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Abstract—In this study, the inversion layer mobility
characteristics in Si-face 4H silicon carbide (SiC) metal-
oxide-semiconductor field-effect transistors (MOSFETS)
with nitrided and phosphorus-doped gate oxides were com-
pared using Hall effect measurements. The inversion layer
mobility was evaluated by applying a body bias and chang-
ing the temperature. The carrier scattering properties were
determined for elevated temperatures (i.e., 473 K), at which
point the impact of Coulomb scattering decreases and
that of phonon scattering increases. The phonon-limited
mobility of these MOSFETs was almost the same when
plotted as a function of the effective normal electric field
in the inversion layer, possibly representing the nature of
the thermally grown SiO,/SiC interface. On the basis of
this finding, the effect of phonon scattering was separated
from the inversion layer mobility. The MOSFETs exhibited
a remarkable difference in Coulomb scattering: the MOS-
FETs with phosphorus-doped gate oxide exhibited a more
rapid increase in Coulomb-limited mobility with increasing
surface carrier density than did the MOSFETs with nitride
gate oxide. This resulted from the effective suppression of
Coulomb scattering in the inversion layer, which is one of
the reasons why phosphorus-doped gate oxide achieves
higher inversion layer mobility than nitrided gate oxide.
These results show that the inversion layer mobility of SiC
MOSFETSs can be modeled using a conventional framework
of phonon, Coulomb, and surface roughness scattering.
Therefore, the suppression of Coulomb scattering is key
to further improving the inversion layer mobility of SiC
MOSFETs.

Index Terms— Hall effect mobility, inversion layer, metal-
oxide-semiconductor field-effect transistor (MOSFET),
nitrided gate oxide, phosphorus-doped gate oxide, silicon
carbide (SiC).
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|. INTRODUCTION

i-FACE 4H silicon carbide (SiC) metal-oxide-
S semiconductor  field-effect transistors (MOSFETS)
have been widely developed because of the high breakdown
electric field and high thermal conductivity of their materials,
which are suitable for power devices. Although nitrided
gate oxide formed by thermal oxidation and subsequent
nitridation treatment is usually employed to improve the
inversion layer mobility [1], [2], the field-effect mobility
remains as low as 30 cm?V~!'s~!. Alternatives such as
phosphorus-doped [3]-[5], boron-doped [6], [7], or barium-
doped [8]-[10] gate oxides are known to improve the
field-effect mobility. For example, phosphorus-doped gate
oxide achieves approximately three times higher field-effect
mobility than that of nitrided gate oxide for a gate oxide
electric field of 3 MV/cm [3]. In the case of the phosphorus-
doped gate oxide, near-interface traps (NITs) at the Si0,/SiC
interface are eliminated [4]. This probably occurs because of
the incorporation of P atoms in the SiO, (the concentration
of which can reach as high as 2 x 10?! cm™3) and the
reduction of strain at the interface. Despite the inferior
field-effect mobility of nitrided gate oxide, it is widely used
commercially because of its superior gate oxide reliability
compared to alternative gate oxides. Hall effect measurements
have been used extensively to identify the mobility-limiting
factors in the inversion layer of SiC MOSFETs [11]-[20],
as they allow the simultaneous evaluation of the inversion
layer mobility (upan) and surface carrier density (Ng) in the
inversion layer. The inversion layer mobility can be evaluated
without the impact of decreased Ns due to carrier trapping
at the SiO,/SiC interface. This is useful for SiC MOSFETSs
that have large interface trap densities near the conduction
band edge [13], [14], [16], [18], [21]. Recent studies have
revealed that the inversion layer mobility of Si-face 4H-SiC
MOSFETs with nitrided gate oxide can be modeled in a
conventional framework of phonon, Coulomb, and surface
roughness scattering [15], [16], just as for Si MOSFETs [22],
[23]. Although the framework itself is the same, the
contributions of each scattering mechanism are different.
The Coulomb-limited mobility (gcoulomb) Of SIC MOSFETS

0018-9383 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Xiamen University. Downloaded on June 03,2025 at 08:11:29 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-1274-3859
https://orcid.org/0000-0003-2160-6506

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 12, DECEMBER 2021

6322
o< E
Hcoulomb ph eff
E -
X 2=l
middle Ny, _ - p,
RT === high N,
() Effective normal electric field (E.5)
~ < w
Hcoulomb X NSY — ~V Mer
E: middle Ny _ _- Hon
—=""higher N,
RT or negative Vg
(b) Surface carrier density (Ng)
Fig. 1. Schematics of the framework for carrier scattering properties

of SiC MOSFETs with nitrided gate oxide for various Na and Vg at RT.
(a) upan as a function of Eq¢ and (b) upay as a function of Ns.

exhibits unique features; it is strongly dependent on the
acceptor concentration (Na) and/or the application of body
bias (V) to the p-type well region [15]-[17]. As N, increases
and/or a more negative Vg is applied, gcouomb decreases.
Therefore, Coulomb scattering is possibly due to scattering
centers located at and/or near the SiO,/SiC interface, and not
due to ionized impurities. Moreover, i coulomp 1S Universally
described by the inversion-carrier average distance from
the SiO,/SiC interface [17]. The framework of the carrier
scattering properties of SiC MOSFETs with nitrided gate
oxide is summarized in Fig. 1(a) and (b), which display gyan
as a function of the effective normal electric field (E.¢) and
Ns, respectively, for various Ny and Vg [15], [16]. These
were the cases at room temperature (RT). Here, puyay is
determined by three factors: phonon-limited mobility (zpn),
surface-roughness-limited mobility (us), and gcouiomp. The
latter is proportional to the power of Ng, which is attributed
to the screening effect of the Coulomb scattering centers by
inversion carriers [24], [25]. To further improve the inversion
layer mobility of SiC MOSFETs, it is necessary to understand
why MOSFETs with alternative gate oxides achieve higher
field-effect mobility than MOSFETs with nitrided gate oxides.
However, there are only a few studies on uy,; for MOSFETS
with alternative gate oxides [9], [10]. In particular, the gy
of MOSFETs with phosphorus-doped gate oxides has not
been investigated yet.

In this study, to comprehensively understand the limiting
factors of inversion layer mobility for nitrided gate oxide,
we compare its performance to that of the MOSFETs with
phosphorus-doped gate oxide using Hall effect measurements.
The differences and similarities of these oxides are deter-
mined by evaluating the carrier scattering properties in these
MOSFETsS based on a recently proposed method [15], [16].

Il. EXPERIMENTAL METHODS
Planar-type Si-face 4H-SiC MOSFETs with Hall voltage
terminals were fabricated as in our previous studies [16], [19].
The p-type well was formed by aluminum (Al)-doped p-type
epitaxial layers or ion-implantation of Al in two different

doses. The N of the p-type epitaxial layers were approx-
imately 2 x 10™, 2 x 10, 1 x 10'°, 3 x 10, 1 x
107, and 4 x 10'7 cm™3. The epitaxial layers were more
than 4 um-thick, which were designed to be longer than
the depletion region, and they were grown on 4° off-axis
heavily doped n-type 4H-SiC (0001) substrates. Especially for
the lowest N, epitaxial layer such as 2 x 10 cm™3, it is
11 um-thick and formed on the heavily-doped p-type layer to
apply Vg. Nitrided gate oxide was formed by the processes
of thermal oxidation and postoxidation nitridation treatment,
which was carried out in NO (10% diluted in N;) at 1250 °C
for 1 h. Phosphorus-doped gate oxide was formed by the
processes of thermal oxidation followed by POCI; annealing at
1000 °C for 30 min using a conventional furnace [5]. Poly-Si
was then deposited on the gate oxides. The n'* region for the
source, drain, and Hall voltage terminals was formed using
heavily implanted nitrogen, with the Hall voltage terminals
in the middle of the channel region. In order to apply Vg,
the p* region was formed using heavily implanted Al on the
p-type wells. The Ohmic contacts were formed using nickel
silicide for both the n* and p™* regions. The channel length
and width were 500 and 150 um, respectively. When the ratio
of the channel length to the channel width was more than
3 [26], a geometry factor of 0.95 was taken into account to
correct for the geometry dependence of the Hall voltage. The
Ns in the SiC MOS inversion layer was evaluated using the
common assumption that the Hall scattering factor was unity
and independent of Ng [9], [13]-[20].

I1l. RESULTS AND DISCUSSION
A. Inversion Layer Mobilities at RT

To understand the difference in pp, of the MOSFETSs
with nitrided and phosphorus-doped gate oxides, we compared
their upay values to various p-type wells at RT. Because the
field-effect mobility of phosphorus-doped gate oxide is higher
than that of nitrided gate oxide, up,y of the MOSFETs with
phosphorus-doped gate oxide is expected to be higher than
that of the MOSFETs with nitrided gate oxide. The field-
effect mobility is affected by the carrier trapping effect at
the SiO,/SiC interface. Thus, it cannot represent the inversion
layer mobility unless the carrier trapping is small. Therefore,
the comparison of uy,) enables the evaluation of the inversion
layer mobility without the effect of carrier trapping. Fig. 2
shows uya as a function of Ng for MOSFETSs with nitrided
(black lines and symbols) and phosphorus-doped gate (red
symbols) oxide. The N values for the p-type epitaxial layers
were 1 x 10, 1 x 10V, and 4 x 10'7 ¢cm™3, as shown
in the figure. The open and closed symbols represent ion-
implanted p-type wells with lower and higher Al doses,
respectively. Here, Vg was set to O V. The depletion charge
density (Ngep) of the ion-implanted p-type well with a lower
Al dose was approximately 1.3 x 10'> cm™2, which was
nearly equal to that of the p-type epitaxial layers with an Ny
of 6 x 10'® cm™3. The computation method is described in
the rest of this section. Note that peak field-effect mobility
of the MOSFETs with nitrided and phosphorus-doped gate
oxides were 22 and 87 cm?V~!ls~ 1 respectively. Here, the
MOSFETs were fabricated on ion-implanted p-type wells with
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Fig. 2. unan as a function of Ng at RT for the MOSFETSs with nitrided
(black lines and symbols) and phosphorus-doped (red symbols) gate
oxide. They were fabricated on various p-type wells, as indicated in the
figure.
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Fig. 3. upan as a function of Na at RT for the MOSFETSs fabricated
on p-type epitaxial layers (black) and ion-implanted p-type well with
a lower Al dose (red). The gate oxides are nitrided oxide, and Ns is
1.5 x 102 cm~2,

a lower Al dose. These values are comparable with previous
reports [1], [3].

First, we confirmed that uy,; of the MOSFETs exhibits
the same tendency when fabricated on the p-type epitaxial
layers and the ion-implanted p-type wells. For MOSFETs
with nitrided gate oxide, upay decreased as N increased.
Additionally, uy,; is proportional to the power of Ng for
relatively high Na (e.g., 1 x 107 and 4 x 10'7 cm™) due to
the strong effect of Coulomb scattering on pg.y [15]-[17].
Here, upan of the ion-implanted p-type well with a lower
Al dose showed the same tendency. Fig. 3 shows uy, as
a function of N at RT for the MOSFETs fabricated on
p-type epitaxial layers and ion-implanted p-type well with a
lower Al dose. The gate oxides are nitrided oxide, and Ng
is 1.5 x 10'> cm™2. Here, N of the ion-implanted p-type
well is regarded as 6 X 1010 cm=3. Its [Han Was plotted on a
close line for that of p-type epitaxial layer, and it was between
that of the p-type epitaxial layer with an Ny of 3 x 10'® and
1 x 10'7 cm™3. This is reasonable because gpay continuously
decreased with increasing Ngep [17], and Ngep of the ion-
implanted p-type well was between that of the p-type epitaxial
layer with an Ny of 3 x 10" and 1 x 10'7 cm™3.

Next, the MOSFETs with different gate oxides were com-
pared using MOSFETs fabricated on p-type wells with a lower
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Fig. 4. Vg dependence on upg as a function of Ng for the MOSFETs
with nitrided and phosphorus-doped gate oxide at RT. The Vg was 0, —2,
—4,and -8 V.

Al dose. The MOSFETs with phosphorus-doped gate oxide
exhibited higher pp,; than MOSFETS with nitrided gate oxide.
Additionally, the variation in upg, for the MOSFETs with
phosphorus-doped gate oxide was investigated. A higher Al
dose resulted in the reduction of up,, and the ppan was
proportional to the power of Ns. By analogy to the nitrided
gate oxide, these results suggest that a higher Al dose results in
an increase in Ngep, and consequently, a decrease in (4 coulomb-
This means that the contribution of Coulomb scattering to the
total ppay increases for a higher Al dose. The Ng power-law
coefficient of upay was 0.54, which was slightly larger than
that of nitrided oxide (0.24) when Nx was 4 x 107 cm™3 in
the region with Ng > 2 x 10'? cm™2.

These results indicate that the effect of Coulomb scattering
is probably weakened by using phosphorus-doped gate oxide,
but it is not fully removed. We evaluated the V3 dependence on
Upan to confirm that in nitrided gate oxide i coulomb decreases
as a more negative Vg is applied [15], [17]. The Vg dependence
on iy, as a function of Ng for the MOSFETSs with nitrided
and phosphorus-doped gate oxide is shown in Fig. 4. They
were measured at RT, and the Vg was 0, —2, —4, and
—8 V. The circles and diamonds represent the nitrided and
phosphorus-doped gate oxide, respectively. As shown in the
figure, different p-type wells were used for each gate oxide.
For the nitrided gate oxide, the MOSFET was fabricated on
a p-type epitaxial layer with an Ny of 1 x 10'® cm™3. For
phosphorus-doped gate oxide, the MOSFET was fabricated
on an ion-implanted p-type well with a lower Al dose.
As reported in [15] and [17], gygan of the MOSFETs with
nitrided oxide decreased as a more negative Vg was applied.
For the MOSFETs with phosphorus-doped gate oxide, the
application of a more negative Vg was also found to result in a
decrease in upay. This result suggests that Coulomb scattering
also has an impact on up,; in the region with low Ng for
phosphorus-doped gate oxide. Because there was no overlap
in pgpy in the low Ng region as Vg became more negative,
Coulomb scattering cannot be caused by ionized impurity
scattering for either oxide. Therefore, the causes of Coulomb
scattering for the phosphorus-doped gate oxide may originate
at and/or near the SiO,/SiC interface, which is also the case
for nitrided gate oxide [17].
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Fig. 5.  Temperature dependence of upa as a function of Ng for
the MOSFETs with nitrided and phosphorus-doped gate oxide. The
temperature was set to RT, 373, 423, and 473 K.

B. Inversion Layer Mobilities at High Temperature

To understand uyp,; for both oxides over a wider tem-
perature range, we carried out Hall effect measurements at
elevated temperatures up to 473 K. The measurement of the
temperature dependence of up,; enabled the investigation of
the dominant scattering mechanisms in the inversion layer.
This is because upn and ficouloms €Xhibit opposite temperature
dependencies. An increase in temperature results in a decrease
in ppn [22], [23] and an increase in ficoutomv [27]-[29]. The
temperature dependence of up, as a function of Ng for the
MOSFETs with nitrided and phosphorus-doped gate oxide is
shown in Fig. 5. The temperature was set to RT, 373, 423,
and 473 K, and Vg was set to O V. For the nitrided gate oxide,
the data represent a up,y of the p-type epitaxial layer with
an Nj of 2 x 10" cm™ and an ion-implanted p-type well
with a lower Al dose. Different p-type wells were prepared to
determine the temperature dependence of pp,y, Which in turn
depended on the N, of the p-type wells. For phosphorus-doped
gate oxide, the data represent a up,; of the ion-implanted
p-type well with a lower Al dose.

To determine whether phosphorus-doped gate oxide pro-
vides higher up, than nitrided gate oxide at temperatures
higher than RT, we compared uy,; for the MOSFETs with
both oxides at elevated temperatures. By comparing the
MOSFETs fabricated on the ion-implanted p-type wells with
a lower Al dose, we found that u,; for the MOSFETSs with
phosphorus-doped gate oxide was higher than that for the
MOSFETs with nitrided gate oxide at temperatures between
RT and 473 K. Additionally, we found that the temper-
ature dependence of upy,; was different for the two gate
oxides. For the MOSFETs with nitrided gate oxide, uyan
increased with increasing temperature, indicating that g,y
was mainly dominated by Coulomb scattering, the effect of
which becomes weaker at higher temperatures. In contrast,
tuan of the MOSFETs with phosphorus-doped gate oxide
decreased with increasing temperature, suggesting that g,y
was mainly dominated by phonon scattering, the effect of
which becomes stronger at higher temperatures. However,
even in the case of nitrided gate oxide, the contribution
of Coulomb scattering can be suppressed by lowering N
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Fig. 6. Ns as afunction of Vy— W for the MOSFETS with nitrided (black
line and circles) and phosphorus-doped (red line and circles) gate oxide
at 473 K.

to 3 x 10 cm™ [15], [16]. As shown in Fig. 5, fyan
decreased with increasing temperature, which indicates that
Luan for nitrided gate oxide was mainly dominated by phonon
scattering, as expected. Moreover, the temperature coefficient
of upan was on the order of —1 for temperatures between 323
and 473 K. More precisely, it decreased as the temperature
increased and reached as low as —1.52 at 473 K. Here, the
temperature coefficient of uy,; was calculated for an E.g of
0.2 MV/cm. Because this coefficient is less than —1, which
is the theoretical value of acoustic phonon scattering [23], the
conclusion that g,y is mainly dominated by phonon scattering
is reasonable.

To understand the difference between nitrided and
phosphorus-doped gate oxides, it is important to discuss the
carrier trapping effect at the SiO,/SiC interface. The carrier
trapping effect can be determined by evaluating Ns as a
function of the difference between the gate voltage and the
threshold voltage (V, — Vip). Fig. 6 displays this relationship
for the MOSFETs with nitrided (black) and phosphorus-doped
(red) gate oxide at 473 K. The circles and lines represent
the measured and ideal Ng, respectively. The MOSFETs were
fabricated on ion-implanted p-type wells with a lower Al dose.
The ideal Ns was calculated using Cox % (Vy — Vin), where Cox
corresponds to the capacitance of the gate oxide and Vi, was
defined by V, where the linear extrapolation of the measured
Ns was equal to zero. The difference between the slopes of
the solid lines was due to the difference in the gate oxide
thickness. The Ng of the MOSFETs with phosphorus-doped
gate oxide was higher than that of the MOSFETSs with nitrided
gate oxide, as the former exhibited less carrier trapping at the
Si0,/SiC interface. The slope of Ns as a function V, — Vy, for
the MOSFETSs with phosphorus-doped gate oxide was nearly
ideal, which suggests negligibly small carrier trapping in the
region with Ng > 2 x 10'> cm~2. This is consistent with a
previous study [30]. This result represents that if there are
unexpected Vi, shifts during measurement like Vi, shifts due
to mobile ion drift, it would have only a limited effect on
the extracted mobility characteristics. We also noticed that
the slope of Ns as a function V, — Vi for the MOSFETs
with phosphorus-doped gate oxide at RT is 1.1 times larger
than that expected by Cox, which is different from the case
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at 473 K. A previous study indicates a similar result at RT [30].
This might suggest that the Hall scattering factor at RT is
below 0.91 which is less than one.

To understand the features of MOSFETs with phosphorus-
doped gate oxide, it is helpful to compare them to those of
alternative gate oxides such as Ba-doped gate oxide [10]. In the
case of Ba-doped gate oxide, upay does not improve in high
Ns regions (e.g., with Ns =2 x 10'> cm~?) when compared
to nitrided gate oxide. In contrast, carrier trapping can be
suppressed by Ba-doped gate oxide based on the free carrier
ratio. These results indicate that the higher field-effect mobility
in the MOSFETs with Ba-doped gate oxide can be attributed
to the increased free carrier ratio [10] (i.e., the increase in Ng).
However, in the case of the phosphorus-doped gate oxide, both
[uan in the high Ng region and Ng itself increased compared
to those of the nitrided gate oxide. Therefore, both increments
contribute to the higher field-effect mobility of phosphorus-
doped gate oxide compared to nitrided gate oxide.

C. Phonon-Limited Mobility at High Temperature

To discuss the mobility-limiting factors of uy,y, it is com-
mon practice to describe upay as a function of E¢ [15], [16],
[22], [23], which is expressed by Takagi et al. [22]

Eer = (Q/gsic)(Ndep + 7’/XNS) (D

where g and &g are the elementary charge and permittivity
of 4H-SiC, respectively. In this study, the parameter # was set
to 1/3, as in previous studies [15], [16], [22], [23]. For the
p-type epitaxial layers, Ngep is defined by

N = [ )[BT (i) ]

where k, T, and n; are Boltzmann’s constant, the absolute
temperature, and the intrinsic carrier concentration, respec-
tively. For the ion-implanted p-type wells, Ny, was calculated
using an equation based on Gauss’s law in the region from the
Si0,/SiC interface to the edge of the depletion layer, which
is expressed as

Ndep = (gsi02 X Esi02)/q - Nﬂ (3)

where & and Ego are the permittivity of SiO, and the
gate oxide electric field at the SiO,/SiC interface, respectively.
We assumed that there was no charge in the oxide and at
the SiO,/SiC interface, resulting in a constant gate oxide
electric field. In addition, Ng and Eg, were calculated by
considering the Al impurity profile analyzed by secondary ion
mass spectrometry (SIMS). The total amount of Al dose was
corrected by the intentionally implanted value. In addition,
the electrical activation ratio of ion-implanted Al atoms was
considered to be perfect since the total dose is not so high,
and activation annealing was carried out at sufficiently high
temperatures [31]. These quantities were calculated using
commercially available TCAD, and Ns was the integration
of inversion carriers over the depth at the middle of the
MOSFETs.

To evaluate the carrier scattering properties in the inversion
layer for the MOSFETSs with nitrided and phosphorus-doped
gate oxide, it is essential to evaluate up,. This is because
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Fig. 7. unan as a function of Eqg for the MOSFETSs with nitrided (circles)
and phosphorus-doped (diamonds) gate oxide at 473 K.

a recently proposed method enables the separation of
mobility-limiting factors (e.g., phonons, surface roughness,
and Coulomb scattering) using a formulated u,, as a func-
tion of Ee [15], [16]. It is still not clear whether upy
at the Si0,/SiC interface is affected by the gate oxides.
To investigate this, we compared the MOSFETs for which
[Han 1s mainly dominated by phonon scattering at high tem-
peratures. Fig. 7 shows upay as a function of E.x for the
MOSFETs with nitrided and phosphorus-doped gate oxide
at 473 K. The circles and diamonds represent the nitrided and
phosphorus-doped gate oxides, respectively. The N values
for the MOSFETs with nitrided gate oxide were 2 X 1014,
2 x 105, 1 x 10, and 1 x 10'7 cm™3. In the MOSFETs
with phosphorus-doped gate oxide, there was an ion-implanted
p-type well with a lower Al dose. Here, Vg was set to 0 V.

To formulate up, for the nitrided gate oxide and determine
the Np dependence of upy,;, we first focus on uy,; of the
MOSFETs with nitrided gate oxide. For the MOSFETs with
nitrided gate oxide, the upay values of the MOSFETs with
Na of 2 x 10" and 2 x 10> cm™ were plotted on almost
the same line, which is an indication that up,; was very
close to fipn. Assuming sy of the MOSFETSs with an Np of
2 x 10" cm™ was equal to up, resulted in

fph = 51.8 x E ()

where upn and Eeg have units of cm*V~'s™! and MV/em,
respectively. The E power-law coefficient of —0.33 is very
similar to the theoretical value of u,, (i.e., —1/3) when the
inversion carriers only occupy the lowest subband [23]. This
is consistent with the assumption that up. was close to fiph.
Additionally, as the Na is above 2 X 105 cm™3, [ Hal Was
lower than the estimated u,n, which is represented by the
dashed line in Fig. 7. This deviation from the estimated uppn
can be ascribed to the Coulomb scattering effect at 473 K.
Next, we compared the estimated u,, for the MOSFETs
with nitrided gate oxide with the gy, of the MOSFETSs with
phosphorus-doped gate oxide. The u, in the high E.¢ region
was very close to the line representing the estimated i pn
for the MOSFETs with nitrided gate oxide. This suggests
that pupn at the SiO,/SiC interface was not affected by the
nitrided and phosphorus-doped gate oxide. To confirm this,
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with nitrided, phosphorus-doped, and wet oxide at 473 K. pph, usr, and a
universal curve calculated by these mobilities are plotted based on [32].

we compared uy,y as a function of E¢g to previously reported
effective mobilities in the inversion layer of SiC MOSFETs.
The inversion layer mobility as a function of E.y for the
MOSFETs with nitrided, phosphorus-doped, and wet gate
oxides at 473 K is shown in Fig. 8. In the figure, the symbols
represent our experimental results on iy, for nitrided and
phosphorus-doped gate oxides. The variables up, and g,
as well as a universal curve calculated by these mobilities
(i.e., the inverse of 1/upn + 1/p), are plotted as magenta
lines based on a formula for the C-face SiC MOSFETs with
wet oxide [32]. The Ny is shown in the figure, and the p-type
well for the MOSFETSs with phosphorus-doped gate oxide was
the same as in Fig. 7. To determine the change in uy,; when
Ngep becomes larger, the Vp dependence of the MOSFETSs
with phosphorus-doped gate oxide is also shown. Here, Vg
was set to 0, —1, —2, —4, and —8 V. The u,y, of Si-face SiC
MOSFETs with nitrided gate oxide, as shown by the black
solid line, was almost the same as that of the C-face SiC
MOSFETs with wet oxide at 473 K. This is similar to what
has already been pointed out at RT [32].

Moreover, for the Si-face SiC MOSFETSs with phosphorus-
doped gate oxide fabricated using a low N of 3 x 10" cm™3,
the inversion layer mobility also showed good agreement with
the upn in the Eer region between 0.2 and 0.6 MV/cm, as
shown by the light blue dotted line in Fig. 8 [30]. This supports
the fact that the up, of the phosphorus-doped gate oxide
was very close to that of the nitrided gate oxide at 473 K.
These observations represent the nature of zpy, at the thermally
grown Si0,/SiC interface that is not affected by nitrided
and phosphorus-doped gate oxide. Based on these results,
we concluded that the wupp of the SiO,/SiC interface was
successfully observed for the MOSFETs with nitrided gate
oxide by elevating the temperature to 473 K and significantly
lowering the Ny to 2 x 10" cm™3.

From the discussion above, iy of the measured MOSFETSs
with phosphorus-doped gate oxide was probably limited by
tph in the high E. region at 473 K when Vg was 0 V. As the
applied Vg became more negative, up,y of the measured
MOSFETs with phosphorus-doped gate oxide decreased and
became lower than u,p. This suggests that Coulomb scattering

also has an impact on upa, and that surface roughness
scattering might start to affect upa; because the calculated
universal curve of the C-face SiC MOSFETSs becomes lower
than zp, due to its effect in the high E.¢ region over 1 MV/cm.

D. Carrier Scattering Properties at High Temperature

We have successfully formulated pp at the SiO,/SiC inter-
face at 473 K, and it is possible to extract its effect from g,y
and precisely determine the carrier scattering properties using
a recently proposed method [15], [16]. Based on Matthiessen’s
rule, the effect of phonon scattering and other scatterings,
such as Coulomb and surface roughness scattering, can be
distinguished by

1 _1 1
Lrwar = Yo + Vitomer 5)

where fomer represents mobility, which is the total effect
of the carrier scatterings other than phonon scattering. First,
we discuss the N dependence of the carrier scattering
properties for MOSFETs with nitrided gate oxide. Then we
discuss the Vg dependence of the carrier scattering properties
for MOSFETs with phosphorus-doped gate oxide. Both the
increase in N and the application of negative Vg were aimed
at increasing the Ngp in the inversion layer because they
allow control over icouomp in the MOSFETSs with nitrided
and phosphorus-doped gate oxide. Later in this section, on the
basis of conventional frameworks for inversion layer mobil-
ity [15]-[17], [22], [23], [32], the dominant mobility-limiting
factor of pomer 1S discussed in terms of Coulomb scattering
at and/or near the SiO,/SiC interface for both oxides. This
is because E¢s is below 1 MV/cm, where surface roughness
scattering is expected to have little impact on gomer- The
validity of a conventional framework of scattering mechanisms
is also discussed.

To investigate the carrier scattering properties of the
MOSFETs with nitrided gate oxide at 473 K, the effects of
phonons and other scatterings were extracted from uy,);. Here,
the N4 of the MOSFETSs were 1 x 10 and 1 x 107 cm™3.
Here, Vg was set to 0 V. Fig. 9(a) shows giyan, tph, and
Uother @S functions of Ng. As Ng increased, poer slightly
increased for both N, which is possibly the result of the
screening of Coulomb scattering centers by the inversion
carriers. Specifically, gomer 1S proportional to the power of
Ns, and its power-law coefficient (y) was 0.22 and 0.27 for
Na of 1 x 10" and 1 x 10'7 cm™3, respectively. As reported
at RT [16], y was slightly larger for higher N,. For the
MOSFETs with nitrided gate oxide at RT, y of ucoulomb
for No = 1 x 10 cm™3 was 0.2, and it increased with
higher Ngep [17]. Thus, the features of pomer can be reasonably
explained by the fact that the dominant limiting factor of i qher
at 473 K is attributed to Coulomb scattering; its effect was
not fully removed even at 473 K for MOSFETSs with N of 1
x 10 and 1 x 10Y7 cm™3. Additionally, #coulomp decreased
with higher N4, possibly because the inversion carriers moved
closer to the SiO,/SiC interface and the scattering probability
at and/or near the SiO,/SiC interface became larger.

From the plot in Fig. 9(a), the N dependence of the carrier
scattering properties can be determined for MOSFETs with
nitrided gate oxide. For an Nj of 1 X 10!® cm™3, the effect
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forthe MOSFETSs with phosphorus-doped gate oxide at 473 K. The p-type
wells were the ion-implanted p-type wells with a lower Al dose. Vg of 0 V
(red) and —4 V (blue) were applied.

of phonon scattering was more dominant than that of Coulomb
scattering in the measured Ng region at 473 K, which is
different from the case at RT. The effect of phonon scattering
is dominant only in the high Ns region compared to the
effect of Coulomb scattering at RT [15], [16]. However, for
an Na of 1 x 107 cm™3 at 473 K, the dominant scattering
transitioned from Coulomb scattering to phonon scattering
as Ns increased, which is also different from the case of
RT. The effect of Coulomb scattering was dominant even in
the region with high Ng at RT [15]. At RT, the effect of
surface roughness scattering has a minor impact on gy, for
MOSFETs with nitrided gate oxide in the E.q region below
0.9 MV/cm [15], [16], and its impact may appear in the region
with higher E.¢ above 1 MV/cm [32]. At 473 K, the effect
of surface roughness was much smaller than upn and zcoutomb
in the measured Ng region, which corresponded to the E.g
region below 0.6 MV/cm.

To investigate the carrier scattering properties of the
MOSFETs with phosphorus-doped gate oxide at 473 K, the
effects of phonons and other scatterings were extracted from
Uuan- Here, the p-type wells were ion-implanted p-type wells
with a lower Al dose. Vg values of 0 and —4 V were applied.
Fig. 9(b) shows piyan, fph, and pomer as functions of Ns.
As Ns increased, pomer rapidly increased. This behavior is
different from that of MOSFETs with nitrided gate oxide.
However, pomer i also proportional to the power of Ng, which
is possibly the result of the screening of Coulomb scattering
centers by the inversion carriers. Its y values were 0.9 and 0.69
for Vg of 0 and —4 V, respectively; thus, y is slightly smaller
for more negative Vg, and it also decreases with increasing
Ngep within the measured Vp. From the plot in Fig. 9(b),
the Vg dependence of the carrier scattering properties can
be determined for MOSFETs with phosphorus-doped gate
oxide. Phonon scattering was more dominant than Coulomb
scattering in the measured Ng region for Vg of 0 and —4 V.
Although there was the effect of surface roughness scattering
to some extent, us was less dominant than x,n and g coutomb in
the measured Ns region, which corresponded to the E region
below 0.8 MV/cm. This is because pomer keeps increasing
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Fig. 10.  WHai, tph, @and uotner as a function of Ns for the MOSFETSs with
nitrided (black) and phosphorus-doped (red) gate oxides at 473 K. The
p-type well was the ion-implanted p-type well with a lower Al dose. Vg
of 0 V was applied.

with higher Ng and does not decrease even in the highest Ng
region even though u is expected to decrease with higher
E.¢ due to the increase in Ng. This is similar to the case of
the nitrided gate oxide. Additionally, ucoulomp decreased as Vg
became more negative.

To simply discuss the difference in the carrier scat-
tering properties of the MOSFETs with nitrided and
phosphorus-doped gate oxides, the MOSFETs fabricated on
ion-implanted p-type wells with a lower Al dose are compared.
Fig. 10 shows giman, tph, and fomer as functions of Ns for both
oxides at 473 K. Vg of 0 V was applied. The comparison
between the MOSFETSs with nitrided and phosphorous-doped
gate oxides reveals a remarkable difference in the value of y.
The value of y is 0.2 and 0.9, respectively. For both gate
oxides, the increase in Ng resulted in higher ucouomp and
weakened the relative impact of Coulomb scattering on the
total up,. However, in the case of the MOSFETs with
phosphorus-doped gate oxide, the contribution of Coulomb
scattering to the total up,; was quickly suppressed due to
the larger y, resulting in a smaller contribution of Coulomb
scattering to the total up.. As a result, the uy, of the
MOSFETs with phosphorous-doped gate oxide was likely to
be limited by upn. This is one of the reasons why a higher
inversion layer mobility was achieved by the phosphorus-
doped gate oxide. It is important to discuss the physical
origin of the larger y for the phosphorus-doped gate oxide.
Although y for the substrate ionized impurities was reported
to be 1 for the Si MOSFETs [25], this was not the case
for the SiC MOSFETs in this study because the relationship
between uomer and Ns changed with different V. So, even for
phosphorus-doped gate oxide, it is expected that the causes of
Coulomb scattering other than ionized impurities are not fully
removed at or near the Si0,/SiC interface.

To interpret this difference in y, we referred to a previous
report on Si MOSFETs related to remote Coulomb scatter-
ing [25]. In that study, it was pointed out that a gradual
increase in the number of scattering centers possibly results in
a weaker Ng dependence of i coulomb- Remote Coulomb scat-
tering is caused by the depletion charge at the poly-Si/SiO,
interface, and it is not applicable to SiC MOSFETs for which
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the gate oxide thickness is much thicker. However, by analogy,
the weaker Ng dependence of coutomb in SiC MOSFETSs with
nitrided gate oxide can be interpreted. Although the origin
is unclear, one possible explanation is that the number of
Coulomb scattering centers gradually increases with increasing
Ns in the case of nitrided oxide. Because the increase in
Ns corresponds to the elevation of the Fermi level in the
inversion layer, this may result from the difference between
the energy distribution of the number of Coulomb scattering
centers of both oxides. Coulomb scattering centers may have
some spatial distribution in the oxides and near the SiO,/SiC
interfaces, which affects the impact of each scattering center
on Ucoulomb- S0, it would be better to discuss the effective
number of Coulomb scattering centers. The assumed energy
distribution of the effective number of Coulomb scattering
centers is schematically shown for both oxides in Fig. 11(a).
Assuming that the screening effect on the Coulomb scattering
centers is the same for nitrided and phosphorous-doped gate
oxide, it is expected that there are a larger number of Coulomb
scattering centers and their energy distribution is broader in
nitrided gate oxide compared to phosphorus-doped gate oxide.
If this is true, the sum of effective number of the Coulomb
scattering centers should increase with the elevation of the
Fermi level in the inversion layer and with increasing Ng,
as schematically shown in Fig. 11(b). For an ion-implanted
p-type well with a lower Al dose, phosphorus-doped gate oxide
provided a higher uy,y; than nitrided gate oxide, at least in the
region with Ng > 1.6 x 10'2 cm=2 at 473 K. This means
that the effective number of the Coulomb scattering centers
in the phosphorus-doped gate oxide was smaller than that in
the nitrided gate oxide in this region. The Fermi level in the
inversion layer was close to or above the conduction band
edge of bulk SiC [33], [34]. In contrast, the MOSFETs with
phosphorous-doped oxide exhibited a stronger Ng dependence
for gcouomb- This means that, as Ng increases, the effective
number of Coulomb scattering centers may not increase as
rapidly as that of nitrided oxide.

This interpretation ensures that mobility-limiting factors
in the inversion layer of SiC MOSFETs can be modeled
within a conventional framework of scattering mechanisms,
such as phonon, Coulomb, and surface roughness scatter-

ing [15], [16], [22], [23], [32]. Although it has been argued
that phonon scattering should not dominate the inversion layer
mobility [20], our results suggest that it is not necessary to
consider a novel framework of scattering mechanisms that is
unique to SiC. However, the origin of the Coulomb scattering
centers is unclear, and further investigation is required. For the
MOSFETSs with Na between 1 x 10" and 1 x 10'® cm™3,
MHan in the region with Ng < 3 x 10" cm™2, where Coulomb
scattering is dominant, was nearly the same regardless of
nitridation treatment at RT [14], [18]. This suggests that
trapped charges near the SiO,/SiC interface, the energy level
of which is below the conduction band edge, are not the major
cause of these Coulomb scattering centers [18]. Therefore, the
Coulomb scattering centers eliminated by phosphorus-doped
gate oxide already exist immediately after thermal oxida-
tion, and these scattering centers cannot be removed by the
nitridation treatment. Our results suggest that the inversion
layer mobility of SiC MOSFETSs can be further improved by
eliminating the Coulomb scattering centers.

IV. CONCLUSION

We compared the characteristics of the inversion layer
mobility in Si-face 4H-SiC MOSFETs with nitrided and
phosphorus-doped gate oxides using Hall effect measurements.
Carrier scattering properties in the inversion layer were eval-
uated at high temperatures (i.e., 473 K). The u,, values of
these MOSFETSs were almost the same, possibly representing
the nature of the thermally grown SiO,/SiC interface. More-
over, a remarkable difference was found in the behavior of
Coulomb scattering in these MOSFETs. The MOSFETs with
phosphorus-doped gate oxide exhibited a more rapid increase
in Ucoulomb @S Ns increased, resulting in the suppressed con-
tribution of Coulomb scattering to the total upa compared
to the MOSFETs with nitrided oxide. We found that the
inversion layer mobility of SiC MOSFETs can be modeled in
a conventional framework of phonon, Coulomb, and surface
roughness scattering. The suppression of Coulomb scattering
is expected to further improve the inversion layer mobility of
SiC MOSFETs.
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