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Free electron mobility (μfree) in 4H-SiC(0001) MOSFETs with gate oxides annealed in NO or POCl3 was calculated in a wide range of effective
normal field (Eeff) from 0.02 to 2 MV cm−1, taking account of scattering by fixed charges and trapped electrons. The present calculation indicates
that the Hall mobility in the high-Eeff region experimentally obtained for NO-annealed MOSFETs (14 cm2 V−1 s−1 at 1.1 MV cm−1) is much lower
than that for POCl3-annealed MOSFETs (41 cm2 V−1 s−1) due to severe Coulomb scattering by electrons trapped at a very high density of interface
states. © 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

4H
-SiC has superior physical properties for power
device applications such as a wide bandgap and
high critical electric field. In particular, SiC

MOSFETs have been regarded as next-generation high-
voltage and low-loss power switches.1,2) To predict the
characteristics of SiC MOSFETs, modeling of free electron
mobility (μfree) at the interface between SiC and SiO2 is one
of the most important issues to be clarified. However, μfree at
the SiC/SiO2 interface is not fully understood at the present
stage.
Extraction of μfree from characteristics of SiC MOSFETs is

very difficult because the interface state density at the
SiC/SiO2 interface is much higher (∼1013 cm−2 eV−1) than
that at Si/SiO2.

3–9) The interface states at SiC/SiO2 capture
electrons in the inversion layers of the n-channel MOSFETs
and decrease the effective mobility (μeff) obtained from the
MOSFET characteristics,10) leading to considerably lower
μeff than μfree. For this reason, MOS-Hall effect measure-
ments were performed, and Hall electron mobility (μHall) was
discussed in previous reports.8,10–15) References 14 and 15
investigated the influence of Coulomb scattering on μHall.
Reference 14 reported that trapped electrons may not serve as
strong Coulomb scattering centers, given the minimal differ-
ence in μHall between as-oxidized and NO-annealed
MOSFETs. Reference 15 proposed that trapped electrons
were not considered as Coulomb scattering centers and
modeled μHall through Coulomb scattering exclusively by
fixed charges. Consequently, previous studies have not
focused on Coulomb scattering due to both fixed charges
and trapped electrons. We recently reported that the μHall of
MOSFETs annealed in POCl3 under the high effective
normal field was about three times higher than that of
MOSFETs annealed in NO and suggested that this higher
μHall may originate from the lower trapped electron density
(ntrap).

16) In our previous study, however, the influence of
ntrap on μHall was not quantitatively discussed. Theoretical
studies on the scattering mechanism using numerical calcula-
tions have also been conducted.17,18) In the present study, we
theoretically calculate the μfree of MOSFETs annealed in
POCl3 or NO including scattering due to the trapped

electrons, and compare it with the μHall experimentally
obtained based on the scattering rates in Ref. 17. The neutral
defect scattering17) and dipole scattering18) were not con-
sidered in the present calculation to make the model simple.
MOSFETs annealed in POCl3 or NO were fabricated on

4H-SiC(0001) epitaxial substrates with the acceptor concen-
trations (NA) of 3 × 1014 and 1 × 1015 cm−3. The other p-
body doping concentrations of 3 × 1016–3 × 1018 cm−3 were
formed by Al ion implantation. The gate oxides annealed in
POCl3

19) or NO20) were formed by dry oxidation at 1300 °C
for 30 min followed either by annealing in a gas mixture of
POCl3, O2, and N2 at 1000 °C for 10 min with subsequent
annealing in N2 at 1000 °C for 30 min, or by annealing in NO
(10% diluted in N2) at 1250 °C for 70 min, respectively. The
gate oxide thicknesses annealed in POCl3 and NO were
58 nm and 42 nm, respectively. The device structure and
measurement condition of the MOS-Hall effect were ex-
plained in our previous report.16) In this study, the Hall
scattering factor was assumed to be unity, and thus μHall was
assumed to be equal to μfree. Under this assumption, the Hall
electron density experimentally obtained was regarded as the
free electron density (nfree).
In the calculation, we firstly considered the following

scattering processes: acoustic phonon scattering, non-polar
optical phonon scattering, and Coulomb scattering due to the
substrate impurities because the influence of these scattering
processes can be calculated by choosing the physical para-
meters already reported by previous studies, such as the
deformation potential of bulk 4H-SiC. The energy (E)–wave
vector (kx, ky) dispersion was determined by assuming the
effective mass approximation and by considering the three
lowest and three second lowest conduction band valleys in
4H-SiC.21) The conduction band edge of the second lowest
valley is higher than that of the lowest valley by 0.12 eV.21)

The effective masses (mMΓ, mMK, and mML) used in the
calculation of the present study were taken from the density
functional theory (DFT) results using the PW potential in
Table Ⅳ in Ref. 21. The x and y directions are parallel to the
MOS interface while the z direction is perpendicular to it.
The wave function (ξn) and energy (En) of the nth sub-band
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were obtained by self-consistently solving Schrödinger and
Poisson equations.22,23) The μfree was calculated under the
relaxation time approximation by
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where nm is the electron density in the mth sub-band, mtá ñ is
the average momentum relaxation time of the mth sub-band,
mc= 2/(1/mMΓ+ 1/mMK) is the conductivity effective mass,

mt is the momentum relaxation time of the mth sub-band,
FFD(E)= [1+ exp((E − EF)/kBT)]

−1 is the Fermi–Dirac
distribution function, and i in m

it denotes the type of
scattering.
The mt determined by acoustic phonons ( m

act ) is given
by24,25)
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where md is the density-of-states effective mass, Dac is the
deformation potential for acoustic phonons (Dac is assumed
to be 11.6 eV×12/9= 15.5 eV),17,26) kB is the Boltzmann
constant, ℏ is the Dirac constant, ρSiC is the mass density of
SiC (ρSiC= 3211 kg m−3),17) vSiC is the sound velocity of
SiC (vSiC= 13730 m s−1),17) u(x) is the step function
[u(x)= 1 for x⩾ 0 and u(x)= 0 for x< 0].
The mt determined by optical phonons ( m

nopt ) is calculated
by the summation of the m

nopt for phonon absorption ( m
nop,abt )

and emission m
nop,em( )t processes. The m

nop,em
ab

t is given by24,25)
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where Znop [=3 (intra-valley: 1, inter-valley: 2)]17) is the
number of equivalent conduction band valleys for each
energy of conduction band (EC or EC+ 0.12 eV) to which
electrons transition as a result of intra- and inter-valley
optical phonon scattering, Dnop is the deformation potential
of optical phonons and is considered to be 2.3 × 109× 4 3/
eV cm−1 because the previous study assumed that the
number of final states in the conduction band valleys was
four,26) ℏωnop is the energy of optical phonons
(ℏωnop= 85 meV),26) and N(E)= [exp(E/kBT )− 1]−1 is the
Bose–Einstein distribution function. In the present study, the
transition of electrons neither from the lowest conduction
band (EC) to the second lowest one (EC+ 0.12 eV) nor from
the second lowest one to the lowest one was not considered.
The mt determined by substrate impurities ( m

impt ) is
given by24,25)
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where e is the elementary charge, κSiC is the relative
permittivity of SiC, ε0 is the permittivity of vacuum, q is
the wave vector difference between the initial and final states,
θ is the scattering angle, gimp is the volume density of
substrate impurities, ε(q) is the dielectric function, and
k= (kx

2+ ky
2)1/2 is the wave number. In addition, Imn is

expressed by24,25)
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where SiO2k is the relative permittivity of SiO2 and z0 is the
position of a point charge which produces Coulomb poten-
tial. The ε(q) in Eq. (6) is given by25)
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where nv (=3) is the number of equivalent valleys and El is
the energy of the lth sub-band.
Figure 1 shows the experimental μHall, which is reused

from Ref. 16, and calculated μfree limited by phonon
scattering and Coulomb scattering due to the substrate

Fig. 1. Effective normal field dependence of experimental Hall mobility
(μHall)

16) and calculated free electron mobility (μfree) for SiC(0001)
MOSFETs annealed in POCl3 with various p-body doping concentrations
(3 × 1014 cm−3 ⩽ NA ⩽ 3 × 1018 cm−3). The experimental Hall mobilities
are represented by symbols. The calculated mobilities limited by acoustic
phonons (ac), optical phonons (nop), substrate impurities (imp), and all of
those scattering sources (ac+nop+imp: μfree) are shown by dashed, dotted,
dashed-dotted, and solid lines, respectively.
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impurities for MOSFETs annealed in POCl3 with various NA

of p-body as a function of the effective normal field (Eeff).
The Eeff is written as27)
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where ψB is the bulk potential, η is the parameter that
indicates how much the electrons contribute to the normal
field. In the present study, η is assumed to be 1/3.13,28,29) As
can be seen, the calculated μfree is about 4 times higher than
the experimental μHall, which is consistent with the previous
studies.17,18) The calculated μfree (“ac+nop+imp” in Fig. 1)
represents the upper limit of μfree in SiC MOSFETs with an
ideal MOS interface (no interface charges).
Based on the above discussion, we additionally took

account of Coulomb scattering due to fixed charges and
surface roughness scattering. The momentum relaxation time
of electrons in the mth sub-band determined by fixed charges
( m

fixt ) is expressed by substituting Nfixδ(z−zit) for gimp(z) in
Eq. (6) as
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where zit is just at the interface between SiC and SiO2, which
is the position of the fixed charges, and Nfix is the area density
of the fixed charges. In the present study, the Nfix was defined
as the sum of the densities of positive and negative charges at
the SiC/SiO2 interface. Therefore, Nfix is not equal to the
effective charge density extracted from the threshold voltage
shift because it represents the net fixed charge density. The
positive and negative charge densities are constant and do not
depend on the gate voltage.
The mt determined by surface roughness ( m

srt ) is calculated
by25)
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where Δsr and Lsr are the height and correlation length of
surface roughness, respectively. In the present study, the
autocorrelation function is assumed to be an exponential
one25) because the experimental mobility can be reproduced
by using the exponential correlation function in the case of Si
MOSFETs.24) The eEeff,mn is expressed by25)
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Figure 2 shows the experimental μHall and calculated μfree
limited by phonon scattering, surface roughness scattering,
and Coulomb scattering due to the substrate impurities and
fixed charges as a function of Eeff. The experimental μHall of
MOSFETs annealed in POCl3 can be mostly reproduced by
taking account of Coulomb scattering due to the fixed charges
and surface roughness scattering as shown in Fig. 2(a). In the
present study, the Nfix was assumed to be 5.0 × 1012 cm−2 and
2.5 × 1012 cm−2 for MOSFETs annealed in POCl3 and NO,
respectively, to reproduce the μHall in the low-Eeff range
(Eeff< 0.1MV cm−1). The validity of the determined value of
Nfix is provided in the last part. In addition, the Δsr and Lsr
were determined as 1.0 nm and 5.0 nm, respectively, to
reproduce the μHall of MOSFETs annealed in POCl3 in the
high-Eeff range (Eeff> 1.5MV cm−1). However, the μHall drop
in the high-Eeff region for MOSFETs annealed in NO cannot
be reproduced by the scattering due to fixed charges and
surface roughness only. For example, in the case of heavily-
doped (NA= 3 × 1017 cm−3) MOSFETs annealed in POCl3,
the experimental μHall of 66 cm2 V−1 s−1 is close to the

(a) (b)

Fig. 2. Effective normal field (Eeff) dependences of experimental Hall mobility (μHall)
16) and calculated free electron mobility (μfree) for SiC(0001)

MOSFETs annealed in (a) POCl3 and (b) NO. The experimental Hall mobilities are represented by symbols. The mobility denoted as ac+nop+imp in Fig. 1 is
also shown by the dotted lines. The additionally calculated mobilities limited by fixed charges (fix), surface roughness (sr), and all of those scattering sources
(total) are shown by dashed-dotted, dashed, and solid lines, respectively. The fixed charge density is determined as 5.0 × 1012 cm−2 and 2.5 × 1012 cm−2 for
MOSFETs annealed in POCl3 and NO, respectively. In addition, the height and correlation length of surface roughness are assumed to be 1.0 nm and 5.0 nm,
respectively. A large difference between μHall and μfree (total) is observed in the high-Eeff region for NO-annealed MOSFETs.

081003-3
© 2024 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd

Appl. Phys. Express 17, 081003 (2024) K. Ito et al.



calculated μfree of 56 cm
2 V−1 s−1 at Eeff of 0.71MV cm−1. In

contrast, for MOSFETs with the same NA and annealed in NO,
the experimental μHall of 34 cm

2 V−1 s−1 is much smaller than
the calculated μfree of 65 cm

2 V−1 s−1. Therefore, we should
additionally consider other scattering sources for MOSFETs
annealed in NO.
In addition to the above calculation, we also took Coulomb

scattering due to electrons trapped at the interface states into
consideration. The mt determined by trapped electrons ( m

trapt )
is expressed by replacing Nfix in Eq. (12) with ntrap as

15
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where the ntrap is the trapped electron density. In the present
study, the ntrap was defined as the negative charges at
interface states induced by an upward shift of the surface
Fermi level. Thus, Nfix is constant and independent of the
gate voltage, whereas the ntrap strongly depends on the gate
voltage. In the present study, the ntrap as a function of nfree
was taken from our experimental results of MOSFETs

annealed in POCl3 or NO obtained by combining the
MOS-Hall effect and split capacitance–voltage measurements
as shown in Figs. 3(a) and 3(b).16) The trapped electron
density of NO-annealed MOSFETs is much higher than that
of POCl3-annealed MOSFETs due to the considerably higher
interface state density for NO-annealed MOS structures.
Figures 3(c) and 3(d) show the experimental μHall and

calculated μfree limited by phonon scattering, surface rough-
ness scattering, and Coulomb scattering due to the substrate
impurities, fixed charges, and trapped electrons as a function
of the Eeff. The same Nfix, Δsr, and Lsr as those in the
calculation conditions of Fig. 2 were used. In the case of
heavily-doped (NA= 3 × 1017 cm−3) MOSFETs annealed in
POCl3 shown in Fig. 3(c), the calculated μfree of 55 cm

2 V−1

s−1 at Eeff of 0.71 MV cm−1 is very close to the μfree of
56 cm2 V−1 s−1 in Fig. 2(a). This result suggests that the
impact of trapped electrons as Coulomb scattering centers is
negligible in MOSFETs annealed in POCl3. On the other
hand, for MOSFETs annealed in NO shown in Fig. 3(d), the
calculated μfree of 52 cm2 V−1 s−1 is smaller than the
calculated μfree of 65 cm

2 V−1 s−1 in Fig. 2(b) at the same
Eeff and NA. As a result, the μfree calculated considering
Coulomb scattering due to trapped electrons becomes closer

(a) (b)

(c) (d)

Fig. 3. Trapped electron density as a function of the free electron density taken from our previous experimental results of MOSFETs annealed in (a) POCl3 or
(b) NO16) and effective normal field (Eeff) dependences of experimental Hall mobility (μHall)

16) and calculated free electron mobility (μfree) for SiC(0001)
MOSFETs annealed in (c) POCl3 and (d) NO. The meanings of symbols and lines are the same as Fig. 2 but including scattering by trapped electrons (trap)
shown by a dashed double-dotted line. The fixed charge density and the height and correlation length of surface roughness are also the same as those for Fig. 2.
The difference between μHall and μfree (total) in the high-Eeff region for NO-annealed MOSFETs becomes smaller than that in Fig. 2.
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to the experimental μHall compared with the μfree calculated
without consideration of scattering by trapped electrons,
especially for MOSFETs annealed in NO. Therefore, the
significant difference in μHall especially in the high-Eeff

region between POCl3-annealed and NO-annealed
MOSFETs may be caused by Coulomb scattering due to
the trapped electrons because the ntrap of 7.0 × 1012 cm−2 for
MOSFETs annealed in NO is much larger than that of
8.9 × 1011 cm−2 for MOSFETs annealed in POCl3 when the
nfree is 2.5 × 1012 cm−2, as shown in Figs. 3(a) and 3(b).
Here, the validity of the determined value of Nfix is

discussed. Figure 4 shows the μfree of MOSFETs annealed in
POCl3 as a function of the Eeff calculated by changing the
value of Nfix. The Nfix was assumed to be 1.0 × 1012 cm−2,
5.0 × 1012 cm−2, and 1.0 × 1013 cm−2 in Figs. 4(a)–4(c),
respectively. In Fig. 4(b), the calculated μfree is close to the
experimental μHall in the low-Eeff region (Eeff< 0.1MV
cm−1), where the scattering by the fixed charges is strong.
For example, the experimental μHall of 154 cm

2 V−1 s−1 is
close to the μfree of 159 cm2 V−1 s−1 calculated with
Nfix= 5.0 × 1012 cm−2 at Eeff of 0.11MV cm−1 and NA of
3 × 1014 cm−3. On the other hand, the μfree of 120 cm

2 V−1

s−1 calculated with Nfix= 1.0 × 1013 cm−2 is 1.28 times lower
than μHall, suggesting that the higher Nfix of more than
1.0 × 1013 cm−2 is an unreasonable value. Here, the μfree of
232 cm2 V−1 s−1 calculated with Nfix= 1.0 × 1012 cm−2 is
1.51 times higher than μHall. Although determining the exact
lower limit of Nfix is difficult, it is obvious that Coulomb
scattering due to fixed charges should be considered when
comparing these calculated μfree with the ideal μfree indicated
by “ac+nop+imp” in Fig. 1. The calculated μfree strongly
depends on the parameter Nfix as shown in Fig. 4, and an Nfix

of 5.0 × 1012 cm−2 gives a reasonable agreement with the
experimental data. In a similar way, Nfix for MOSFETs
annealed in NO was determined to be 2.5 × 1012 cm−2. The
Nfix was assumed to depend on the gate oxide formation
process but remained constant regardless of the p-body doping
concentration because the fixed charge density in Si
MOSFETs is independent of the doping type and
concentration.30,31) In our future study, it is necessary to
investigate the doping concentration dependence of Nfix.

Next, the difference in μfree between POCl3-annealed and NO-
annealed MOSFETs is discussed. A previous study reported that
the μHall at high temperature in MOSFETs annealed in POCl3 is
almost the same as that in MOSFETs annealed in NO,32)

suggesting that the influence of phonon scattering in SiC
MOSFETs is independent of whether the gate oxide is annealed
by POCl3 or NO. In addition, the scattering due to surface
roughness in MOSFETs annealed in POCl3 will be similar to that
in MOSFETs annealed in NO from our atomic force microscope
observation.33) From the above discussion, we propose that the
difference in μHall between POCl3-annealed and NO-annealed
MOSFETs in the high-Eeff region can be explained mainly by
scattering due to fixed charges and trapped electrons. This model
does not contradict the previously reported model that the density
of Coulomb scattering sources increases with increasing nfree in
NO-annealed MOSFETs compared with POCl3-annealed ones

32)

because the ntrap remarkably increases with increasing nfree in
NO-annealed MOSFETs.8,16) In the other reports, Ref. 15
suggested that a very high fixed charge density of
4 × 1013 cm−2 severely limits the μfree by comparing the Hall
effect measurement results with the calculation results. Ref. 18
suggested that a high dipole density of 8 × 1013 cm−2 may
strongly affect the μfree. In both cases, they reported that the
unidentified high density of Coulomb scattering centers decreases
the μfree. However, the reported fixed charge or dipole density
seems to be unusually high. In contrast, the Nfix range of
2.5 × 1012–5.0 × 1012 cm−2 suggested in the present study is
one-order-of-magnitude lower than the reported ones.15,18) This is
attributed to the consideration of Coulomb scattering arising not
only from the fixed charges but also from the trapped electrons.
In summary, μfree of SiC MOSFETs annealed in POCl3 or

NO was theoretically calculated by considering Coulomb
scattering due to fixed charges and trapped electrons and
compared with the experimental μHall. The μHall was repro-
duced by setting Nfix as 5.0 × 1012 cm−2 and 2.5 × 1012 cm−2

for MOSFETs annealed in POCl3 and NO, respectively.
Furthermore, the calculation results indicated that the μHall in
the high-Eeff region of MOSFETs annealed in NO is lower
than that of MOSFETs annealed in POCl3 because the ntrap of
MOSFETs annealed in NO is significantly higher than that of
MOSFETs annealed in POCl3.

(a) (b) (c)

Fig. 4. Effective normal field dependences of experimental Hall mobility (μHall)
16) and calculated free electron mobility (μfree) for SiC(0001) MOSFETs

annealed in POCl3. The meanings of symbols and lines are the same as Figs. 3(c) and 3(d). The fixed charge density (Nfix) is set as (a) 1.0 × 1012 cm−2,
(b) 5.0 × 1012 cm−2, and (c) 1.0 × 1013 cm−2. The height and correlation length of surface roughness are also the same as those for Fig. 2.
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