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Investigation of a distribution function suitable for acceptors in SiC
Hideharu Matsuuraa)

Department of Electronic Engineering and Computer Science, Osaka Electro-Communication University,
18-8 Hatsu-cho, Neyagawa, Osaka 572-8530, Japan

~Received 15 April 2003; accepted 14 January 2004!

The distribution function suitable for an acceptor inp-type SiC is investigated using lightly or
heavily Al-doped SiC samples. From the temperature dependence of the hole concentration, the
density and energy level of the acceptors are estimated using two different distribution functions.
The proposed distribution function, which considers the influence of the excited states of acceptors,
can be applied to both the samples, while the Fermi–Dirac distribution function, which does not
include this influence, can be applied only to the lightly doped sample. In order to elucidate this
result theoretically, the dependencies of both distribution functions on the temperature or the
acceptor density are simulated. From these simulations, the proposed distribution function is found
to be appropriate for determining the density and energy level of dopants with a deep dopant energy
level for any dopant density. ©2004 American Institute of Physics.@DOI: 10.1063/1.1655683#
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I. INTRODUCTION

Excited states of a substitutional dopant in a semic
ductor have been discussed theoretically using the hy
genic model,1–3 and the existence of the excited states in
or Ge has been experimentally confirmed from infrared
sorption measurements.1,4 However, the influence of the ex
cited states on the majority-carrier concentration in Si or
has not been experimentally confirmed because the exc
state levels are too close to the band edge, that is, the val
band maximum (EV) or the conduction band minimum
(EC). Therefore, the Fermi–Dirac~FD! distribution func-
tion, which does not include the influence of the excit
states, is considered valid in Si or Ge.

According to the hydrogenic model, the ground-sta
level of the acceptor~theoretical acceptor level:DE1) in SiC
is calculated as;136 meV. The experimental acceptor lev
(DEA5EA2EV) of Al in SiC was reported to be
;180 meV,5 which is larger thanDE1 due to central cell
corrections,1 whereEA is the acceptor level and allDE used
here are measured fromEV . Since the theoretical first ex
cited state level (DE2) of acceptors in SiC is close toDEA

(;45 meV) of B in Si, the excited states in SiC must affe
the hole concentration. This indicates that a distribut
function considering the influence of the excited sta
should be required to investigate the relationship between
acceptor density (NA) and the temperature dependence of
hole concentrationp(T).

Using the FD distribution functionf FD(DEA), almost all
researchers have determinedDEA , NA and the compensatin
density (Ncomp) in heavily Al-doped or Al-implanted SiC by
a least-squares fit of the charge neutrality equation
p(T).6,7 However,NA determined usingf FD(DEA) always
has been much higher than the concentration of Al ato
(CAl) determined by secondary ion mass spectroscopy6–9

This result conflicts with the fact thatNA<CAl becauseNA is
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the density of Al atoms located at the substitutional sites
SiC. The situation in wide band gap semiconductors such
Mg-dopedp-type GaN has also been the same.10,11

In order to determine a reliable value forNA usingp(T)
in p-type SiC, the following two attempts have been mad
~1! the experimental adjustment of Hall-scattering factor
holes12,13and~2! the theoretical introduction of a distributio
function suitable for Al acceptors.8,9,14,15Moreover, Al atoms
with high density may disturb the valence band struct
near EV , and might form an impurity band. However, th
p(T) for thesep-type SiC samples exhibit a typical semico
ductor behavior. Since the Fermi levelsEF(T) in these
p-type SiC samples are located betweenEV and EA , there
are a lot of holes at the excited states. Therefore, the di
bution function including the influence of the excited sta
is focused on here.

The conventional distribution functionf conv,n(DEA),
which includes the influence of the excited states, appear
books.16–18 However,NA determined usingf conv,n(DEA) is
much higher thanNA determined usingf FD(DEA),8,9,11,14,15

because the excited states are considered to behave l
hole trap. Therefore, a new distribution functionf n(DEA)
including the influence of the excited states has been p
posed and tested.8,9,11,14,15

According to Poisson’s equation, moreover,NA and
p(T) significantly influence the shape of the band bending
pn junctions, metal-oxide-semiconductor junctions
Schottky barrier junctions. Since high power SiC devices c
be operated in a wide temperature range, the electric cha
teristics obtained by device simulation should be stron
affected by the distribution function used in simulatio
Therefore, the investigation of a distribution function su
able for acceptors inp-type SiC is important.

In lightly Al-doped SiC whereEF(T) is far from both
EV andEA , f FD(DEA) is assumed to be appropriate for d
termining NA using p(T). In heavily Al-doped SiC, on the
other hand,f n(DEA) is considered to be appropriate whi
f FD(DEA) is not. In this article, in order to obtain a distribu
il:
3 © 2004 American Institute of Physics
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4214 J. Appl. Phys., Vol. 95, No. 8, 15 April 2004 H. Matsuura
tion function suitable for any doping density, we report
our investigation as to whetherf n(DEA) is appropriate for
lightly Al-doped p-type SiC.

II. DISTRIBUTION FUNCTION INCLUDING EXCITED
STATES OF ACCEPTORS

f FD(DEA) is described as9,19

f FD~DEA!5
1

11gA expS DEA2DEF~T!

kT D ~1!
e

n
,

(

c
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gA54, ~2!

whereDEF(T)5EF(T)2EV , gA is the acceptor degenerac
factor, k is the Boltzmann constant, andT is the absolute
temperature.

On the other hand, the proposed distribution fun
tion considering the influence of the excited states is giv
by9
f n~DEA!5
1

11gA expS 2
Eex,n~T!

kT
D FexpS DEA2DEF~T!

kT
D 1(

r 52

n

gr expS DEr2DEF~T!

kT
D G , ~3!
cy
Al-

s

fac-

ion

py
or
spe-
r
un-
whereDEr is the difference in energy betweenEV and the
(r 21)th excited state level,Eex,n(T) is an ensemble averag
of the ground (r 51) and excited state (r>2) levels of the
acceptor measured fromEA , andgr is the (r 21)th excited
state degeneracy factor, which is expressed asr 2.1 DEr is
described as2

DEr5
q4mh*

8h2e0
2es

2r 2 513.6
mh*

m0es
2r 2 ~eV! ~4!

andEex,n(T) is given by8,9,14,20

Eex,n~T!5

(
r 52

n

~DEA2DEr !gr expS 2
DEA2DEr

kT D
11(

r 52

n

gr expS 2
DEA2DEr

kT D ,

~5!

whereq is the electron charge,m0 is the free space electro
mass,mh* is the hole effective mass in the semiconductorh
is Planck’s constant,e0 is the free space permittivity, andes

is the dielectric constant for the semiconductor.
Since the Bohr radius (a* ) of the ground state is very

small, DEA is larger than DE1 due to central cell
corrections.1 Since the wave function extension of ther
21)th excited state is of orderr 2a* ,2 however, the excited
state levels are assumed not to be affected by central
corrections.1

In order to comparef n(DEA) in Eq. ~3! with f FD(DEA)
in Eq. ~1! easily, f n(DEA) can be rewritten as

f n~DEA!5
1

11gn~T!expS DEA2DEF~T!

kT D ~6!

and
ell

gn~T!5gA expS 2
Eex,n~T!

kT D
3F11(

r 52

n

gr expS DEr2DEA

kT D G , ~7!

wheregn(T) is here called the effective acceptor degenera
factor, which includes the excited states of acceptors.
though the physically meaningful degeneracy factors~i.e.,
gA , gr) are independent ofT, the gn(T) defined here
strongly depends onT because the occupation probabilitie
for holes at excited states change withT. Here, f 1(DEA)
5 f FD(DEA) becauseg1(T)5gA .

On the other hand, the effective acceptor degeneracy
tor gconv,n(T) corresponding tof conv,n(DEA) is9,16–18

gconv,n~T!5gAF11(
r 52

n

gr expS DEr2DEA

kT D G . ~8!

It is clear from Eq.~8! that gconv,n(T) is always larger than
gA . Therefore, the difference between these distribut
functions comes to the difference betweengA , gn(T), and
gconv,n(T).

In the following discussion,f FD(DEA) and f n(DEA) are
considered becausef conv,n(DEA) could not lead to a reliable
value forNA in heavily or lightly Al-doped samples.8,9,14,15

III. FREE CARRIER CONCENTRATION
SPECTROSCOPY

Free carrier concentration spectrosco
~FCCS!8,9,11,14,15,21–23is a graphical peak analysis method f
determining the densities and energy levels of acceptor
cies in a semiconductor usingp(T), even when the numbe
of acceptor species included in the semiconductor is
known. Using an experimentalp(T), the FCCS signal is
defined as22,23
license or copyright, see http://jap.aip.org/jap/copyright.jsp
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4215J. Appl. Phys., Vol. 95, No. 8, 15 April 2004 H. Matsuura
H~T,Eref![
p~T!2

~kT!5/2expS Eref

kT D . ~9!

The FCCS signal has a peak at the temperature corresp
ing to each acceptor level, whereEref is the parameter tha
can shift the peak temperature ofH(T,Eref) within the tem-
perature range of the measurement. From each peak, the
sity and energy level of the corresponding acceptor can
accurately determined.

In order to elucidate the abovementioned feature
FCCS, this method is theoretically discussed. Althou
FCCS can be applied to any nondegenerate semicondu
including several types of acceptor species, donor spe
and traps, we here focus on ap-type semiconductor dope
with one species of acceptor. From the charge neutrality c
dition, p(T) is given by

p~T!5NAF~DEA!2Ncomp ~10!

in the temperature range in which the electron concentra
is much less thanp(T), whereF(DEA) representsf FD(DEA)
or f n(DEA). In the case of nondegenerate semiconduct
furthermore,p(T) is given by24

p~T!5NV~T!expS 2
DEF~T!

kT D , ~11!

where

NV~T!5NV0k3/2T3/2 ~12!

and

NV052S 2pmh*

h2 D 3/2

, ~13!

because the distribution function for free carriers~i.e., holes!
in the valence band is the FD distribution function with t
degeneracy factor of 1.

Substituting Eq.~10! for one of the twop(T) in Eq. ~9!
and substituting Eq.~11! for the otherp(T) in Eq. ~9! yields

H~T,Eref!5
NA

kT
expS 2

DEA2Eref

kT D I ~DEA!

2
NcompNV0

kT
expS Eref2DEF~T!

kT D , ~14!

where

I ~DEA!5NV0 expS DEA2DEF~T!

kT DF~DEA!. ~15!

The function

NA

kT
expS 2

DEA2Eref

kT D ~16!

in Eq. ~14! has a peak value ofNA exp(21)/kTpeakat the peak
temperature

Tpeak5
DEA2Eref

k
. ~17!

As is clear from Eq.~17!, Eref can shift the peak ofH(T,Eref)
within the temperature range of the measurement. Altho
Downloaded 07 Apr 2004 to 133.89.3.21. Redistribution subject to AIP 
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the actualTpeak of H(T,Eref) is slightly different fromTpeak

calculated by Eq.~17! due to the temperature dependence
I (DEA), we can easily determine the accurate values ofNA

andDEA from the peak of the experimentalH(T,Eref), using
a personal computer. The Windows application software
FCCS can be freely downloaded at our web site~http://
www.osakac.ac.jp/labs/matsuura/!.

IV. EXPERIMENT

A 400-mm-thick heavily Al-doped 6H–SiC wafer with a
resistivity ~r! of 1.4 V cm at 300 K is called a heavily dope
sample, while a 4.9-mm-thick 6H–SiC epilayer~Al-doping
density: ;631015 cm23) on n-type 6H–SiC substrate~r:
0.027V cm at 300 K! is called a lightly doped sample. Th
samples were cut to a 131 cm2 size. Ohmic metal~Al/Ti !
was deposited on four corners of the surface, and the sam
were annealed at 900 °C for 1 min in an Ar atmosphere
order to form good ohmic contact. Thep(T) was measured
by the van der Pauw method in the temperature range
100–420 K and in a magnetic field of 1.4 T using a modifi
MMR Technologies’ Hall system.

V. RESULTS AND DISCUSSION

Figure 1 shows two experimentalp(T) ~open circles:
heavily doped sample, open diamonds: lightly dop
sample!. Both thep(T) exhibit a typical semiconductor be
havior. Therefore, the heavily doped sample is not a deg
erate semiconductor, and it does not have an impurity ba

Figure 2 depicts twoDEF(T) ~open circles: heavily
doped sample, open diamonds: lightly doped sample!, which
are calculated using

DEF~T!5kT lnFNV~T!

p~T! G . ~18!

In order to make symbols regarding energy levels clea
schematic of the band structure nearEV is inserted in Fig. 2.
Furthermore, the locations of the expected Al acceptor lev
are added in the figure. TheDEF(T) is located betweenEV

andEA in the heavily doped sample, while it is far fromEV

FIG. 1. Temperature dependencies of hole concentrations.
license or copyright, see http://jap.aip.org/jap/copyright.jsp
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in the lightly doped one. Although theDEF(T) decreases and
then increases with increasingT in the heavily doped
sample, theDEF(T) simulation using Eqs.~10! and~11! pre-
dicts this phenomenon whenDEF(T) is located betweenEV

and EA . Since the Al acceptor level in SiC was deep, th
phenomenon could be observed in the temperature rang
the measurement.

Open circles in Fig. 3 represent the FCCS signal w
Eref50.248 eV in the heavily doped sample. Since there
only one peak in the figure, the sample includes only o
species of acceptor. From the peak, the values ofNA , DEA,
and Ncomp are determined using ten different following di
tribution functions; f FD(DEA) corresponding ton51, and
nine f n(DEA) for 2<n<10. Using a set ofNA , DEA, and
Ncomp determined using each distribution function as well
DEF(T) calculated with Eq.~18! from the experimenta
p(T), the correspondingH(T,Eref) is simulated from Eq.
~14!. Figure 3 also shows fourH(T,Eref) simulations using

FIG. 2. Temperature dependencies of Fermi levels measured fromEV . A
schematic of the band structure near the valence band is inserted. The
tions of the expected Al acceptor levels are also shown.

FIG. 3. Experimental and simulated FCCS signals ofH(T,0.248) in the
heavily doped sample.
Downloaded 07 Apr 2004 to 133.89.3.21. Redistribution subject to AIP 
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FFD(DEA) ~broken line!, f 4(DEA) ~dotted line!, f 7(DEA)
~solid line!, and f 10(DEA) ~chain line!. The solid line is in
better agreement with the experimentalH(T,Eref) than the
others. Moreover, theH(T,Eref) simulation for f 7(DEA) fit-
ted to the experimentalH(T,Eref) most in the nineH(T,Eref)
simulations for f n(DEA). This indicates that a set ofNA ,
DEA, andNcomp determined usingf 7(DEA) is more reliable
than the others. Here, the excited states contained
f 7(DEA) are DE2534.0 meV, DE3515.1 meV, DE4

58.5 meV, DE555.4 meV, DE653.8 meV, and DE7

52.8 meV. In the following discussion, therefore, on
f FD(DEA) and f 7(DEA) are considered.

The values ofNA , DEA, andNcompdetermined by FCCS
are 3.231018 cm23, 180 meV and 9.031016 cm23 for
f 7(DEA), respectively, while they are 2.531019 cm23, 180
meV and 7.331017 cm23 for f FD(DEA), respectively, and
they are listed in Table I. On the other hand, the value
NA2Ncomp, which was determined from the capacitanc
voltage characteristics of the Schottky barrier juncti
formed using this wafer, was 4.231018 cm23. This value
indicates thatf 7(DEA) is significantly more appropriate fo
the distribution function in the heavily doped sample th
f FD(DEA).

Open diamonds in Fig. 4 represent the FCCS signal w
Eref50 eV in the lightly doped sample. Table I listsNA ,
DEA andNcomp determined from the peak. The values det
mined using f 7(DEA) are very close to those usin
f FD(DEA). Moreover, both values ofNA are in agreemen
with the Al-doping density.

ca-

TABLE I. Dependencies of results on distribution functions.

Heavily
f 7(DEA) f FD(DEA)

Lightly
f 7(DEA) f FD(DEA)

NA @cm23# 3.231018 2.531019 4.131015 4.931015

DEA @meV# 180 180 212 199
Ncomp @cm23# 9.031016 7.331017 1.031014 5.531014

FIG. 4. Experimental and simulated FCCS signals ofH(T,0) in the lightly
doped sample.
license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Figure 4 also shows twoH(T,Eref) simulations from Eq.
~14! with NA , DEA, andNcomp shown in Table I. The solid
and broken lines represent theH(T,Eref) simulations for
f 7(DEA) and f FD(DEA). Both the lines are in agreemen
with the experimentalH(T,Eref). Therefore, it is assume
that both the distribution functions can lead to reliable valu
for NA andDEA in the lightly doped sample.

Figure 5 shows twop(T) simulations from Eqs.~10! and
~11! with the values in Table I. In the figure, the open circl
and diamonds represent the experimentalp(T) in the heavily
and lightly doped samples. The solid and broken lines rep
sent p(T) simulated usingf 7(DEA) and f FD(DEA). From
the figure, the p(T) simulations using f 7(DEA) and
f FD(DEA) coincide with the experimentalp(T). From p(T)
simulations, therefore, it is difficult to determine which di
tribution function is suitable for explaining the ionizatio
efficiency of acceptors in SiC.

From the discussion mentioned above, it is conclud
that f 7(DEA) can be applied to both the heavily and light
dopedp-type SiC samples whilef FD(DEA) can be applied
only to the lightly doped sample. The difference betwe
f FD(DEA) in Eq. ~1! and f 7(DEA) in Eq. ~6! is only the
difference betweengA and g7(T). Figure 6 shows the tem
perature dependencies of the effective acceptor degene
factors ~broken line: gA , dotted line: g4(T), solid line:
g7(T), chain line:g10(T)). It is clear from the figure tha
gn(T).gA at lowered temperatures, indicating th
f n(DEA). f FD(DEA). On the other hand,gn(T) at elevated
temperatures is much less thangA of 4. For example, the
value ofg7(T) at 400 K is 0.70. This smallgn(T) at elevated
temperatures makes the ionization efficiency of accep
high. In the following discussion, we focus on the differen
betweengA andg7(T).

Figure 7 shows the dependencies off 7(DEA) and
f FD(DEA) on the value ofEA2EF(T) at 400 K, which are
denoted by the solid and broken lines, where the value
EA2EF(T) is positive whenEF(T) is located betweenEV

and EA . The difference betweeng7(T) and gA at 400 K

FIG. 5. p(T) simulated using values obtained by FCCS. Since thep(T)
simulation using f 7(DEA) is very close to thep(T) simulation using
f FD(DEA), the solid line overlaps with the broken line.
Downloaded 07 Apr 2004 to 133.89.3.21. Redistribution subject to AIP 
s

e-

d

n

cy

rs

of

results in the difference between the solid and broken lin
The ionized acceptor density (NA

2) is given by NA
2

5NAf 7(DEA) or NA
25NAf FD(DEA). Since EA2EF(T)

.50 meV in the heavily doped sample,f 7(DEA)/
f FD(DEA).4.5. Therefore,NA

2 for f 7(DEA) is higher by 4.5
than NA

2 for f FD(DEA). On the other hand, sinceEA

2EF(T).2110 meV in the lightly doped sample
f 7(DEA)/ f FD(DEA).1.1, indicating thatNA

2 for f 7(DEA) is
close toNA

2 for f FD(DEA).
Figure 8 shows the dependencies off 7(DEA) and

f FD(DEA) on the acceptor density at 400 K, which are d
noted by the solid and broken lines. These simulations
obtained under the following conditions;DEA5180 meV
and Ncomp/NA50.025. In the lightly doped case,f 7(DEA)
. f FD(DEA), indicating thatNA , DEA, and Ncomp deter-
mined usingf 7(DEA) are similar to those usingf FD(DEA).

It is clear from the abovementioned simulation resu
that f 7(DEA) is appropriate for any doping density inp-type

FIG. 6. Temperature dependencies of effective acceptor degeneracy fa
The value ofgA is also shown.

FIG. 7. Dependence of occupation probability for one electron at acce
level at 400 K on the difference in energy between acceptor level and F
level.
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SiC. Since these simulations are not limited to Al accept
in p-type 6H–SiC, moreover, the proposed distribution fun
tion including the excited states of dopants is applicable
substitutional dopants with deep dopant energy levels for
dopant density. In other words, this distribution function
applicable to the temperature range where the Fermi lev
close toEV or EC .

VI. CONCLUSION

The Fermi–Dirac distribution function, which does n
consider the influence of the excited states of the accep
could only be applied to the lightly doped case. On the ot
hand, the proposed distribution function considering the
fluence of the excited states led to the reliable acceptor d
sities and energy levels for the heavily and lightly dop
samples, indicating that this distribution function is approp
ate for any acceptor density inp-type SiC. This result was
confirmed from the simulations of the dependencies of t
distribution functions on the temperature, the energy leve
the acceptor density.
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