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Investigation of a distribution function suitable for acceptors in SiC

Hideharu Matsuura®
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 acceptorprtype 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. @004 American Institute of Physicg§DOI: 10.1063/1.1655683

I. INTRODUCTION the density of Al atoms located at the substitutional sites in
SiC. The situation in wide band gap semiconductors such as

Excited states of a substitutional dopant in a SemlconMg—dopedp—type GaN has also been the saldl

ductor have been discussed theoretically using the hydro In order to determine a reliable value i, usingp(T)

genic model and the existence of the excited states in Si, Sic. the followi h b de-
or Ge has been experimentally confirmed from infrared ap!" P-type SIC, the following two attempts have been made:

sorption measurementé.However, the influence of the ex- (1) the experimental adjustment of Hall-scattering factor for

cited states on the majority-carrier concentration in Si or Géqole§2'13aqd(2) the theoretical mtrladlgctlon of a distribution
has not been experimentally confirmed because the excitdgnction suitable for Al acr_:epto&% ““Moreover, Al atoms
state levels are too close to the band edge, that is, the valen®éth high density may disturb the valence band structure
band maximum E,) or the conduction band minimum nearE,,, and might form an impurity band. However, the
(Ec). Therefore, the Fermi—Dira¢FD) distribution func-  P(T) for thesep-type SiC samples exhibit a typical semicon-
tion, which does not include the influence of the excitedductor behavior. Since the Fermi levels:(T) in these
states, is considered valid in Si or Ge. p-type SiC samples are located betwdepandE,, there
According to the hydrogenic model, the ground-stateare a lot of holes at the excited states. Therefore, the distri-
level of the acceptoftheoretical acceptor levekE;) in SiC bution function including the influence of the excited states
is calculated as-136 meV. The experimental acceptor level is focused on here.
(AEA,=E,—E,) of Al in SiC was reported to be The conventional distribution functiorf ;on,n(AE,),
~180 meV?> which is larger thamAE,; due to central cell which includes the influence of the excited states, appears in
corrections’, whereE, is the acceptor level and allE used  books™®~'® However,N, determined using conn(AE,) is
here are measured frof, . Since the theoretical first ex- much higher tharN, determined using gp(AE,), 89111415
cited state level AE,) of acceptors in SiC is close thE,  because the excited states are considered to behave like a
(~45 meV) of B in Si, the excited states in SiC must affecthole trap. Therefore, a new distribution functiép(AE,)
the hole concentration. This indicates that a distributionincluding the influence of the excited states has been pro-
function considering the influence of the excited stateosed and testétf:11#41°
should be required to investigate the relationship between the According to Poisson’s equation, moreovéd, and
acceptor densityN,) and the temperature dependence of thep(T) significantly influence the shape of the band bending in
hole concentratiom(T). pn junctions, metal-oxide-semiconductor junctions or
Using the FD distribution functiofiz,(AE,), almost all  Schottky barrier junctions. Since high power SiC devices can
researchers have determinkf,, N, and the compensating pe operated in a wide temperature range, the electric charac-
density (Neomp in heavily Al-doped or Al-implanted SiC by teristics obtained by device simulation should be strongly
a least-squares fit of the charge neutrality equation Qffected by the distribution function used in simulation.
p(T).™" However,N, determined usingdep(AEA) always  therefore, the investigation of a distribution function suit-
has been mu_ch higher than the _concentratlon of Al _atomame for acceptors ip-type SiC is important.
(CA') determme_d by_secondary ion mass spectrosép?)y. In lightly Al-doped SiC whereE(T) is far from both
This result conflicts with the fact that,<C, becauséN, is E, andE,, fep(AE,) is assumed to be appropriate for de-

termining N using p(T). In heavily Al-doped SiC, on the

dAuthor to whom correspondence should be addressed; electronic maif.)ther han('j*fn(AEA) i.S ConSide.red to be apprqpriatg V\{h”e
matsuura@isc.osakac.ac.jp fep(AE,) is not. In this article, in order to obtain a distribu-
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tion function suitable for any doping density, we report onand
our investigation as to whethd,(AE,) is appropriate for
lightly Al-doped p-type SiC.
gA:4i (2)
II. DISTRIBUTION FUNCTION INCLUDING EXCITED

STATES OF ACCEPTORS whereAEL(T)=Eg(T)—Ey, g, is the acceptor degeneracy

fro(AE,) is described ds'® factor, k is the Boltzmann constant, ard is the absolute
1 temperature.

— On the other hand, the proposed distribution func-

feo(AEA) 1) . S . . o
1 AEA—AEE(T) tion considering the influence of the excited states is given
+gaexg —————
kT by?®
|
fa(AEA) = : (©)]
T gexd - EonD|[ g SEATAERD [ AEAEKT)
A kT KT = kT

where AE, is the difference in energy betweéry, and the

- . Eex,n(T)
(r—1)th excited state leveE,, ,(T) is an ensemble average gn(T)=gaexp — T
of the ground (=1) and excited stater &2) levels of the

acceptor measured frof,, andg, is the (—1)th excited AE,—AE,

n
r
X 1+Zz Or ex;{T

state degeneracy factor, which is expressed?asAE, is : (7)
described s
whereg,(T) is here called the effective acceptor degeneracy
AE. — q4m;§ 3 h 7 factor, which includes the excited states of acceptors. Al-
" 8h%e2 2 2 274 mofng (ev) though the physically meaningful degeneracy factoss.,
Oa, O,) are independent off, the g,(T) defined here
andm is given by?®1420 strongly depends oil because the occupation probabilities
for holes at excited states change with Here, f{(AE,)
n AE,— AE =frpo(AEA) becausey;(T)=ga. _
E (AEA—AE,)g, exp( —f) On the other hand, the effective acceptor degeneracy fac-
= kT tor geonyn(T) corresponding td .oy n(AE,) is*16718
exn(T) n AE.—AE ) ’ ’
A r n
1+r22 O eXF{ kT ) gconvn(T):gA 1+ 2 Or exy{w (8)
(5) ! r=2 kT

It is clear from EQ.(8) thatg.onyn(T) is always larger than
ga- Therefore, the difference between these distribution
functions comes to the difference betwegn, g,(T), and
gconv,n(T)-

In the following discussionfp(AE,) andf,(AE,) are
considered becaudg,,,n(AE,) could not lead to a reliable
value forN, in heavily or lightly Al-doped sample%®141°

whereq is the electron chargen, is the free space electron
mass,m;. is the hole effective mass in the semiconduchor,
is Planck’s constant is the free space permittivity, and
is the dielectric constant for the semiconductor.

Since the Bohr radiusaf*) of the ground state is very
small, AE, is larger than AE; due to central cell
corrections: Since the wave function extension of the (
—1)th excited state is of ordefa*,? however, the excited
state levels are assumed not to be affected by central cell
corrections- Ill. FREE CARRIER CONCENTRATION

In order to compard,(AE,) in Eg. (3) with f.p(AE,)  SPECTROSCOPY
in Eq. (1) easily,f,(AE,) can be rewritten as

Free carrier concentration spectroscopy
1 (FCCQB911141521-24¢ 3 graphical peak analysis method for
f (AEp) = (6) determining the densities and energy levels of acceptor spe-
1+gn(T)exp(AEA_AEF(T)> cies in a semiconductor usiqT), even when the number
KT of acceptor species included in the semiconductor is un-

known. Using an experimenta(T), the FCCS signal is
and defined a&?
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©)

pP(T?  (Ee
H(T Ere) = yomeX p(k—Tf

The FCCS signal has a peak at the temperature correspond-
ing to each acceptor level, whekg is the parameter that
can shift the peak temperature ld{T,E,.) within the tem-
perature range of the measurement. From each peak, the den-
sity and energy level of the corresponding acceptor can be
accurately determined.

In order to elucidate the abovementioned feature of
FCCS, this method is theoretically discussed. Although
FCCS can be applied to any nondegenerate semiconductor,
including several types of acceptor species, donor species
and traps, we here focus onpatype semiconductor doped
with one species of acceptor. From the charge neutrality con-
dition, p(T) is given by

P(T)=NaF(AEA) — Ncomp (10
in the temperature range in which the electron concentration
is much less thap(T), whereF(AE,) represent$-p(AEA)

or f,(AE,).
furthermore,p(T) is given by*

AER(T)
p(T):Nv(T)eXp<— g )

where
Ny(T) = Ny,ok32T3?2 (12)
and
2mm} 312
.y

because the distribution function for free carriérs., hole$

Hole Concentration [cm™]
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FIG. 1. Temperature dependencies of hole concentrations.

the actualT peq Of H(T,E ¢ is slightly different fromT ,eq

In the case of nondegenerate semiconductors;alculated by Eq(17) due to the temperature dependence of
I(AE,), we can easily determine the accurate valuebl of
andAE, from the peak of the experimentdl(T,E,¢), using

(11) a personal computer. The Windows application software for

FCCS can be freely downloaded at our web <itétp:/

www.osakac.ac.jp/labs/matsuura/

IV. EXPERIMENT

A 400-um-thick heavily Al-doped 6H-SiC wafer with a
resistivity (p) of 1.4 ) cm at 300 K is called a heavily doped
(13 sample, while a 4.9sm-thick 6H-SiC epilayelAl-doping
density: ~6x 10" cm %) on n-type 6H-SiC substratép:
0.027Qcm at 300 K is called a lightly doped sample. The

in the valence band is the FD distribution function with the samples were cut to aX1 cn? size. Ohmic metalAl/Ti)

degeneracy factor of 1.
Substituting Eq(10) for one of the twop(T) in Eq. (9)
and substituting Eq.11) for the othemp(T) in Eq. (9) yields

AEA_ Eref
p( —— | (AEW)

com Ere_AE T
a ki\lvo p( f|<TF( ))’ a4

A
H(T,Eef) = ﬁex

where

was deposited on four corners of the surface, and the samples
were annealed at 900 °C for 1 min in an Ar atmosphere in
order to form good ohmic contact. ThgT) was measured

by the van der Pauw method in the temperature range of
100-420 K and in a magnetic field of 1.4 T using a modified

MMR Technologies’ Hall system.

V. RESULTS AND DISCUSSION

Figure 1 shows two experiment@l(T) (open circles:
heavily doped sample, open diamonds:
sample. Both thep(T) exhibit a typical semiconductor be-

lightly doped

AEA_ AEF(T)

The function

MGX . AEA_ Eref
KT kT

in Eq. (14) has a peak value M, exp(—1)/kT,eqcat the peak

temperature
A EA - Eref

Tpeak:T- 17

As is clear from Eq(17), E,¢; can shift the peak dfl (T,E,«)

(16)

havior. Therefore, the heavily doped sample is not a degen-

erate semiconductor, and it does not have an impurity band.
Figure 2 depicts twoAEL(T) (open circles: heavily

doped sample, open diamonds: lightly doped sainptaich

are calculated using

N (T)
p(T)

In order to make symbols regarding energy levels clear, a

schematic of the band structure n&gris inserted in Fig. 2.

Furthermore, the locations of the expected Al acceptor levels
are added in the figure. TheE(T) is located betweek,,

AER(T)=kTIn (18)

within the temperature range of the measurement. AlthoughndE, in the heavily doped sample, while it is far frol,
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400 P BEEEEE RS T ] TABLE |. Dependencies of results on distribution functions.
f O :Heavily Al-doped 6H-SiC ] - -
E & :Lightly Al-doped 6H-SiC 3 Heavily Lightly
[ &y 1 f7(AER) fro(AEL) f7(AEL) fen(AEA)
300 3 3 Na [em™3] 3.2x10% 2.5x10%° 4.1x10% 4.9x10%
[ ] AE, [meV] 180 180 212 199

Neomp LM ] 9.0x 10'° 7.3x10Y 1.0x 104 5.5x 104

[meV]

200 ' Acceptor levelsI ’

AE((T)
O

Feo(AE,) (broken ling, f4(AE,) (dotted ling, f/(AEL)

100F 1 mmmmmmemmeee- E, 7

] (solid ling), and f,o(AE,) (chain ling. The solid line is in
AEA‘—'AE-(B-E'— Ex(T) | ] better agreement with the experimenty(T,E,) than the
F . E ] others. Moreover, thel(T,E,) simulation forf,(AE,) fit-
obibiiasiii,, P I i ted to the experimentdd (T,E,s) most in the nineH (T,E,«)
100 200 300 400

simulations forf,(AE,). This indicates that a set dfi,,
AE,, andNeym, determined usindg;(AE,) is more reliable
FIG. 2. Temperature dependencies of Fermi levels measured ExpmA than the others. Here, the excited states contained in
schematic of the band structure near the valence band is inserted. The lochs(AE,) are AE,=34.0 meV, AEz;=15.1 meV, AE,

tions of the expected Al acceptor levels are also shown. =8.5meV, AEs=5.4 meV, AEs=3.8 meV, and AE,
=2.8 meV. In the following discussion, therefore, only
fep(AE,) andf,(AE,) are considered.

The values oNp, AE,, andN¢qy,,determined by FCCS
are 3.%410®¥ cm 3, 180 meV and 9.810%cm 2 for
f2(AE,), respectively, while they are 2&10"° cm 2, 180
meV and 7.X 10" cm 2 for fp(AE,), respectively, and
. they are listed in Table I. On the other hand, the value of
phenomenon could be observed in the temperature range . . .

A~ Ncomp, Which was determined from the capacitance—

the measurement. - T .
Open circles in Fig. 3 represent the FCCS signal Withvoltage characteristics of the Schottky barrier junction

. . 8 73 .
E,=0.248 eV in the heavily doped sample. Since there is}‘ormed using this wafer, was 4:2L0°” cm*. This value

Indicates thatf,(AE,) is significantly more appropriate for

only one peak in the figure, the sample includes only on S Lo :
species of acceptor. From the peak, the values of AE ., She distribution function in the heavily doped sample than

: . ) . . fep(AE,).
and Ng,mp are determined using ten different following dis- * P : N . .
tribution functions; feo(AE,) corresponding tan=1, and Open diamonds in Fig. 4 represent the FCCS signal with

nine f(AE,) for 2<n=10. Using a set oN,, AE,. and E,er=0eV in the lightly doped sample. Table | listé,,

Ncomp determined using each distribution function as well asAEA andNeomp determined from the peak. The values deter-

; . mined using f;(AE,) are very close to those using
AEL(T) calculated with Eq.(18) from the experimental .
p(T). the correspondingd(T.E.) is simulated from Eq. fep(AEL). Moreover, both values o, are in agreement

(14). Figure 3 also shows foud(T,E,s) simulations using with the Al-doping density.

Temperature [K]

in the lightly doped one. Although th®E((T) decreases and
then increases with increasing in the heavily doped
sample, the\Eg(T) simulation using Eqg10) and(11) pre-
dicts this phenomenon wheXEg(T) is located betweek,,
andE,. Since the Al acceptor level in SiC was deep, this

 Heavily Al-doped 6H-SiC . Qa. [ Lightly Al-doped 6H-SiC
_ 4 5 P ‘,,. W7 _Expgr]mental H(T,E..p)
bt 6 -
> & / — | Simulated H(TE,.)
© e, ,/ q
g 3F ,I/ N % ________
- ¢ N/ © L
"'9 O l'/ g 4 7
%, ! s |
o~ 2F D /" ] S L
X &) 1 X L
Q D / 'Experimental H(TE, ) ~ [
= 6/ l:S' lated H(T,E,q,) - = 7
= imula B =
=T o/ | f(AE) =0
4l 0 [ ARBA e s o 0 a0 0 0 |0 0000000 | P
100 200 300 400 200 300 400

Temperature [K] Temperature [K]

FIG. 3. Experimental and simulated FCCS signalsHdfT,0.248) in the FIG. 4. Experimental and simulated FCCS signal$ig¢T,0) in the lightly
heavily doped sample. doped sample.
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10V | TTeeec +fep(AEL) 3
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< :Experimental p(T) ]
102k Simulated p(T) .
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"""" fep(AE,)
1011 ......... [ [ R
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FIG. 5. p(T) simulated using values obtained by FCCS. Since fi(i€) FIG. 6. Temperature dependencies of effective acceptor degeneracy factors.

simulation usingf;(AE,) is very close to thep(T) simulation using  The value ofg, is also shown.
fro(AE,), the solid line overlaps with the broken line.

results in the difference between the solid and broken lines.
Figure 4 also shows twHI(T,E,) simulations from Eq. The ionized acceptor densityNf) is given by N,
(14) with Na, AEa, andNgopp shown in Table I. The solid  =Npf,(AE,) or Ny =Npfep(AEL). Since Ep—Eg(T)
and broken lines represent thé(T,E.y) simulations for =50 meV in the heavily doped samplef,(AE,)/
f7(AE) and fep(AE,). Both the lines are in agreement f . (AE,)=4.5. ThereforeN, for f,(AE,) is higher by 4.5
with the experimentaH(T,E). Therefore, it is assumed than N, for frp(AE,). On the other hand, sinc&,
that both the distribution functions can lead to reliable values- E.(T)=—110 meV in the lightly doped sample,
for Ny andAE, in the lightly doped sample. f7(AEA)/Tep(AEL)=1.1, indicating thaiN, for f;(AE,) is
Figure 5 shows tw@(T) simulations from Eqs(10) and  close toN, for fep(AER).
(12) with the values in Table I. In the figure, the open circles  Figure 8 shows the dependencies Bf(AE,) and
and diamonds represent the experimep{dl) in the heavily  f_(AE,) on the acceptor density at 400 K, which are de-
and lightly doped samples. The solid and broken lines reprenoted by the solid and broken lines. These simulations are
sentp(T) simulated usingf;(AE,) and fep(AE,). From  obtained under the following conditions§E,=180 meV
the figure, the p(T) simulations usingf;(AEx) and  and Ngom/Na=0.025. In the lightly doped caséy(AE,)
feo(AE,) coincide with the experimentgl(T). Fromp(T)  =f-,(AE,), indicating thatN,, AE,, and Neoy, deter-
simulations, therefore, it is difficult to determine which dis- mined usingf,(AE,) are similar to those usinfp(AE,).
tribution function is suitable for explaining the ionization It is clear from the abovementioned simulation results
efficiency of acceptors in SiC. thatf;(AE,) is appropriate for any doping density irtype
From the discussion mentioned above, it is concluded
that f,(AE,) can be applied to both the heavily and lightly
dopedp-type SiC samples whilé-p(AE,) can be applied 1.1
only to the lightly doped sample. The difference between 1
feo(AE,) in Eq. (1) and f7(AE,) in Eq. (6) is only the 09k
difference betweeig, andg,(T). Figure 6 shows the tem- ’
perature dependencies of the effective acceptor degeneracy 08
factors (broken line: g, dotted line: g,(T), solid line: 07F
g7(T), chain line:g.o(T)). It is clear from the figure that 06 E
On(T)=g, at lowered temperatures, indicating that 05k
fo(AEp)=Tfrp(AE,). On the other handy,(T) at elevated
temperatures is much less thgp of 4. For example, the 04 F
value ofg,(T) at 400 K is 0.70. This smadi,(T) at elevated 03F
02F
01E

temperatures makes the ionization efficiency of acceptors

high. In the following discussion, we focus on the difference

betweeng, andg,(T). o
Figure 7 shows the dependencies Bf(AE,) and 2300 200 -100 O 100 200 300

fep(AE,) on the value ofE,—Eg(T) at 400 K, which are En -Ex(T) [meV]

denoted by the solid and broken lines, where the value OIfilG. 7. Dependence of occupation probability for one electron at acceptor

EaA—Er(T) is p_OSitive whenEg(T) is located betweeity level at 400 K on the difference in energy between acceptor level and Fermi
and E,. The difference betweeg,(T) and g, at 400 K  level.

Occupation Probability at Acceptor Level
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