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Background of our study

p-type Al-doped 4H-SiC epilayer
Thickness: 10 um

Substrate
n+-type 4H-SiC wafer
Size: 1x1 cm2

Thickness: 376 um
Resistivity: 0.02 Ohm cm

Ohmic contact
Ti/Al

Investigation of acceptors and defects in Al-doped 4H-SiC
from p(T) obtained by Hall-effect measurements
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Temperature dependence of hole concentration

Lightly Al-doped 
4H-SiC epilayer



Osaka ElectroOsaka Electro--Communication UniversityCommunication University

Matsuura LaboratoryMatsuura Laboratory
1000/T  [K-1]

H
ol

e 
Co

nc
en

tra
tio

n 
 [c

m
-3

]

1 2 3 4 5 6 7 8 9

1012

1013

1014

1015

1016

acceptor
(EV+200 meV)

Temperature dependence of hole concentration

Al acceptor



Osaka ElectroOsaka Electro--Communication UniversityCommunication University

Matsuura LaboratoryMatsuura Laboratory
1000/T  [K-1]

H
ol

e 
Co

nc
en

tra
tio

n 
 [c

m
-3

]

1 2 3 4 5 6 7 8 9

1012

1013

1014

1015

1016

acceptor
(EV+200 meV)

deep defect
(EV+350 meV)

Temperature dependence of hole concentration

Al acceptor

Unknown 

defect-related 
acceptor



Osaka ElectroOsaka Electro--Communication UniversityCommunication University

Free Carrier Concentration Spectroscopy (FCCS)
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The FCCS signal has a peak at the temperature 
corresponding to each acceptor level or defect level.

)1exp(),( refpeakpeak −≅ ETHkTN iii

refpeak EkTE ii +≅Δ

In order to verify them, the p(T) simulated with the 
densities and energy levels determined by FCCS  is 
always compared with the experimental p(T).
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Relationship between NAl and NDefect

NAl: 
Al acceptor density

NDefect:
Deep defect density
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Relationship between NAl and NDefect

The unknown deep 
defect is most likely 
related to Al

NDefect = 0.6 x NAl
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With irradiation  of 4.6 MeV electrons

Although the fluence 
of 4.6 MeV electrons 
is very small
(2.6x1014 cm-2), 

the p(T) is reduced 
significantly by 
irradiation
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Motivation of our study

1. What is the origin of the deep defect?
2. Why was the p(T) reduced by irradiation?
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Irradiation of electrons with several energies
The hole concentration for 
the sample irradiated with 
the 1.0x1016 cm-2 fluence 
of 0.5 MeV or 1 MeV
electrons could not be 
measured because of 
much higher resistivity.
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With irradiation of 4.6 MeV electrons

The NAl is decreased 
significantly

The NDefect is 
decreased slightly
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The reason why the NAl is reduced by irradiation
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Atomic Mass Unit
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Minimum electron energy required for displacement of atom

Electrons with 
0.19-0.36 MeV 
can displace 
only C atoms
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With irradiation of 0.2 MeV electrons

0.2 MeV electrons 
at  1.0x1016 cm-2
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With irradiation of 0.2 MeV and 4.6 MeV electrons

4.6 MeV electrons 
at 2.6x1014 cm-2
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Low energy
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The p(T) is reduced slightly with 0.2 MeV electrons
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Before irradiation of 0.2 MeV electrons
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epilayer
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With irradiation of 0.2 MeV electrons
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At low temperatures
p(T) is reduced

NAl is decreased
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With irradiation of 0.2 MeV electrons
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At low temperatures
p(T) is reduced

NAl is decreased

At high temperatures
p(T) is unchanged

NAl + NDefect may be 
unchanged



Before irradiation 0.2 MeV 4.6 MeV
[meV] 203 (203) 217 206

[x1015 cm-3] 5.2 (6.2) 4.3 0.82

[meV] 357 (365) 363 383

[x1015 cm-3] 3.5 (4.2) 5.2 3.5
[x1015 cm-3] 0.047 (0.037) 0.21 0.74

Results from p(T) by FCCS

AlEΔ

DefectEΔ

DefectN

compN

AlN

Defect means a defect-related acceptor.
(….) represents data for before 4.6 MeV electron irradiation.
Ncomp represents the density of hole traps deeper than 

this defect level and donor-like defect.

The effect of hole traps on p(T) is negligible.
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Change of relationship between NAl and Ndefect by irradiation
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With irradiation of 4.6 
MeV electrons

1. NAl is decreased
2. NDefect is decreased

Changes of NAl and Ndefect by irradiation
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With irradiation of 0.2 
MeV electrons

1. NAl is decreased
2. NDefect is increased

With irradiation of 4.6 
MeV electrons

1. NAl is decreased
2. NDefect is decreased

Changes of NAl and Ndefect by irradiation
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With 0.2 MeV electron irradiation
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C vacancy is created

1. Al acceptor density should be decreased
2. AlSi-VC complex density should be increased

C is only displaced

AlSi-VC is formed
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With 0.2 MeV electron irradiation
1. NAl is decreased from 5.2x1015 to 4.3x1015 cm-3

2. NDefect is increased from 3.5x1015 to 5.2x1015 cm-3

The decrement of NAl is nearly equal 
to the increment of NDefect

The deep defect is most likely AlSi-VC
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With >0.5 MeV electron irradiation
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1. NAl is decreased
2. NDefect is increased

1. NAl is decreased
2. NDefect is decreased

and

1. NAl should be decreased significantly
2. NDefect might be decreased slightly

These are in good agreement with the results
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Conclusion
With 0.2 MeV electron irradiation, the Al acceptor 

density was decreased, while the unknown deep defect 
density was increased.
Since a 0.2 MeV electron could displace only C into 

an interstitial site, the Al acceptor density was 
decreased due to the displacement of its nearest 
neighbor C, which resulted in an increase in the 
density of AlSi-VC complexes.
This suggests that the unknown deep defect in lightly 

Al-doped 4H-SiC epilayers is the AlSi-VC complex.
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Appendix
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Free Carrier Concentration Spectroscopy (FCCS)
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The FCCS signal has a peak corresponding to 
each acceptor level or defect level.

)1exp(),( refpeakpeak −≅ ETHkTN iii

refpeak EkTE ii +≅Δ
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The FCCS signal theoretically-derived
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Before irradiation 0.2 MeV 4.6 MeV
[meV] 203 (203) 217 206

[x1015 cm-3] 5.2 (6.2) 4.3 0.82

[meV] 357 (365) 363 383

[x1015 cm-3] 3.5 (4.2) 5.2 3.5
[x1015 cm-3] 0.047 (0.037) 0.21 0.74

Results from p(T) by FCCS

AlEΔ

DefectEΔ
AlN

DefectN

compN
Defect means a defect-related acceptor.
(….) represents data for before 4.6 MeV electron irradiation.
Ncomp represents the density of hole traps deeper than 360 meV

and donor-like defect.
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