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Abstract

It has been demonstrated experimentally that the switch-off time of a high-voltage power (1.8 kV, 3.8 A) 4H-SiC
bipolar junction transistor in the deep-saturation mode can be decreased from 200 to 25 ns by using an appropriate
switch-off base signal. In such conditions, the switch-off time in the common-emitter configuration can be shorter than

the switch-on time.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, considerable progress has been made
in developing power 4H-SiC-based bipolar devices: di-
odes, bipolar junction transistors (BJTs), and thyristors
[1-3]. Static and transient characteristics of power (1.8
kV, 3.8 A) 4H-SiC npn BJTs with current gain f§ of about
30 at room temperature have been studied recently [4,5].

In all bipolar devices, the switch-off process is, as a
rule, the slowest transient process limiting the highest
achievable operation frequency. For power switching
BJTs the problem of the switch-off time is especially
important because the switch-on time becomes shorter,
and switch-off time, by contrast, longer with increasing
saturation level [4,6].

In this paper, we report for the first time on a strong
decrease in the switch-off time of high voltage 4H-SiC
npn BJTs in the deep saturation mode.
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2. Experimental

1.8 kV, 3.8 A 4H-SiC BJTs were fabricated by Cree
Inc., with a 20-pum-thick n~-collector layer doped to
2.5x10% ¢cm™3, 1-um p-base layer doped to 2.5x 10"
cm~3, and 0.75-um n*-emitter layer. The p*-contact
regions were formed in the base by aluminum implan-
tation. The collector junction was terminated with a
junction termination extension formed by boron im-
plantation. The emitter-base configuration of 1x1.4
mm? devices had inter-digitized “overlayer” geometry,
with base finger pitch of 23 pm and emitter finger
width of 12 um. The total length of the emitter fingers
was 6 cm (total emitter area Sg = 7.2 x 1073 cm?, total
collector area Sc = 1.4 x 1072 cm?). The base current
gain ff measured in the active mode at base current
I, =1 A was equal to 20. For more details see Refs.
[2,5].

The BJT was turned on in the common-emitter (CE)
configuration by applying a long positive gate pulse. The
characteristic BJT switch-on times were studied thor-
oughly in Ref [4]. The BJT was turned off by switching
off the gate pulse or, alternatively, by applying a nega-
tive base current pulse.
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3. Results and discussion

The BJT switch off was studied in the deep saturation
mode at base current [, = 1 A, collector bias /; = 250 V,
and collector load resistance R;, = 50 Q. The saturation
parameter N = (S, — Icsat)/Icsat [6], Where [, is the in-
put base current, and Icg &~ Vp/Ry is the saturated
collector current. Hence, N = 3 for the given I, ¥;, and
Ry. It is noteworthy that the collector current density in
this regime is 700 A/cm?.

Curve 1 in Fig. 1a shows the decay of the base cur-
rent during the conventional switch-off process. The
total time of the base current drop is equal to 35 ns. The
time dependence of the collector current /c, which cor-
responds to this mode is represented by curve 1 in Fig.
1b. It is seen that the total time of the collector current
drop is 200 ns.

As shown in Ref. [4], the total rise time of the col-
lector current in the CE configuration in the active
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Fig. 1. Time dependences of (a) base current and (b) collector
current during the switch-off process for a high-voltage (1.8 kV,
3.8 A) 4H-SiC BJT in the deep saturation mode. Curve 1 show
the base and collector current waveforms in the conventional
switch-off mode, when the base current decreases to zero. Curve
2 show the base and collector current waveforms in the mode
with appreciable switch-off reverse base pulse.

mode, which is equal to 130 ns, is defined by the fCE R,
product, where C¢, is the effective collector-base ca-
pacitance. With N increasing, the total rise time of the
collector current decreases, to become only 50 ns at
N =4 [3]. Hence, just the time of the collector current
drop defines the limiting operation frequency.

The switch-off time, Az, can be made shorter by
applying a negative base pulse in the switch-off process
(curve 2 in Fig. 1a and b). For the case shown in Fig. 1
Iy =1A,Ic =5 A, N = 3), the minimum Aty = 25 ns
is reached at I ~ 0.7 A. The time dependence of the
base current (curve 2 in Fig. 1a) is virtually not affected
by the collector bias 7, and this dependence has just the
same form across the whole range of 7; variation, from
0 to 250 V.

The time dependence of the base current in the
switch-off process (curve 2 in Fig. la) is qualitatively
similar to that of the current waveform in measurements
of the reverse current recovery for p—n junctions [7,8].
Minority carriers (electrons) are removed from the base
by the negative base current. It is very interesting to note
that the collector current becomes zero when a consid-
erable charge of non-equilibrium electrons and holes
exists in the base. Comparison of curve 2 in Fig. 1a and
b readily shows that a noticeable base current is ob-
served approximately 120 ns after the break of the col-
lector current.

It is noteworthy that the drastic shortening of the
switch-off time leads to a remarkable decrease in energy
loss per switching cycle and an increase in the maximum
operation frequency of switching power SiC BJTs.

4. Conclusion

The switch-off time of a power high-voltage (1.8 kV,
3.8 A) 4H-SiC BJT in the deep saturation mode can be
decreased from 200 to 25 ns by applying an appropriate
switch-off base signal. In such conditions, the switch-off
time in the CE configuration is shorter than the switch-
on time. The decrease in the switch-off time makes it
possible to diminish remarkably the energy loss per
switching cycle and results in higher possible maximum
operation frequency of switching.

Acknowledgements

This work was funded by the Office of Naval Re-
search MURI program, contract # N00014-95-1-1302,
monitored by Dr. John Zolper. At All-Russia Electro-
technical Institute and Ioffe Institute this work was
supported by Russian Foundation for Basic Research
(grant N02-02-16496).


https://www.researchgate.net/publication/224537051_Transient_Response_of_a_P-N_Junction?el=1_x_8&enrichId=rgreq-ebad536a-da08-480b-880f-3f6d3079175a&enrichSource=Y292ZXJQYWdlOzI2MDU4MTc1NDtBUzoyNjM3Mzc2MzAyNjEyNDlAMTQzOTg5MTM1OTQ0Mg==
https://www.researchgate.net/publication/3064464_Paradoxes_of_carrier_lifetime_measurements_in_high-voltage_SiC_diodes?el=1_x_8&enrichId=rgreq-ebad536a-da08-480b-880f-3f6d3079175a&enrichSource=Y292ZXJQYWdlOzI2MDU4MTc1NDtBUzoyNjM3Mzc2MzAyNjEyNDlAMTQzOTg5MTM1OTQ0Mg==

M_.E. Levinshtein et al. | Solid-State Electronics 48 (2004) 491-493 493

References

[1] Singh R, Irvin KG, Richmond JT, Palmour JW. High-
temperature performance of 10 kilovolts, 200 amperes
(pulsed) 4H-SiC pin rectifiers. In: Proc ICSCRM-2001,
Tsukuba, Japan, 2001, p. 1265-68.

[2] Ryu S-H, Agarwal AK, Singh R, Palmour JW. 1800 V npn
bipolar junction transistors in 4H-SiC. IEEE Trans EDL
2001;22(3):124-6.

[3] Agarwal AK, Seshadri S, MacMillan M, Mani SS, Casady
J, Sanger P, et al. 4H-SiC pn-diodes and gate turn-off
thyristors for high-power, high-temperature applications.
Solid-State Electron 2000;44:303-8.

[4] Ivanov PA, Levinshtein ME, Agarwal AK, Palmour
JW. Transient characteristics of a 1.8 kV, 3.8 A 4H-SiC

bipolar junction transistor. Semicond Sci Technol 2001;
16(6):521-5.

[5] Ivanov PA, Levinshtein ME, Rumyantsev SL, Ryu S-H,
Agarwal AK, Palmour JW. Factors limiting the current gain
in high-voltage 4H-SiC npn-BJTs. Solid-State Electron
2002;46(4):567-72.

[6] Stepanenko IP. The bases of the transistors and transistor
circuits theory. Moscow, Leningrad: State Energetic Pub-
lishing House; 1963 [in Russian].

[7] Lax B, Neustadter T. Transient response of a pn-junction. J
Appl Phys 1954;25:1148-54.

[8] Levinshtein ME, Mnatsakanov TT, Ivanov PA, Palmour
JW, Rumyantsev SL, Singh R, et al. “Paradoxes’ of carrier
lifetime measurements in high-voltage SiC diodes. IEEE
Trans ED 2001;48(8):1703-10.



