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Abstract The problem of leakage current limits the application of traditional semi-insulated gallium nitride (GaN)
photoconductive semiconductor switches (PCSSs) in high-voltage applications. Therefore, a n-type epitaxial layer is
grown on the semi-insulated GaN: Fe substrate (as a laser-triggered region), in which a cell array of vertical double-
diffusion-field-effect transistors (as a voltage-triggered region) is constructed. In other words, a reverse pn junction
controlled by the gate voltage is introduced into the traditional vertical PCSS structure for restraining the leakage
current of the semi-insulated GaN due to the carrier depletion effect of the pn-junction space-charge region. The
device simulation results show that the 10-kV bias voltage is reasonably shared by the laser- and voltage-triggered
regions and the leakage current of the device is two orders of magnitude less than that of the traditional PCSS with
the same bias electric field. Moreover, the results show that the bias voltage of the voltage-triggered region can be
transferred to the laser-triggered region quickly with the gate opening; thus, the laser energy efficiency is heightened
because the dynamic bias electric field increment across the laser-triggered region brings a high photocurrent peak.
Moreover, the relationships between the laser parameters and the device output characteristics are calculated and
analyzed to ensure high laser energy efficiency.
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Fig. 1 Device structure and equivalent circuit model of VDIG-PCSS. (a) Structure of one cell; (b) equivalent circuit
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Fig. 3 Simulation models of VDIG-PCSS and traditional PCSS. (a) VDIG type; (b) traditional type

T—ANTiE 10 kV # VDIG-PCSS K — 4~ B4 # [7)
¥ S B A% G5 9 ) B 4 K PCSS #ERLf H L S 8
F 1, ZIERI BTN S0 WIE SR
S E PR BB T GaN iR AR B AR A B
R 5 T B R R |l R R R R | S R )2 AT
B AR AR 3 7 AR A A B A R
O B 7 AR R TR T A RO T IR SO O R
Bk M4, BA A AR 55 H Kyma AR (KR
P H X GaN : Fe fh 4 = Z —) GaN : Fe %
JEXT O OB EE 2 m] . ¥ K 430 ~530 nm. k5 5
ns) W I 2R 5005 T B0 P45 BT AR

*1 HHETESH

Table 1 Parameters for device simulation
Region Doping concentration/cm*  Depth/pm
nt 1X10% 0.3(y1)

P 2X10' 2

p’ 1Xx10" 5Cy2)
n 1X10" 50(y;)
SI 1107 950

S AE Us H 1,2.5,5 kV M & &0 Fita
VDIG-PCSS #5& & | L il % X 22 [0] 19 #0285 20 JR 1
Bl HBIAE y Jria) B oA G 4 B Dl £k 45
BN AR AR V2R 2.3 kV, VDIG-PCSS
558 PCSS WK 2 FEPE i & XF L an il 5 B, 43
Broul #1 VDIG-PCSS Wil 28 #2928 10.1 kV, H
VDIG-PCSS Ay 25 U H I 7F i ZF i AR R A E
1M A% 48 PCSS 37 AL — A~ 2k 1 H BHL I I A 37 328 918 B
T T I s s %) 3 R 3 K

25 VDIG-PCSS & At fin 10 kV i & 8

5000

=
=)
S
S

3000

2000

Electric potential /V

1000

0 200 400 600 800 1000
Y /um

Bl 4 VDIG-PCSS 7E A [ fii [ 45 75 T B HL 4573 A
Fig. 4 Electric potential distribution of VDIG-

PCSS at various bias voltages

traditional PCSS

(MA-pm™)
— [\ w N ot (2] -3

Leakage current in static state /

VDIG-PCSS

(=
T

0 2000 4000 6000 8000 10000

US
& 5 VDIG-PCSS 51&4: PCSS i {k 2245 1 ith 26 % 1E

Fig. 5 Comparison of volt-ampere characteristic

curves of VDIG-PCSS and traditional PCSS
h Ve R 2.3 kV, BRI il & X e B R
(10—2.3) kV=+950 pm=281.05 kV/cm., i £ A 1
HHSWBEREE N 1.70X 10 ° A/pm, 5 H G
YA 6 Frn . 5 2 BOS e S 4 R R AR — 5K
T WL EE R L, g5 A T A RS R Y AR S8 G )

192501-4



Wt 5ot T o R

107
10°
103
10!
10-'F
10-3 L
10-°F
107 -
10-° 3
= 10-1 L

Laies & 1,[

lectric field intensity /(V-cm™)

0 100 200 300 400 500 600 700 800 900 1000
Yy /um

[ 6 & HJE N 10 kV i} VDIG-PCSS #i 4
M50 A (FE =10 pm AR

Fig. 6 Electric field distribution of VDIG-PCSS in static

state when bias voltage is 10 kV (cutline at x =10 pm)
PCSS Jitifin 7.7 kV #JE , B 5% fil & X & H 3
B0 R 81.05 kV/ em, 5 B A] 20 H: w5 245 U HL I 48
JER4.22X10°° A/pm, & T VDIG-PCSS 4~ % &
KL,

TE LR R 54T, K S 532 nm /9 = 0
ok b B A3 0 ik K A R L O il R A S OB
WE 7 JroR , as O R kel R anEl 8 BR .
BEE n Y-S HL YA TE A AR R, 5 () R A DX (B FE R
X)42%,10 kV i B F B VDIG-PCSS H fil & [X 43
JEH 2.3 kV FHERE 2.1 VOl & X8 EM 7.7 kV
F 2 10 kV, BIOE il A& IX B I 2 3 DA 2 B Y
81 kV/emFF AR A 105.3 kV/em, 31X Fl L K
SNASFAL AL = T O fih & DX R 2 I F 3 (EL
T B FE T O AR 20 - 7E Fi 3 v i TS R HL s b
TREAWFE, AR A FEDEIR T, VDIG-PCSS
14 ' FL T W (L v T L R [ A I AR (] 3 285 i 2 Pl
L 58 PCSS,

10+ % —o— laser 50 ﬁ;
—%—voltage

2 8- 8 o 8
% Z
£ 6F 180
E 4 £
o 4f {20 £
8 : :
2 g 110 2

i &

0F 10 3

0 10 20 30

Time /ns

Pl 7 VDIG-PCSS 1, 6 il & Ik vfr i B Il
Fig. 7 Pulse waveforms of gate voltage and laser

for triggering VDIG-PCSS
WHT TR B RS e T 86 i R T TF
RGN A G R M UK S £y T 4
bro F18 PCSS ik oh I 2 & GiAH 11, VDIG-PCSS

traditional

Photocurrent /(10-° A- pm™")
o = N W A& o o =3

VDIG
1 1 1 1 1
0 10 20 30 40
Time /ns

Kl 8 VDIG-PCSS 5% 4t PCSS WA H e HEXT
Fig. 8 Comparison of transient output characteristics

of VDIG-PCSS and traditional PCSS

S EA T E G RE R R X Bk VDIG-PCSS
Jik b Ty 3% 28 G5 ] LA R ARG X ' 2 B bk b )y R B
Ko DMRZERA A CYAG) B0 2821 1 24 /i 5 A 7k
-5 AR S ) HEAT I 5 B DK o BE T SR R
T 3m] BEE/NTHT 2 m], WAL YAG fiRE K
& 7 ZE AT kB A R R 485 FL 5 A 0 KA O B LT
H A6 Q Jr AL P& 20 45 11, o] JH 0 4 7 HL A
SR R ORI Q TTREA.
3.2 BsHMmK

itk — 204 G RE R % 7E iR VDIG-PCSS
R Al b 3 Y8 IO B bk b BE R AR (EDG R B AR AT
ARG B, DL T 4R B R R AR . O AR 1
T8I 7K AT G5 Sy 35 SRR & 37 43 A CRl AR 345
6, B Z WA T4 2 cm SR8 H 0]
2 AT

BE BOCHR NG Iy =500 pm kb 7K A
SO EAR O T He 0% BE W) 25 B3R DL AR B ik ot
REANS M0 E RN 10 KV I, {5 ELA5 R & 9 fr
/%,Fﬁﬁmﬁ‘ﬁ%ﬂ@%ﬁ,%%#E@%EEWEHJMPW%IE/}‘E%,L

10
ST TN~ P
i 8 —s#—peak value \\\—8 g
& 7 —v—pulse width 17 f
L 6l —e—Tise time *//“’16 ]
o — 5
2 b T 15 =
= = =
® 4 0+ 4 2
; B
e 2 &

L — 1

350 400 450 500 550 600 650 700

Laser beam diameter /um

B9 fill &k JCE A% VDIG-PCSS J HL i I % 1 5% 1k
Fig. 9 Influences of laser beam diameter on

photocurrent waveform of VDIG-PCSS

192501-5



Wt 5ot T o R

THik ] AR . Ik B 5 D' R i S N B RN
PR 8 D T D' IR L Y 2 T A DX e 8
XGRS K AT — RE R . 25 L AR A DG TR AL Y
TEOLT  ER BB, SRR A< 53 1Y
TR R, ESEPR TR L ARG R AR A X T
A2 G5 SR IR L/ L N A BT

4 4h 1w

ARSCHR M T — b 2 XY B2 A RO R T
KEEH I T GaN = Fe #F A BHRE BT T
10 kV A ALY, GIE W] T % 45 0 i e F O £ 22
Bty pr 25 AR R I TR E 50 R TG S L TR G
J s LU A G2 /N T A% GE AN 1) BDOE i 5 T S 454, OF
AR AR R T Al X 70 4H A i 2 L TR 2 B A R
Pt e fih 2 DX 4 W8 1O A O T Y B RS S8R R
R IR M RE R B v T OB RERI R . B
N Tt AR O RE A T AR LA TR ik b D R AR 4
FPE A L X fih 2 e 9 AR BEAT T AR AR BT .

Z % x M

[1] Shi W, Fu Z L. 2-kV and 1. 5-kA semi-insulating
GaAs photoconductive semiconductor switch [J].
IEEE Electron Device Letters, 2013, 34(1): 93-95.

[2] Kirawanich P, Yakura S J, Islam N E. Study of
high-power wideband terahertz-pulse generation using
integrated high-speed photoconductive semiconductor
switches[]]. IEEE Transactions on Plasma Science,
2009, 37(1): 219-228.

[3] Glover S F, Zutavern F J, Swalby M E, et al.
Pulsed- and DC-charged PCSS-based
generators [ ] ]. IEEE Transactions
Science, 2010, 38(10): 2701-2707.

[4] ZhuS L, Zhao W, Liu BY, et al. Cavity dumped

trigger

on Plasma

laser using fast GaAs photoconductive switch [J].
Chinese Journal of Lasers, 2011, 38(5): 0502003.
KR, BT, XIEE, & OF &S E GaAs T
TP LB 2 o ik i 11 (0. P RO, 2011,
38(5): 0502003.

[5] Shi W, Wang S Q, Ma C, et al. Generation of an
ultra-short electrical pulse with width shorter than
the excitation laser[J]. Scientific Reports, 2016, 6:
27577.

[6] ChenSY, Wang G. High-field properties of carrier
transport in bulk wurtzite GaN: a Monte Carlo

perspective[[J]. Journal of Applied Physics, 2008,

103(2): 023703.

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

192501-6

Ehrentraut D, Meissner E, Bockowski M.
Technology of gallium nitride crystal growth [M].
Berlin: Springer, 2010: 56-59.

Polyakov A 'Y, Smirnov N B, Govorkov A V, et al.
thick,
crystals grown by hydride vapor phase epitaxy[]].

&.  Technology B:

Properties of Fe-doped, freestanding GaN

Journal of Vacuum Science
Microelectronics and Nanometer Structures, 2007, 25
(3): 686-690.

Dumcenco D O, Levcenco S, Huang Y S, er al.
Characterization of freestanding semi-insulating Fe-
doped GaN by photoluminescence and
spectroscopy [ J]. Journal of
Applied Physics, 2011, 109(12): 123508.

Wang X M, Mazumder S K, Shi W. Saturability

electromodulation

algorithm of a sub-bandgap laser for triggering a
photoconductive switch [J]. TEEE Journal of the
Electron Devices Society, 2017, 5(5): 395-399.
Leach J] H, Metzger R, Preble E A, e al. High
voltage bulk GaN-based photoconductive switches for
pulsed power applications[J]. Proceedings of SPIE,
2013, 8625: 86251Z.

Zhou MY, Zhou L., Zheng N, et al. Investigation on
properties of p-i-n structured GaN photodetectors[J].
Chinese Journal of Lasers, 2011, 38(1): 0117001.
JAlk G, JAEE, M, 4. pin S GaN St HL AR
b fE B BF 5T (1. F B ok, 2011, 38 (1):
0117001.

Wang X M, Mazumder S K, Shi W. A GaN-based
insulated-gate photoconductive semiconductor switch
for ultrashort high-power electric pulses [J]. IEEE
Electron Device Letters, 2015, 36(5): 493-495.

He Y J, Li H L, Tang X Y, et al. Experimental
study on the 4H-SiC-based VDMOSFETs with lightly
doped P-well field-limiting rings termination [J].
Solid-State Electronics, 2017, 129: 175-181.

Liu E K. [M]. 7th ed.
Beijing: Electronic Industry Press, 2011: 168-169.
XIBER. SR HE (M), TR, LR BT Tk
HMRAL, 2011: 168-169.

Zhao S Z, Li L, Zhao W K. Contrast research of
VDMOS technology [ J J.
Semiconductor Technology, 2016, 41(1): 46-50.
WEAT, 8, B SCEE. VDMOS 45 245 £ R 3 H BF
FELI]. RSB, 2016, 41(1): 46-50.

Taguchi S, Hasegawa K, Nomoto K, et al. High
threshold voltage normally-off GaN MISFETs using

Semiconductor physics

junction  terminal

self-alignment technique [J]. Physica Status Solidi



Wt 5ot T o R

(18]

[19]

[20]

[21]

(c), 2012, 9(3/4): 858-860.

Pearton S J, Abernathy C R, Ren F. Gallium nitride
processing for electronics, sensors and spintronics
[M]. London: Springer, 2006.

Skorupa W, Schmidt H. Subsecond annealing of
advanced materials{M]. Cham: Springer, 2014.
Atlas user' smanual [OL]. 2016-08-30[2019-03-25].
http://www. eng. buffalo. edu/~ wie/silvaco/atlas _
user_manual. pdf.

Yi ] Y, Tu B, Cao H X,

experiment on high-power direct-liquid-cooled thin-

et al. Design and
disk solid-state laser[J]. Chinese Journal of Lasers,
2018, 45(12): 1201004.

SRE, W, BIRE, & SURE SRR E K
Rote @it 55 (], E#OE, 2018, 45

[22]

[23]

192501-7

(12): 1201004.

Yang Y, Wu R, Sun M Y, et al. Collimation optical
system with light field coupling of high-power lasers
[J]. Chinese Journal of Lasers, 2018, 45 (8):
0805001.

R, SRk, PNIIE, S RUEREOLCIS A Y Uk
BOL¥RG[T]. HEMOE, 2018, 45(8): 0805001,
Jia W L, Ji WL, Shi W. Two-dimensional Monte
Carlo simulation of screening of the bias field in
terahertz generation from semi-insulated GaAs
photoconductors[J]. Acta Physica Sinica, 2007, 56
(4): 2042-2046.

BWE, ZTH, M. PG GaAs JeH FIT K™
A R 2% 0% FRL 35 Bt ik A0 Y - 4 Monte Carlo £ 41l
(1. ®yB#4, 2007, 56(4): 2042-2046.



