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In order to obtain some of the parameters required to simulate the electric characteristics of silicon
carbide (SiC) power electronic devices in a wide temperature range from startup temperatures
(=30 °0O to steady-operation temperatures200 °CO, we discuss the dependence of the two
donor levels on the total donor densityp) as well as the dependence of the electron mobility on
the total impurity density(Ny,,) and operating temperatur€l) in the n-type 4H-SiC. The
temperature-dependent electron concentrati@) and electron mobilityu,(T) in the n-type 4H-

SiC epilayers with several nitrogen-doping densities are obtained from the Hall-effect
measurements. By the graphical peak analysis metfreé carrier concentration spectroscopy:
FCCS without any assumptions regarding the donor species, the two types of donor species are
detected fronn(T). Moreover, the energy level and density of each donor species are determined by
the FCCS. Using these results, we obtain the parameters with which the dependence of each donor
level onNp can be simulated. Using,,(T) at T>250 K, moreover, we obtain the parameters with
which the dependence of the electron mobilityMp, and T can be simulated. @004 American
Institute of Physics[DOI: 10.1063/1.1798399

I. INTRODUCTION for designed dopant densities. Therefore, the dependence of
each dopant level on the designed dopant density has been
Silicon carbide(SiC) is a semiconductor with a wide actually required.
band gap, a high electron mobility, a high electron saturation  Since the resistivity in the™-drift layer is proportional
drift velocity, and a high thermal conductivity. It is also to the electron mobility besides the electron concentration,
chemically and thermally stable and extremely hard. As ghe dependencg,(T,Ny,) of the electron mobility on the
result, it is regarded as a promising semiconductor for theotal impurity densityNi,,, as well as temperatur€ is re-
devices operating at high powers, high frequencies, and highuired. Although the dependence of the electron mobility
temperatures. In order to design the optimum device strucu,(300 at 300 K on the electron concentratiog300) at
tures for these SiC devices, it is necessary to simulate theB00 K were reportedRefs. 1-3, un(T,Nin) is actually im-
electric characteristics in a wide temperature range fronportant in the device simulation for SiC. This is because the
startup temperaturgs<30 °C) to steady-operation tempera- donors in am-type SiC are partially ionized even at 300 K,
tures (=200 °O. Therefore, it is essential to determine the although the donors in silico(Bi) are completely ionized at
parameters required to carry out the device simulations foBOO K.
SiC devices over the previously mentioned temperature In this paper, the temperature-dependent electron con-
range. centrationn(T) and electron mobilityu,(T) for the n-type
In SiC power electronic devices, a metal-oxide-4H-SiC epilayers with several nitrogéN) densities are ob-
semiconductor field-effect transistdviOSFET) is an appro- tained from the Hall-effect measurements. In order to deter-
priate device structure. In the power MOSFETSs, the Poissomine the densities and energy levels of the donors without
equation is used to simulate the band bending layers for ~ any assumptions regarding the donor species n6f), the
the MOS structures as well asin-drift layers neapnijunc-  graphical peak analysis method, called free carrier concen-
tions in the wide temperature range, suggesting that ionizetfation spectroscopyFCC9,*® is applied. Using these re-
dopant densities at a given temperature should be calculaté&dilts, the parameters required to simulate the dependence of
each donor level on a total donor dendiy is determined.

3author to whom correspondence would be addressed; electronic mail#JSIng the eXpe”ment_aA‘ﬂ(T)’ moreover, the parameters in
matsuura@isc.osakac.ac.jp n(T,Nimp) are determined.
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Il. FREE CARRIER CONCENTRATION AEK(T)
SPECTROSCOPY n(T) = Nc(T)ex " T ) 3
A. Basic concept
P 7 where
Deep-level transient spectroscdpysothermal capaci- _ 3/2-13/2
tance transient spectroscopCTS),2 and other methods® Ne(T) = Nek™ T, (4)
can uniquely determine the densities and energy levels of the oo\ 32
traps in semiconductors or insulators, because each peak in N = 2(77_mn> M (5)
. CO 2 C»
the signal corresponds one-to-one to a trap. For example, the h

ICTS signal is defined aS(t) =tdC(t)?/dt, whereC(t) is the
transient capacitance after a reverse bias is applied for a
diode or a Schottky barrier diode. Sing&) is theoretically
described as the sum bfet exp(—et), it has a peak value of
N; exp(—1) at a peak time of,..;=1/€¢. Here,N; ande, are
the density and the emission rate of idin trap. Therefore,
the function ofN;gt exp(-gt) plays an important role in the

i n(T)? E
ICTS analysis. _ _ H(T,E o) = ( )5/zeXp< _ref) (6)
In order to analyzen(T), the function theoretically de- (kT) kT

scribed as the sum ofNp; exp(—AEp/kT)/KT was I .
; 1 . Substituting Eq(21) for one of then(T) in Eq. (6) and sub-
introduced'* wherek is the Boltzmann constantyp; and stituting Eq.(3) for the othem(T) in Eq. (6) yield

AEp,; are the density and the energy level of i&im donor

species, and\Ep; is measured from the bottom of the con- " Np; AEp; — Eyef

duction bancE.. The functionNp; exp(-AEp;/kT)/KT has a H(T,Erey) = ﬁeXP<‘ kT

peak afT o4 =AEp;/k, which does not apply to all the donor =t

species in the temperature range of the measurement. If you NaNco E et — AEL(T)

introduce a function in which a peak appears Tatax KT exp( KT )

=(AEpi—Ee)/k, you can shift the peak temperature to the

measurement temperature range by changing the parametéhere

E.o- This indicates that you can determiNg; andAE; in a Nco

wide donor-level range. Therefore, the function to be evalu- (AEpj) = AEL(T) - AEy | (8)
Ot F( I)

m, is the electron effective mas$dc is the number of
equivalent minima in the conduction band, ahdis the
Planck’s constant.

From Egs(1) and(3), a favorable function to determine
Npi and AEp; can be introduced as follows. The function to
be evaluated is defined as

)I(AEDi)

(7)

ated should be approximately described as the sum of

Npi eXd—(AEp;—Ee) /KT]/KT. It should be noted thallp;

andAEp; determined by this method are independenEgf The function
In addition, although Hoffmann proposed an interesting

graphical peak analysis meth&d: we should avoid intro- Nbi p(— AED'—_Eref>

ducing a differential evaluation of(T) because the differen- KT KT

tial of the experimental data results in an increase in th

observationalperrors. Sin Eq.(7) has a peak value My, exp(—1)/KTyeq at the peak

KT

(9)

temperature

AEDi - Eref
B. Theoretical considerations peal K (10
In the following, we assume an-type semiconductor |t is clear from Eq.(10) that E,; can shift the peak of
with n different donor species and a total acceptor densityH(T,E,) within the temperature range of the measurement.
Na. From the charge neutrality condition(T) can be ex-  Although the actuall,e; of H(T,E,) is slightly different

pressed a4 from the Te. calculated by Eq¢10) due to the temperature
n dependence dfAEp;), we can easily determine the accurate
n(T) = >, Npi[1 = f(AEp)] = Na, (1)  Vvalues ofNp; and AEp; from the peak of the experimental
i=1 H(T,E,), using a personal computer. TkeNDOWS appli-

wheref(AEp,) is the Fermi-Dirac distribution function given cation software for the FCCS can be freely downloaded at

by our web site(http://www.osakac.ac.jp/labs/matsuyrarhis
software can also evaluate them by using the curve-fitting
1 method or the differential method.
f(AER) = : (2
14 iexp< AEK(T) - AEDi>
(o) kT . EXPERIMENT
AEg(T) is the Fermi level measured froEy. at T, andgp is Three 10um-thick n-type 4H-SIC epilayers with differ-

the degeneracy factor of the donors. On the other hand, usirent N-doping densities were grown qgof-type 4H-SiC
the effective density of statdé-(T) in the conduction band, substrate$® and another three 1pm-thick n-type 4H-SiC
n(T) is written asg* epilayers grown onp*-type 4H-SIiC substrates were pur-
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FIG. 1. Temperature dependence of electron concentrations for the four

Temperature [K]

differentn-type 4H-SiC epilayers. FIG. 3. FCCS signal oH(T,E,o) With E,=0 eV.
chased from Cree Inc. They were cut into & 3-mn¥ size.
The 100-nm-thick ohmic metaNi) was deposited on four
corners of the surface of the sample, and then the sample w.

annealed at 100_0 C in an Ar atmosphew) and '“'.‘(T) and donor densitiNp, corresponding to this peak are deter-
were measured in the van der Pauw arrangement in a te?ﬁined as 99.1 meV and 3.4210% cm3

perature range from 85 to 580 K and in a magnetic field o In order to investigate another donor species that might

1.4 T using a modified MMR Technologies’ Hall system. be included in this epilayer, the FCCS signalH2(T,E..),

in which the influence of the previously determined donor
species is removed, is calculated using the following equa-
tion. It is clear from Eq(7) that

T2 (Ee
H2(T,E, ) = (E(Ul,zexp< k—Tf )

N AEp, - E
- Dzex%_ D2 ~ Eref

culated by Eq(6), using the data denoted by circles in Fig.
1. The peak temperature and the peak valu&i©f,0) are
3%8 K and 3.3% 10° cni® V25 The donor levelAEp,

IV. RESULTS AND DISCUSSION

A. Determination of donor levels and donor densities

Figures 1 and 2 show(T) and u,(T) for the four se-
lected samples. Judging from the magnitudeugfT), the
band conduction of electrons is dominant over the measure-
ment temperature range. Therefore, ti{&) obtained from
the Hall-effect measurements is the electron concentration in
the conduction band. is not influenced by the donor species witlkp,. Figure 4

Using the FCCS, the densities and energy levels of dodepictsH2(T,0.017. Since a peak appears in this figure,
nors are determined from(T). Figure 3 show#d(T,0), cal-

KT KT ) I(AEpy) (11)

10:,.&;., R A ABILARRES B
T ! e T 3 -type 4H-SiC epil .
n-type 4H-SiC epilayers 9F o© 9 n-type - eprayer -
10* - T JF °19 3
<, ¢ 8F o] 9% 3
" > o f'e) ]
n © sk ©°! o =
> “?E F Peako ]
Ng .\O 6 :_ (o} _:
> AR ]
E= R _ il F o o E
£ 10 ] — 4F Q E
p= o~ o) A E
=) [ 7, ]

§ S 3F @ =
34 = 3 @ 3
= (E/ 2F < 3
1E 3

10° - [ ]

0 L M ol PR IS N T 1]

300 400
Temperature [K]

100 200

Temperature [K]

FIG. 2. Temperature dependence of electron mobilities for the rietype
4H-SIC epilayers corresponding to Fig. 1.

FIG. 4. FCCS signal oH2(T,E,) with E=1.7x 1072 eV, in which the
influence of the determined donor species is removed.
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TABLE |. Parameters for donor levels.

107 —————

——T— ]
n-type 4H-SiC epilayer ]

Ep1(0) (meV) ap; (MeV cm Ep2(0) (meV) ap, (MeV cm

70.9 3.38x10° 123.7 4.65<107°

SiC, respectively. Because the ratio of the number of the
hexagonal lattice sites to the number of the cubic lattice sites
in 4H-SIC is unit, the probability for the N atoms being put
into each lattice site is found to be half.

10 F o :Experimental data
: Simulation result
using A Ep; =53.1 meV
Np;, =3.34x10" cm™
A Ep; =99.1 meV
Np, = 3.42x10"% em’™®

15 -3
N 2 16010°

Electron Concentration [cm™]

e L. B. Dependence of each donor level on total donor
0 5 10 density
1000/T [K'] _ .
In the same way as illustrated for the previously men-
FIG. 5. Experimental and simulatedT). tioned sample, the donor levels and densities for the other

samples are determined. In all the epilayers, only two types

another donor species is included in this epilayer. From th@f donor species are detected. Figure 6 shows the depen-

peak temperature of 142.3 K and the peak value of 9.5fence of the donor levels on the total donor denshl

X 10°” cm 8 eV-25, the donor leveAEp,; and donor density = Np1+Np»). The open and solid circles represéii; and

Np, are determined as 53.1 meV and 3:340'6 cm 3. Asa  AEpz. The dependence of each donor levelNgnis investi-

consequence, the ratio diy; to Np, is 0.98. gated here, whereas the dependence of one dopant level on
The FCCS signal oH3(T,E,), in which the influences ©ne dopant density was discussed in Si that included only

of the two donor species previously determined are remove@n€ type of dopant specie$.

is calculated. Howevek3(T,E,) is nearly zero, indicating /An ideal donor levelAEy,(0) is the energy required to
that this epilayer includes only two types of donor species€Mit one electron from the donor site into infinity .
Finally, N, is determined to be 224105 cm2, However, since am-type semiconductor is electrically neu-

In order to verify the values obtained by the FC®ST) tral, each positively charged donor is shielded by one elec-
is simulated using Eqg1) and (3) with these values. The tron onEc. Ihis shielding electron is aSﬂJmed to be located
open circles in Fig. 5 represent the experimentd) and the within half (r) of an average distandé/3Np) of the donors,
solid line represents the(T) simulation. The solid line is in  indicating that the donor level is lowered by the energy
good agreement with the experimentdT), indicating that  higher than q/(4meser) due to Coulomb’s attractioff.
the values determined by the FCCS are reliable. Therefore,

According to literature(Refs. 16 and 1)/ AEp; and —

AE,, correspond to the energy levels of the isolated, substi-  AEpi(Np) = AEp;(0) — ap; ¥Np, (12

tutional N donors at hexagonal and cubic lattice sites in 4H— H
where

150 ———r——r

2.5

100

Donor Level [meV]

[3 n(Nimp)
[\9]

™ Experimental data
° :AEp (Np)
o : AEp,(Np)
[ Simulation results

L Experimental data
o

[ Simulation result

0 " P | M P | " P | M P | " " 15 N P | sl aal 2 MY
1014 1015 1016 1017 1018 . 1014 1015 1016 1017 1018 1019
Total Donor Density [cm™] Total Impurity Density [cm™]

FIG. 6. Dependence of each donor level on the total donor density. FIG. 7. By(Nimp) in (T, Nimp) < TA(Nipy).
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TABLE II. Parameters foB(Niyp).- TABLE IlI. Parameters foru(300 Nipp)-
Bgmin B N2 (cm3) ¥ it [em?/ (V s)] um@ (el (V s)] NX (cn®) e
1.54 2.62 1.1& 10 1.35 0 977 1.17< 10Y 0.49

. figure, the reported data are also inseftéd.****Accord-
=2.44X 10 meV cm, (13 ingto literature’**2° 11,,(300 Niy,,) is assumed to be

qis the electron charge, is the free space permittivity, and (300 Nyp) = 1M(300) + Hn (300 — pn"(300
& is the dielectric constant for 4H-SiC. By a least-squares fit Nimp "

of Eq. (12) to the data in Fig. 6, the fitting parameters are 1 +< NH )
obtained and listed in Table I. .

q
apj =
8mege

(16)
C. Dependence of elec.tron mobility on temperature where,unm‘“(300), 4300, N¥, and y* are the fitting pa-
and total impurity density rameters. By a least-squares fit of E&6) to u,(300) in Fig.
As is clear from Fig. 2, the electron mobility at250 K 8. the fitting parameters are obtained and listed in Table III.
can be expressed as Since all the parameters in Eq45) and(16) are determined
_ here, we can calculate the electron mobility for axy,, at
T ﬁn<Nimp) P
(T, I\Iimp) = Mn(300aNimp)<ﬁ)) ) (14) T>250 K.

where Nipp=Np; +Np,+Na. 2 Therefore, (300 Ni) and V- CONCLUSION

Bn(Nimp) can be evaluated individually. In order to obtain some of the parameters required in the
The open circles in Fig. 7 represeBi{(Nin). Since the  device simulation for 4H-SiC power electric devices, the
acoustic phonon scattering and intervalley scattering are comMall-effect measurements were conducted forrttigpe 4H—
sidered to mainly affect the electron mobility in SiC at SiC epilayers with several N-doping densities. We deter-
T>250 K(Refs. 2, 3, 21, and 224,(Nyp) is assumed to be mined the parameters required to simulate the dependence of

_ max_ min the two donor levels on the total donor density. Moreover,
Brn(Nimp) = By + “—“713 (150  we determined the parameters with which the electron mo-
1+ ( Nirzg) n bility could be simulated af > 250 K.
Nn
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