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ABSTRACT Light-triggered thyristor (LTT) has attracted considerable interest in power conversion and
control systems because of its strong anti-interference ability and large power capacity. In this work,
we propose a monolithic LTT that can be light-triggered directly without an amplifying gate (AG)
design, to improve the device reliability and operating speed. The cathode structure is redesigned
into an interdigitated structure with a relatively large light-incident area. The cathode shorts are re-
arranged to balance the trigger intensity and the light incident depth, so as to ensure optimal dV/dt
capability. Devices are fabricated and adequate performances are obtained, verifying the feasibility of

our design.

INDEX TERMS Light-triggered thyristor, monolithic, directly trigger, cathode structure, cathode short,

dV/dt capability.

I. INTRODUCTION

As important power devices, thyristors have superior power
handling capability and are widely used in power conver-
sion and control in AC power circuits [1]. The control
signal is electrically applied to the gate in conventional
thyristors to initiate the turn-on process [2]. To obtain
good anti-interference ability for reliable application in
broad scenarios, light-triggered thyristors (LTTs) has been
invented [3], [4]. In LTTs, the control signal is optically
applied; a light source is used to generate electron-hole pairs
in the active region, which yield a trigger current to turn on
the device [5], [6], [7], [8].

LTTs are meant to be triggered using an
optical ~ signal instead of an electrical  sig-
nal [9], [10], [11], [12], [13], [14], [15], [16]. However,

most LTTs are each composed of two parts, one of
which is of low power and the other is of high power,
and the two parts are triggered one-by-one in a cascade
manner: only after the low-power part is optically trig-
gered ON, is the high-power part electrically triggered
into ON state [17], [18], [19], [20], [21]. Such cascade
triggering inherently deteriorates the turn-on process as
a whole [22], [23], [24], [25], [26].

In this work, monolithic LTTs were designed and fabri-
cated: the device was composed only one active part and
could be triggered directly by a light signal as a whole.

The device structure and cathode topology were optimized
compromisingly to obtain the adequate balance between
light-control capability, electrical characteristics, and power
handling capacity. The thickness of the base region, as
well as its doping concentration, was designed to ensure
maximum absorption of the incident light while ensuring suf-
ficient forward blocking ability. The cathode topology, where
the cathode shorts, the cathode contacts, and the transparent
windows for the incident light were placed, was designed
with an interdigitated pattern to allow enough light incident
area while achieving the required dV/dt capacity.

Il. DEVICE DESIGN AND FABRICATION

Fig. 1 (a) and Fig. 1 (b) compare the cascade-triggering
and direct-triggering LTT structures. The cascade-triggering
device, Fig. 1 (a), requires three amplifying gates (AGs),
which are used to trigger one by one, thus delaying
the turn-on process and complicating the fabrication pro-
cess [10], [27], [28], [29]. In contrast, in the direct triggering
device, as shown in Fig. 1 (b), the light source and the
thyristor die are integrated into one package, and thus
can be triggered directly without using multiple amplify-
ing gates. The thickness of the N* cathode region is about
10 pwm, where the doping concentration is 1x10'® cm™3.
The thickness of the P-type base region is about 40 pwm,
where the doping concentration is 2x 10'5 cm™3. The doping

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 10, 2022

843


HTTPS://ORCID.ORG/0000-0003-1327-7984
HTTPS://ORCID.ORG/0000-0002-2916-4418
HTTPS://ORCID.ORG/0000-0003-0865-9830

ELECTRON DEVICES SOCIETY

YIN et al.: DIRECT-TRIGGERING LTT WITH MONOLITHIC STRUCTURE

Cathode

(a) (b) Light

: +++ I:;g:zAG3 athode **
WJS
A /
h

Ji

Position X (um)

Anode Anode 10" 10" 10"°10"®
Doping concentration
(Semilog scale, cm™)

3 " 1 Cathodé
4§ & Optical-Windew.
¥ 0.15'mm

FIGURE 1. (a) The cross-section of cascade structure LTT; (b) the
cross-section of monolithic LTT, the red curve shows the doping
concentration distribution; (c) top-view of the fabricated monolithic LTT
with key structural parameters; (d) local enlarged view of the fabricated
monolithic LTT, in which the red circle represents the cathode shorts. The
irregular bubble-like patterns in (c) and (d) are the shallow pits left by the
etching of the silicon wafer.

concentration of the P-type region determines the critical
breakdown electric field of the device, while the thickness
affects the optical triggering sensitivity and blocking volt-
age of the device. The thickness of the N substrate is about
220 pm, and the doping concentration is 1 x 10'* cm™3.
The thickness of the anode p region is about 10 pm, and
the doping concentration of which is 1x10' cm™3. This
structure enables direct triggering instead of cascade trig-
gering, thus improving the reliability and running speed of
the device.

The device was fabricated with a 4-inch silicon wafer,
and the finished die was 2.1 x 2.1 mm in size. Fig. 1 (c)
shows the top view of the fabricated monolithic LTT, where
the substrate uses a chemically corroded silicon wafer. As
can be seen, the cathode is an interdigitated structure rather
than a conventional large-area metal layer. The light inci-
dent windows were opened in the cathode metal layer,
and the area of the windows accounted for nearly 50%
of the total surface area of the device. This design elim-
inated the complex fiber coupling structure, and the laser
could directly irradiate the surface of the device. It also
allowed the utmost usage of the light signal, such that the
device could be triggered using a much lower intensity of
light. Besides, this cathode structure made a better trade-off
between the light intensity and the light incident depth. The
annular ring surrounding the active region in Fig. 1 (c) was
a surface field terminating trench, which was filled with
semi-insulating polycrystalline silicon (SIPOS) to improve
the blocking performance. Under the cathode metal layer,
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FIGURE 2. The output characteristics of the fabricated monolithic LTT:
(a) forward output characteristics, and (b) reverse output characteristics.

(@)120 (b) 120
5100 Z100 ==0== Anode Current
= E
S 80 Trigger Intensity X 80
< €

E 60 5 eopx" Holding Current
g 5 £ 1.0
o 40 o 40}
o ° 3 0.5
° o S

20 < o
2 =0==Anode Current <, %0 HX -
< 0} monoooeo-o-n ol 8 0.7 04

Power supply voltage (V)

00 0.2 04 06 08 1.0 12 10 ) S " 2 0
Triggering Optical Intensity /5 (mW/cm?) Power supply voltage V (V)

C)s d)o =

© < ( )3 12 cmmem— 012Z
< 600 K] K
- > jo} = voitage 0103
g E - current g
g 3 8 0.08 3
3 3
g 400 — aVdt<784 Vs ° t,=7.21-659 | 2
g — dVIdt > 784 Vigs £ 6 on 0.06 £
5 g " =0.62pus
2 200 e 4 0.04 £
2 8 2
E’ g 2 10% 0.02 %
s 0 B £
3 S Of H 0.00 3

2 3 4 5 6 60 65 70 75 80
Time ¢ (us) Time t (us)

FIGURE 3. The on-state characteristics and switching characteristics of the
fabricated monolithic LTT. (a) The typical light-triggering process; (b) The
typical LTT holding current, where the inset shows the close-up of the
turning point; (c) The voltage transient waveform under different dv/dt
conditions; (d) The voltage and current transients of the LTT in the turn-on
process.

there were specially designed cathode shorts to improve the
dV/dt capability, as shown in Fig. 1 (d).

1Il. RESULTS AND DISCUSSION

The measurements of device characteristics were con-
ducted strictly complying with the standards of the
International Electrotechnical Commission (IEC 60747-6:
2016 Semiconductor devices - Part 6: Discrete devices -
Thyristors). All measurements were carried out in the dark-
room at room temperature (about 300 K). The triggering
light used for the measurement was a popular laser with
940 nm output wavelength, and the optical intensity could
be changed by adjusting the driving current.

The typical forward and reverse output characteristics of
the LTT are shown in Fig. 2 (a) and Fig. 2 (b), respectively.
It can be seen that the reverse blocking capability is slightly
superior to the forward blocking capability. The forward
repetitive peak voltage (Vprm) reached 986 V, while the
reverse repetitive peak voltage (Vrrm) reached 1368 V.

Fig. 3 (a) shows the light-triggering process. The circuit
for the measurements complied with the common industrial
test conditions, in which the laser current, and therefore the
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optical intensity, could be adjusted to trigger the LTT. It can
be seen from Fig. 3 (a) that when the optical intensity was
below 0.7 mW/cm?, the current in the main circuit always
remained close to 0, and the LTT was in a forward blocking
state. When the optical intensity reached 0.73 mW/cm?, the
current in the circuit increased abruptly, indicating that the
device was turned on. The on-state voltage drop was about
1.0 V at 110 mA.

The measurement circuit for the holding current was the
same as for the former process. After the device was turned
on by the light trigger, the control circuit was disconnected,
the main circuit was maintained in the on state, and the
holding current was measured. Fig. 3 (b) shows the mea-
surement results of a typical LTT holding current, where the
inset displays the close-up of the turning point. As shown
in Fig. 3 (b), when the voltage across the LTT in the main
circuit continued to decrease, the current in the main circuit
also linearly decreased, because the load used in the main
circuit was resistive. When the current in the main circuit
was below 0.235 mA, the current experienced a cliff-like
drop to 0, which indicated that the LTT changed from a for-
ward conducting state to a forward blocking state. Therefore,
the holding current (/fy) of this device was 0.235 mA.

Fig. 3 (c) shows the measurement of dV/ds capability,
where the voltage transient waveform under different dV/dt
conditions are presented. dV/d¢ means the critical rate of rise
of off-state voltage. The device exhibited a dV/dr capability
of 784 V/us for the rising anode-cathode voltage from 0 V to
657 V (2/3 of the Vprm). It had been observed that the device
remained in OFF state as long as the dV/dt was smaller
than 784 V/us. In other words, it was the cathode shorts
(as shown in Fig. 1 (d)) that allowed the device to avoid
unexpected dV/dt triggering during the blocking operation
by reducing the current gain of the NPN transistors in the
thyristor.

As for the light triggering process, Fig. 3 (d) shows the
voltage and current transients of the LTT in the turn-on
process. The light-triggering signal initialized the turn-on
process, and the turn-on time (f,y) of the LTT was determined
to be 0.62 ws. During this process, the voltage across the
LTT decreases steeply from 12 V to 0.8 V while the voltage
drop in the load increase from 0 V to 11.2 V, indicating that
the LTT was turned on effectively.

Fig. 4 shows the comparison of the main parameters of
this device with previously reported results. All the refer-
enced devices have a cascade triggering mechanism with
amplifying gates [30], [31], [32], but have almost the same
die size and specifications as this work. As shown in Fig. 4,
the forward repetitive peak voltage (Vprm), the reverse repet-
itive peak voltage (Vrrm), and the dV/dr rating of this
work are higher than the referenced results, while the trig-
ger intensity, holding current, and turn-on time are less than
those results. The overall performance of this work sup-
ports the rationality and feasibility of the design scheme for
direct-triggering monolithic structure LTT.
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FIGURE 4. Comparison of this work with previously reported results.

IV. CONCLUSION

In summary, we proposed and fabricated an optimized mono-
lithic and direct-triggering structural LTT. We demonstrated
the feasibility of monolithic LTTs without using multiple
amplifying gates. The rationality of the device design was
verified by experiment results. As expected, we achieved
the forward repetitive peak voltage of 986 V, the reverse
repetitive peak voltage of 1368 V, and the dV/dr capability
of 784 V/wis. The minimum optical trigger intensity needed
only 0.73 mW/cm™2, and the holding current was as low as
0.235 mA. More importantly, the turn-on time was decreased
to 0.62 ps under normal operating conditions. Our results
were encouraging for future high performance LTT design
and potential applications.
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