electron injection from the upper n* emitter. What is more,
the n-type GTO thyristors have a small lower transistor gain
apnp (~ 0.05-0.2) caused by the low hole injection from the
bottom p* emitter.l¥! Thus, the turn-on and turn-off charac-
teristics of n-type GTO thyristor are ferior to those of p-type
GTO thyristor.

In our previous work, a double epitaxial n-base in p-type
SiC thyristors[®! is induced to reduce the turn-on time. But
unfortunately, the turn-off time of the thyristor is increased. In
view of this, we consult the method to gain low turn-off loss in
Si thyristor by the anode- or cathode-shorts!!'%!!l to improve
the turn-off characteristics in SiC thyristors.

In this paper, an ultra-high voltage 4H-SiC GTO thyris-
tor with n™ drift layer for low switching time is proposed and
demonstrated by numerical simulations, which shows excel-
lent turn-on and turn-off performance.

2. Device structure and simulation setup

Figure 1(a) shows the schematic cross section of the pro-
posed n-type 4H-SiC GTO thyristor.
doped p region and a slightly doped p~ region in narrow p-

It features a heavily

base. And the double epitaxial p-base could be grown by the
modified epitaxial process.!'?! Furthermore, an alternating n*
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and p™ emitter on the anode side to improve the turn-off char-
acteristics. Here, W represents the width of the p™ region
and is 12.5 pm. During turn-on, the high-low doped p-base
introduces an extra electrical field to enhance the transit of
electrons by drift action, and thus reducing the recombination.
Hence, the turn-on speeds up. In the turn-off process, another
path will form to force the extra electrons in n™ drift layer and
n buffer layer to be extracted, and thus improving the turn-off
characteristics. It can be observed that the p emitter is induced
in the proposed n-type GTO thyristor to ensure a desirable in-
jection of holes. As a result, the device is still in the on-state

(a) new N-GTO

-
nt buffer layer: 1X10!7 cm—3
-

n~ base: 2X107 cm—3

cathode

when the gate-triggered-on current is removed.

Figure 1(b) shows the conventional p-type 4H-SiC GTO
thyristor with a 160-pm-thick p~ drift layer and 2-pm-thick
p™ buffer layer. And the design and fabrication details of the p-
type SiC GTO thyristor can be seen in Ref. [13]. Note that the
concentration and thickness of n~/p~ drift and n™/p™ buffer
layers are chosen according to Refs. [5] and [14] which can
support 20-kV forward blocking voltage.

Figure 1(c) shows the fabrication process for the proposed
SiC GTO thyristor with an n™ drift layer.

(c)

N-type highly-doped
substrate (~350 pm)

growing epitaxial p emitter
layer on the n substrate

growing epitaxial nt buffer
layer and n— drift layer on the
p emitter

L

growing epitaxial p~ base and
p base layer on the n— drift
layer

1

growing epitaxial nt emitter
layer

1

etching the nt emitter to form
mesa structure

forming pT contact layers via
ion implantation

thinning the n substrate to a
desired thickness (~3 pm)

forming pT emitter via ion
implantation

1

metalizing all contacts

Fig. 1. Cross-sectional schematic diagram of (a) proposed 4H-SiC n-GTO thyristor, (b) conventional p-GTO thyristor, and (c) simple fabrication

process of proposed n-GTO thyristor.

To investigate the static and dynamic characteristics
of the developed n-type GTO thyristor, two-dimensional
device-level simulation software Sentaurus-TCAD!!>! is used.
In simulations, some models must be adopted, includ-
ing incomplete ionization, ! band-gap narrowing,['”l Auger
recombination, '8! electron—hole scattering,[w] doping, tem-
perature, and field-dependent mobility models,*”! Shockley—

Read-Hall recombination with the Scharfetter.!?!! For impact-
ionization modeling, the anisotropic model is used for the
SiC-based GTO thyristor.??! In the highly-doped p*/n* emit-
ter layers, the carrier lifetime is given by the semi-empirical
formula!?3-24]

Th0,p0 (dl‘ift)

by = e 1
T10,p0(emitter) 1+ [(N/Nn)]oc ’ (1
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where 7, ,(drift) are the values of the parameters 7, and Ty
in the thick n™/p~ drift layer, N is the doping concentration
for the heavily doped emitters, and N, and o are the fitting
parameters, N, = 7 x 107 cm™3, and o = 1. Table 1 shows
several important physical models and their parameters in this

simulation. Moreover, all simulations are carried out by using
Fermi—Dirac statistics. The temperature involved in all simu-
lations is assumed to be room temperature (300 K). Moreover,
in the simulation, the minority carrier lifetime in the drift layer

and buffer layer are set to be 2.0 s and 1.5 s, respectively. 2!

Table 1. Physical models and parameters.

Model name

Models

Parameters

Incomplete ionization of impurities

N =Np/[1+gp(n/ni)], ni = Neexp(—AEp/KgT)
for Np < Np ¢rit AEp = Ec—Ep
Ny =Na/[1+ga(P/R)], B =Nvexp(—AEx/KgT)
for Na < NA,crit AEN =Ep—Evy

AEp =70 meV, gp =2
N, (300) = 1.689 x 10" cm~3

AEA =191 meV, gy =4
Ny (300) = 2.494 x 10" cm—3

Auger RA = (Can+Cyp) (np—n?) Ch=5x10"3" cmb.s~!
Cy=2x 1073 cmO.s~!
SRH T p(arift) = Tmax (T/300)P /{14 [(Np +Na) /Neer] "} Tmax = 2.0 s, B =1.72
Ner=3x10"7 cm™3, y=0.3
Mobility Mo = Hmax (7/300) % /{14 [(Np +Na) /Nee]" } Umax = 950 cm?/s, o =2.4,

Hp = tmax (T/300) "% /{1 + [(Np +Na) /Nref]y}

Impact ionization a = agexp[—((Ec/E)")]
B = Boexp[—((Ec/E)™)]

Carrier-carrier scattering

fen = [D(T/300)* / /il In (14 F (/300)% (np) /%))

¥=10.61, Nyt = 1.94 x 10" cm™3

Umax = 124 CIIlz/S, o=2.15,
y=0.34, Nyt =1.76 x 10" cm 3

op=1.69x10%cm™!
Ec =9.69 % 10° V/cm, m= 1.6

Bo =3.32x 10% cm™!
Ec =1.07x10° V/iem, m=1.1

D = 6.9000 x 102 (cm-V-s)~!
F =7.4520 x 1013 cm 2

3. Results and discussion

In this section, we will investigate the static and dynamic
characteristics for the SiC GTO thyristors comparatively. The
results and analyses are presented as follows. Also the device
active area is taken to be 1 cm? for simplicity. The test circuit
as shown in Fig. 2 is used to investigate the dynamic perfor-
mance of the structures. The power is supplied by the voltage
source Vs = 8000 V, Vi and Rg form the gate drive circuits,
and the values of the inductor L and the load resistance Ry, are
fixed at 5 mH and 80 Q-cm?, respectively, therefore the load
current density is about 100 A/cm?. The free wheeling diode D
is used to reduce the voltage overshoot across the GTO thyris-
tor. The turn-off snubber circuit consisting of Ry, C, and Dy is

applied to minimize the risk of dV /d¢ turn-on.!>!

turn-on pulse
L yo R YD v
turn-off pulse
N\ r
RL == Cs RG
Vs SiC n-GTO
thyristor

Fig. 2. Test circuit of dynamic characteristics of 4H-SiC GTO thyristor.

Figures 3 and 4 show the switching waveforms of the n-
type GTO and p-type GTO thyristor, respectively. In the sim-
ulation, both the turn-on gain and turn-off gain are approxi-
mately 3. Based on the switching waveforms, turn-on time
and turn-off time are extracted from Figs. 3 and 4. Note that
the turn-on time of 4H-SiC thyristor contains two parts, the de-
lay time (#4) and the rise time (#). The former 74 is defined as
the time interval from the 10%Ig-on (I;-on is gate-triggered-
on current) to the 90%Vak (Vak is the voltage between the
anode and cathode), while the latter #, is the time interval that
Vaxk drops from 90%Vak to 10%Vak. The turn-off time is de-
termined by storage time (z;), fall time (¢), and tail time (z).
Here, f; is a time interval that starts from 10%/,-off (/;-off is
gate-triggered-off current), the on-state cathode current It (It
is on-state current) drops to 90%It; f; is a period of time that
the on-state current drops from 90%It to 10%It; and # time
interval is set to be the value as 10%It drops to 25%lai (Iiail
is tail current).

Results show that comparing with the p-type GTO, the
turn-on time and turn-off time of the n-type GTO decrease ex-
tremely, which can be explained by the higher injection ef-
ficiency of the top n™—p junction and the smaller transistor
current gain of the bottom p—n—p transistor of the n-type GTO
than those of p-type GTO. Hence, the switching performance
of the n-type GTO is superior to p-type GTO.
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Fig. 3. Switching waveforms of proposed n-GTO and n-GTO thyristors
for (a) turn-on case and (b) turn-off case.

gate-triggered-on (at ¢t = 1X10~6

s)

0 0
—20
—2000} B
g
> \ ) {1-40 ©
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_ L | o =
6000 / . 1 50
Vka | .\... Ixa
00,
—8000 . . et ed —100
1.0 1.2 1.4 1.6 1.8
Time/1076 s
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O T T T T T ] 40
Vi b
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Iy
—2000 O— 0 G
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turn-off time 3.9554 ys .
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N t=2.9744 s 160 =
£, =0.3902 us >
—6000 | 1-80 &
i 4—100
—so00 f " —120

Time/107° s

55 5.6 57 58 59 6.0 6.1 6.2

Fig. 4. Switching waveforms of p-GTO thyristors for (a) turn-on case

and (b) turn-off case.

Besides the dynamic characteristics of the structures, the
forward on-state characteristics of the developed SiC GTO
thyristors are also presented as follows.

Figure 5(a) shows the forward J—V characteristics of the
structures shown in Fig. 1. It can be seen that the on-state
characteristic of the proposed n-type GTO thyristor is deteri-
orated slightly. Based on the forward J-V characteristics, the
forward voltage drop (at Jag = 100 A/cmz) of the new n-type
GTO, n-type GTO, and p-type GTO are approximately 4.61 V,

3.89V, and 4.23 V, respectively. The forward voltage drop of
the new structure is larger than that of n-type GTO thyristor.
Owing to the n™ region instead of the partial backside p* re-
gion leads the injection efficiency of the holes to decrease, and
thus weakening the conductivity modulation in the n™ drift
layer during on-state. Figure 5(b) shows the carrier density
distribution in thick drift layer during on-state. Obviously, the
hole density in new n-GTO is lower than that in conventional

n-GTO thyristor.

100 | —A— New n-GTOs o M & i
—e— n-GTOs 4 i £
80 —n— p—GTOS I ./AA'
voltage drop at 100 A/cm? i /'/“ ]
> 6ol 2V n-type GTOs: 4.61 V] /IA‘ (a)
Z_ OYT n-type GTOs: 3.89 V Joud i
5 p-type GTOs: 4.23 V 4w
> 40} 4 -
‘
.
d i
5
I I —a—new n-GTOs (b)l
—o— n-GTOs
® 1017 —=— p-GTOs
g
[®]
~
>
Rt
é 1016
3 electrons
—
2
b
3
20 40 60 80 100 120 140 160
Distance/pm

Fig. 5. (a) Forward J-V characteristics of structures, and (b) distribu-
tion of holes/electrons in n/p drift layer at on-state current density of

100 A/cm?.

The comparison between the dynamic performance and
the static performance given above shows that the switching
characteristics of the proposed 4H-SiC n-type GTO thyristor
is improved significantly at the sacrifice of a little on-state per-
formance. Subsequently, the turn-on and turn-off mechanisms
of the new n-type GTO thyritsor are investigated in detail.
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3.1. Analysis of turn-on mechanism

As can be seen from the results of Fig. 3(a), the turn-on
time is substantially reduced to 37 ns in the new 4H-SiC n-type
GTO thyristor. To further understand the turn-on process for
new n-type GTO thyristor, figure 6 shows the minority carrier
(electron/hole) density in thin p-base/n-base of the structure as
shown in Fig. 1 in turn-on process. First, the minority elec-
tron density in thin p-base of n-type GTO thyristor is higher
than the hole density in thin n-base of p-type GTO thyristor,
which contributes to the larger injection efficiency of the up-

1017 s t=1.04 us

1 T

1 n~/p~ drift layer

| 3

—a—new n-GTO4

- —e—In-GTOs 3

""Nu\.“i'w —a—!p-GTOs ]
oy,

p/n-base

Carrier concentration/cm=3

. ..|
L L=
I
| ]
\ !
| 3
109 L 1 A TATA—A—AA M A-Ad-AA—A
30 35 40 45 50 55 6.0
Distance/pm
1017 g =508 P
® , ., P n—b‘ase n~/p~ drift layer
o
Ty € . ]
=1 Bl 1
L |
2 qof \‘\ | ]
be] 1
g
9} 1
g 1014 E \l 3
8 1
o y —A—new n-GTOs {
.g 10¥E o n-GTOs R
= ——p-GTOs \
O 1012 L L L I L
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Distance/pm

per nT—p than that of p™—n junction, owing to the fact that
the highly doped p* emitter is not fully ionized at room tem-
perature. Second, for the n-type GTO thyristor, the electron
density in p-base of the new structure is higher than that for
conventional n-type GTO thyristor in the turn-on process. In
the new structure, the thin p-base consists of a heavily doped
p region and a slightly doped p~ region. As a result, an extra
electrical field is induced in p-base, consequently, accelerat-
ing the transportation of the electron in p-base and therefore
reducing the recombination in the turn-on process.

—_
[e=)
—
=

Carrier concentration/cm=—3

|
101 | L____..;
1013 [ A new n-GTOs :
F —e—n-GTOs iF—I—-—_
—a—p-GTOs |
1012 1 1 1 1 1
3.0 35 40 45 50 55 6.0
Distance/pm
1017 t=2.00 ps
= nese. 'ptzri?_'t?:bfg e .I n- {p’ drift layer
£ (d) ]
% 1016 t,ii | ]
g . I'/I—-—
< 101‘) - 1 m
E
g i
g 1014 E 1 E
o 1
z 15[ A new n-GTOs !
3 10%F o n-aTOs : ;
= —a—p-GTOs |
(@) 1012 1 1 1 1 1
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Distance/pm

Fig. 6. Plots of minority carrier (electron/hole) density versus distance in thin p-base/n-base of SiC GTO thyristors in turn-on process.

Figure 7 shows the recombination rate in thin p-base of
the two n-type GTO thyristors during the turn-on state. Obvi-
ously, the recombination rate declines in new structure. There-
fore, the turn-on time of the proposed new 4H-SiC n-type GTO
thyristor is reduced significantly.

:\:{) 1030 b ' I;—base ) l' n— drift layer

i [ —a— new n-GTOs i

E jo»f —=— n-GTOs 4

< r 4

EE ]

£ 1026} ]

=} 1

£ 10 ;

= -

g ;

< 22

% 10k \A—A—A—A—AAM. 1

8 r 1 E

1020 1 L L | )

o 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Distance/pm

Fig. 7. Recombination rate versus distance of two n-type GTO thyris-
tors during turn-on state.

3.2. Analysis of turn-off mechanism

The dynamic turn-off characteristics of the structures,
which are obtained with a 33-A/cm? absolute value of gate
current (the turn-off gain Byg ~ 3), are shown in Figs. 3(b) and
4(b). The turn-off times of these structures are summarized in
the illustration. Primarily, the much faster turn-off speed of
the n-type GTO thyristor than that of the p-type GTO thyristor
mainly results from the lower current gain of p—n—p transis-
tor in the n-type GTO thyristor than that of n—p—n transistor
in p-type GTO thyristor. As a result, the excellent turn-off
performance of the n-type GTO thyristor is improved in stor-
age time, especially fall time. Besides, the turn-off time of
the proposed n-type GTO thyristor is approximately 783.1 ns,
which is smaller than that of conventional n-type GTO thyris-
tor (1045.6 ns).

Figure 8 presents the electron/hole density distribution in
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thick p~/n~ drift layer of the p-type and n-type GTO thyristors
during turn-off state. Due to the low transistor current gain of
p—n—p transistor in n-type GTO thyristor, the extraction of the
minority carriers is faster than that of the p-type GTO thyristor.
Furthermore, comparing with the conventional n-type GTO
thyristor, the hole density of n~ drift layer in the proposed
structure is low at the same turn-off time, which results from
the fact that the new structure has two paths to extracting the
extra carriers. One is a conventional way to recombination
through p—p™ junction, and the other is a novel path to sweep-
ing out the electrons rapidly through the reverse biased p-—n*
junction during turn-off state. Figure 9(a) shows the distribu-
tion of potential and electrical field on the back-side of the new

17 T T T T T T T
10 \ —a—new n-GTOs t=57.01 us
E'I’ i —o0—n-GTOs
g —
< 1010 3
o electron
9
gr}
<
i) 15
= 10 hole
9]
o
=t
o
o
5101 hole 3
@) drift layer (a)
1013 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 16
Distance/pm
1017 T T T T T T T T
- —s—new n-GTOs  ¢=>57.50 us
‘E —o—n-GTOs
S ok —4— p-GTOs
~
o electron
o
2
@
-
g 105 E &
by I
Q v
: P
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n-type GTO thyristor during turn-off state, indicating that the
potential drop is about 2.9 V and bottom n*—p junction is re-
verse biased. Consequently, a high electrical field is induced at
the p—n™ interface, which is expected to accelerate the extrac-
tion of excess electrons. Figure 9(b) shows the recombination
rate on the back-side in the structure. It is indicated that the
electrons/holes are extracted only by recombination in p-type
and conventional n-type GTO thyristors, whereas the electrons
are removed through recombination and swept out by the re-
verse biased p—n™ junction in the new structure. Hence, the
electron density of the new n-type GTO thyristor is lowest as

shown in Fig. 10.
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Figure 11 shows the electron current density distribution
on the anode-side during turn-off state in n-type GTO thyris-
tor. It is confirmed that the extraction of the carriers in the
proposed structure is faster than that in the conventional n-
type GTO thyristor. What is more, for the proposed n-type
GTO thyristor, the extraction of electrons from the side of the
reverse biased p-nT junction becomes more and more obvi-
ous and dominant. Therefore, the turn-off speed is substan-
tially faster than that of the conventional n-GTO thyristor and
obtains a distinctly low turn-off loss.
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Fig. 11. Current density distribution during turn-off state in (a) new n-GTO thyristor and (b) conventional n-GTO thyristor.

4. Conclusions and perspectives

In this paper, a novel ultra-high voltage 4H-SiC GTO
thyristor for low switching loss is presented. The results
demonstrate that for the proposed 20-kV n-type 4H-SiC GTO
thyristor, the turn-on time and turn-off time are reduced to
37 ns and 783.1 ns, respectively. During turn-on state, the
extra electric field introduced by the high—low p—p~ junction
in the thin p-base enhances the transit of the electrons and re-
duces the recombination. During the turn-off state, the out-
standing turn-off characteristics are attributed to the following
two aspects. First, the extra carriers in an n™ drift layer are less
during the turn-on state in the new n-type GTO thyristor. Sec-
ond, and most important thing of all, during the turn-off state,
is that the bottom n*—p junction is reverse-biased, which ac-
celerates the extraction of electrons. As a result, the turn-on
and turn-off characteristics of the proposed structure are im-
proved significantly with a slight degradation of the forward
voltage drop. The idea can be a promising solution for fast

switching the ultra-high voltage SiC GTO thyristor.
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