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The temperature-dependent hole concentratid and hole mobilityu,(T) are obtained irp-type
4H-SIiC epilayers with several Al-doping densities. Frp(iT), the densities and energy levels of
acceptors are determined by the graphical peak analysis méfheel carrier concentration
spectroscopy: FCQSwithout any assumptions regarding the acceptor species. In the heavily
Al-doped case, the excited states of acceptors gfi@gtbecause the Fermi level is located between
the valence band maximum and the acceptor I¢vel, the ground state level of the acceptor
indicating that a distribution function for acceptors, which includes the influence of excited states of
acceptors, should be required. Here, FCCS can determine acceptor densities and acceptor levels
using any distribution functione.g., the Fermi-Dirac distributing function or the distribution
function including the influence of excited stateBio types of acceptor species are detected in the
lightly Al-doped epilayers, while only one type of acceptor species is found in the heavily Al-doped
epilayer. Some of the parameters required to simulate electric characteristics of 4H-SIiC power
electronic devices are obtaindd) the dependence of each acceptor level on a total acceptor density
and (2) the dependence of the hole mobility on temperature and total impurity densp0@
American Institute of Physic$DOI: 10.1063/1.1775298

I. INTRODUCTION cating that the excited states of the acceptor influence the
temperature dependence of the hole concentraptn).
Moreover, the acceptor levels in otheitype wide band gap

with potential for use in high power and high frequency de_semiconductome.g., GaN and diamondire reported to be

vices capable of operating at elevated temperatures. Sm%ﬁso deeﬁ. Instead of the Fermi-Dirac distribution function

these devices operate in a wide temperature range from staf- . . .
tup temperature6<30 °C) to steady-operation temperatures6H1at does_ not mglude the.mfluer.\ce of excited states .Of aceep-
tors, a distribution function suitable for acceptors in these

(=300 ° O, the following relationships are required in order . :
to carry out device simulation for obtaining optimum SiC p-type wide band gap semiconductors has been proposed and

. 12 . L .
device structures, that is, the dependence of the carrier cofgXPerimentally testeff. Moreover, this distribution func-
centrations and the mobilities in SiC on temperature andion iS found to be appropriate for determining the densities
doping density. For example, the Poisson equation plays ai"d €nergy levels of acceptorsprtype wide band gap semi-
important role in calculating the band bending near junctiongonductors for any dopant density frop(T), while the
such aspn junctions and metal-oxide-semiconductor struc-Fermi-Dirac distribution function is elucidated to be applied
tures, and it requires the relationship between a designe@nly to lightly doped sampl_ej§.|n other words, the distribu-
dopant density and an ionized dopant density at any temperaon function |nC|Ud|ng the influence of excited states should
ture. be applied when the Fermi levéE;) is located between the

In order to obtain these dependences, Hall-effect meavalence band maximurtg,) and the acceptor level, while
surements have been conducted. Although these dependen&gih distribution functions can be applied whég is far
for ntype SiC have been investigated by manyfrom Ey.

Silicon carbide(SiC) is a wide band gap semiconductor

researcher’;® those forp-type SiC are far from complete. In this paper, in order to obtain some of the parameters
This is because the energy leyek., ground state levebf  required to simulate electric characteristics of 4H-SiC power
substitutional acceptors iptype SiC becomes dedp,indi-  electronic devices, we report on our investigation of the de-

pendence of acceptor levels and hole mobility on acceptor

3Author to whom correspondence should be addressed; electronic maigenSity and temperature in AI'dOpﬁ_type 4H-SiC epilay-
matsuura@isc.osakac.ac.jp ers. In order to determine the densities and energy levels of
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acceptors usin@(T) without any assumptions regarding the n
acceptor species, the graphical peak analysis metfred p(T) => NpiF(AE4;) = Np (1)

carrier concentration spectroscopy: FQCE*%is ap- =1

plied, where FCCS can determine acceptor densities and agy the temperature range in which the electron concentration
ceptor levels using any distributing functioe.g., the Fermi- i much less tham(T). Here,F(AE,) is either distribution

Dirac distribution function or the distribution ftincgizon function for acceptorg(l) the Fermi-Dirac distribution func-
including the influence of excited states of accept6rs” tion, which is given b¢?

This is because before the analysigp6T) no one can assert

how many types of acceptor species are included in these (AE,) = 1 2)
p-type 4H-SiC epilayers, although many researchers assume = AER(T) = AEy; |

that only one type of acceptor species is included thre. 1+0a exp(— KT )

whereAEL(T) is the Fermi level measured froly, at T, and

Il. EREE CARRIER CONCENTRATION Oa is the acceptor degeneracy factor of 4, @@dthe distri-
SPECTROSCOPY bution function including the influence of excited states of

. acceptors, which is described'as
A. Basic concept

Deep level transient spectrosc&ﬁyi,sothermal capaci- f(AEA) = L ; (3)

tance transient spectroscopg TS), > and some methots? 14+0u(T _AEK(T) — AE,

. . i +0ai(T)ex
can uniquely determine the densities and energy levels of KT

traps in semiconductors or insulators, because each peak ir}‘| . .
: whereg,;(T) is here called the effective acceptor degeneracy
the signal corresponds one-to-one to a trap. For example, the

. 2
ICTS signal is defined aS(t)=tdC(t)?/dt, whereC(t) is the actor given bg’

transient capacitance after a reverse bias is applied for a AE, — AE,;

diode or a Schottky barrier diode. Sing&) is theoretically 9ai(T) = gA{l +§_;gf exp( KT )}

described as the sum bfet exp(—et), it has a peak value of "

N; exp(-1) at a peak time of,e,=1/6. Here,N; ande, are xex;{— Eexi(T)> @)
the density and emission rate of @h trap. Therefore, the kT /'

function of N;gt exp(—-gt) plays an important role in the ) , ,
AE, is the difference in energy betweds, and the (r

ICTS analysis. ) e 23

In order to analyzep(T), we have introduced the ~1th excited state level describe
function theoretically described as the sum of q4m; m;

. - ) 13 i - AE, = =13.6 eV), 5
N exp(—AEA;/KT) /KT, whereT is the absolute tempera T Umoeirz( V) (5

ture, k is the Boltzmann constant\,; and AE,; are the
density and energy level of aith acceptor species, and E.4(T) is an ensemble average of the ground 1) and ex-
AE,; is measured from Ey. The function of cited state(r=2) levels of the acceptor measured frdp;,
Npj €Xp(—AEi/KT)/KT has a peak alpeaq=AEai/k, which  which is expressed 48°12:32
does not apply to all acceptor species in the temperature
range of the measurement. If you introduce a function in > (AEp - AE))g, ex;{—
which a peak appears @je.=(AEa —Erer) /K, you can shift — =2
the peak temperature to the measurement temperature range Eex(T) = AE.: — AE . (®

Al r
by changing the paramet&;.. This indicates that you can 1+ O exp(— T)
determineN,; and AE,; in a wide range of acceptor levels =2
even within a limited measurement temperature rangewhereg, is the (r—1)th excited state degeneracy factor of
Therefore, the function to be evaluated should be appfOXir2,29'33q is the electron Chargeno is the free space electron
mately described as the sum ONy exd—(AEs  massm, is the hole effective mass for 4H-Si@js Planck’s
—Ere) /KT]/KT. It should be noted thally; and AE,; deter-  constant,e, is the free space permittivity, ane is the di-
mined by this method are independentEgf:. In addition,  electric constant for 4H-SiC. Since the Bohr radiisof the
although Hoffmann proposed an interesting graphical pealyround state is very small\E,; is larger thanAE; due to
analysis metho@>*'we should avoid introducing a differen- central cell correction& Since the wave function extension
tial evaluation ofp(T) because the differential of experimen- of the (r—1)th excited state is of ordera*,*° the excited

AE,; - AEr)
KT

tal data results in an increase in observational errors. state levels are assumed not to be affected by central cell
corrections®
On the other hand, using the effective density of states
B. Theoretical considerations Ny(T) in the valence band)(T) is written ag®

In the following, we assume @-type semiconductor AER(T)
with n different acceptor species, and a donor denbity p(T) = Nv(T)eXP<— T)
From the charge neutrality conditiop(T) can be expressed
as® where

(7)
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Ny (T) = Nyok¥2792 (8) 10" greepreerrrerprrererrrer—rr——y
and L0t . (Sample  \ ]
r number 3

2m )\ 32 3 SiC(0001) | 3

Nyo = 2(?9> . 9 107 b .

] o :#}

1 #3] 3

From Eqgs(1) and(7), a favorable function to determine -u4| 4

10 |

Hole Concentration [cm™]

N,; and AE,; can be introduced as follows. The function to F .- 451 3
be evaluated is defined as 10 | \¥ #6 ]
T)? E : ]
H(T,Erer) = %)5/2 eXP<k—rT6f>- (10) 10" v, 1
Substituting Eq(1) for one of thep(T) in Eq. (10) and sub- 10° | -
stituting Eq.(7) for the otherp(T) in Eq. (10) yield
n N AE E 1012 sasalessenaiag Litasssans Loaasssans Lotasasans Laaasssiag 7
H(T,Eep) = z k_/'T'l eX[{“ A;(—TrGf>I(AEAi)
NoNyo %Eref_ AE,:(T)) FIG. 1. Temperature dependence of hole concentration.
- ex , (11
KT KT
good Ohmic contacts at the four corners of the surface of the
where sample, Al ions were implanted and then ohmic mehdl)
AE,; — AEK(T) was deposited. After that, the sample was annealed at
I(AEi) = Nvo exP(T)':(AEAi)' (12) 1000 °C in a N atmospheren(T) and the temperature de-
. pendence of the hole mobility.,(T) were obtained from
The function Hall-effect measurements in van der Pauw configuration us-
Na; AEp; = E,ef ing a modified MMR Technologies’ Hall system.
KT p(_ kT ) 13

in Eg. (11) has a peak value dfly; exp(—1)/kT,eqq at the

peak temperature IV. RESULTS AND DISCUSSION

Tpeak = M_ (14) A. Determination of acceptor levels and acceptor
k densities
As is clear from Eq(14), E ¢ can shift the peak dfi(T, E¢) Figure 1 showsp(T) for six samplegtriangles: No. 1,

within the temperature range of the measurement. Althougiircles: No. 2, crosses: No. 3, square: No. 4, diamonds: No.
the actuallpeag Of H(T,Ee) is slightly different fromT,eas 5, down triangles: No. % Figure 2 depictsAER(T) for six
calculated by Eq¢14) due to the temperature dependence ofsamples(triangles: No. 1, circles: No. 2, crosses: No. 3,
[(AE,;), we can easily determine the accurate valueblgf  square: No. 4, diamonds: No. 5, down triangles: Ng. 6
andAE,; from the peak of the experimentd(T,E,), using  which are calculated 6§‘/

a personal computer. The Windows application software for
FCCS can be freely downloaded at our web gitétp://

www.osakac.ac.jp/labs/matsuuraThis software can also 600 F —— — o o o 3
. . . E ( Sample number 3

evaluate them by using the curve-fitting method or the dif- E| siC(0001
ferential method. 500 & :#1 3
lIl. EXPERIMENT E 400K E
o 3

Five 16 um thick p-type 4H-SiC epilayers with different " 300 _ _
Al-doping densities were grown on*-type 4H-SiG0001) )
substrates(sample numbers: No. 1-No.),4and on a &)
vanadium-doped semi-insulating 4H-$0001) substrate 200 ¢ E
(sample number: No)5The details of the growth conditions
were reported in the previous pap@rOne 10um thick 100 F 3
p-type 4H-SiC epilayer on am*-type 4H-SiG0001) sub-
strate(sample number: No.)&vas purchased from Cree Res. 0B, Lisssiain, Lisreresss Licisiaie Lioserinsd

Inc. Another 16um thick p-type 4H-SiC epilayer was grown

on ann*-type 4H-SiG1120) substratgsample number: No.
7). They were cut into a 33mn? size. In order to form FIG. 2. Temperature dependence of Fermi level.

Temperature [K]
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FIG. 3. Temperature dependence of hole mobility.
FIG. 5. FCCS signaH2(T,E,¢y) with E,=0.12 eV, in which influence of
acceptor species WithE,, is removed.

NV<T)] s
p(M (10). The peak temperature and peak valueH¢T,0.0085
Since the Al acceptor level in 4H-SiC is reported to be&re 507.8 K and 1.78 10° cmi® eV°. From this peak, the
~200 meV*¥" AEL(T) for samplegNo. 1-No. 3, No. 5, No. energy levelAE,, and densityN,, of the corresponding ac-

6) are higher than this acceptor level at almost all temperaCeptor species are determined as 348.7 meV and 4.15
tures, whileAEL(T) for No. 4 is lower at all temperatures. < 10" cm®.

According to literaturé;*? therefore, thep(T) for No. 5 In order to investigate another acceptor species included

should be analyzed by usifgAE,), although thep(T) for  in this epilayer, the FCCS signal &f2(T, E.ey), in which the
the others can be analyzed by using eittigg(AE,) or  influence of the above-determined donor species is removed,

AEK(T) = kTIn{

f(AE,). is calculated using the following equation. It is clear from
Figure 3 showsu,(T) for six samplegtriangles: No. 1, Eq. (11) that

circles: No. 2, crosses: No. 3, square: No. 4, diamonds: No. p(T)? E,ef

5, down triangles: No. % Judging from the magnitude of H2(T,Eyey) = (KT)2 exP(kT)

1p(T), the band conduction of holes is dominant over the

measurement temperature range. Therefpfd@) obtained _ Naz xp(— AEAZ_Eref)I(AE ) (16)

from the Hall-effect measurement is the hole concentration KT kT A2

in the valence band. - dbv th ies uii Fi 5
Using FCCS, the densities and energy levels of acceptor? not influenced by the acceptor species .. Figure
epictsH2(T, E,¢) with E=0.12 eV. Since a peak appears

are determined fronp(T). Figure 4 showsH(T,E,) with in th ianal h e
E,.=8.5X 1073 eV for No. 2, which is calculated by Eq. in the H2(T,0.12 signal, another acceptor species is in-

2 e RREARERRA; RARRRRREL; RARAARRRS; 10" pre— e LA TrrrrrrrTT T T

[ Sample number Sample number
#2

—
wn
T L

—
(=)
e
«
1

: Experimental data g
: Simulation

N,, = 6.49x10" cm™
AE,; = 225.8 meV
N, = 4.15x10" cm™
AE ,; = 348.7 meV

o

H(T, 0.0085) [x10%° cm® eV'27]
o
n —

Hole Comcentration [cm™]

1014 ....................... Loy
200 300 400 500 600 2 3 4 5

Temperature [K] 1000/T [K]

FIG. 4. FCCS signal oH(T,E,) with E=8.5X 1072 eV. FIG. 6. p(T) simulation.
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TABLE |. Parameters for acceptor levels in Al-doped 4H-SiC.

Sample number
SiC(0001) ] Ea1(0) (meV) aa; (MmeVem Ea2(0) (meV) an, (MeVem
A : L

ob

400 f

o]

220 1.90x 10°° 413 2.07x 10

g

] down triangles for No. 6. In the case of the heaviest Al-
+ 3 doped epilayefNo. 4), only one type of acceptor species is

3 detected. It is clear from Fig. 7 thatE,, andAE,, depend
on the acceptor density.

From photoluminescena®L) measurementsand Hall-
effect measurementé the energy level of~200 meV is as-
cribed to an isolated, substitutional Al in 4H-SiC, suggesting
iy g that the origin of the shallow acceptor Ievel' is the'A.I accep-
106 107 10° 10° 10 tor. On the other har_ld, although _the poss_lblg origin qf the
deep acceptor level is B with which 4H-SiC is sometimes
contaminated, the concentration of B in this epilayer, which
FIG. 7. Results determined by FCCS. was determined by secondary ion mass spectroscopy, was
<4x 10" cm 3. Moreover, the B acceptor level was re-

cluded in this epilayer. Using the peak temperature c)iported to be 285 meV It may be closely linked with th®,
' line observed by Pl(Refs. 38 and 3Por with a complex
323.1 K and the peak value of 3.890% cm™® eV 25 the y Pl % P

) , (AlgrVe) (Ref. 40 of Al at a Si site(Alg) and a carbon
acceptor levelAE,, anglgensgyIVAl are determined to be vacancy(Vc) just like a reported compleBg-Ve) of B at a
225.8 meV and 6.48 10 cm™. o 41 .
Si site (Bg) and Ve F the stud lightly Al-doped
The FCCS signal oH3(T,E,¢), in which the influence | site (Bs) and Ve fom the sticly on gty ope

f . b q ined q 4H-SiC irradiated with 1 MeV electrons, it is reported that
of two acceptor species above-determined are removed, |3 o \nchanged whilé\,; reduce€’ However, the origin

calculgted.. HowgverH3(T,Eref) is nearly zero, |nd|cat|ng. of the deep acceptor level is unfortunately unknown to date.
that this epilayer includes only two types of acceptor species.

Finally, Np is determined as 1.4610" cm™3,
In order to verify the values obtained by FCQ®T) is  B. Dependence of each acceptor level on total
simulated using Eqg1) and (7). The open circles in Fig. 6 acceptor density
represent the experimenta(T) and the solid line represents Figure 8 depicts the dependence of the acceptor levels
the p(T) simulation. The solid line is in good agreement with 5 3 total acceptor densiti, om=Nas+Na,). The depen-
the experimentap(T), indicating that the values determined yence of each acceptor level O 1ot i investigated here,

denoted by circles. _ density was discussed in Si that included one type of dopant
In the same way as illustrated for No. 2, the acceptorgpecied?

levels and acceptor densities for the others are determined, ap jdeal acceptor leveAE,;(0) is the energy required to
and are shown in Fig. 7, denoted by triangles for No. 1emit one hole from the acceptor site into infinity .
crosses for No. 3, squares for No. 4, diamonds for No. 5, angligwever, since a-type semiconductor is electrically neu-

Acceptor Level [meV]
(W]
=
>
40

3

1014 1015

Acceptor Density [cm™]

AL B A AL 150 T T T T T
E ‘Sample number) 3 I 1
400 pr-~-- o SiC0001) |3 I 300K ]
F v &  #
s o o :#
= F + - -
FE; : = 100 < -
S [ © > I
3 [ v «
E : S o g
L a
8 200 F v 2 Sample number
g, - = i SiC(0001)
b, : 2 a
8 s g 50 :
< ¢t =
100 | c
- o
NI PR BT B A BT, -. NPSY PR BRI B P B
0% 10° 10 107 10" 10" 102 10 10% 10 107 10 10° 102
Total Acceptor Density [cm™] Total Impurity Density [cm™]

FIG. 8. Dependence of each acceptor level on total acceptor density. FIG. 9. Dependence of hole mobility on total impurity density.
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3lr T T T 7 7 TABLE Ill. Parameters forB, (N mp) in Al-doped 4H-SiC.
3 :- A -: Bg]in Iggwax N'[j (Cm—a) ,yg
251 3.04 8.64 10" 0.456
29F ]
~ X . ma; min
gt ] i Kp (300 — up'(300
F28F . p(300Np jimp) = pp (300 + = N . :
< L Sample number 9 i P
a SiC(0001) 1+ (ﬁe )
27 A p
- (20
26 F where ,L[)“i“(300), p (300, Ng. and y; are the fitting pa-
[ rameters. By a least-squares fit of E20) to u,(300) shown
I f] ST EEFN PR B R R in Fig. 9, these fitting parameters are determined and listed in
10" 10° 10 107 10® 10° 10 Table 1. The solid line in Fig. 9 represents the
Total Impurity Density [cm™] £p(300 N imp) Simulation.

Figure 10 showgB,(Na imp) in Eq. (19) for samplegNo.
1-No. 6 corresponding to 4H-Si0001) substrates. In the

) _ ) same way as illustrated fqr,(T,Na imp), the following rela-
tral, each negatively charged acceptor is shielded by one holﬁ)nship is assumed: '

on Ey. This shielding hole is assumed to be located within

FIG. 10. By(Najmp) IN (T, N jmp) o< TANAmp),

half (r) of an average distancél/{N, ) Of acceptors, Bo(Na o) = BN+ Bmg ax_ﬁmg " (21)
indicating that the acceptor level should be lowered by the P AP~ Fp Naimo \ %
energy higher thanq/(4mesg,r) due to Coulomb’s 1+<WE)
attraction® Therefore, _ P P
B — wheregl™, BT NP, andy? are the fitting parameters. By a

AB(Na tota) = AEAi(0) ~ i ¥Na o (17) Ieast-sq’ijareg fit o? Eq21) pto Bo(Na tota) Shown in Fig. 10,

and these fitting parameters are determined and listed in Table
lll. The solid line in Fig. 10 represents th&(Np imp) Simu-
ap = = 2.44X 105 meV cm. (18  lation.
8meq€

The fitting parameters obtained by a least-squares fit ob. Difference in p(T) and mp(T) between epilayers

Eg. (17) to data in Fig. 8 are listed in Table I. The grown on SiC (0001) and (1120) surfaces

AEA1(Na tota) @Nd AEA2(Na 1) Simulations are denoted by )

the solid and broken lines in Fig. 8, respectively. Singg is _Figures 11 and 12 show thregT) and threeu,(T) for
close to the value in Eq18), the hole goes around the shal- €Pilayers grown on two Si000) surfaces(No. 1, No. §
low ionized acceptor within a radius of approximately —and one SiC1120) surface(No. 7). Only in the epilaye(No.
However, the hole rounds more closely on the deep ionized) grown on the SiC1120) surface, the unusual peak ap-
acceptor because of the largg,. peared inp(T) at ~400 K, at which the unusual dip occured

C. Dependence of hole mobility on temperature and

1016
total impurity density

In Fig. 3, up(T,Naimp) at >250 K can be expressed as

T )‘ﬁp(NA,imp)

/-Lp(Ta I\IA,imp) = /-Lp(3OOyNA,imp) ( ﬁ)

—

)
2.
O

. (19

whereNy imp=Na1+Naz+Np,* because all impurities affect

Hole Concentration [cm™]

v

the hole mobility. In order to .obt_a!np,p(T,NAvimp), 10" °o. Yo, E
Mp(3QO Na imp) @nd B,(Na imp) We can individually evaluate. Sample number L

Figure 9 showsu,(300 Ny jmp) for samplesNo. 1-No. SiC(0001) .
6) corresponding to 4H-Si000]) substrates. According to "e A& :#l ° J
literature}***° 11,(300 Na imp1) can be described as v o#6 o

’ SiC(1120) °
® H#7

TABLE Il. Parameters fopt,(300 Ny imp) in Al-doped 4H-SiC. ®

‘ 102
up [en?l (V)] ur e/ (Vs)] N& (cmd) 3 3 : 00%/r [K‘Sl] 6 7

37.6 106.0 2.9% 10'8 0.356

FIG. 11. Dependence qf(T) on crystal orientation of 4H-SiC.
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