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Effects of Gamma-ray Irradiation on Electrical Characteristics of 6H-SiC Metal-

Oxide-Semiconductor Structures
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H. OKUMURA S. YOSHIDA

Semiconductor devices used in outer space are required to operate in strong ionizing-
radiation fields as well as in high-temperature atmosphere. In this paper, we investigate the effects
of gamma-ray irradiation on the electrical characteristics of metal-oxide-semiconductor (MOS)
structures fabricated on hexagonal silicon carbide (6H-SiC), and examine the absorbed dose de-
pendence of depth profiles of trapped charges in oxide.
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Fig.1 C-V characteristics of MOS structures on the silicon face
of a 6H-SiC substrate irradiated with gamma-rays under the

electric field of +1x10V/cm.
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Fig.2 C-V characteristics of MOS structures on the carbon face
of a 6H-SiC substrate irradiated with gamma-rays under the

electric field of +5x10V/cm.
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Fig.3 C-V characteristics of MOS structures on the carbon face
of a 6H-SiC substrate irradiated with gamma-rays under the

electric field of -5x10V/cm.
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Fig.6 () Method of etching at an angle. Samples are immersed into diluted hydrofluoric acid of 8% at a constant speed to make an oxide

layer at an angle.

Fig.6 (b) Top and side view of MOS capacitors with the slant oxide on a 6H-SiC substrate. The MOS capacitors in which the oxide thickness

changes gradually are fabricated by making an array of gate electrodes on the surface of a slant oxide layer.

M 43 ™



482 oooooooooboooooe2000 10110

00000 100nmO0000000000000000
D0 AIDODDOO0O+1x 108V/emO O O O -1x 108 V/em
0000000000190kGy(Si0)00y 0000000
00000000000000000000O00OFig.6(a)
00000000000000000000000000
000000000000000000 Fige (h)0O0O
000000000000000000MO000000
0000000 MOSOOOOOOOOODOOOOOO
0000000000000000000000MmMO0
0000000000000000000000([23]
[240000000000000000 MOSOOO C-V
000000000V, 000000000000000
x,00000000000000p (00000000
000000000000 000 @020

Q.

Eo€ax

Xo

IO%_Opaﬁﬂ+¢B+¢mD.D[]D

0

Vg (%) = =%,

00000p()00Si0/6H-SICOD000 t000000
000000000Q,0¢, 0000y, 000000000
0000000006H-SICOODO0DOO0OO0O0D0O00O
O00006H-SICOOOOOOO00O000OO0O6H-
sic000000000000000000

OFig.700 Fig.800000000000000000
190kGy(Si0,) 0 0y 00 000000000000000
00000000000000000000000000
00000MO0000000000000000000
ooooo
000D0000SI0/6H-SiCO0000000000 40nm
0000000000000000000000000 0
SiMOSOOOO0000SIo/SiDD000000000

all =5 =0, fatt Al

i

Ll

LI I TH |

R U

a1 - u, hn

Walde JhSe e

oy -

Fig.7 Depth profile of trapped charges in oxide layer irradiated

under the positive electric field of +1%¥M/cm.

000000000000000000MO000000
0000000000000 00006H-SicCO00000
00000000000000000000000000
000000000000000%0
OFig7000000000000000000O0Oy OO
00000010kGy(Si0,) 0 0000000000000
000000000 0190kGy(Si0,) 0000000000
0000000000000000000000000
00
00000000000000000000000000
0000000000000 00000000000
Si0,/6H-SiCO 0 0 040nm0 0 00 000 O 0 O90kGy
(8i0,)0000000000000000006H-SIC
MOSOOOOODOOOOOOOOOOODOOOOOO0O
0000000000MO00000000o0onoondg
0000000000000000000
00000000000000000Sio,/6H-SicO 00
0000000000000 00000000000(A
Q)U0O00DDDDDDDOmH-SIC00D000N0NDO
0DO00100nmO0000000MOSOOOO0OO0y O
000000000000000000000MMO00
000000010000000000000C-vOoOdO
00000000000000000MO00000nd
()00 0D0Fig.700 Fig.80 000000000000
Fig900000000000000000000000
00000000000000000000000000
00000000000000000000000000
0D000000000000000000000000

HE T | hil:_. al
1!
I —_— -.-..ll":.":‘."-
T Tree o mrg)
L i e hin i
1+ ]. "
' SLUAG
= no e
aa |
PR S
1 o L nt ®n KL
. O 1 HRA. 1 — ] b -

Fig.8 Depth profile of trapped charges in oxide layer irradiated
under the positive electric field of -1x%0cm.

M 44 M



gooooooooomostdboyooood 483

§0000nO

gdiliggoooooooooooooobooooooo
opoosiMosOOOoOoODOOOODODDOOODOOOO
O00OFg.70 00 Fig.800000OD0ODOOODODOOOO
gooodoooo3oooboooboooboboboboououoooo
goodoooooooiooobobooobooboboce-vood
oo ooboobouoouoooo
gooooboobboobobooboooboboobooOoon
goodooooooooooboobbobbobboDbDbDoo
O0oOO0O0oDOogdoeH-sicMOSODOOODOOOOO
O0Fig9OD0OOODO Fig.7000 Fig.8O0OODOOOOO
O0DO0Oooo0obOOogoeH-sicMoSODOOOOoOOOOO
godddoooooooopbioooooooooooo
googgd

0.006H-SICMOSOOODOODODOOOOOOOOO
0o

OFig.70 00000 00000000000 10kGy(Si0,)
00000000000000000000000000
00000000000000000000000000
000000000000 00000000000000
000MO000000000000000000000
000MO000000000000000000000
0000000000Fg.900 000 0100kGy(Si0,)0
0000000000000000000Fig.70000
0000000

O000Fig5000000 40000000000y
O00000000O00O00Fig.70000Fig.800000
000 Si0,/6H-SiICO00040nmO 000000000
00000000000000000000000000
0000DO0O0000000000000000000

ST m 1
r

L

it R .
- e 1:K1 ey

(S RETE" S R O

Fig.9

uooooooooooooooo

000000 DO000o0oO0O0oDoDOoOooobOOoogosi Mos
gooooobobob@uooooooboobobbboooog
Ooo0ooUooUoUoUoUoooooooooY@mo
gobooooobobooooobobooogoobooog
oo ouoooogoggoooo
gmobbboboooooooooobbbobonoooo
gO0Oe6H-SiCOO0O00O0ODOODODODOOODOOODOOO
gooooooobobobobooboboboboobobobooogg
goooooboobobbobooooooomoobobboooo
gooooooooobobbboooooooooooog
goooooooboooooboooooboooag
Oo0o0oooooomoooboFrig7ODO0OO0OOOO
40nmDO0OD0D0ODODODODODODOOOO0O0O0O0O0O0O0OOOG
gojooompoooooooooooobobbboboogoo
uoooooooooooooooon

OFig.8 O0OOD0DMOOOODOOODODOODOODOOO
goooooooooobbooboooooobooouooog
OFig.5000000040nmO000C0O00O00OOC0DOOO
gooooooooooooobooo0ooooooga
goooooooooooooooobbobboboboo
gobooooooooboooobobobooooboboboo
gooooboboDOoOooboOooooboogsiMosOOOnO
goooOoOobobDOoOoooboogoooosiceMosOOd
omsioy/sic000O0O0O0O000O0O0DOoOoO0oO0oOoonao
O0o000o0OoU0OoUooUoUoooo=2Ooooooon
000000000000 00O0D0O00OD0OooO Fig. 80
oooooooo4onmO0O00OOOsSio/AIODOO
gobooboooboooboobobobobobooobooo
4ionmO0O000000O0OO0OODOODOOOOOODO
gooooobobobbboooooooooboobobboog
ooooooooosio/Alb0d0ooooooooono
goooooooooooon

O.006H-SICOOOOODOOOOO
OFig40000D00O00O0CDODOO0OODOOODODOY OO
oo0o00oO00o0ooooOoOoOooboOoOgbeH-sicOOO0O
oDoOooooOooooooosio/eH-sicoOoOooon
gooooo4onmmib0000000O0O0O0O0O0OOOOOT
OO0o0oooOooUooOo*MoooDoooDo0oooon
goooooboobbbooooooomoboobobooo
goboboooooobooboooobobooouoboboboog
goooobobobooboobooooobooooooogg
gooooobobobobbooomooobobbbonoooo

Dependence of absorbed dose on the generation of trapped

charges in oxide layers on the carbon face of MOS struc- gbooboboobobooboboobobooo

tures irradiated.

goooooooooobooooboooooboooo

M 45 M



484 oooooooooboooooe2000 10110

gmoboooooooooobbbbobooooooon
oooooog

0000000000000 0DO000D000O0O0OFIg. 4
goooboooobbooooobooooooboo
goobooooobboooobbobouooboboo
000000000000 D000O0OO0Sio,/eH-sicO0
gbobooboobobooboobooooboooboooog
6H-SICO0000O0DDOOOO0000 Sio,/6H-sicO O
goboboobh@muooooooboobbbbooooooo
goooooooooooo

OFig40 Fig 500000000 DODOOODODOOOO
OD0D00O0D0eH-SiCOOODODOOODOOMOSOOO
gjdodoodoooooooooooooooe-voouo
oo UUU g
gooooooe-vououooooooooboos3oooo
goooooooooooooboobobbbDbDbDDbo
OOy 0ooooooooooobobbobbbbbooo
gojdodoooooouooooooooobboooo
ObDO0oOOoO0OO0OeH-sicMOSOODOOOODOOOOOO
gooooobbbooom™moooboobobbbOooooooon
googooooooooboboboooooobobooboooo
gooooobobbooooooommbbbooooooo
gdoodooooouoouooooooooooag

§00000

O6H-SiICOD0DO0O00DOOODOOOODODODOODO
Sio/6H-SiCO 00000000000 O0O000O0O000
AonmO000000O0DODODODOODOODOODOOO0O0OO0
goobooobobbomoooboobobbbbooooooo
gooooomostoooooocecvooooooooo
goooomMostooouoouoooooooooooo
gooboooogobboooobbobouody bOoo
goooooooooooobobobobobobbbbDbboo
OD0DO0O0O000OOeH-sicMOSOOOODOOODODOSi MOS
gooooobbooooooooooboobobooodd
obooooboOoOoobogoosiecMosOOOooODOOO
goooobbboooooooo@mbbbooooooo
gooooobboooooooly bboboooooo
ggooboooobbooooobobooooooboo
gmobobooooooooooobbbobobooooooon
000000000000 O0O0DO0ODbODOOdsicMosOo
gboooboboobobooboboobooobbooboan
googag

god

gooboboobbboooooomobbboooooooo
gooooOobbboo0oooooooo@mobooooooo
ooomoooooooooooooooooboobon
oooooooo
gbobooboooobooboobboooce-1toooa
VOL.J81-C-II NO.1 JANUARY 1998 p140-1500 0 0 0O O
ooooooooououogo

gogooooo

1) BULLTIN of THE ELECTRO TECHNICAL LABO-
RATORY, "Special Issue : Basic Research on Radia-
tion-Resistant Semiconductors”, Vol.58, No.2, Feb.
1994.

2) J.M.McGarrity, F.B.McLean, and W.M.DeLancey
J.Palmour, C.Cater, J.Edmond, "Silicon Carbide JFET
Radiation Response”, IEEE.Trans.Nucl.Sci, Vol.39,
No.6, pp1974-1981, Dec. 1992.

3) GARY L HARRIS, PROPERTIES OF Silicon Carbide,
INSPEC, the Institute of Electrical Engineers, London,
1995.

4) A.L.Barry, B.Lehmann, D.Fritsch, D.Braunig, "EN-
ERGY DEPENDENCE OF ELECTRON DAMAGE
AND DISPLACEMENT THRESHOLD ENERGY IN
&H SILICON CARBIDE", IEEE Trans.Nucl.Sci.,
Vol.38, No.6, Dec. 1991.

5) S.Nishino, J.A.Powell, and H.A.Will, "Production of
large area single-crystal wafers of cubic SiC for semi-
conductor devices", Appl.Phys.Lett. 42, No.5, pp460-
463, Mar. 1983.

6) S.Yoshida, K.Sasaki, E.Sakuma, S.Misawa, and
S.Gonda, "Schottky barrier diodes on 3C-SiC",
Appl.Phys.Lett., 46, No.8, pp766-768, April 1985.

7) H.Daimon, M.Yamanaka, M.Shinohara, E.Sakuma,
S.Misawa, K.Endo, and S.Yoshida, "Operation of
Schottky-barrier field-effect transistors of 3C-SiC up
to 400(C", Appl.Phys.Lett. 51, No.25, pp-2106-2108,
Dec. 1987.

8) Jayarama N. Shenoy, James A.Cooper, Jr., and Michael
R.Melloch, "Comparison of thermal oxidized metal-
oxide-semiconductor interfaces on 4H and 6H
polytypes of silicon carbide, Appl.Phys.Lett. 68, No.6,
Feb. 1996.

9) T.Ouisse, N.Becourt, C.Jaussaud, F.Templier, "Low-

(O 46 ™



10)

11)

12)

13)

14)

15)

16)

17)

gooooooooomostdboyooood 485

frequency, high-temperature conductance and capaci-
tance measurements on metal-oxide-silicon carbide ca-
pacitors, J.Appl.Phys. 75, No.1, pp604-607, Jan. 1994.
M.Yoshikawa, H.Itoh, Y.Morita, I.Nashiyama,
S.Misawa, H.Okumura, and S.Yoshida,, "Effects of
gamma-ray irradiation on cubic silicon carbide meta-
oxide-semiconductor, J.Appl.Phys. 70, No.3, pp1309-
1312, August 1991.

Y.Yoshikawa, Y,Morita, H.Itoh, I.Nashiyama,
S.Misawa, H.Okumura, and S.Yoshida, "Gamma-Ray
Irradiation Effects on Cubic Silicon Carbide Metal-Ox-
ide-Semiconductor Structure"”, Amorphous and Crys-
talline Silicon Carbide 1V, Springer Proceedings in
Physics, Vol.71, Springer-Verlag, Berlin, pp393-398,
1992.

M.Yoshikawa, H.ltoh, T.Ohshima, I.Nashiyama,
H.Okumura, S.Yoshida, "Effects of gamma-ray irra-
diation on formation of oxide-trapped charges in SiC
MOS capacitor”, Inst.Phys.Conf.Ser. Vol.142 Chap.4,
pp741-744, 1996.

E.Stein von Kamienski, A.Golz, J.Stein and H.Kurt,
"Characterization of Annealed Oxides on N-type 6H-
SIC by High- and Low- frequency CV measurements”,
Microelectronic Engineering 28, pp201-204, 1995.
F.H.Attix, "Introduction to Radiological Physics AND
Radiation Dosimetory"”, Wiley-Interscience, New
York, Vol.11, Chap.4, 1984.

A.Suzuki, K.Maeno, N.Furui, and H.Matsunami, "C-
V characteristics of SiC metal-oxide-semiconductor di-
ode with a thermally grown SiO2 layer",
Appl.Phys.Lett. 39, No.1, pp89-90, July, 1981.
H.ltoh, M.Yoshikawa, I.Nashiyama, S.Misawa,
H.Okumura, S.Yoshida, "Radiation Induced Defects in
CVD-Grown 3C-SiC", IEEE.Trans.Nucl.Sci. 37, No.6,
ppl732-1738, Dec. 1990.

P.S.Winokur, H.E.Boesch, Jr., J.M.McGarrity and
F.B.McLean, "FIELD- AND TIME-DEPENDENT RA-

18)

19)

20)

21)

22)

23)

24)

M 47 M

DIATION EFFECTS AT THE SiO2/Si INTERFACE OF
HARDEND MOS CAPACITORS", IEEE.Trans.Nucl.Sci,
NS-24, No.6, pp2113-2118, Dec. 1977.
P.A.lvanov, A.O.Konstatinov, V.N.Panteleev,
T.P.Samsonova, and V.E.Chelnokov, "Charge proper-
ties of an Al-SiO2-n-6H-SiC{0001}Si} MOS struc-
ture", Sov.Phys.Semicond. 28, No.7, pp668-672, July,
1994.
E.Bano, T.Ouisse, L.Di Cioccio, and S.Karmann, "Sur-
face potential fluctuations in metal-oxide-semiconduc-
tor capacitors fabricateed on different silicon carbide
polytypes”, Appl.Phys.Lett., 65, No0.21, pp2723-2724,
Nov. 1994,
P.V.Gray and D.M.Brown, "Density of SiO2-Si inter-
face states"”, Appl.Phys.Lett. 8, No.2, pp31-33, 19660
M.Yoshikawa, N.Nemoto, H.ltoh, I.Nashiyama,
H.Okumura, and S.Yoshida, "Thermal annealing of in-
terface traps and trapped charges induced by irradia-
tion in oxides of 3C-SiC metal-oxide-semiconductor
structures”, Mater.Sci.Eng. Section B, 47, issuue 3,
pp218-223, 1997.
B.Hornetz, H-J.Michel, and J.Halbritter, "AR-XPS
studies of SiO2-SiC interfaces and oxidation of 6H-
SiC single crystal Si-(001) and C-(00-1) surfaces",
J.Mater.Res., Vol.9, No.12, pp3088-3094, Dec. 1994.
K.Ohnishi, Y.Takahashi, S.Imaki, K.Okada, and
M.Yoshikawa, "A Slant Etching Method to Analyze the
Trapped Charge Distribution in the Insulators of MIS
Structures", The 21st International Symposium for
Testing and Failure Analysis, Santa Clara, USA,
pp269-274, Nov. 1995.
M.Yoshikawa, K.Saitoh, T.Ohshima, H.Itoh,
I.Nashiyama, S.Yoshida, H.Okumura, Y.Takahashi,
and K.Ohnishi, "Depth profile of trapped charges in
oxide layer of 6H-SiC metal-oxide-semiconductor
structures”, J.Appl.Phys. 80, No.1, July 1996.
01999.2.12 000



