JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 4 15 AUGUST 2003

Occupation probability for acceptor in Al-implanted p-type 4H-SIiC
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Al-implanted p-type 4H-SIC layers with different implantation and annealing temperatures are
formed, and the temperature dependence of the hole concentpdiidris obtained by Hall-effect
measurements. The Al acceptor level in SiC is deed80 meV), and its first excited state level
calculated by the hydrogenic model is still deep35 meV), which is close to the acceptor level

of B in Si. Therefore, in order to determine the reliable acceptor denslyy) from p(T), the
Fermi—Dirac distribution function is not appropriate for Al acceptors in SiC, and a distribution
function including the influence of the excited states of the Al acceptor is required. It is
demonstrated that the proposed distribution function is suitable for obtaining the actual relationship
betweenN, andp(T) in p-type 4H-SIiC. ©2003 American Institute of Physics.
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I. INTRODUCTION ~180 meV from photoluminescen¢PL) studies’ suggest-

Silicon carbideg(SiC) has been an attractive semiconduc-ing that central cell correctioh make the experimental
tor because of a wide band gap, high electron mobility, s2Ea larger thanAE; . Since the theoretical first excited state
high electron-saturation-drift velocity and a high thermallevel (AE;) of the acceptor in SiC is close tdAE,
conductivity. As a result, it has been regarded as a promising~45 meV) of B in Si, the excited states of Al acceptors in
semiconductor for devices operating at high powers, higlsiC must affect the hole concentration, indicating that a suit-
frequencies, and high temperatures. Since these devices able distribution function including the influence of the ex-
operated in a wide temperature range, the relationship besited states should be required to investigate the relationship
tween a dopant density and a temperature dependence of thetween the acceptor densiti{) and the temperature de-
majority-carrier concentration in SiC becomes important forpendence of the hole concentratip(ir).
device simulation. Here, this relationship indicates a distri-  Using the Fermi—Dirac distribution functiofp(AE,)
bution function(i.e., occupation probabilijyof electrons or  that does not include the influence of the excited states of
holes for dopants. The Poisson equation plays an importaRicceptors, almost all of the researchers have determined
role in the Qewce S|ml.JIat.|0n,. and it requires an accurat\g, , N, and the compensating densitydmp in Al-doped
dopant density and a distribution function for the dopant. = or Al-implanted SiC by a least-squares fit of the charge neu-

Excited states of sybstltut!onal dopan'Fs in semlconductra“ty equation top(T) experimentally obtained from Hall-
tors hzi\vg been theo_retlcally dlscusseo_l using the hydrogenl{;ﬂeCt measurement$- 13 However, the value o, deter-
model; ™ and the existence of the excited states of dopant§hined usingfeo(AE,) has been always much higher than

(eg., B P in Sior Ge has been experimentally conﬂrmedthe concentration of Al atomsd,;), which is determined by
from infrared absorption measurements at very 10Wgo qnqanvion mass s ectroscopy-® This suggests that the
temperature$?—® However, the influence of the excited y P ' 99

states on the majority-carrier concentration in Si or Ge ha$ btalne?hNA d Sho.ltjld fn Ztl bte relllablet zecsl::é A t\)N Tltcr,: |
not been experimentally confirmed because the excited stafg®ans the density o atoms located at the substitutiona

levels of the dopants in Si or Ge are too close to the aIIowe&'teS in SiC, must be less than or equallg . The situation

band edge, that is, the valence band maximiy)(or the " Mg-dopedp-type GaN has also been the satfe. _
conduction band minimumgL). The following two attempts were made to determine the

Because of a dielectric constant| of SiC lower than reliable N, from Hall-effect measurement$}) the experi-
that of Si and because of a hole-effective mas§ ) of Sic ~ mental adjustment of Hall-scattering factor for holeg,)
heavier than its electron-effective mass(), the ground- and(2) the theoretical introduction of a distribution function
state level AE;) of a substitutional acceptor in SiC becomes suitable for Al acceptors. Pensl has strongly insisted $hat
large according to the hydrogenic model, which is calculate¢should be temperature dependédi5—1.2."> On the other
to be approximately 136 meV. Her&E, is called the theo- hand, there are two types of reported distribution functions
retical value of an acceptor leveAE,), which is measured including the influence:(a) the conventional distribution
from E,. The experimentalAE, was reported to be functionf,(AE,) appearing in book *°and(b) the dis-

tribution function f(AE,) that we have proposéd:®® Ac-

dAuthor to whom correspondence should be addressed; electronic maiﬁording tofeond AEA), SinC? the e)fCited states pehave just
matsuura@isc.osakac.ac.jp like a hole trap,N, determined usindg .,n(AE,) is much
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higher thanN, determined usind-p(AE,). In order to ob- made use of. The value of this distribution functiom\&, is

tain the reliableN, from p(T), therefore, we have proposed described &
f(AE,) and have been theoretically and experimentally test-

ing it.141°

In this article, from a viewpoint of the introduction of
the distribution function, we determiné,, AE, andNymp
in several Al-implanteg-type 4H-SIC layers with different
implantation temperaturesT {,,an) and annealing tempera-
tures (Tapnea) from p(T).

II. DISTRIBUTION FUNCTIONS FOR DEEP DOPANTS

When the influence of the excited states of acceptors on

p(T) is neglected because of smalE,, fep(AEA) can be

1

1
AEA—AEL(T)
KT

fep(AEN) = (]

whereAEL(T) is the Fermi level measured froR, at T, k
is the Boltzmann constant, afdis the absolute temperature.

On the other hand, we have proposed a distribution func-
tion including the influence, which is given By*°

1+4 ex;{

EexT)
kT

AEA_ AEF(T)
kT

+

i )

whereAE;, is the ( —1)th excited state level measured from
Ey, which is described as

o

AE q‘my
r_8h2€02652r2

*

136 Y,
T mgelr? (eV)

)

according to the hydrogenic mode E.(T) is an ensemble
average of the ground € 1) and excited stata &2) levels
of the acceptor measured fromME,, which is given

byl4,15,21
AEA_AEI«
2, (AEA=AE)grexp = — 7
Eex(T): AEA_AEr ’ (4)
1+2 g, ex TR
r=2

whereg, is the ( —1)th excited state degeneracy factor de-
scribed a&*’

g,=rs, 5

g is the electron chargey, is the free-space electron maks,
is Planck’s constant, ane}, is the free-space permittivity.

1

r=2

, (2
AE,—AEL(T)

ex
Or KT

=

An average acceptor levAlE(T) is defined by**®
AEA(T)=AEA—EedT). (6)

Since the Bohr radiusal*) of the ground state, which is
given by’?

2

. €o€sh® Mpé€g A

=—_ _—-053— 7
mm} g2 0.5 my (A), )

is very small in this case, the experimentslE, becomes
larger than the theoreticd E; as follows:

AEA:AE1+ Eccc, (8)

where Eccc is the energy induced 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 considered not to be affected by central cell
corrections’?

Moreover, f.,n(AE,) was reported to be described
as’l_7—19

fcon\(AEA): AEA_AEF(T)

1+4 KT

exr{ ) + 22 Or exr{
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In comparison to Eq(2), f.on(AE,) ignoresEq(T). This Np AEA—Eef
indicates that the ionization efficiency of acceptors in ﬁexy{ kT (17)
feond AEA) should be much less than that ifAE,) or
fen(AE,). in Eq. (15) has a peak value &, exp(—1)/KkT,e,cat the peak
temperature
T = AEA—Eres (18)
Il. FREE CARRIER CONCENTRATION peak™ k :

SPECTROSCOPY . .
As is clear from Eq(18), E,s can shift the peak dfl (T,E )

Free carrier concentration spectroscof}CCS is a  within the temperature range of the measurement. Although
graphical peak analysis method for determining the densitiethe actualT ;e 0f H(T,E¢) is slightly different fromT peq
and energy levels of impurities and defects in a semiconduazalculated by Eq(18) due to the temperature dependence of
tor even when several types of impurity species and defectf AE,), we can easily determine the accurate valuebl pf
are considered to be includét*>?3-?"Using an experimen- andAE, from the peak of the experimentd|(T,E ), using
tal p(T), the FCCS signal is defined as a personal computer. The Windows application software for
FCCS can be freely downloaded at our web <itétp:/

2
H(T,E )= L-F)S,?exp(E_ref ) (100  www.osakac.ac.jp/labs/matsuura/
(kT) kT When fep(AE,) is substituted folF (AE,) in Eq. (16),

The FCCS signal has a peak at the temperature correspon@e_ valugs ofNa, AEA anchomp determined _b)_/ FCCS co-
ing to each acceptor level or hole-trap level, whEfg is the  incide W|th.those determined by the gurve—flttl_ng procedure
parameter that can shift the peak temperaturéi¢f,E.)  Of p(T) using fep(AE,). In the following sections, there-
within the temperature range of the measurement, which ifore, FCCS is applied to determif, , AE, andNomy cor-
discussed later. From each peak value and peak temperaturesponding tof ep(AE,) OF feon(AEA) or f(AE,).
the density and energy level of the corresponding acceptor or
hole trap can be accurately determined. IV. EXPERIMENT

Although F(.:CS can be applied in any nondegenergte In order to formp-type 4H-SIC layers, Al ions were
semiconductor including several types of acceptor species N .

. . implanted at room temperature or 1000 °C tqui-thick

donor species and traps, we here focus gntgpe semicon-

- —Si i i 5 ~m—3
ductor doped with one sort of acceptor. From the neutralityn type 4H-SIC epilayers with N atoms of 280 cm

condition, p(T) is given by on n-type 4H—SiC{0001 substrate with 8° off tq1120)
’ direction. In order to obtain a box profile &, sevenfold
P(T)=NaF(AEA) —Ncomp (1) Al ion implantation was carried out with different energies

in the temperature range in which the electron concentratioRNt0 the SiC epilayer surfage til_tgd to 7° to normal. Each
n(T) is much less tharp(T), where F(AE,) represents dose of Al ions was 38 10" cm~2, and the implantation
fen(AER) OF fomlAEA) OF f(AE,). In the case of nonde- €nergies were 1.0, 1.6, 2.4, 3.3, 4.4, 5.6, and 7.0 meV. After

generate semiconductors, furthermquéT) is given by the implantation, the sample was annealed at 1443 or
1575°C for 1 h in an Ar atmosphere. The Rutherford back-

0(T)= NV(T)exp{ _ AEF(T)) (12) scattering spectroscogiRBS) spectra were measured using
kT /)’ 2 meV He ions. In this case, the deepest measurable depth in
SiC was~1 um from the surface.
The 1.3um-thick layer from the surface was removed
Ny(T) = Nyok¥2T%2 (13 by reactive ion etching using a mixture of £&nd G, and
then the sample was cut into ax4 mn? in size. Ohmic

where

and
3 metal (Al/Ti) was deposited on four corners of the etched
No— 2 2mmy 14 surface, and the sample was annealed. PK&) in the
Vo h2 (14 p-type layer formed by the Al implantation was measured by

the van der Pauw method in the temperature range of 100

Substituting Eq(11) for one of the twap(T) in Eq. (10) and 420 K and in a magnetic field of 1.4 T.

and substituting Eq12) for the othemp(T) in Eq. (10) yields
_ AEA_ Eref

N
H(T,E,ef)=k—TAexp( T>|(AEA)
Figure 1 shows the profile o€, calculated by the
NeomNvo [ Erer— AER(T) Monte Carlo simulation program of the stopging and range
- e . (15  of ions in matter(SRIM-2000 after Biersack® where the

V. RESULTS

kT kT density of SiC used in calculation was 3.2 gfctfl From
where Fig. 1, the box profile ofC,, is confirmed, and the average
AEA—AER(T) C, in thep layer is~1x 10" cm™ 3.
I(AEA)=Nyqg exp{T)F(AEA). (16 Figure 2 shows the RBS spectra for the random and
virgin samples, and samples implanted at room temperature
The function or 1000 °C. The yield in the sample implanted at 1000 °C is
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10%° ABaR s L ERd RaRRRAEL L TABLE |. Sample preparation conditions.
Sample number Timplant (OC) Tanneal(oc)
10 i pSIC(HH) 1000 1575
& 3 pSIC(HL) 1000 1443
g pSIC(LH) Room temperature 1575
- pSIiC(LL) Room temperature 1443
=} 1018 -
R 3
g 3
=}
8 10" | )
g fective on upy(T). In almost all of the measurement-
© temperature range, phonon scattering is considered to be
< 6l dominant. Therefore, it is considered that is independent
107 3 of T.
] In general, y4y=37/8=1.18 for phonon scattering,
sl | | | while y,=3157/512=1.93 for ionized impurity scattering
T T — that is dominant at low temperatur&sin p-type Si, yy is
Depth from Surface [wm] theoretically derived to be-0.73 for optical-phonon scatter-
ing, while vy is ~1.43 for acoustic-phonon scattering in
FIG. 1. Profile of Al concentration simulated by SRIM-2000. p-type Ge*? Judging from these reporty,,=1 is not a bad
assumption.

Figure 4 shows foup(T) obtained usingyy=1, where
relationship betweep(T) and the experimentally ob-
ained Hall coefficientR,) is expressed as

substantially below that in the sample implanted at room,
temperature, indicating that the dynamic annealing durin
elevated temperature implantation prevented making Si
layers amorphous. The RBS spectra of the annealed samples YH
were close to the virgin level, indicating that the damage due H:qp(T) '
to the ion implantation was almost annealed out. Since Al o i o i
atoms located at substitutional sites of SiC crystal can onlyl "€ Solid circles, open circles, solid triangles, and open tri-
act as an acceptdi, should be lower than or close @, of angles .represerpI(T) for pPSIC(HH), pS|C(HL),. pSIC(LH),
~1x 10 cm 3. and pSiC(LL), respectively. Twop(T) for pSiC(HH) and
pSiC(LH) are higher than those fompSiC(HL) and
PSIC(LL). While p(T) in pSiC(LH) is the highest at low
)}emperaturesp(T) in pSiC(HH) is the highest at high tem-
atures.

(19

Four p-type 4H-SIC layers with differenT . and
TanmeaWere investigated, as shown in Table I. Figure 3 de
picts four temperature dependences of the hole mobilit
up(T). The solid circles, open circles, solid triangles, andPerat )
open triangles represent,(T) for pSiC(HH), pSiC(HL), Figure 5 shows foun E¢(T) calculated using

pSIC(LH), and pSiC(LL), respectively. Twouy(T) for Ny(T)
pSIC(HH) and pSiC(LH) are higher than those for AER(T)=kTIn (™) | (20)
pSiC(HL) and pSiC(LL), indicating that highT yneaiS €f-
1500 v v v v | v v v v | v v v v 505 v | v v llllll|lllllllll|lll"""s
[ -
40 £ '-\‘Q
E Ay ]
1000 |- ] g af 3
3 I ]
S 2 ]
= fn : ]
e [ % 20 F ’
500 | . = 1
L
[ =2 ®  pSiC(HH)
o : pSiC(HL)
[ . 4 :pSiC(LH)
- Virgin A :pSICLL)
L L L L | L L 10 M A A A A NN TS P T T
0 0.5 1 L5 200 300 400 500
Scattered Energy [MeV] Temperature [K]

FIG. 2. RBS spectra for virgin and random samples, and samples implante@llG. 3. Four temperature dependencies of hole mobility for sample prepa-
at room temperature or 1000 °C. ration conditions with various implantation and annealing temperatures.
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q pSIC(HH) 3

22

10'®

¥

~

1017

Hole Concentration [cm™]
H(T,0.231) [x10% ecm® eV 3]
w

6| Q .AL :.'Experimental H(T,E,¢

W°F o . psicn Rae, 2 i O

o : pSIC(HL) L i Simulated H(T,E,.)

[ & pSiICLH) ] 1 : :f(AE,)

L & : pSIC(LL) . T frp(AE,)
T o] I I I TR ,:f°°“V(AEA)

N T AN S T AR
2 3 2 5 200 300 400 500
1000/T [K™] Temperature [K]

FIG. 4. Four temperature dependencies of hole concentration for sampIEIG. 6. ExperimentaH(T,E,.) (open circles and threeH(T,E,o) simu-

tpurreepsarann conditions with various implantation and annealing temperal-ated with values determined by FCCS usH@E,,) (solid lin), f uo(AE )

(broken ling, or f ,,(AE,) (dotted ling.

wheremy, , which is required to calculaté\(T) in EQ.(13),  tweenE, andAE, of ~0.18 eV obtained from PE jndicat-

is assumed to beng > The solid circles, open circles, solid ng that it should be impossible to ignore the influence of the
triangles, and open triangles represetEg(T) for  gycited states of the Al acceptor @fT).
pSiC(HH), pSIC(HL), pSiC(LH), and pSiC(LL), respec-
tively. In the case of shallow dopantSEx(T) increases mo-
notonously with increasing. In n-type SiC withN donors, VI. DISCUSSIONS
AEF(T) increases monotonously with in the temperature
range of 80 and 420 K antlEL(T) is higher than the energy
level of N donors®?’ In p-type SiC, howeverAEL(T) de- The open circles in Fig. 6 represent the experimental
creases with increasingl, suggesting that the hole- H(T,E) With E=0.231 eV forpSiC(HH). In the FCCS
occupation probability for the Al acceptor should be differentanalyses,H(T,E.;) was calculated by interpolating(T)
from that for shallow dopants. Sinc&Eg(T) is between Wwith a cubic smoothing natural spline function at intervals of
0.12 and 0.14 eV, moreover, the Fermi level is located be0.1 K. The peak temperature and peak valug¢i¢T,0.231)
are 381.8 K and 5.8610% cm eV~ 25 respectively. Since
only one peak appears in the figure, it is considered that there
is only one acceptor level ipSiC(HH). Table Il showsN,,

A. Distribution function suitable for Al in SiC

0.15 E U U AE, and Ngomp determined by FCCS using(AE,) or
3 feo(AEA) of feond AEA) from this peald® In f(AE,) or
F ] feond AER), the highest excited state considered in the FCCS
0.14 £ E analyses is the fourth excited state. Siege 10, the excited
: state levels are estimated to hkE,=34.0 meV, AE;
] =15.1 meV,AE,=8.5 meV, andAE;=5.4 meV. All the
E 0.13 E AE, shown in Table Il are close tAE, determined from
o PL. The value ofN, determined using(AE,) is close to
E 3 Ca, while two N, determined usingfgp(AE,) and
g 012F E feod AEA) are much higher tharC, ,*® suggesting that
3 f(AE,) is more appropriate for determinirg, from p(T)
; ® : pSIC(HH) 3 than the others.
011 F o : pSIC(HL)
3 A : pSiC(LH) 3
. : a : pSi?(LL) g TABLE II. Dependencies of results on distribution functions.
01 200 300 400 Distribution function N, (cm™3) AE, (meV) Neomp (cM™3)
Temperature [K]
f(AE,) 1.21x 10'° 177 2.29< 10"
FIG. 5. Four temperature dependencies of Fermi level measuredBtom feo(AER) 4.85x 10"° 157 2.45¢10'
for sample preparation conditions with various implantation and annealing . (AE,) 4.69x 10%° 167 1.6 10%°
temperatures.
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T T ———r —
1018 pSiC(HH) pSiC(HH) Experimental AEK(T) ]
- 3 o]
F ] [ Simulated AE(T) |
Kl [ ] 0.13F 9@ : f(AE,) -
5 | ' ' :
g 3 ]
=107 E = ]
£ E ] 3 ]
3 [ ] 5;‘ 1
g I Experimental p(T) 1 .
[ o ' - -
g i Simulated p(T) 1 0.12 | -
0 | ey | :
t » TT/TE frp(AE,) 7 J
o e fconv(AEA) ] J
[ o000y [T [ PP Low a0y ]
200 300 400 200 300 400
Temperature [K] Temperature [K]

FIG. 7. Experimentap(T) (open circles and threep(T) simulated with ~ FIG. 8. ExperimentalEg(T) (open circles and two AEg(T) simulated
values determined by FCCS usifigAE,) (solid ling), fep(AE,) (broken — With values determined by FCCS usifigAE,) (solid line) or frp(AE,)
line), or f o (AE,) (dotted ling. (broken ling.

Figure 6 also shows threld(T,E,e) simulated by Eq. ag:ceptors enhance the ionization efficiency of acceptors at
(15) using No, AE, and Ngoyp Shown in Table Il and high temperatures. _ _
AE((T) obtained from Eq(20) with the experimentap(T). In Fig. 10, the solid, chain, and broken lines represent
The solid, broken, and dotted lines represent the simulatedEa(T), AER(T), and exp{-E.(T)/kT), respectively,
H(T,E,) for f(AE,), feo(AE,), andf(AE,), respec- Which are simulated usiniy,, AEx and N¢om, determined
tively. Although all the peaks of the three simulated usingf(AE,). AEA(T) decreases witli, and themAEA(T)
H(T,E,y coincide with the peak of the experimental above 420 K becomes lower thavEg(T), indicating that
H(T,E,e), the solid line is in agreement with the experimen- the ionization efficiency of the Al acceptors increases rapidly
tal H(T,E,.) better than the others. This indicates thit,  with T. In other words, exp{E.,(T)/kT) decreases rapidly
AE, andNgomp determined usind(AE,) are more reliable  with T. In Eq. (2), the function
than the others.

Figure 7 shows the experiment(T) (open circlesand E g exp< w)
threep(T) simulated by Egs(11) and(12) usingN,, AE, r=2 KT
andN¢omp Shown in Table 1. The solid, broken, and dotted
lines represent the simulatg(T) for f(AE,), frp(AEL),
andf.,n(AE,), respectively. All the simulate@(T) arein P+ T T
good agreement with the experimengdIT). This indicates
that it is difficult to investigate the influence of the excited
states of the acceptor @(T) by the curve-fitting procedure
of p(T).

Figure 8 shows the experimentaE((T) (open circle
and two simulatedAE(T). Solid and broken lines in the
figure correspond td(AE,) and fep(AE,), respectively.
The solid line is in agreement with the experimeit&:(T)
better than the broken line, which results in a coincidence of
values between the experimentdll(T,E) and the
H(T,E,e) simulated using(AE,). Therefore, FCCS is con-
sidered to be an analysis method suitable for investigating
the influence of the excited states of dopants more than the 106 3
curve-fitting procedure op(T). !

Figure 9 shows the influence of the excited states on [, L L
p(T). The open circles represent the experimep(dl), and 200 300 400
solid and broken lines represemt(T) simulated using Temperature [K]

; — 9 —3
f(AEA) and frp(AE,) with Np=1.21X 10 cm?, AEA FIG. 9. Experimentap(T) (open circley and two p(T) simulated using

=177 meV  and Ngom=2.29<10" cm™3, respectively.  t(ag,) (solid ling or fp(AE,) (broken fing. In the simulation, the values
From the figure, it is considered that the excited states ofietermined by FCCS usinfAE,) are used.

(21

1018

10 17
3 Experimental p(T)
O

Simulated p(T)
N, =121x10Ycm?
AE, =177 meV 1

Neomp = 2:29x10'7 cm™

Hole Concentration [cm‘3]
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0.18 prrr—r T L T 1 AE, obtained from PL. Here, all thdl, determined using
E = — AE(T 1 -

- _ R :AE:((T) ] 0.9 ;Fli(@ﬁg’EcAr)n—;md feondAEA) are much higher than 1
'; E N N :eXp('Ee"m/kD-_ 0.8 As is clear from Table IlI, almost all of implanted Al
20.16 F . do7 ~ atoms are located at the substitutional sitegpBIC(HH),

e N, E while only an half of implanted Al atoms are at the substitu-

%1‘0.15 _ . 1%¢1E tional sites inpSiC(LL). By making a comparison between
- * Jos|f two Np in pSiC(HH) and pSiC(LH), Tinpiant is effective in

- 014 E = forming acceptors in SiC.

E‘; 104 © In Fig. 5, the shape aAEg(T) in pSiC(HH) resembles
4 0.13 E . J03 that inpSiC(HL), while the shape ipSiC(LH) is like that in
T \'\_ pSIC(LL). Therefore, it is possible thaliy,,.n: affects the

012 _ \'\\_\ 7102 shape ofAEL(T). Th!s may cqrrelate with the dependence

E pSiC(HH) T ’ —0.1 of AEa ON Timpiant; smceAEA. in the samples annealed at

0.115.|........................ 0 1575°C are lower thaml\E, in the samples annealed at

200 300 400 1443 °C.
Temperature [K]

FIG. 10. Temperature dependenciem (solid line), AEL(T) (chain Vil. CONCLUSION

line) and exp{-E.(T)/KT) (broken ling, which are simulated witiN,, Al-implantedp-type 4H-SiC layers with variouBmpjant

AE, andNeomp determined using(AE,). and Tyoneq Were fabricated, ang(T) in those layers were
obtained from Hall-effect measurements. Thé&,, AE,

signifies that the excited states behave just like a hole trafNd Neomp Were determined fronp(T) using three kinds of

while the function distribution functions for acceptors. Since the _Fermi level
was located between the acceptor level dhgd in these
Eex(T) samples, the proposed distribution function considering the
exp — kT (22) influence of the excited states of dopants was found to be the

means that the holes bounded to the acceptors can easily &4 1) in Al-implanted p-tvpe 4H—SiC. Moreover. it was
emitted to the valence band because the holes trapped at tfg p(T) P ptyp ) '

. ! monstrated that the proposed FCCS could study this influ-
exc!ted states of acceptors can be thermally emlttgd MOTEce in detail, while the curve-fitting procedure pfT)
easily than those _at the ground state. Therefdrerequired could not. WherTypjane= 1000 °C andT zne 1575 °C, al-

FO meet the experimentglT) becomes the reasonable value most all of implanted Al in 4H-SiC atoms was found to act
in the case of (AE,). as an acceptor.
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