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Summary

Silicon carbide(SiC) is promising semiconductor materials by
virtue of its chemical and physical stabilities due to high atomic
binding energy between silicon and carbon.

This report i1s for suggestion of future domestic research
direction based on SiC semiconductor radiation detector by
technological analysis of advanced SiC semiconductor radiation
detector research. Crystalline structure and electrical
characteristics of SiC semiconductor are presented. For fabrication
of a SiC semiconductor radiation detector, epitaxial growth and
metal junction technologies are also addressed. Characteristics of a
SiC  semiconductor radiation detector for charged/uncharged
particles are analyzed. Radiation hardness of a SiC semiconductor

radiation detector are also included.
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Table. 1 Ideality factor, n, and Schottky barrier height, SBH, for diodes realized on
4H - SiC semiconductor (area = 0.31 mm2) as a function of temperature and forward
bias, respectively. In such calculations the experimental I/V data of figure 2 were
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Table 1. Ideality factor, n, and Schottky barrier height, SBH, for
diodes realized on 4H-SiC semiconductor (area = 0.31 mm?) as a
function of temperature and forward bias, respectively. In such

calculations the experimental I/V data of figure 2 were used.

I'K) n Forward bias (V) SBH (eV)
297 1.076 0.3 1.160

320 1.072 04 1.168

340 1.060 0.5 1.181

360 1.057 0.6 1.197

380 1.065 0.7 1.201

400 1.054

) ne 2% FFS LA Fomn, o] g2 Schottky FHE He A

[e]
A 5 HAYUFoR FAEE ddx AFe BES FAS

(ii) Schottky &AH ¢ = 7]= Si, GaAs Z4o] & HYAHS 714 7] ¢

a 7k = A =719 1.15 eV Bk At}

Al elzke AHe, $&  dopant EXE, Nep #te]  AAF o]t}
0wk 1.2 x 10Y em™ o] SBH Fte] 1.31 eV <

[
1=

Conduction 1
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Figure 7. The reciprocal of the square capacitance, 1/C2, versus

reverse voltage acquired with dot circular Schottky diodes (area

=0.31 mm? realized on 4H-SiC semiconductor (a). Profile of the

free carrier concentration for two undoped 4H-SiC epitaxial layers

(b). The profile, derived from capacitance—voltage measurements on

Schottky diodes, corresponds to the unintentional active dopant

profile as a function of the distance from the junction.

_31_



Figure 82 4 x 4 Wd& 7= AE7]9] A7 25 dehin. &2
oA el Hargkol 5 fA S=Hl, o]+ Si, GaAsolAl A ¥ gholl vl3|
3008) A2 3 pAcm “e MF WEe} AX3) ojRE g MEA AE
716 BlugS W SiC HE717F 208 A2 wol=E Vit Ae #E
o} SiCe oM 524% UL 2 wmol2E VX 54S 74
= 5% A=7]olth (28]

6 T T T | —— T T T T rrrj T T
Pixel detector array 4x4
5 - B Pixel size: 400 pm x 400 pm _
T=+420"°C
e R S T

o 44 .

@

2

(o

5 3 7 :

|-

@

L

£ 24 -

=3

prd

\ a a a |
D 1 1 I/ /I LIL L I L] L] 1 1 LB I 1 1
1 3 10 30 100 300

Reverse Current [fA]

Figure 8. Reverse Current vs Number of pixels

_82_



AL A o

:“.:
HU

i

SiIC A=719 &2 540 gk #43 #dd F8 A+
10" ~ 10® em™ 9] =% ¥X, 30 ~ 50 um ¢ FAE 7HA °]
AH-SiCE o] &3 3T oz}, o] Ao Alg% 3= Schottky barrier
71Z719] Schematic Cross sections Figure 99 e SITE.

oﬁL

i

ne

A 1.5, 2 MeV %AA "lo] AlgHo] tgx e AnE e
Aok oy Aol webd AEE =ded dske] HEol Ask-wid

M
1%
N
it
=4

Preamp, 7| &% RC 3|2 9] =A%+ Amplifier, 2
S}5l= spectrometry FH|E o] &3 A FaET. WAL Ao 9

A AAE-] Bk B oyH] Fo] A=V 5= 2437

o]

ol
o
o
oX,
w

Ho
:CI>L_14
M
1
oo

GuarE ring

I—

Schottky contact
¥

Sl-face
r-type 4H-5iC
Epltax|al layer
[about 40 im)

CCE

mr 4H-5I1C
Substrate
(abouk 360 Lm)

C-face

Qhmie contact

n+4H-8ic
barffer layer
abouwt 1 ,.m

0.0 T T T T T T T T T T T T T T !
] 20 40 60 30 100 120 140

Applied Bias Voltage (V)
Figure 9. The CCE dependence on the reverse bias for Schottky
4H-SiC diodes irradiated by 1.5 and 2.0 MeV protons. The solid
lines are the best—fit curves obtained by using the drift—diffusion
expression (3). The inset shows the schematic Schottky diode

structure mostly used in this detector performance study.

_38_



W r———————

() oBejjoA seig paljddy

. o 4140
160 - 1.5 MeV
—_ - 120
£ 140 -
= ]
= 120- 100
i - J
E 100 = 80
— 804 ]
> ] 60
= 60 -
2 40
w40 ]
20 - 20
J (-] J
0 L T 1 T | T |L' 1 T I T 0
0 5 10 15 20 25 30 35

Depth (um})

Figure 10. Bragg ionization curves of 1.5 and 2.0 MeV protons in a
4H-SiC epitaxial layer of 35 pum thickness and depletion region
dependence on the applied reverse bias for Schottky diodes

realized on it.

1. AakmAs 4 27

A owx ~FEZS 2¥py faAm Mol ZAlE Schottky A3 nd
AH-SIC A&71E ol&dd SHAA. “Pu, “"Am AU 5407 ~
549 MeVe ©@d duUAE 7HA & &3 A& W&k A HA
AFoltt. ¢l AdUAE 7= &y dAe] 4 SiC #AE7Y v 9T

o] 40um¢! Aol Hdl 17um7HA F3HE & da Axp-Ago] st A
go] 9&3 317] witol Bragg wXE7F UERdH

Hhex HE7]9] A& 882 dvtygo=w Ast 43 && (Charge
Collection Efficiency, CCE), WFEX] (FWHM)SQ! F+ 7}A] w49 2] &) A
AR, HEH = dst YPER B CCE= Ast-EHE T4+

_84_



o
o
~
>,
X,
fljo

o] EA} s Ads ThsstA dd Adrt vE 78
olgo e Ast Aol =, AA-AeEe Hd xF JEE AN
T Arh[29, 301 F WAZ FWHMS Also SA4 ®¥sts 4
af BE ARG BAA Wk B Waesd d-ol Svh([31]
U sk =flo] ehdE] o] Fox A &
gk Zlelth. W3 FWHM #le] oW oux

wabel, CCE gto] o Aoz $ARE 4Es] ojdrhe AL 2
@k Akl ols) AgEE A% Q = tes ol Foldth o W E

rlr

T3k WY el A Yatel s AAEE dUAS @i},

E
Qo =g9g—,
£sic

o_>|:

Esce 1 ~ 2 MeV AUAE 7HA = &
of AZHA A B A dA-A 3 Aol A= A
AR EHQ Eg #F BluEfA AAHEY. Esce €g #ho]l dI YA
B FAAkel tel 3.62, 3.64 eV #he ZHA= A} vlusA, AFLolA
ot JApol disM = 7.78 eV, FAA daiAE 7.79 eV #He 74
. [32]

Figure 9% 1.5, 2 MeV YA S 7[R = AR} Wo] ZALE ougAd
AH-SIC AZ7]0] A4 Hpolo]~7} o17159lS we] CCES vy,
T ze] 7155 CCE #h &3 [15, 33]el 7I5% tf& dlolee} fA}
tek. S78¥ CCE #to] E3pdelo] o]=7] flafir= st vpolo] 27}
1.5 MeV ¢S] Af-ol= 60V, 2 MeV ¢AdAe] A 5-d &= 120VE
HojoF ghtt,

Figure 10 1.5, 2 MeV YA E 7HX|= AR W9 F3} Zlolo ut

238 241 244
A Hlz Pu, “"'Am, “"Cm
2

OH

ol

2 ouA £22 dehdth =, Fol7 3t golE ganssl 98
D@ Gags tehteck 80vel Aol AL W, 2 MeV ¥
el ols) Aol gl deld e 3T A% Aol =g
2E o] elA FYHE W, 1.5 MeV FHA o3 AHE A
s Aol Eee welo) weld FHE SelXE-sht wd o

_85_



4]

s

PR
Ble)

ol
—

A

T

T

x_

tel A& 8ol 160nszh

FdE
dx

W

dx+ f

I 712 o1l
\/(kBT/q) X /'LP>< Tp

°

dx
2

W dE

-

I

R

7.0pmeo] o}

3
3

I

[e)

I Eo| 9

3

=

T

-

ol A
CCE
A A
°] Lp
Al A
AT [15]

oy
T

o

==

)

A Ao

s}
<

&g el

A

Tor
Mo

ol
gt

—_—

0

"
o
od

= ot g

1 n3d 4H-SIiC ol

-

7HA

A

=

=

¥

A
o

A= A

-

A7} Ivanov, Ruddy [35, 3619 <]3)A]

1

e}
h

HA =2 26, 55um

o)
-1 =
q

A

o

T

=

FHtoll 4.8 ~ 7.7 MeV, 3.18 ~ 8.38 MeV °|4#|

P ATt 1

PN
T

Schottky t}o]<o

g

o ARFOZ F7 1000 A =3

_50
0l
o
T

A= A

#=-1000 A, EHEHE-800 Ao

361

=
-T-

100um

T

A = =

=
-T-

a1

}

5]

il
ol

FWHM¢]|

24w

719l FWHM

=
=

Si A

3ttt 3.18 MeV &}

S

71¢} vzt 7he
- 36 —

=

==

gslo] glo] SiC 3

Ry
s

d o]} 7}



AAE WEss Gd AYo2RE S4® FWHM @ 4714 4 57
| wiiEel SiC, Si #A&7]dA 54 3% FWHM A& o]&32
ZM A= (FWHMsic #6% 19.4 keVE F530h[36] ©] & 5.0
- 5.5 MeV &3} A& o|&ste] 54 20 keVé Bl PS of F5
o] AlF Aol Artar FAFE T [35] AA 2 Strokano] &JsiA AxtE Lt
HZFe] ol x] 3o ol FdAA = £ [35]dA4 SHHE R
oF Aul =& 7}Zt}[35, 37] Ao]E Hol= olf= AMEE
YAl AAIZF Zpol7b 17 wiiEelth. oA
500 A 749 Schottky B3 7%= 7[A &= SiC go]o=9 A %o
s7] wol w4 [3619] AAE Siol 712E F AE719 CyA
HU} SiC Hole= #also]l AN F& o= oisict
Figure 118 <17hg #Stol 100Vl ZFeiellA 1.5 MeV 447 Rlo]
ZAE A5 1.5 mmE 7FA+= Ni/Au’} Schottky H=Fo2 SzHd
4H-SIiC vole =9 ~HAERI W s Uepith [34] A= 9130
4% Silver paste, Gold wire?} <93 = Black regionol A @ojzl
T, A=71= e CCE s 7AW, =3 HE7] 39 A&
Abgto 2 Adojxl CCE #ke] olyx] #alse] ofF 24 keVE HERASL
a8y ol T3 WY w7 @45 W FASY FAsHAY =2 o, E
53 IBIC ©@o] 59 o yBld 3k 7|3 Abolo] A& WHF
o
=

>

g
—
=
A
H

1=
o

1=
o

2

| ZAstS AAEA Pk [26] IBIC 943 vwdS o XBIC ¢4
Figure 129} #o] &3 FdF &S HATh Tevf 1H FHol|
A Agtoly} AAE WA EdhE A2 Figure 13914 x-ray’l 3
£ A9 A Edti= A (3 keV)S @kt

AH-SIC AZ7] wgeA 7HdAte]l ax= IBIC, XBIC 7]=el JsiA
A At Figure 14+ Figure 8ollA H.Ql J4 d= o A= A
ol 2 WEs w2 XBIC, IBIC T39S HojFEr) [BIC Z23d
o] 1.5 MeV ¥4 Al sl drixew T35 Xebr] weed 19 &3

of & Wzkgh vhH, XBICOﬂH% VR e ke A A Aske] S
B g&ol Folr A WPstn ¥ Basol S AL &4 F 4
.

_87_



A4, e3lata (SiC)E Large Hadron Collider (LHO)9F #2 AAIT)
7EE71N A AE TR AAAF WA o] o] fH = AFAdAM HEV] =2
A A gsirtar oA AXI T

WARE 48 s A&7 2424 SiCe A2 Rogalla, Dubbs©l
M Ag ATE AT [21, 38] Rogallax *Sro] WEshe= WEk A9
= ol&ste] A3AE siGled, o W HEVIE A=A EA
¥ 77 300ume] 4H-SiC #A&7199ch 23

=
5 1;% io]_z_ v/_::ﬂ] %]% »—?——/\6& TOH‘E:‘*O—‘ EO:}O]/} %j_—s}
A

o
o,
—
\]
R
©
=
X
S

k)

il

>

mr & 4
2
b
o
ot
g
(0
o Ay g

-3
&g
do 1@ ot nS rlo

N
N
A
N,
=
R

rg
N
oflt
oY
i
N,
=2
o,
ofo
it
4

%

At [5] FH+toll, 4H-SiC Schottky A%
3le] A 2FE Minimum ionizing particle (MIP) AZ7]¢} p+n A
F 0.1mCi¢] Sr #le Aol o9& zAbd Aol sirct. F
ol Al ©x] 2.2 MeVe] mAUAE 7HA= At o) AdE 2wk
o] FAHAL. o238t F=E Al7] fsiA ZolE Ttol=E o]&ste] PM
tube®t 4H-SIC #AZ7] Ateldl] Fefx¥ AAAS F-Aste] 235 4449
EYAEZMAN AREAT AlFAQ A7 Hxkek det 3 aEY -
el 7ieEe] glvh [22, 23]
A Ay 249 8% 4 o5 g

o4 2,
-4 N
BB
AN

> o

EAY

o =
=4 A

|\

(b 7Fg E=& Aol 7tEHAE W, HA ~HAEPL Landay,

_88_



Figure 15% 4H-SiC 71%¢ld] 40um FAE o &Ad Fo] A=
6 x 10%cm™ %% =39 nd9 Schottky barrier AZ7]el 94
Hlolo] 27} Q7tE S we #@% Astgs wWelth[22] <l7F Hgtel
60V uw, Hs|A e~} #to = Yetd F de da) l
ste o, °F 2090e & YWEHUHAT. CV SAgkel o +&
g FA7E 38um¥ W, SiC W] MIP #AE7]&= um 9 X
78 oF 55702 SAHHFAJG. A (21104 F3E AFoHE= 51he

EH

_39_



1200
1100 4
1000
900 -
800 -
700 -
6004
500 -
400 -
300 -
200 4
100

0 I e g T 1 v -
0.30 0.40 050 060 0.70 0.80 0.90 1.00
Efficiency

Counts

Y

Figure 11. IBIC map (b) of a 4H-SiC diode with the relevant
spectrum (a) collected at room temperature with a reverse bias
voltage of 20 V. A focused 1.5 MeV proton ion beam (spot size

~5 um) has been used.
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Photocurrent

Figure 12. X-ray photocurrent maps of two 4H-SiC Schottky diodes
(400 X 400 pm?).

Photo current

Figure 13. XBIC maps of defective zones acquired with a photon
energy of 3 keV and unbiased 4H-SiC Schottky diodes.
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Figure 14. XBIC (a) and IBIC (b) profiles acquired perpendicularly
to the electrode border of the microdiode of figure 12. The XBIC
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_42_



0 20 40 60 80 100

2200 . ; . T ; X 1 ; 2200
1 ] u ] [ | -]
2000 - - 4 2000
i | |
1800 - - 4 1800
% 1600 4 | o —#— exp.distribution - 1600
o 1 n 2000 4 Fi |22 M padeatat :
= i o
O 1400 4 | ) - 1400
=] i ] W I,' ]
& = Z 1200 i e
© 1200 3 - 1200
3 O goo :
(_) 1 . .J i}
1000 4 0 P ‘\- 1 1000
i 0 ‘..uﬁ;‘ T T Y
L -2000 1] 2000 4000 6000 8000
800 — CHANMEL (&) - 800
L I L] T T T ¥ T L T
0 20 40 60 80 100

Reverse Bias(V)
Figure 15. Collected charge dependence on the applied reverse
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The inset shows the pulse height spectra (¢) fitted with a Landau
(—=-) and a Gaussian (—) distribution. The x axis scale has been

converted into units of electron charge.
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Figure 16. Epithermal neutron spectrym acquired with (¢) and
without (¢) the LiF converter. It can be observed that the maximum
particle energy is due to 2.73 MeV tritium, as expected for
epithermal neutrons. Large area (20 mm? Schottky diodes

polarized at 80 V have been used.
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Figure 17. Spectrym of ®Fe source acquired at +27 °C with a SiC

pixel detector (100 pm diameter) and an ultra—low noise front—end.

is 144 eV FWHM corresponding to an

The pulser line width

equivalent noise charge of 7.8 electrons rms (a). Spectrym of x

and y rays generated by a 241Am source and acquired with a SiC

pixel detector at +30 °C for about 8 h. The pulser line width is
164 eV FWHM (b).
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Figure 18. Spectrum of ®Fe source acquired at + 100 C with a SiC
pixel detector (100 pym diameter) and an ultra—low noise front end.
The pulser line width is 196 eV FWHM corresponding to an

equivalent noise charge of 10.7 electrons rms.
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