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Background
Silicon carbide (SIC) has been regarded as a
promising semiconductor for power electronic
applications.
In order to use SIC wafers or epilayers to electronic
devices, an accurate evaluation of densities and
energy levels of dopants and defects in SIC Is
essential.
Aim
1. To determine how many types of impurities and
defectsare included in SIC
2. To determine the densities and energy levels of
Impurities and defects
3. To verify the obtained results
Experimental method
Hall-effect measurement

New evaluation method

Propose a function to be evaluated

H(T,Eref)o
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Proposed function to be evaluated

NT)?°  ore 0
55 XPG ——
(KT)

H(T,E 0 .
( ref ) KT o
n(T) . temperature dependence of mgjority carrier concentration

K : Boltzmann constant T : absolute temperature

Eef : parameter that can shift the peak temperature of H (T, Eyef )

Good points of thisfunction
1. H(T,E;&) has a peak corresponding to each

energy level of impurity or defect.
| -th peak temperature ——  energy level of | -th impurity or defect

| -th peak value —p density of 1-thimpurity or defect

H(T peekco, Erer)

H(T peek1, Erer)

>

Tpenk1 Tpenc2
2. Compensated density can be deter mined.
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Theor etical consideration

H(T,Eref)o

Consider n-type semiconductor
Substitute two different n(T) expressed asfollows

for each n(T) in definition.

1.n(T) from charge neutrality condition

n
N(T) = a Npj [1- f(EDi )] n types of donors

=1
m

- A Nt1g; f(ETg) m types of electron traps
=1

- Na acceptor

2.n(T) from effective density of states

n(T) = Ne(T) exp& EC~ EF O
e KT o

EC: energy level at the bottom of the conduction band

Er: Fermi level f (E) : Fermi-Dirac distribution function
Epj: 1-th donor level Npj: I-thdonor density
ETEj: 1-theectrontrap level NTE: |-th electron trap density

N A : acceptor density

N (T): effective density of statesin the conduction band
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H(T Eref): a NDI eXpe (EC EDI) Eref H(E I)

kT B KT
MNTE € (Ec- ETEj)- Eref U
+ exp a- | (E
Lo KT g (ETE)
B n + 8 ONco . €Eref - (Ec- EF)U
- +a NTg ex
g A iil TE|E T pg o ¥
where
N
@ D,
2+expg F2
¢
and

Nc(T) = (KT Neg

Pay attention to the function

in the above equation.



Peculiar featur e of

S page

KT g
F(T,E;s) hasapeak value of
NI exp- 1)
kTpeaki
at a peak temperature
Ec-E)-E
For example

(TrEa) |

F(Tr1,Eres

F(TD21Eref) /\

F(TDl,Eref)

TDl TTl

Ec- Ep1 =KTp1 +Eref Np1 = F(Tp1, Eref )KTp1/ €Xp(- 1)
Ec- Ev1 =KIT1+Ergs N1 = F(T11, Eref )KTT1/EXP(- 1)

Ec- Ep2 =KTp2 +Ergf Np2 = F(Tp2, Eref )KTp2 /€Xp(- 1)
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Good points of our analysis

2 .
n(T) oEref O
expe & =

()25 &

1.Using H(T,E 0 =
g H( ref ) KT &

we can determine the density and energy level of the

impurity or defect corresponding to each peak.

. E~-E)-E
2. Asisclear from Tpegi - (Ec ll<) ref

a parameter E,o can shift the peak of H(T,E;g) tO

the measurement temperatur e range even when none of
the peaks of H(T,0) appear within the measurement

temperature range.
3. Although Tpeqki Isalittledifferent from

(Ec- E:() " Eref due to the temperature dependence of

1(E),

we can easily determine the accurate N; and E; from

each peak temperature and peak value using a personal
computer.

4. We can determine how many types of impurities and
defects are included in the semiconductor from the
number of peaksin H (T, E;gf ).
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Undoped 3C-SIC
Growth conditions
(Atmospheric pressure chemical vapor deposition)
1. (100) n-type S substrate
2. Etching of Si substrate surface
1175°C, 11 min., HCl: 63sccm, H,: 1.59m
3. Formation of buffer layer
(Carbonization of Si substrate surface)
1350°C, 3 min.,, CgHg 1sccm, H,:1d9m
4. Growth of undoped 3C-SiC
1350°C, Si,(CH3)e: 0.5sccm, Hy: 2.59m
growth rate: 4.3 p m/h

Conditions of Hall-effect measur ement
Removal of Si substrate (chemical etching)
Thickness: 32u m
Size: 5x5 mm’

Magnetic field: 5 kG
Temperature range: 85 K ~ 500 K
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Electron concentration and Fermi levd
| ' | ' | ' | 0.3

—
Undoped 3C-SC
32 mMm
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Ec-Er [eV]

Electron Concentration [x10'" cm™]
=
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] ] ] ] ] ] ] ]
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Temperature [K]

O : experimenta n(T)
——: N(T) interpolated by the cubic smoothing natural spline function

- == Fermi leve

eNc(T)U

Ec- EF =KTIng-S2 2~
g n(T) ¢

where

N (T) =3.0° 102732 ¢y
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Function to be evaluated

NT)2  afref 0

H(T,E/ef)° expc—— =+
()25 KT o
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One peak and one shoulder appear.

At least two{inds of energy levelsareincluded.

Determination of thedensity Np» and energy levels Ep»
of the donor corresponding to the lower peak
Tpeak =160 K
H (Tpeak - 0.002) = 2.0° 10% cm®ev2°
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Around 160 K, n(T) isapproximately expressed as
n(T) €(Np1- Na)+Npa[l- f(Ep2)].

N D1: density of the donor shallower than donor corresponding to

160 K when a shallower donor isincluded.

Therefore, H(T,E;ef ) IS approximately described as

N A (E~- E - E )
H(T,Erer)@%expg-( C~ Ep2)- Eret b (g

KT H
Nco . éEref - (Ec - EF)U
+(Np1 - Np )—= expx :
( D1 A) KT pg KT H

H (Tpeak - 0.002) = 2.0° 10% cm®ev2°

v

EC - ED2 =54 meV

Np, =8.1° 101° cm?®
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Function H2(T,E«) that isnot influenced

by the second donor

n(T)?

H2(T,Epef ) © .
ref (KT)25 &K g

_Np2 expl. (Ec- Ep2)- Erer Y (Eps)

KT g KT H
with

Np» =8.1° 10 ecm®and Ec - Epy =54 meV

n | T | T | | T |
IS Undoped 3C-SC
chJCD S 32 mMm -
5 f
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5 Peak
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X
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Temperture [K]
Determination of thedensity Npq and energy levels Epq

of
Tpeak =115 K
H 2(Tpeak - 0.01) =657 107 cm®ev2°
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Around 115 K, n(T) isapproximately expressed as
n(T) € Np1[1- f(Ep1)|- Na,

Therefore, H2(T, E;gf ) 1S approximately described as

E E E
H2(T B ) @ Plexpl (=07 DU Eref gy

& KT H
Nco ., .€Eref - (Ec- EF)u

- N ex
At FPe KT X

H 2(Tpeak - 0.01) =657 107 cmev2°

v

EC - EDl =14 meV

Np; = 4.7 10*° cm?®
Ny =57 10 cm?®
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Function H3(T,Eg) that isnot influenced

by thefirst and second donors, and the acceptor

n(T)?

H3(T,Eref)® — %o
k)25 EKT g

_Np1_,.€ (Ec- Ep1)- Eref u|(ED1)
kT & KT H

Np é (Ec- Ep2)- Ergf U
—exp8 T HI(E 2)

N eE -(Ec- E )u

: , :
- Undoped 3C-SC
~ 32 mMm

N W h~ 01 O

H3(T,0) [x10%" cm®eVv 27

1 ] 1 1 ] 1 ] 1 ]
0 100 200 300 400 500
Temperture [K]
Tpeak =375 K

H3(Tpeak .0) =5.6” 1037 cm®ev2°
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Around 375 K, H3(T,Eef) IS approximately

described as

Np3 . € (Ec- Ep3)- Eregf U
H3(T E exp = 1 (E
( ref ) @W pg KT f (Ep3)
Tpesk =375 K
H3(Tpeak .0) =5.6” 1037 cm®ev2°

v

EC - ED3 =120 meV

Np3 =1.0" 101" cm?®

Origin of donors

14 meV donor
defect-impurity complex or nonstoichiometric defect
(this donor reported in undoped 3C-SiIC grown by a
mixture of SiH, and C3Hjg)

54 meV donor
substitutional nitrogen atom

120 meV donor
this donor not reported yet
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Comparison of experimental N(T) with simulated Nn(T)
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[ ——— : Simulated n(T)
I Ec-Ep= 14  meV
Np; =4.7x10%° cm?
Ec-Ep= 54  meV
Np, =8.1x10% cm?
Ec-Ep=120  meV
Nps =1.0x10" cm?
N, :5.7>|<1015 cm®
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1000/T [K™Y
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|_\

o
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o

The n(T), which is simulated using the results determined by
H(T,Eref) , is qualitatively in agreement with the

experimental n(T).

The obtained results are reasonable.
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N-doped 4H-SIC
Growth condition (chemical vapor deposition)
Gases. 1% SiH, with H,

1% C3Hg with H,

Pressure: 760 Torr

Temperature: 1560 °C

1.

Preparation of 4H-SiC with off-orientation of about 5°
from {0001} toward <1120> by a sublimation method
Growth of 2y m thick p-type 4H-SIC on 4H-SIC
substrate

Growth of 5u m thick N-doped (n-type) 4H-SIC on
p-type 4H-SIC

SiH,: 0.30 sccm

CsHg: 0.20 sccm

H,: 3.09m

N,: 2.5x10 sccm
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Electron concentration and Fermi leved
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O : experimenta n(T)

——: N(T) interpolated by the cubic smoothing natural spline function

- == Fermi leve

Ec - Er =kTInghe{DY
€ n(T) ¢

where

N (T) =2.7” 10°973/2 o3
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n(T)°  aFref 0

H(T,E/ef)° exXpc—— =
r ()25 KT o
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Comparison of experimental N(T) with simulated Nn(T)

N-doped 4H-SIC .
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| O : Experimental n(T)
— . Smulated n(T)
EcEp=65 eV
Np;=6.45x10" cm™
E-Ep,=124 eV
Np,=3.04x10'° cm™
N, =6.14x10% cm®
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The n(T), which is simulated using the results determined by
H(T,Eef) , is qualitatively in agreement with the

experimental n(T).

The obtained results are reasonable.
65 meV donor =P N donor at the hexagonal site

124 meV donor == N donor at the cubic site
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Undoped 6H-SIC

Growth condition (chemical vapor deposition)

Gases: 1% SiH, with H,
1% C3Hg with H,
Pressure: 760 Torr

Temperature: 1500 °C
1. Preparation of 6H-SIC substrate by a sublimation method
2. Growth of thick p-type 6H-SIC on 6H-SIC substrate
3. Growth of 10y m thick undoped (n-type) 6H-SIC on
p-type 6H-SIC
SiH,: 0.30 sccm
CsHg: 0.20 sccm
H,: 3.09m

C/Si ratio in source gases. 2



21 page
Electr on concentration and Fermi leved
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where

N (T) =127 101673/2 ¢my3
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Comparison of experimental N(T) with simulated Nn(T)

————
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O :Experimenta n(T)

: Simulated n(T)
Ec-Ep;=90 meV
Np;=1.0x10" cm®
Ec-Ep,=144 meV
Np,=2.6x10% cm®
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The n(T), which is ssmulated using the results determined by
H(T,Eref) , is qualitatively in agreement with the

experimental n(T).

The obtained results are reasonable.
90 meV donor =P N donor at the hexagonal site

144 meV donor == N donor at the cubic site
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Conclusions
The temperature dependence of the majority-carrier
concentration n(T) Is obtaned by Hall-effect

measurements.

2 )
n(T) aEref O
—————€X -
(kT)25 Pt 5

Using H(T,Eg)© that we proposed,

1. we can determine how many types of donors are
Included in SIC,

2. we can determine the density and energy levels of
each donor accur ately,

3. wecan verify the obtained results easlly.
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