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Abstract—Silicon Carbide (4H-SiC), asymmetrical gate turn-
off thyristors (GTQO’s) were fabricated and tested with respect to Sio
forward voltage drop (Vr), forward blocking voltage, and turn- ¥
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off characteristics. Devices were tested from room temperature to N~10"%cm? [ I,
350°C in the dc mode. Forward blocking voltages ranged from g i
600-800 V at room temperature for the devices tested/r» of a t 6.0 um P~ base ~ 5x10"cm

typical device at 350°C was 4.8 V at a current density of 500

Alcm?. Turn-off time was less than 1us. Although no beveling P + buffer layer

or advanced edge termination techniques were used, the blocking N * buffer layer

voltage represented approximately 50% of the theoretical value
when tested in an air ambient. Also, four GTO cells were
connected in parallel to demonstrate 600-V, 1.4 A (800 A/ch)
performance.

~ 300 um
N+ 4H-SiC Substrate

T N
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[. INTRODUCTION

- ig. 1. Inverted, asymmetrical 4H-SiC GTO device cross section. The for-
”TICQN CARBIDE (SIC) has Iong b?en known to posses\’\%ard blocking junction (anode positive) is labeled J1.
ignificant material advantages (higher thermal conduc-

tivity, higher breakdown field, wider bandgap, and higher.

saturated electron drift velocity) in comparison to Si and GaAd1c€ it does not require the negative ac cycle for turn-off. The

for high-power switching applications [L}-[4]. Although |arge_asymmetrical GTO structure also has the advantage of easier

area devices are yet to be fully realized because of limit&fn-ff in comparison to symmetrical devices. Additionally,
material development, SiC power devices have now be asymm_etrlcal GTO structur_e is less suscepUbIe_to open
fabricated with promising performance. SiC power devic%ﬂs’e transistor bre_akdown Wh'Ch ger_1era||y determlnes the
fabricated include pn junction and Schottky diodes, thyristo (eakdown voltage in conventional thyrlstqrs. Also, unlike the
UMOSFET's, JFET's, and SIT's [1], [5]. Power MOSFET's>!C Power MOSFET, IGBT, and MCT devices, the GTO does
have been reported with blocking voltages of 760 V and IoﬂPt have t_he .rellab|I|ty .problems of a dielectric subject to
on-resistance (66 fa- cm?) [4]. Symmetrical thyristors with 1gh electric fields at high temperatures [6], [7]. Thus, the
blocking voltages of 900 V and on-state currents of 2.0 ﬂsymmetrlcal Sic .GTO represents a promising h|gh—pc_)wer
have been reported, as well as larger-area thyristors with %vme fo_r .good high-temperature reliability, fast switching,
V, 6.0 A performance [3]. The 700 V device hag of 3.67 and sensitive turn-on and turn-off control.

V at a current density of 1000 A/cin These devices also
demonstrated reliable operation after 600 h storage at 400
°C in an air ambient. SiC power devices such as thyristorsA cross section of the asymmetrical GTO is shown in
and pn junction diodes should be capable of high operatifp. 1. Because of the partial ionization of p-type acceptor
temperatures (500C), eliminating costly, expensive, andimpurities in SiC, it is difficult to obtain highly-conductive p-
bulky cooling systems. Because of SiC's high breakdowtgpe SiC substrates. To counter this, the structure was inverted
strength £2.3 MV/cm [1]), faster-switching power devicesand fabricated on a heavily dopéd x 10'° cm=2), 12 mil

as well as ultra-high voltage devices in the range of 40 kMick, n-type, Si-face, 8 off-axis, 4H-SiC substrate. Five
should be feasible. In this work, we report the fabricatioapitaxial layers were grown on the substrate. First, an n
and characterization of asymmetrical 4H-SiC Gate Turn-Offuffer layer was grown. Next, a heavily doped p-type buffer
Thyristors (GTO’s). The GTO structure has advantages oveyer was epitaxially deposited in order to form a punch-
the conventional thyristor in that it can be turned off withhrough structure and also to allow easier turn-off of the
a gate pulse, allowing it to be used in dc power switchingevice by reducing the injection efficiency of the bottom npn
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Center, Electronic Sensors and Systems Division, Pittsburgh, PA 15235-5 . . . . .
USA. Y 9 ) is also shown in Fig. 1. The anode isolation and edge
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in CHF;, H,, and Q. High-temperature nitrogen implantation

(similar to [8]) was performed under the gate contact area to § 0.1

reduce the gate contact resistance. A combination of thermal S 4 . o
and deposited silicon dioxide layers was used to passivate the £ g gg5 4H-SiCGTO  T=20"C
mesa edge termination of the device. Nickel silicide ohmic o = l.=-5mA
contacts were used for the gate and cathode [9] resulting in £ 0.067 =G

an ohmic contact resistance 6fx 107*€ - cn? from TLM g 0 04_5 -e-lg=-7mA
measurements, while an aluminum-titanium alloy was used for 3 TS

the pt anode contact [10]. Interdigitated anode and gate fingers &0.023 - lg=-8 MA
were of equal lengths and widths for these nonoptimized, first- =

o
generation devices. Typical finger lengths and widths were 250 3 0

c

<

and 15.m, respectively. 0 200 400 600
Anode-to-Cathode Voltage (V)

lIl. EXPERIMENTAL RESULTS AND DISCUSSION @

The 4H-SiC GTO’s exhibited forward blocking in the range
of 600-800 V for most of the devices tested. Testing was
performed on a high-temperature probe station in an air
ambient, similar to that performed on other SiC thyristors
[3], [11], without the use of Fluorine®'. The dc turn-on
characteristics of a typical GTO are shown in Fig. 2(a) as
measured with gate currents 6f5,—7, and —8 mA to
illustrate the sensitive turn-on of the device. With no gate
current, the forward blocking voltage of a typical device (700
V) is shown in Fig. 2(b).

This blocking voltage corresponded to a maximum electric
field (E,,) of approximately 1.2 MV/cm across the blocking
layer for a nominal 700-V blocking device when assuming
negligible voltage drop across the anode, substrate, contacts,
and buffer layers. This value d,, is about 50% of the theo-
retical critical electric field possible in 4H-SiC [1]. Emissions ()
of light at the periphery of the device structure in breakdowfig. 2. (a) Typical forward current-voltage characteristics of a 4H-SiC GTO
were observed under high-powe) magnification i the " Sg8e Srers o, L el mh () Fomerd bocking voes
dark, consistent with edge-breakdown. Further improvements
in edge termination should improve the breakdown character-
istics of the devices. For comparison purposes, it is notable 1w
that for punch-through structures in silicon such as a p-
i-n diode, a 45zm thick blocking layer of equal doping
would be necessary to achieve the same 600-V blocking
as with the 6am SiC blocking layer used here [12]. The
dramatic reduction in the required blocking layer thickness for
this device structure utilizing SiC’s high electric breakdown
strength should allow for much faster power switching than

Dewica Current Denly [Aocm
=
L iRe JQ

. o . 4H-BIC GETD
conventional silicon devices. " :
. 121':- LY LI} el rra i
Forward voltage drops at different temperatures were mea- e Tl ! R |
sured as well, and are shown as a function of current density Forward Wallags Drap (W)

from a typlcal device in Fig. 3V rangEd from 4 to 10 V Fig. 3. Forward voltage drop as a function of current density and temperature

for typical de_‘\{ices depending upon current .denSity.- At higly a typical 4H-SiC GTO. Current density was normalized to anode area.
current densities, the forward drop is significantly increased

from the high anode contact resistange x 1072 Q - cm? o
as measured from TLM) and future efforts are concentratifOP across a pn junction at a constant current decreases

on lowering the anode contact resistance to improve deviééth temperature (by 2.24 m¥C in 6H-SIC) because of
performance. Maximum current densities of up to 2500 A/cnthe exponential increase in intrinsic carrier concentration with
were obtained in some devices, but current was limited ifcreasing temperature [13]. A forward drop of 4.8 V was
obtaining Fig. 3 to avoid premature device failufé. de- measured at 500 A/ct(normalized to the anode area) at
creases at higher operating temperatures for two reasons. Fastemperature of 350C for a typical device. The forward
because of increased carrier ionization in SiC (in particuldrop may be marginally increased as a result of thebpffer

the p-type layers) the resistivity of the semiconductor igyer inserted to increase the turn-off gain by decreasing the
decreased. Second, from the ideal diode equation, the voltamjection efficiency of the bottom npn transistor.
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blocking voltages of 600-800 V using a;8n thick p-type
(N4 ~ 5 x 10** cm=3) blocking layer. Four cells packaged
in parallel were able to provide 600 V, 1.4 A performance
up to temperatures of 350C. Excellent turn-on and turn-off
characteristics were noted with a turn-off time of less than 1
1S and a turn-off gain of 3—7 measured for typical devices.
Vr ranged from 4 to 10 V for these unoptimized devices,
with a typical 4.8-V forward drop measured at a temperature
of 350°C and a current density of 500 A/émnormalized to

— |5, 200 mA/div_ the

t, 5 pusidv

anode area.
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performance.

Although these device structures were nonoptimized, four
identical cells were placed in parallel to demonstrate a 60f;
V, 1.4 A device as shown in Fig. 4, which would correspond
to 800 A/cn? assuming uniform current distribution between
devices. The top trace represents the cathode-to-anode volt
(Vi) which is approximately-100 V in the off-state, dropping
to less than-10V(—3.5 to—10 V) in the on-state. The second
trace from the top is the anode current of the device, whic !
conducts 1.4 A when the device is on. The third and fourtrg
traces from the top represent the gate voltage and current,
respectively. The device is turned on with a gate pulse of
approximately—110 mA, and the device is turned off with a 4
gate current pulse of approximately 200 mA. The turn-off time
in all devices was extremely fast{us) in comparison to Si  [9]
GTO's. The turn-off time could not be accurately measured
below 1.s due to the resolution of the pulse system used, byg;
turn-off time is currently being measured in a more elaborate
set-up, and will be reported on shortly. The turn-off g4ih)
was measured by taking the ratio of anode current to gate
current [14].2 was measured to be between three and seven for]
the devices tested. The maximum turn-off gait),f—defined
by (1)] can be enhanced by reducing the injection efficien%]
of the bottom npn transistor in the GTO

/3 m =

PP 1 o

(apnp + anpy — 1)

It is from (1) that the advantage of the fbuffer layer is most [10]
easily seen, since it acts to reduce the injection efficiency (and
thus the base transport factor) of the bottom npn transist?r.
) ) . i)

Although decreasinginpy increases?,,, one disadvantage is

that it also acts to increasgr.

[12]
IV. CONCLUSIONS [13]

Asymmetrical 4H-SiC GTO’s have been fabricated and
characterized for the first time. Current densities in excegs;
of 1000 A/cn? were easily obtained, in addition to forward
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