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Doping-dependent fixed charges were found in SiC/SiO2 structures through a study on threshold voltage in both n- and p-channel SiC metal-oxide-
semiconductor field-effect transistors (MOSFETs) with various body doping concentrations. Positive fixed charges increase for the p-body (n-
channel) devices and negative fixed charges increase for the n-body (p-channel) devices, both of which retard the increase of threshold voltage in
MOSFETs with increasing the body doping. © 2025 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing
Ltd

S
ilicon carbide (SiC) is one of the most promising
semiconductor materials for highly efficient power
devices and high-temperature operational devices

owing to its superior material properties, such as high critical
electric field and wide bandgap.1–3) Moreover, the availabil-
ities of high-quality large-diameter wafers, high-quality
epitaxial growth, and wide-range doping control of both n-
and p-type in SiC4) are great advantages for electronic device
applications. SiC power metal-oxide-semiconductor field-
effect transistors (MOSFETs) are currently available as
next-generation power devices, and SiC complementary
MOS (CMOS) devices have attracted much attention for
high-temperature operating ICs.5–7) So far, the SiC MOS
community has mainly focused on channel mobility in terms
of mobility improvement8–14) and elucidation of carrier
scattering mechanism in the inversion layer.15–20) As for
threshold voltage (VTH), instability at high gate biases and
elevated temperatures21–24) has been the main subject of
study. Although precise control of threshold voltage by body
doping is essential, especially for CMOS applications, such
studies have been very limited for both n- and p-channel SiC
MOSFETs.
G. Ortiz et al. reported that the experimental VTH for n-

channel SiC MOSFETs with lightly-doped bodies was close
to the theoretical VTH.

25) On the other hand, the experimental
VTH for heavily-doped MOSFETs showed a negative shift
from the theoretical VTH, which cannot be explained by
electron trapping at the interface states. They concluded that
the negative VTH shift is caused by positive fixed charges of
which the density depends on the acceptor concentration of
p-body. However, it is known that the density of fixed
charges is independent of body doping concentration in Si
MOSFETs.26,27) Therefore, in this study, the authors inves-
tigated the body doping dependence of threshold voltage and
fixed charges for both n- and p-channel SiC MOSFETs not
only for power MOSFET applications but also for CMOS
applications.
The starting materials were a p-type 4H-SiC (0001)

epilayer for n-channel MOSFETs and an n-type epilayer for
p-channel MOSFETs. The body doping concentrations
(NBody) were 1× 1015–4× 1017 cm−3 for p-body and
5× 1015−2× 1018 cm−3 for n-body, controlled either by
epitaxial growth or by ion implantation. The source and
drain regions were formed by high-dose implantation of Al+

for p+ regions and P+ for n+ regions. The gate oxide was
formed by dry oxidation at 1300 °C for 20 min, followed by
NO annealing28,29) at 1250 °C for 70 min, resulting in an
oxide thickness of about 32 nm. The channel length, width,
and gate metal were 100 μm, 50−170 μm, and Al, respec-
tively. A more detailed process is presented in our earlier
report.30)

In general, an experimental threshold voltage is determined
by an extrapolated intercept of the linear portion of the gate
characteristics at low drain voltages. In SiC MOSFETs,
however, such experimental threshold voltage cannot be
uniquely determined because a linear portion of the gate
characteristics is hardly observed due to the high density of
interface states. Therefore, the experimental threshold voltage
of the fabricated MOSFETs was determined by using the
total carrier density obtained by Split C–V measurements
(Nsplit). Figure 1 shows the Nsplit as a function of the gate
voltage (VGS) for the n- and p-channel SiC MOSFETs. The
Nsplit–VGS characteristics shifted towards the negative VGS

direction for the p-channel devices and the positive VGS

direction for the n-channel devices with increasing NBody.
Note that the slopes of Nsplit−VGS characteristics are almost
identical for all the MOSFETs, corresponding to the oxide
capacitance. The experimental threshold voltage was defined
as the gate voltage at Nsplit= 1× 1011 cm−2.
Figure 2 depicts the body doping dependence of threshold

voltage in SiC MOSFETs. The theoretical threshold voltage was
calculated using the surface potential obtained by solving
Poisson’s equation where the free carrier density was
1× 1011 cm−2. In the low NBody region (<1017 cm−3), a slightly
negative VTH shift was observed for both n- and p-channel
devices. In contrast, in the high NBody region (>1017 cm−3), the
n-channel device with NBody= 4× 1017 cm−3 showed a nega-
tive VTH shift of 4.3 V, while the p-channel device with
NBody= 2× 1018 cm−3 showed a positive VTH shift of 3.9 V.
The density of effective fixed charges (Qeff), consisting of

the density of trapped electrons/holes and fixed charges, was
extracted from the threshold voltage shift, denoted by
Qeff(VTH), and the results are shown in Fig. 3(a). Here, Qeff

was also extracted from the flatband voltage shift of MOS
capacitors fabricated on the same chip as the MOSFETs,
denoted by Qeff(VFB). Positive Qeff increases for the p-body
(n-channel) devices and negative Qeff increases for the n-
body (p-channel) devices, which are observed for both
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Qeff(VTH) and Qeff(VFB). |Qeff| reached a high density of more
than 2× 1012 cm−2 for the heavily-doped devices. Qeff(VTH)
extracted from n-channel MOSFETs exhibited almost the
same NBody dependence as Qeff(VFB) extracted from p-type
MOS capacitors. A similar trend was also observed for
Qeff(VTH) extracted from p-channel MOSFETs and
Qeff(VFB) extracted from n-type MOS capacitors. This

phenomenon can be interpreted as follows. Taking the p-
body devices as an example, the surface Fermi level at the
threshold and flatband voltages are located near the conduc-
tion and valence band edges, as shown in Figs. 3(b) and 3(c),
respectively. Here, Qeff(VTH) is the total density of fixed
charges and trapped electrons, whereas Qeff(VFB) is the total
density of fixed charges and trapped holes because deep
interface states have a large time constant and carriers trapped
at such interface states act as fixed charges.4) The experi-
mental result that Qeff(VTH) is similar to Qeff(VFB) at a given
NBody indicates that the influence of trapped electrons/holes
on Qeff is limited (less than 5× 1011 cm−2) and that the
majority of effective fixed charges consists of the fixed
charges. In other words, Fig. 3 implies that the density of
fixed charges in SiC/SiO2 structures strongly depends on the
body conduction type and doping concentration.
To further obtain verification of the existence of doping-

dependent fixed charges in SiC/SiO2 structures, Qeff–NBody

relations were investigated at high temperatures where
emission of trapped carriers from the interface states is
enhanced. Figure 4 shows the relationship between the
body doping concentration and Qeff extracted from the
flatband voltage shift of both n- and p-type MOS capacitors
at RT, 100 °C, and 200 °C. The Qeff−NBody relations at 100
and 200 °C are comparable to that at RT, implying the

Fig. 1. Total carrier density obtained by Split C−V measurements as a
function of the gate voltage for both n- and p-channel 4H-SiC (0001)
MOSFETs with various body doping concentrations (NBody).

Fig. 2. Body doping dependence of threshold voltage (VTH) for both n- and
p-channel 4H-SiC (0001) MOSFETs. The experimental VTH negatively
shifted for both MOSFETs with lightly-doped bodies (<1017 cm−3). In
contrast, the MOSFETs with heavily-doped bodies (>1017 cm−3) showed a
negative VTH shift for the n-channel devices and a positive VTH shift for the
p-channel devices.

(a)

(b)

(c)

Fig. 3. (a) Relationship between the body doping concentration and density of effective fixed charges (Qeff) extracted from threshold voltage (VTH) and
flatband voltage (VFB) shifts. Figures (b) and (c) show the band diagrams of p-body devices at the threshold and flatband voltages, respectively.

Fig. 4. Relationship between the body doping concentration and density of
effective fixed charges (Qeff) extracted from flatband voltage shifts of both n-
and p-type MOS capacitors at RT, 100 °C, and 200 °C.
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existence of doping-dependent fixed charges and that the
contribution of trapped carriers is very small (<5× 1011 cm−2).
Figure 5(a) depicts the threshold voltage as a function of

the depletion charge density (Qdepl) divided by the oxide
capacitance (Cox). The threshold voltage of MOSFETs is
given by31)
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where Gatef is the gate work function, Sf is the semiconductor
work function, By is the bulk potential, Se is the dielectric
constant of a semiconductor, q is the elementary charge, andVBS

is a body bias (usually 0V unless intentionally applied). The
upper and lower signs refer to n− and p-channel MOSFETs,
respectively. Here, ( ∣ ∣ )qN V2S Body B BSe y is the depletion
charge density. If Qeff is almost negligible or their density is
independent of NBody like Si MOSFETs, threshold voltages with
or without body biasing plotted against Qdepl/Cox should have a
slope of +1 for n-channel devices and −1 for p-channel devices.
As shown in Fig. 5(a), however, the relationship with such a
slope was not observed for both MOSFETs. In other words,
Qdepl/Cox does not uniquely determine the threshold voltage in
SiC MOSFETs. Taking the n-channel MOSFETs as an example,
the threshold voltage was 1.9V for the NBody= 4× 1017 cm−3

device without body biasing and 4.0−4.6V for the
NBody= 7× 1016 cm−3 device with body biasing of −12 to
−14V even though these devices had the same Qdepl/Cox of
about 6 V [see Fig. 5(a)]. To consider the influence of fixed
charges on the VTH−Qdepl/Cox relation, the threshold voltages
were plotted against (Qdepl+Qeff(VTH))/Cox, in Fig. 5(b). Note
that the Qeff(VTH) of the devices with body biasing is the
Qeff(VTH) extracted for the same NBody devices without body
biasing. Since VTH–(Qdepl+Qeff(VTH))/Cox relations with a slope
of+1 for the n-channel devices and−1 for the p-channel devices
were observed, the body doping and body bias dependence of
threshold voltage in both n- and p-channel SiC MOSFETs can be
predicted by considering doping-dependent fixed charges.
In conclusion, the authors investigated the body doping

dependence of threshold voltage in both n- and p-channel SiC
MOSFETs and found doping-dependent fixed charges, which
have not been reported in Si/SiO2 structures. As the body
doping increases, positive fixed charges increase for the p-

body devices and negative fixed charges increase for the n-
body devices. The Qeff–NBody relations do not depend on
temperatures, supporting the existence of doping-dependent
fixed charges in SiC/SiO2 structures. The density of fixed
charges in SiC/SiO2 structures reached as high as
∼1012 cm−2, while that in Si/SiO2 structures is less than
1011 cm−2 achieved by the appropriate process conditions.32)

Since such a high density of fixed charges in SiC/SiO2

structures would also cause significant degradation of drift
mobility in the inversion layer, further investigations are
required to reveal the origin and reduce the density.
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