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Fig. 1. Direct current tolerant solid-state switching.

PSR ESOS '{;5':‘1‘“\:';&

torr HeHIFR
igraikirsD (2 PCSS
o oy i
§ #FDBD
106 e gk "R FID 3 Lj
Wikt
10° F ZHEDSRD

10! 102 10° 10* 10° 106
f/Hz
P&l 2 ko sl O I T o 2 O R A
Fig. 2. Pulse or turn-off type solid-state switch.
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Fig. 3. Schematic diagram of switch chip structure.
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Fig. 4. Cell structure dimensions and forward electric field distribution diagram of the chip.
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Fig. 5. Fabricated switch chips in various sizes.
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Fig. 6. Optically controlled multi-gate thyristor test circuit and photos: (a) Schematic diagram of the test circuit; (b) photo of the

R HOCEETIF I SRR %
Table 1.  Experimental data table of laser parameters and typical switch parameters.

WORTIE  MOCAER FobIE TR MGG WA LT SIEER mibob PG Tk dijdy
/MW /mJ /kV HH ] /ns /KA WAl /ns  WHAEl/ms  SEEE/ns UPR/MW  HE N (kAps?)
2.16 21.6 4.5 44.3 10.54 67.2 13.5 652 47.4 22 157
1.92 19.2 4.5 44.6 10.54 67.3 12.6 654 47.4 25 157
1.68 16.8 4.5 45.4 10.48 65.3 12.1 665 47.2 28 160
1.47 14.7 4.5 454 10.42 66.4 11 667 46.9 32 157
1.32 13.2 4.5 46.3 10.34 64.3 10.1 661 46.5 35 161
1.08 10.8 4.5 48.6 10.35 68 8.88 663 46.6 43 152
0.87 8.7 4.5 50.2 10.07 71.6 10.2 684 45.3 52 141
0.678 6.78 4.5 46 9.71 65.1 13.7 742 43.7 64 149

0.6 6 4.5 47.4 9.71 65.1 13.5 742 43.7 73 149
0.54 5.4 4.5 52.5 9.41 62.7 13.5 765 42.3 78 150
0.46 4.6 4.5 60.3 9.17 63.3 134 795.6 41.3 90 145
0.39 3.9 4.5 68 8.62 63 14.1 832 38.8 99 137
0.3 3 4.5 128 8.52 70.5 15.4 829 38.3 128 121
0.24 2.4 4.5 158.4 8.48 95.8 18.6 835 38.2 159 89
0.162 1.62 4.5 196 8.39 130.4 25.9 842 37.8 233 64
0.072 0.72 4.5 221 8.13 222 52.6 857 36.6 508 37
0.057 0.57 4.5 254 8.23 199 96 848 37.0 650 41
0.0474 0.474 4.5 249.7 8.23 202 102 850 37.0 781 41
0.0438 0.438 4.5 263 8.22 197.8 108 869 37.0 845 42
0.0372 0.372 4.5 265 8.19 208.9 119 858 36.9 991 39
0.0312 0.312 4.5 278 8.17 218 133 852 36.8 1178 37
0.0252 0.252 4.5 252 8.16 212 153 874 36.7 1457 38
0.0186 0.186 4.5 251 8.13 203 181 878 36.6 1967 40
0.0126 0.126 4.5 271 7.97 212 276 897 35.9 2846 38
0.0048 0.048 4.5 351 7.78 245 406 955 35.0 7294 32
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Fig. 7. Graph of the relationship between trigger laser peak

power and switch di/d¢, turn-on delay time.
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Fig. 11. Electron concentration distribution in the optically controlled multi-gate thyristor at 0, 10, and 70 ns in the circuit.
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Fig. 13. Electron concentration distribution diagrams of the optically controlled multi-gate thyristor at 0, 80, and 600 ns in the circuit.

B 14 A BEIR RIS
Fig. 14. Verification test structure for Mode A.
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Fig. 15. Verification test waveform for Mode A.

SCEGHE (A0 2 TE)) £, HoteRER S5 TT
R IEOCR, YRR T —E B{E R, B
PIRRSHEOCT AN T — 8 B AT, #50F TAE R E R
K &AL, BOLRERE M 0.9—8.5 mJ A fLit, [#
FEWOEHK SN 10 ns, FF LAY di/dt B & BOGRE =
AR RGN LT, Sl 2T T R4S 2 A B Sk
P S AR

£ 2 AMFIRSIEOCREE | L R TR AT
KF
Table 2.  The relationship between device drive

laser energy, short-circuit current, and turn-on edge.

woe  TfE R W R di/de
AEf/mJ HLUE/LV BH/KA BV /ns K58 /ns /(kA-ps b

0.9 4 1.88 66.8  75.0 28

2.1 4 3.42 40 49.0 86

2.6 4 3.75 36.6  46.0 102
3.6 4 5.65 204 367 277
4.6 4 5.84 18.8  36.0 311
5.4 4 6.48 18.9 380 343
6.3 4 7 18,7 37.7 374
7.4 4 7.3 18.6  38.7 392
8.5 4 7.91 18.6 383 425

3.2 FFXRAIAEIRL R (C#EX) Wik

H TGP EER . Sy Lk,
HE—25 I R IF G C A= 30 Rt 1 30 0E . R A
23 mm JEFE 2 [ IR A A, DRI R
JEUR, SR FH LB HEAT T G 0 e B . L A
PEHE 8.5 kV. AN 53 nF M gk M Bl A
i, o I R T b S5 R anfE 16 fr
N Z T INGRINAE TAEFERB Rl 250 pJ . BK9E
210 ns MYFEOCIKS T, FLE 8.5 kV ., HLL 6.0 kA
FFiE ] 110 ns, di/dt $5F5K 55 kA /us, Qi 17
Fizn, S B ol R S b A Y
C B R

SCIOEE (A 3 FrA) KB, MIFOCH R T
VEHL R T, 30 H R 2 S . 38 i fa)
BN, XA di/dt S5 FRIEETG K. RSETE
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i AR5 T R B A R PERE. JF5eR) di/de
WEA T R3S R Y, DA 21 I v ) A8 E
AGEARLANE AL

K16 CREAT I e
Fig. 16. Test circuit in Mode C.

— HPfESx1V
— TAEHEX 1000 V
— HrH R < 1000 A

—500 0 500 1000 1500 2000
B8] /ns
17 CRERT HUR L IR
Fig. 17. Voltage and current waveforms in Mode C.
F# 3 AR T IR FE R

Table 3. The conduction characteristics of the

switch at different voltages.

Hot TAE LG LI di/dt

fEf/nJ  HE/KV O /KA RV /ns /(kAps?)
200 5.0 2.0 128 16
200 6.0 2.8 121 23
200 7.0 3.9 118 33
200 8.0 5.4 111 49
200 8.5 6.0 110 55

3.3 FxRpBEEMAEN (B #3X) Wik

R T 2P BT O Sl W I B A s v
FIER) A B, XTI R EEE L T
) C A, HLAMEE AT DL Y iR S, SR
HH 38 mm ELAR B 2 1 IR 4S8 A, DCBE
W TR, SR AL TR A A, SR EA
FLSE S 2 R B A T, L B 2 S 5l 20 pF,
[l BH R 0.5 Q, Jiknp HL SR I 5 B T [l #&
ZEMNE 18 Frs. SR AESR 10 mJ . kol v BE ol
20 ns BIHOLTNREA, IKEhIEEYIR A 0.5 MW,

FFRTAER R 4.6 kV, FH LY 8.5 kA, ki
VLN 11.9 ps, HUE EIHATIIA S 65.7 ns, di/dt
AR 129 kA /ps, WA 19 Bk,

& 18 BT I i L
Fig. 18. Test circuit in Mode B.
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Fig. 19. Test waveform in Mode B.

SRR R, UTEABOERER B F 101
fERERLI, T ATBRAT DAY T | 65 g ) I i
A AR T a]. [R] 2 A BRRT C B
PR, BATREG Sl (B BX) HFAE.

34 ETAREAXTHEZESIREABEERN
Kz F

BECHE Z IR, BT XA TR R 3% 5
PEAT T B8 255076 A Bt BRER C R
R, TP T AR ST RN, JF /N LR T
FORPEALE LA S 23 mm R BECERE,
HARPEA A B FHEEER 15 kV, 5 kA FF
%, anlEl 20(a) Frs. HET/NAR S D3OG IR
HAF A S 50 mm R, BRI HEA BB
FHRFIER 8 kV, 40 kA BIFFE, Qi 20(b) Bz,
FF LD OBIE, 23 mm SR — bR, HA O #X
SHEFER 8 KV, 5 kA BIFE, A& 20(c) FizR.

FE 58 B2 TP R 1) T HA A B
SRR, AR A Kook iR SRR, T
Ji& T A MR ARIRUE, 1A S T A A AR
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(@) P (b)

—

B 20 FETAFEBEAREERE 3 i3 (a) A BRIFEMS M E4E; (b) BERRFHEAS 15 %€, (o) C B IRIEAS 13 %€
Fig. 20. Three packages based on different mode characteristics: (a) Mode A characteristic device package; (b) Mode B characteristic

device package; (¢) Mode C characteristic device package.

(a)

P21 T IT G 2 AR AR AT 1] A5 1 T Jo 14 77 6 i

(b)

(a) Z2 B[R] 2L [ A5 45 BT (b) KDP G TT S BK 3) ik ol

Fig. 21. Typical application verification of devices developed based on multi-mode switch characteristics: (a) Multi-channel syn-

chronous solid-state initiator application; (b) KDP optical switch drive pulse source application.

RSP YR; ST A B A Sl e, B 2
PRI, e B ok v A A A R, F LN
KDP SEH ORIk sl rh, W10 5080 T 7 B A ik
IR S 3T B C B Tl R, 2 MR
TR GEIKTEAE s (25, K FER PR rL R
SCPLT Z2 K A AE A AR L BRI AN E 21 Fs.

4 7

2T IR RS EA RO GEA ST, 1K
BRI FHE R 256 BRI TR [RIROG T
ASHUT BXF HSESE | X4 221 1T A B A
SR AT B B, T AN [R) ML 7R H B 254 T 1
BRI, BHIA T IF SCTEAS [ A6 T AR L, B &5
T, IO FE A, I TR
Yt

1) 78 A BT, dEABOGRER A 8.5 mJ . ik
$i ok 10 ns, WE(EIIRN 0.85 MW &1FF, BETAE
7 5.2 kV . HiH R 8.1 kA | FHERHE (10%—90%)
4 18.4 ns, di/dt FE ARk F] 440 kA /ps, HE L
PRI N IFOCHY di/de 5 ABOGRE R L ARG,

AT SEELR AT 0 R Bkt S E AR
EREEEGE G T P 2 bk | DRmin v i
s, it 28l 255, Rtk 5T G R .

2) 7£ C BExCHT, B il & OGRS A 250 pd,
Wk$E 210 ns | WD K 1200 W 2600 F, JFX
TAEH R 8.5 kV, M B HIAH] 6 kA, LR FTt
HIVRIAE] 110 ns, di/dtF5bRE T 55 kA /us. H 3
SLRPURRAE N IT 5600 di/dt 5 1FE ABOLRE B ARL
PEAHDG, SN e F 5C v 0 LA L AR G, AT 5K
PR HL I T DK o ) TAEREYE, IR 3 Lotk =
R ZA R GE G T PR vElkoeh . Bg
HIVA R 5, AN K M e 1 . ALK B 4, e
PES R | fil &G L.

3) 7F B AL UHT, B il R O RE A 10 m,
K FER 20 ns, EAEDIFR N 0.5 MW 5440 F, JFX
TAEHE 4.6 kV, M HEIRAE] 8.5 kA, IR LT+
HIVT A %] 66 ns, di/dt F5ArE T 129 kA /ps. HF
BLRIUREAE R G S 380 17 006 2 G B o A
KT G ARSI AR R, BE
W2 T PR ATV R | AR T R R T K T
TAERHE, (RILHIR A W FE A, 2 A RiUE &
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Abstract

In order to meet the switching requirements of high-frequency pulsed-power systems and further enhance
the peak power and turn-on speed of solid-state switches, comparative experiments on the structure of optically
controlled multi-gate thyristors and the parameter of injected light are investigated in this work. The research
results show that semiconductor chips based on the multi-gate thyristor structure exhibit different conduction
characteristics under varying laser injection conditions, resulting in unique inflection point curves. By
establishing a switching model and changing the injected light parameters and circuit parameter models, three
conceptual operating modes for the optically controlled multi-gate thyristor are proposed, they being photonic
linear mode (Mode A), field-induced nonlinear mode (Mode C), and hybrid amplification mode (Mode B).

Based on these concepts, the experimental validation tests are conducted, and the three distinct operating
characteristics of the optically controlled multi-gate thyristor are confirmed. In Mode A, the conduction process
is mainly related to the injected light power parameters, which is similar to the scenario in the linear mode of
traditional light-guided switches, thus Mode A is suitable for the narrow pulse width applications. Mode C
mainly focuses on carrier multiplication after injection, resembling the conduction characteristics of super
thyristors (SGTO), and this mode is suitable for wide pulse width and high current applications. In Mode B, its
initial conduction is related to the injected light parameters, while the later carrier multiplication continues
from the earlier photonic linear mode, achieving characteristics of both fast rise time and wide pulse width,
effectively integrating the advantages of light-guided switches and SGTOs.

In Mode A, when injected laser energy is 8.5 mJ, a pulse width is 10 ns, and peak power is 0.85 MW, the
switch operates at a voltage of 5.2 kV, an output current of 8.1 kA, turn-on time (10%-90%) of 18.4 ns, with a
di/dt value reaching 440 kA /us. The main characteristic is that the di/d¢ of the switch is linearly related to the
injected laser energy, thereby achieving a fast rise time output, which reflects the photonic linear conduction
mode. This mode is suitable for high-power, narrow-pulse, and fast-rise-time applications, such as high-power
microwave sources, and its characteristics are similar to those of gas switches.

In Mode C, when triggering laser energy is set to 250 wJ, a pulse width is 210 ns, and peak power is 1200 W,

the switch operates at a voltage of 8.5 kV, a short-circuit current of 6 kA and a current rise time of 110 ns,

* Project supported by the Equipment Development Pre-research Fund, China (Grant No. 614260501030117) and the National
Natural Science Foundation of China (Grant No. 51807185).
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achieving a di/dt value exceeding 55 kA /us. The key characteristic is that the di/d¢ of the switch is unrelated
to the injected laser energy but is related to the electric field applied across the switch, thus it can operates at
large current and wide pulse width, which reflects the field-induced nonlinear conduction mode. This mode is
suitable for high-power, wide-pulse, and slower-rise-time applications, such as large current detonation and
electromagnetic drives, and its characteristics are similar to those of igniter tubes and triggered light.

In Mode B, when triggering laser energy is set to 10 mJ, a pulse width is 20 ns, and peak power is 0.5 MW,
the switch operates at a voltage of 4.6 kV, with a short-circuit current reaching 8.5 kA and a current rise time
of 66 ns, achieving a di/dt value exceeding 129 kA /ps. The main characteristic is that the initial conduction of
the switch satisfies the photonic linear conduction mode, while the later conduction exhibits the field-induced
nonlinear conduction mode, thus achieving both fast-rise-time output and the capability for large current and
wide pulse width, reflecting a hybrid conduction mode. This mode is suitable for high-power and wide-pulse
applications, such as accelerator power supplies, its characteristics are similar to those of hydrogen thyratrons
and pseudo-spark switches.

The discovery and validation of multiple operating modes for the switch significantly enhance the di/dt and
peak power of power semiconductor switching devices, laying a theoretical and experimental foundation for the
development of semiconductor switches with ultra-high peak power. Additionally, the switching devices are
packaged according to their different operating modes and have been used in accelerator power supplies, solid-

state detonators, and high-stability pulse drive sources, achieving positive results.
Keywords: pulsed power, optically controlled switch, multi-mode, turn-on speed
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