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n(T) = Ne(Mexp( - F
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n(T) = ¥ Npj[l- fp(AEp;)]- Na
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(2 +1)
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Free Carrier Concentration Spectroscopy (FCCS)

n(T)
2 (B
H (T Eref) n(Tz/z exp Eref
(kT) KT
Tpeaki ~ AEDik_ Eref
H1(Tpeaki: Eref) = k'II'\:, eDaiki
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Undoped 3C-SiC

(100) n  Si

SIp(CHa)g
1350  3C-SiC

32 pm
Si
5x5 mm?

5 kG
1 mA
85 K~500 K

# Data Sheet

Sample Hurdber

Magnetic Field '3'-5 T

Cotnent

Clear Diata Clear &11 Data

2000073

2001053002
Conduction Type
Thickness I:'"I— Ticron
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Theoretical expression of FCCS signal is

\ AE.. — E
H(T, E) = Z k'[FI eXp(_ DIkT = jl D(AEDi)

_ I\ICONA exp( Eref _AEFj

KT KT

FCCS signal , in which the influence of the previously
determined donor species (AEg,, Ny,) Is removed, is

n(T)? E..) Nj AE,, —E_
H2(T,E, )= (k'(l')?”z exp( ka j— sz exp(— DT(T fjl - (AEL, )
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Undoped 3C-SIC

FCCS
3
18 meV
51 meV
114 meV ?

FCCS

H.Matsuura et al. Jpn. J. Appl. Phys. 39(2000)50609.
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n 3C-SiC
200
180 3

160
140

[HEN
N
o
AR

100
80 s AE, ~180-9.8x107"3 N,

3 AE,, =71.8-3.38x107°3/N

40
_:
i AE,, =51.9-5.97x1073/N,
0 " A T paal 111 DN
1015 1016 1017 1018
Total Donor Density [cm™]

Donor Level [meV]
N

H.Matsuura et al. J. Appl. Phvs. 96(2004)7346.
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n 4H-SIC

Donor Level [meV]
H
(]
(@)

a1
(@]

[ Simulation using

150 USSUSLRULLLL | oo

n-type 4H-SiC epilayer 1

[ AE;,(Np) = 70.9-3.38x10° N ™°
[ AEp(Np) =123.7 - 4.65x10‘f Ny

0
1014 1015

1016

10" |

3

Doping Donor Density [cm™]

Ny [cm™]

..: AEpy =70.9-3.38 x107 - 3Np

H.Matsuura et al. J. Appl. Phys. 96(2004)5601.



Problem in heavily doped p-type wide
bandgap semiconductors

, which Is determined by
the curve-fitting method using the temperature
dependence of the hole concentration, Is always

than the doping density.

l



Heavily Al-doped 6H-SIC

10" g 1, Hall-effect measurement
107 | 1 Fermi-Dirac (FD)
& : distribution function
5,1016 X 1
= ® _
.% 10 .\ fFD(AEA) — AEA _ AEF
= 1+ 4exp( )
3 10 “ kT
§ 1013 ..Q' ‘
< : ° Results determined by curve-fitting
10" £ Heavily Al-doped 6H-SiC °®
eazly :E?(?)irimentalll p(T) o AEA =130 meV
1011 e o o

3 4 5 6 7 8 9 10 NA=2.5><1019 Cm_3

1000/T [K™] 1

2. C-V characteristics

FD
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1 m, 1
AEr =13.6 > 0. = [e\/]
E My I
p-type wide bandgap semiconductors (GaN, SiC, diamond)
1. Sj
2.
Semiconductor Acceptor level | 1stexcited state
(r=1) level (r=2)
SIC 146 meV 37 meV
GaN 101 meV 25 meV




AEL(T) [meV]

400 RARRARRAS RARRARRRS T
- @ : Heavily Al-doped 6H-SiC 1
R 2 : Lightly Al-doped 6H-SiC ]
300 | / :
200 ‘ Acceptor Ieveﬂ: ‘
: O sssssssssssssssss o
100F [ e Exn )4
A A‘_'AEF'(?)'F'_ £(T)
Ey
O N A A | I T I | I I W O Laoo o]
100 200 30 400

Position of Fermi level in 6H-SIC

Temperature [K]

Heavily doped case

1St
2nd



1

AE 5 —AEF)
KT

frp (AEA ) =

1+9na exp(

1

f(AEp)=

AE A —AEF)

1+ gA(T)exp( T



Acceptor degeneracy factor
In T (AEL)

ga =4 Degengracy factors of excited states
In f(AE,) /

Ia(M)=0al1+ X Of EXP(

AEy — AEA) Eex (T)
(=2 KT

Average energy of acceptor level and excited state levels

Z(AEA a AEr )gr exp(— AEA - AEr j

Eex (T) == AE A;T
1+ > g, exp(— Ak;' rj
r=2

H. Matsuura New J. Phys. 4(2002)12.1.




Heavily Al-doped 6H-SIC
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L
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o o o
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| —

o
&

M

H

(@
=
N

[
Heavily Al-doped 6H-SiC o
o : Experimental p(T) o

3 4 5 6 7 8 9
1000/T [K7]

From the peak,

and AE,=180 meV for

and AE,=180 meV for
Since the Al-doping density Is

0
100

N

=

200

300 400

Temperature [K]

the influence of excited states on p(T) should be considered.



H(T,0.248) [x10% cm® eV

RN

w

N

|

0
100

HeaV|Iy Al- doped 6H- SlC

- Experimental H(T,E,)
B
- Simulated H(T,E )

A IR
200
Temperature [K]

300

~ NyoNp
KT

A=

4

) \\ AE,, — Ere
1 H(T,E )= k—fexp(— Alk.l. : ]IA(AEM)

exp( = F j



Heavily doped Lightly doped

6H-SiC 6H-SiC

f(AEL) |Teo(AEL) [T(AE,) | Tep(AE)
N, [cm] 3.2x1018 4.1x101 4,9x10%°
AE, [meV] |180 180 212 199
Doping 4.2x1018 ~6x10%°
density [cm3]

Only In heavily doped samples,
feo(AE,) cannot be used to analyze p(T).

H. Matsuura J. Appl. Phys. 95(2004)4213.
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Acceptor degeneracy factor
URIENCANSIN

gp =4 Degeneracy factors of excited states

In f(AE,) /
AE, —AEA )

da(M)=9ga|1+ X rEXp( T jexp
r=2

Average energy of acceptor level and excited state levels

Z(AEA _AEr)gr exp( AEA _AErj

Eex (T) = =2 AE AET
1+Zgrexp( Ak; rj
r=2




1

f(AEA )=

1+ gA(T)exp(AEA _ AEF)

f—SimuIations
: gA(T)

0
100 200 300 400
Temperature [K]

ga(T) 4




L —
Heavily AI -doped 6H- SlC
= » Simulations
S, 107 N,=32x10" cm® ]
> AE, =180 meV ;
= Ny =9.0x10* cm” 2
9 ----- : Tep(AER) ,//
= . f(AE,) Z
3 /
g %
O
D
N
=
o
1017 B _
P S U U U T U W N Y YN YN WO N T W M A W T W W W Y Y A Ly s 0
100 200 300 400

Temperature [K]



Lightly Al-doped 6H-SIC

1016
[ rrrrrrrood rrrrrrorord ARRRE
_ Lightly Al-doped 6H-SiC 1
|2| ____ -
P
D
g
§ 1015 L
g,- N, (T) simulations
g N, = 4.1x10" cm®
I AE, =212 meV
s Np = 1.0x10™ cm™
= |1 /J  ===== : Ten(AER)
"~ fAE)
100 200 300 400

Temperature [K]

Lightly doped
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p 4H-SIC

500 — T

450 E
> 400 ¢
£,350 ¢
2 300
—1 250 ¢

S 200 f
@ 150 AL
< 100
50 Al- doped 4H-SIC epllayers
0 !

1014 1015 1016 1017 1018 1019
Acceptor Density [cm ]

H. Matsuura et al. J. Appl. Phvs. 96(2004)2708.
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dz_\P:_q(NB—N,&Jr p—n)

dx? €5€0
Poisson equation

resistivity
1 1
p —
G (upn
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n-type 4H-SIC Epilayers
Doping density [cm ]—
= :8.8x10™

=
(@)
>

v 1 2.2x10%
A £ 2.4x10%°
. : 3.5x10%°

: 6.8x10%°
o 1 9.4x10Y

|
(@)
w
|

Electron Mobility [cm? V! s

| ) ) ) ) PR W T
100 1000
Temperature [K]

—B(Np)
10 (TNp) =14n(300.Np)-[ £ ]

[
(@)
N
|
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27 L UL LY | UL LY
2.6 E n-type 4H-SiC 3
25 F
2.4 F
23 F
22 F
21 F
2 |
19 F
18 F
= _ : Experimental
1.6 £ — :Simuration

1.5 PRI BT S E T B T R
1014 1015 1016 1017 1018 1019

Doping Donor Density [cm™]

j1.35 S. Kagamihara et al.

B(Np)

| L 01107

1.08
ND
1.14 x10"

B(N,)=1.54+

J. Appl. Phys.
96(2004)5601.
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- Our results
1000 = W.J.Schaffer et al
H.Matsunami et al
J.Pernot et al
W.Gotz et al
A.Schoner et al
C.H.Carter Jr. et al
S.Nakashima et al
Simulation results

XX | xmap»+eox

400 - "

Electron Mobility [cm?/(V-s)]

200 -
300 K

O E_|_|_|_|.|.|.|.|.|_|_|_|_|.|.|.|.|.|_|_|_|_|_|.|.|.|.| 1 ||||||,|,| 1 ||||||,|,| L1
1014 1015 1016 1017 1018 1019 1020
Doping Donor Density [cm'3]

S. Kagamihara et al. 1n(300,Np ) =

N 0.49
J. Appl. Phys. 1+( D j
96(2004)5601.




p 4H-SIC
(T N = 1300, )

0.53

0.456
1 T N - 17
8.64x10

68.4

0.356
1+ N A "
2.97 x10

T ~B(Na)
300)

B(N,)=2.51+

1, (300,N, )=37.6+

H. Matsuura et al. J. Appl. Phys. 96(2004)2708.



Si

Divacancy
Donor-like

. Matsuura et al. Jpn. J. Appl. Phys. 37(1998)6034.
. Matsuura et al. Appl. Phys. Lett. 79(2000)2092.
. Matsuura et al. Jpn. J. Appl. Phys. 42(2003)5187.
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p 4H-SIC
: 4.6 MeV
10
2.6x1014 cm-2
°g1015 Before After
% Irradiation | irradiation
5 E,[mev] | 203 206
-E 1014
% Na; [cM™]
o Eno[meV] | 365 383
T 3
O : Before irradiation NA2 [Cm'?’: 42><1015 34X1015
i L Aevaton. o | Np [em] [3.4>108 [7.4><104
1 2 3 4 5 6 7 8
1000/ T [K™]
JAY

H. Matsuura et al. Appl. Phys. Lett. 83(2003)4981.
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