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Abstract—For 4H-SiC MOSFETSs, the parasitic PiN body diode
causes problems such as significant forward voltage drop of body
diode and poor reverse recovery characteristics during high-
temperature operation. A reasonable solution is a MOSFET with an
integrated Schottky barrier diode to deactivate the PiN body diode.
Since SiC MOSFETs can operate at extremely high temperatures, the
characterization of electrical parameters at high temperatures and
changing with the temperature are very important for high power
applications and system reliability. However, there is a lack of
comparison and analysis of the two devices on electrical properties
at ultrahigh temperatures. In this article, a 1.2 kV conventional
MOSFET and a MOSFET integrated with a junction barrier Schottky
diode (JBSFET) were fabricated with a consistent process flow.
In the temperature range from 300 to 575 K, analytical models
of the temperature-dependent electrical parameters of these two
devices were established and compared, which were successfully
verified by the measurements. These models can provide
guidance for ultrahigh temperature applications of JBSFETs.
Temperature-related expressions can also be used for junction
temperature monitoring of temperature-sensitive electrical
parameters. Experimental results show that JBSFET has better
third quadrant conduction characteristics and higher temperature
stability below 450 K, but loses obvious performance advantages
at 575 K. So, the recommended operating temperature range of
JBSFET is from 300 to 450 K. Finally, the continuous operation
performance of the body diodes in buck converters is analyzed. The
higher efficiency of buck converter based on JBSFET’s body diode
indicates its great application potential in compact converters,
especially in the recommended temperature range.

Index Terms—4H-SiC, high-temperature,
MOSFET, MOSFET.
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1. INTRODUCTION

N MANY bridge circuits with hard switching, SiC Schottky

barrier diode (SBD) has been widely used as freewheel-
ing diode to increase conversion efficiency [1], [2], [3]. How-
ever, the external SBD and bonding wires introduce additional
parasitic capacitance and inductance [4]. At the same time,
studies show that the body diode of SiC MOSFET can be used
as a freewheeling diode [5], but there are still two problems.
One is that the long-time conduction of the p-i-n diode has
a certain probability of causing bipolar degradation. Although
1.2 kV SiC MOSFETs show little degradation, this degradation
still exists in higher voltage level SiC MOSFETs (>3.3 kV) [6],
[7]. The other is that the switching losses during the reverse
recovery would increase due to the bipolar action, especially
at high temperatures [8], [9]. Integrating an SBD into SiC
MOSFET may be a good solution. Based on the processes of
commercial factories [10], SBD-integrated MOSFETs have been
commercialized.

Most existing studies focus on optimizing the structural
design of SBD-integrated MOSFETs. The electrical parameters
are mainly analyzed at room temperature. The earliest SBD-
integrated MOSFETSs are extracellular integrated structures [11],
[12]. In recent years, intracellular integrated structures have
become more common. The planar SBD-integrated MOSFET is
called JBSFET or JIMOS, generally, it is divided into split-source
structure [13], [14], [15], [16] and split-gate structure [17], [18],
[19], [20], which integrate JBS between the split sources or split
gates, respectively. The trench SBD-integrated MOSFETs were
initially manufactured by Fuji Electric Co. and AIST in Japan
[21], [22], which integrated SBD on the sidewall of the trench,
and implanted a P+ region at the bottom of the trench to shield
the high electric field, named SWICH-MOS. Based on these
structures, other cell structures are derived. However, most of
them are simulation studies [4], [23], [24], [25], [26], [27], [28],
(291, [301, [311, [32], [33], [34], [35], [361. [37], [38], [39], [401,
[41]. In addition, Han et al. [42], Agarwal et al. [43], [44], [45],
and Agarwal and Baliga [46], [47] also made a series of designs
on the devices, such as designing the cell shape, the gate oxide
thicknesses, and channel types. Besides, some optimized layout
designs are proposed to improve the performance [48], [49],
[50]. Special packaging methods are also used to improve the
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switching performance [51], short-circuit performance [52], and
surge current capability [53] of Switch-MOS transistors.

Another part of the research focuses on the electrical proper-
ties of mature SBD-integrated MOSFET structures. Kanale et al.
[54] compared the high-temperature switching performance at
150 °C, and the short-circuit performance at room temperature
[55], [56] of JBSFETSs with planar MOSFETs. Also, the avalanche
robustness and gate leakage currents of JBSFETSs are investi-
gated [57], [58]. The avalanche failure mechanism of JMOS
is investigated [59]. Okawa et al. [60], [61] characterized and
analyzed the short-circuit withstand capability of SWICH-MOS
and found that the short-circuit performance is directly related to
the Schottky barrier height [62], similar conclusions were also
obtained from the evaluation of the short-circuit stress of JBS-
FETs [63]. In addition, the team also conducted a comprehensive
electrical performance evaluation and comparison of SWICH-
MOS. For example, the electrical properties of SWICH-MOS
and conventional trench MOSFETs are compared at 175 °C, such
as switching performance [64], short-circuit withstand capabil-
ity, UIS avalanche withstand capability [65], and reverse bias
safe operating area [66]. At the same time, they also compared
the specific ON-resistance and short-circuit safe operating area
trade-OFF characteristics of SWICH-MOS and planar MOSFET
at 175 °C [67]. Other teams also conducted a series of tests and
analyses on JIMOSs and MOSFETs, but high temperature features
are not concerned [68], [69]. An equivalent circuit model of
JBSFET body diode was established to analyze the ability of the
integrated SBD to clamp the PiN at temperatures below 200 °C
[70]. JBSFETSs with different diode areas were fabricated, then
their static [71], switching and robustness characteristics [72],
andradiation influence [73] were tested and compared with those
of MOSFETSs [74].

In high switching frequency power conversion applications,
in order to reduce the switching loss, an effective method is to
use JBSFETs instead of MOSFETs, which has smaller reverse
recovery effect at high temperatures [75]. Experiments found
that the pairs based on JBSFETSs can achieve higher efficiency
and lower switching loss than the pairs based on MOSFETs [76]
and conventional Si IGBT pairs with Si p-i-n diode [77]. The
inverter using a JBSFET with the p-i-n diode deactivated can
reduce the surge voltage at high temperature operation [78].

Power MOSFETs and JBSFETS often operate at high temper-
atures, such as the power converters in the down-hole oil and
gas industry [79], aerospace electronic systems, and automotive
and ON-engine electronics [80]. At those applications, MOSFETS
need to work at a higher temperature range from 475 to 575 K.
That puts forward strict requirements on the high temperature
stability of the devices. However, the existing works lack a
detailed analysis of the electrical characteristics of MOSFETS and
JBSFETsS in the high-temperature range, especially above 450 K
[81]. Therefore, it is very meaningful and useful to establish the
high temperature electrical characteristic model of MOSFETs and
JBSFETs.

At present, there is a mature research basis for modeling the
temperature characteristics of MOSFETs [82], [83], [84], [85],
[86]. Most of these models simulate the static and dynamic wave-
forms at different temperatures, which is meaningful for circuit
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design. However, the models of JBSFET are few [87], especially
the analysis of temperature-dependent electrical parameters at
ultrahigher temperatures. Different from the abovementioned
models, the temperature model established in this article is based
on semiconductor physics and specially focuses on the direct
dependence of key electrical parameters on temperature. By
a small amount of calculation, the high-temperature features
of devices can be provided or predicted, which is of great
application significance.

It is shown that 31% of power electronic system breakdowns
are caused by power semiconductor failure, and nearly 60% of
the power semiconductor failures are thermally induced [88].
Therefore, online junction temperature monitoring is essential
for reliability of power electronic systems. In recent years,
various TSEPs have been used for temperature monitoring be-
cause of their accuracy and practicability advantages [88], [89].
The temperature-dependent equations of electrical parameters
in this work provide a research basis for junction temperature
monitoring by TSEPs of MOSFETs and JBSFETs, especially at
extremely high power.

In this work, MOSFETs and JBSFETSs are fabricated on the
same wafer with a compatible process. Then, the temperature de-
pendent electrical parameter models of MOSFETs and JBSFETSs
are established. Next, the parameters are extracted through static
and dynamic measurements from 300 to 575 K. Furthermore, the
parameters of the temperature model are determined. Finally,
the continuous operation performance of the devices is verified
based on a hard switching nonisolated buck converter.

The temperature dependent electrical parameter models at
ultrahigh temperatures (300 to 575 K) for JBSFETs, which
are consistent with the device structural parameters and the
process, are proposed and verified by measurements for the
first time. The model is not a SPICE behavioral model. It based
on semiconductor theory and directly describes the relationship
between electrical parameters and temperature in a sufficiently
concise expression.

In order to verify the continuous operation performance of the
devices, a hard switching nonisolated buck converter (converting
voltage from 600 to 200 V) is designed, which operates at
continuous current mode.

The rest of this article is organized as follows. Section II
presents the structures and equivalent circuit models of MOSFET
and JBSFET. The temperature dependence of static character-
istics, switching characteristics, and reverse recovery charac-
teristics are analyzed in Sections III, IV, and V, respectively.
The continuous operation performance of buck converter is
analyzed in Section VI. Finally, Section VII concludes this
article.

II. DEVICE STRUCTURES AND EQUIVALENT CIRCUIT MODELS

The cross-sectional views of JBSFET and conventional MOS-
FET are shown in Fig. 1. JBSFET in Fig. 1(b) embeds a Schottky
junction on the right side of the P+ source region. The Schottky
contact forms a JBS structure with the P+ regions on both sides.
The P+ region shields the high electric field below the Schottky
junction, which can effectively reduce the leakage current.
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Fig. 1. Schematic cross sections of (a) MOSFET and (b) JBSFET.
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Fig. 2. Equivalent circuit models of (a) MOSFET and (b) JBSFET.

TABLE 1
MEASURED STATIC CHARACTERISTICS OF MOSFET AND JBSFET

Parameters MOSFET JBSFET
Die Size 3.24 mmx2.76 mm
Visrpss/ V (@Ves=0'V, Ip=10 pA) 1640 1520
Ipss/ PA (@Vas=0V, Vps=1200 V) 1 8.8
V! V (@Vps=20V, Ips=5 mA) 2.6 2.6
Rps (on)/ mQ (@Vss=20V, Ips=20 A) 71 74
Vsn/V (@Vss=-5V, Isp=10 A) 4.9 3.1

With the help of TCAD, the parameters of the drift region
are determined as 7.5 x 10'> cm™ and 12 pm. The breakdown
voltage of more than 1500 V can be achieved by selecting the
appropriate junction termination structure. To be compatible
with the original MOSFET process, we choose titanium as the
Schottky contact metal with work function of 4.33 eV [63], [90].

The devices were fabricated on the same 4-in wafer with
standard process flows, including high-temperature ion implan-
tation, growth of gate oxide and polysilicon gate, fabrication of
ohmic and Schottky contact electrodes, deposition of Metal, and
passivation layers.

The equivalent circuit diagrams of MOSFET and JBSFET are
shown in Fig. 2. MOSFET can be regarded as an antiparallel
connection of a MOS transistor and a PiN body diode. JBSFET
connects aJBS in parallel across the body diode. When JBSFETSs
operate in the third quadrant, the integrated JBS diodes turn ON
before the p-i-n diodes.

The static parameters at room temperature are shown in
Table I. Under the same active area, the reverse leakage current
(Ipss) of JBSFET is 8.8 times as much as that of MOSFET, and
the breakdown voltage (V(Br)pss) is about 7% lower than that
of MOSFET. The third quadrant voltage drop (Vsp) of JBSFET
is about 36% lower than that of MOSFET. Vgp is related to the
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doping concentration of the N-region below SCH [17] and the
Lscu [91] in Fig. 1. The ON-resistance (Rps(ox)) 0f MOSFET
is lower than that of JBSFET because of its larger conductive
channel area.

Since the barrier height of the Schottky junction and the
mobility of 4H-SiC are both affected by temperature, the effect
of temperature on the electrical performance of JBSFETSs should
be carefully studied.

III. TEMPERATURE-DEPENDENCE MODELS OF
STATIC PERFORMANCE

A high-temperature static performance characterization plat-
form for power devices is built with the heating and temperature
control unit and power device analyzer/curve tracer (Agilent
B1505A). In this section, static performances of MOSFET and
JBSFET are analyzed from 300 to 575 K.

A. Temperature Influence on Transfer Characteristics

The impact of the positive charge in the oxide on the threshold
voltage can be given by

4e s N
v, = Vi AqQYB 2y — Qox )
COX COX

where ¢, is the dielectric constant of the semiconductor, N 4 is
the P-base doping concentration, ¢ is the electron charge, C, is
the characteristic capacitance of the oxide layer, Q o x is the total
effective charge in the oxide layer, and v g is the semiconductor
bulk potential. Q ox mainly includes oxide movable ion charge
(Ona), oxide trap charge (Qr), oxide fixed charge (Qr), and
interface state trap charge (Qp;:). Among them, ¥ 5 and Qp;;
are temperature-sensitive parameters. ¢ g is given by

Yp = — lnf_ (2)

where k is Boltzmann’s constant, 7 is the absolute temperature,
and n; is the intrinsic carrier concentration, given by [92]

n; = 1.70 x 101673/2(2:08x10%) /T 3)

1 p of SiC MOSFET is large (about 1.6 V) and approximate linear
descents with temperature [93].

If the temperature dependence of Qp,; is considered, with
the increase of temperature, fewer interface states are occupied.
As a result, for a given gate voltage, the inversion charges is
higher. Therefore, Vy;, decrease faster. The influence of interface
state charge is more obvious at low temperatures [94]. The
temperature dependence of Vy, can be written as

Vih =V T +aTInT +dy +2 (T +aTInT + dy)

T fl
—e1 (300) + g1 “

where ay, b1, c1, and d; are temperature-independent constant
terms. The relationship between Qp;; and temperature can be
approximated in the form of an exponential by e; and f;. It can
also be approximated in the form of e-exponential for better
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Fig. 3. (a) Measured transfer characteristics of MOSFET and JBSFET.

(b) Measured and fitted Vy, over a temperature range from 300 to 575 K.
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Fig. 4. Structures of (a) MOSFET and (b) JBSFET with internal resistances

continuity [95]. Some behavioral models describe Vi, as a
quadratic polynomial of temperature [85], [96].

The transfer characteristics of MOSFET/JBSFET in the tem-
perature range from 300 to 575 K is shown in Fig. 3(a). The
extracted and fitted Vy;, are shown in Fig. 3(b). Measured Vy,
of MOSFET/JBSFET drop from 2.61 V/2.59 V to 1.21 V/1.23 V,
respectively. The fitted results are shown as the solid lines, which
are in good agreement with the measurements.

B. Temperature Influence on On-Resistance

Fig. 4 shows the internal resistances of the MOSFET and
JBSFET. Benefit from the mature ohmic contact process and
the high doping concentration of the N+ source region and N+
substrate [97], only the effects of channel resistance (R ¢f7), JFET
region resistance (RjrrT), and drift region resistance (Rp) on
Rps(ox) are considered, which can be written as

Rps(on) = Ren + Rirer + Rp 5
R o can be given by

_ Lon
ZpiniCor (Vas — Vin)

Ren (6)
where Ly and Z are the channel length and the channel width,
respectively. j,; is the inversion layer mobility of electrons,
Vas is the gate voltage. Affected by the SiC-SiOs interface
states, [in; has a nonmonotonic temperature coefficient. For
low-temperature values, fi,,; exhibits a weak positive temper-
ature coefficient, whereas a negative temperature coefficient
takes place at high temperatures. It can be accurately described

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

. 30 ¢
9 -
8 7 25

Measured
.

955 (S)

Measured
201 "3 Nosrer
o JBSFET
Fitted

MOSFET 15 —wmosrer
§{ ——JBSFET —— JBSFET

300 350 400 450 500 550 600
Temperature (K)

300 350 400 450 500 550 600
Temperature (K)

(a) (b)

Fig.5. Measured and fitted (a) gss and (b) p1;,; of MOSFET and JBSFET over
a temperature range from 300 to 575 K with Vpg =20 V.

through the power relationship [94], given by

T —m(T)
pini (T) = pini (To) (To> (7

where exponent m is temperature-dependent. To simplify cal-
culations, m can be considered as a temperature-independent
negative value at low temperatures and a positive value at high
temperatures.

The transconductance in the saturated current regime of op-
eration is given by [92]
_dlp  ZpniCox

Here, Ip is the drain current. The temperature trend of gy,
is consistent with that of y,;. By extracting gy, from transfer
characteristics at different temperatures, the value of m in (7) can
be obtained, as shown in Fig. 5. Since the depletion region below
the channel is not accurately considered, the measurements of
[tn; are not accurate enough, denoted as (i ;.

RjrrT and Rp can be given by

s (Vas — Vin) (8

Lcn

x
Ryper = pmgiam &)
PD Ween PD
== L 1
Rp 57 n( . ) + W L2 (10)

where x jp is the junction depth of the P-base, a is the width of
the current flow in the JFET region, W, is the cell witch, Lpg
is the length of the rectangular region in the current flow path of
the drift region. pyrprr and pp are the resistivities of the JFET
region and the drift region, respectively, which are both affected
by electron mobility. There is no additional implant in the JFET
region, so pyrrT and pp are equal, given by
1
qpnDND
where p,p is electron mobility in the drift region and Np is
doping concentration of drift region. Considering the negative

exponential relationship between p,, p and temperature [92], the
temperature dependence of Rpg(on) is expressed as

(1)

PIFET = PD =

b2 e
a2 555) T\
R =t dy| — 300 < T'<T;
i) L (T
R = ——=2r Ly — T, <T <575
DS (on) Vas — Va(D) + d2 300 (I £T < )

12)
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Fig. 7. Internal resistance of (a) MOSFET and (b) JBSFET in third quadrant.

where V,;;,(T) needs to be substituted by (4), by is a negative
constant, and ¢ is a positive constant. When the temperature is
less than 77, i, has a positive temperature coefficient, while it
has a negative temperature coefficient when the temperature is
greater than 7. In some works, to simplify calculations, Rps o)
is written as a quadratic expression of temperature [83], [84].

The curves of Rps(on) and Ips of MOSFET and JBSFET
from 300 to 575 K are shown in Fig. 6(a). In Fig. 6(b), the
Rps(on) versus temperature curve at Ips = 20 A is draw with
scatters. The tested Rpg(on) of the MOSFET/JBSFET increases
from 73 m$/75.6 mQ to 302 m€2/327 mS), while the fitted
results are plotted by solid lines, which are very closed to the
measurement results.

C. Temperature Influence on Third Quadrant Characteristics

Fig. 7 shows the internal resistors of MOSFET and JBSFET
when conducting in the third quadrant. When a sufficiently
negative bias is applied between the gate and source, the channel
can be completely turned OFF. At this situation, the third quadrant
current is no longer affected by the gate voltage bias [98], [99].

For MOSFET, its body diode is a p-i-n diode, the junction
voltage drop is given by

kT <NAND>. (13)

Ven =—1In
PN q P}

n;

Since Vpy is affected by n;, it is a negative temperature
coefficient [100].

The PiN body diode works in high current mode after turning
ON, so there is a significant voltage drop in the internal series
resistance of the diode. Therefore, the voltage drop on the p-n
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junction is less than the bias voltage of the body diode (V)

Ve =Vpn + Ir X Rg (14)

where I is body diode current and Ry is drift region resistance
[101], given by

2d

Rs =
ZWeenqpinNp + ZWCC”(/‘";F;I))JFTHL

where d is half the length of drift region, 1, is electron mobility,
[y 18 hole mobility, Jr is body diode current density, and 7y, is
the high-level lifetime in the drift region. Since /4, and y1,, can be
described as negative exponential relationship with 7' [97], while
Tz can be expressed as a positive exponential relationship
with T [102], Rg decreases slightly with temperature [103]. Vsp
is mainly affected by Vpy, which is manifested as a negative
temperature coefficient, written by

15)

1

ds (555) +f3(%)i’36
(16)

Vsp_pin = asT +bs +c3TInT +

where (asT + b3+c3TInT) and the exponential term represent
the temperature change of Vpy and Rg, respectively.

For JBSFET, the body diode is a parallel connection of a p-i-n
diode and a JBS diode. At current trim levels, JBS turns on first.
If the resistive voltage drop is ignored, the applied voltage is
almost entirely devoted to the Schottky junction. The turn-ON
voltage drop of the Schottky junction is a negative temperature
coefficient, affected by the negative temperature characteristic
of the Schottky barrier height ® 5, given by

Vrs = ®pn + k?T In (AZ{;) (17)
where A is the effective Richardson’s constant.

At high current levels, the resistive voltage drop cannot be
ignored. The main component is the voltage drop across the
series resistors Rp; and Rp in the drift region, given by

VP =Vrs+1Ir x Rp1+ Ir X Rpy (18)

where the JBSFET is in unipolar operation, so the tempera-
ture dependence of Rp; and Rpy are similar to (8), which
increase exponentially with temperature [104]. Assuming that
® gy approximates a linear relationship of temperature [ 105], the
relation between Vgp and T of JBSFET in unipolar operation

can be written as
T\
) (19)

1
Vsp—yBs = ayT + b TxIn—+ds| =
SD-JBS = a4l + b4 +cyd X DT2+ 4<300

where (asT+bs+cyT x In(1/T2)) represents the temperature
change of Vpg. The exponential term represents the tempera-
ture change of Rp; and Rpj. In order to obtain good fitting
results, Vgp in some previous works is directly defined as the
e-exponential relationship of temperature [106], which may
limit the accuracy.

When the current continues to increase, once the voltage drops
across Dyps and Rp; exceeds the turn-ON voltage drop of p-
i-n diode, Dyoqy is turned ON, so JBSFET enters the bipolar
conduction mode. At this time, /r is composed of two parts, one
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part is the bipolar current /r; flowing through PiN, the other
part is the unipolar current /x5 flowing through JBS. Vg and I
are written as

Ve =Vrs + Ipa X (Rp1 + Rpy) = Vpy + Ip1 X Rpp
Ir =Ip1 + 12 (20)

where Rpp is the series resistance of PiN body diode, and the
expression is similar to (15). Therefore, the relation between
Vsp and T of JBSFET in bipolar operation can be written as

Ven(T) + as (3%0)55 + Vrs(T)es (3%0)(15

ds
1+ ¢5(355)

Vsp-jBs =

@

where Vpyn(T) and Vpg(T) substitute the first three terms of
(16) and (19), respectively. The exponential term with a5 and
bs represents Rpp. The other exponential term with ¢5 and d5
represents (Rpp/(Rp;+Rpy)).

The third quadrant characteristics of MOSFET and JBSFET in
the temperature range from 300 to 575 K are shown in Fig. 8(a)
and (b). The corresponding Vsp when Ipgis —10 A is extracted
shown in Fig. 8(c) along with the fitted curves. It shows that
Vsp of MOSFET decreases from 4.85 to 3.36 V, while Vgp of
JBSFET increases from 3.19 to 5.71 V. From the fitted curve of
Fig. 8(c), it can be deduced that the p-i-n diode of JBSFET has
been activated above 400 K.

It is worth noting that when the bias voltage between source
and drain increases to 3 V for the JBSFET, the slope of the
third quadrant I-V curve decreases, and an additional “inflection
point” occurs. The inflection point is caused by the forward
current saturation phenomenon of JBS. The saturation current is
related to the saturation drift velocity, the length of the Schottky
junction, the doping concentration below the Schottky junction,
and the temperature.

It can be seen that Vgp of the JBSFET is small at room
temperature and has a positive temperature coefficient in the
range from 300 to 475 K, which can effectively avoid the local
overheating of the device resulting in current concentration.
Therefore, JBSFET has better third quadrant conduction char-
acteristics than those of MOSFET in this temperature range.

300 350 400 450 500 550 600
Temperature (K)

(b) (©

Measured third quadrant characteristics of (a) MOSFET and (b) JBSFET with Vg of —5 V. (¢) Measured and fitted Vgp over a temperature range from

D. Temperature Influence on Blocking Characteristics

When the devices are in blocking state, the body diodes are
reverse biased and suffer from high drain-source voltages. The
SBD integrated into the JBSFET provides an additional leakage
current path, so the leakage current of the MOSFET and JBSFET
exhibit different temperature trends.

For MOSFET, the leakage current before avalanche breakdown
is related to the diffusion current /4, generating and recom-
bining current /4, generated in the barrier region, and surface
leakage /g1, given by

Ir wmos = lapp + Igen + Isr. (22)

Since n; of 4H-SiC is minimal, the / 4y and / 4¢,, can be ignored,
so surface leakage is the main leakage mechanism, given by
[107], [108]

Ir-mos = Isy, x exp (—Ea/kT) (23)

where the E 4 is the activation energy. The leakage current
increases significantly at high temperatures, be written as

Ir_mos = ag exp (—bg/kT) (24)

where ag is a temperature-independent constant term and bg
represents the activation energy. Some paper only considers the
impact of /., expressed as related to n; [94].

For JBSFET, the possible reverse leakage current mechanisms
are 1) thermionic emission, 2) thermionic field emission and
field emission, 3) generation and recombination in the depletion
region, 4) diffusion, and 5) surface leakage and defect-related
leakage [109]. In this article, 3), 4), and 5) can be ignored, while
1) and 2) are mainly considered [109], [110], [111].

Thermionic emission current /gcyg is determined by the Schot-
tky barrier height ® 5y, which is given by

_q%BN
kT

Iscy = —AAST? exp ( (25)
where Aj is cross-sectional area of JBS. Due to the negative
temperature coefficient of ® gy, Iscp increase significantly at
high temperatures. At the same time, affected by the image force,
the Schottky barrier height also decreases with the increase of
the maximum electric field at the metal-semiconductor interface,
which is related to the reverse bias voltage. Equation (25) does
not show the image force barrier height lowering because it is
independent of temperature.
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from 300 to 575 K.

Thermionic field emission and field emission are usually
described as F-N tunneling current, highly related to the electric
field and Schottky barrier, which is given by

7B.T . (q(I)BN)g/Z

AT E3 -
Eg

Ir=—A
g 7 q®pN

(26)

where A.T'and B.T are considered as constants related to effective
mass, which are independent of temperature. Eg is the electric
field at Schottky contact in volts per centimeter [114]. The
F-N tunneling current is strongly related to the electric field
and weakly affected by temperature. It can be speculated that
the leakage current of JBSFET is mainly thermionic emission
current under low electric field. However, under high electric
field, the leakage current of JBSFET is tunneling current.

If the effect of temperature on tunneling current is neglected
at low electric field, the relation between leakage current of
JBSFET and T can be given by

27)

P T
IR,JBS = a7T2 exp (—BN()) + b7

T

where a7 and b7 are temperature-independent constant terms,
Py (T) represents the linear relationship between ® gy and
T, and b; represents correction for leakage current at room
temperature.

The blocking characteristics of MOSFET and JBSFET are
shown in Fig. 9(a) and (b). When Vpg is 1200 V, Ipg is extracted
as the reverse leakage current Ipgg, as shown in Fig. 9(c), the
response fitted results are also included. In Fig. 9(b), Ipg of
JBSFET shows a more obvious temperature dependence at low
electric field, where thermal emission current is dominant. At
high electric field, the temperature dependence is weakened,
and tunneling current becomes dominant. In Fig. 9(c), MOSFET’s
Ipgs is fitted with different activation energies, corresponding to
different slopes in exponential coordinates. It indicates that the
position of trap energy level changes at different temperatures.
JBSFET has larger leakage current than MOSFET at high tem-
peratures. Ipgg of JBSFET can reach 100 ©A when temperature
exceeds 500 K.

E. Junction Capacitance

The structural capacitances, including the input capacitance
Ciss, output capacitance C,gs, and reverse transfer capacitance

1E-8
0 400 800 1200 1600 2000
Vobs (V)

(b) (c)

6
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Measured blocking characteristics of (a) MOSFET and (b) JBSFET with gate bias voltage of 0 V. (c) Tested and fitted /pgs over a temperature range
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Fig. 10. Measured temperature dependence of Ciss, Coss, and Cpss of
(a) MOSFET and (b) JBSFET over a temperature range from 300 to 575 K.

C,ss were measured by Agilent 1505 and N1272A Device Ca-
pacitance Selector. The full curves of C;s/C,ss/Cyss are shown
in Fig. 10. The test conditions are Vgg = 0V, Vpg = 1000 V,
f=1MHz, and V,. = 25 mV, which are consistent with the test
conditions in the datasheets of commercial SiC MOSFETSs at the
same voltage level.

In Fig. 10(a), the structural capacitance of MOSFET hardly
changes with temperature. However, the reverse transfer capac-
itance C,s; of JBSFET decreases slightly as temperature in-
creases. This may be because at high temperatures the integrated
Schottky junction is in a reverse-biased state. The hot electron
emission current extracts electrons from the drift region, making
the thickness of the depletion region under the oxide layer larger,
thereby reducing the capacitance of the depletion layer.

In general, the structural capacitance of MOSFET and JBSFET
does not change significantly with temperature. Only C,gs of
JBSFET changes by about 18% at 575 K.

IV. TEMPERATURE-DEPENDENCE MODELS OF
SWITCHING PERFORMANCE

A. Analytical Modeling of Switching Parameters

The switching performance of power MOSFETs is usually
tested through a double pulse test (DPT). Rise/fall times (7,/T%),
turn-ON/turn-OFF delay times (7 gon/Tqorr), and switching-
ON/switching-OFF/total switching energy losses (Eon/Eorr/Esw)
can be extracted to evaluate the switching performance. During
switching, the parasitic body diodes of the switched devices
(MOSFETs/ JBSFETSs) have no effect on the switching process.
So, their switching performance parameters exhibit consistent
temperature dependence.
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When the device is turned ON, the decreasing process of Vpg
is the process of charging the Miller capacitance Cgp by the
gate current. During turn-ON and turn-OFF periods, dVpg/dt can
be written as [112]

Vee —Vap
dVps/dt = — ——— (28)
RgCap(vie)
Vap — VEE
Vs /dt = G2~ VEE (29)
RQCGD(VDs)

where Vo is the high level of the gate-source voltage Vs, Vg
is the low level of Vg, Vo p is Miller plateau voltage, R, is gate
resistance. In the transient state, C ¢ p can take the mean value of
the transient process, then dVpg/dt can be seen as a fixed value
related to Vo p, which can be written as

[Toad Lo
Vap =V, e
ar th + Hni CorZ

where [,,q 1s load current. Vop is affected by temperature
because of the temperature dependence of Vi, and f4y;.
The temperature dependence of 7, and 7t can be given by

(30)

as
T, = +cs 3D
Vee = Vin(T) — \/ﬂbisim
as
T, = + c (32)
I V(1) + ’

VHni(T) Vee
where Vi, (7) is determined by (4), and ,,;(7) is substituted from
(7). ag and bg are temperature-independent constant terms, cs
and cg represent the temperature-independent correction term
in the measurement process.

T 4o~ 18 the time interval from the moment Vg starts to rise
to the moment Vpg starts to fall, which can be given by

Voo — Vi
Tyjon = Ry (Cas + Cap_myv)In (CCEE) 33)
Vee — Var

where Cgg is gate-source capacitance and Cgp gy is the gate-
drain capacitance with high Vpg.

T gorr 18 the time interval from the moment Vg starts to fall
to the moment Vpg starts to rise [112], which can be given by

Vee — Vi
Taott = Ry (Cas + Cap-rv) In (EE) (34)
Ver —VEE
where Cqp gy is the gate-drain capacitance with low Vpg.
Considering the temperature dependence of Vp, the rela-
tionship between T yon / Tqorr and T can be given by

Vee — VeE

Vee — % — Vi (T)

L Hni(T) i

Ton = a101n + c10 (35)

Voo — Ve
Vin(T) + —2— — Vip
L ( ) wni(T) J
where ayg, b1o, and a;; are temperature-independent constant
terms, c1g and c1; represent the temperature-independent cor-
rection terms in the measurement process.

Thott = @11 In +ci1 (36)
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Fig. 12.

High-temperature characterization hardware.

In summary, the temperature dependence of 7. / Tt / Tgox /
T4orr depends on Vg p. Similar expressions are used in other
analytical models [86], [96].

Based on theoretical expressions and measurements, the
switching parameters are described as equations that only de-
pend on temperature. The whole work and the established
equations can provide valuable guidance for high temperature
operations of MOSFETs and JBSFETs.

The switching loss of devices is defined as the time integral of
the product of voltage and current over the turn-ON and turn-OFF
intervals. Obviously, due to the shorter turn-ON time and longer
turn-OFF time, if the reverse recovery and forward recovery of
the FWD can be neglected, E oy decreases and E o increases
with the increase of temperature.

B. Double Pulse Test Circuit for Switching Test

The schematic diagram of DPT circuit is shown in Fig. 11.
The test platform of high-temperature DPT is shown in Fig. 12.

InFig. 11, the device under test (DUT) forms a drive loop with
the gate drive power supply and the drive board. The power loop
includes DUT, power load inductor, and freewheeling diode. The
gate resistance (R;), the bus voltage (Vq.), the load inductance
(Lioad), and the capacitance of the dc bus (Cpany ) have significant
impacts on the test results.

In Fig. 12, the DUT, the high-temperature test fixture, and the
double-pulse test circuit are marked with blue frame lines. Other
equipment includes programmable dc power supply [a], digital
phosphor oscilloscope [b], pulse function arbitrary generator
[c], auxiliary power supply [d], temperature controller [e], and
load inductance [g]. The DUT is separately connected to a
temperature control unit, heated by MCH alumina ceramic. In
this way, the other components of the test circuit are kept at room
temperature during the high temperature test.



GU et al.: COMPARATIVE STUDY ON HIGH-TEMPERATURE ELECTRICAL PROPERTIES OF 1.2 KV SIC MOSFET

MOSFET JBSFET

600

——300K 450K
——325K —475K L 400

—— 300K 450K 3 2
—— 325K —— 475K 2
350K —— 500K 400 N3 \3

Vos (V)

——a25k — 575K 200

e

b

30 60 90 120 150
Time (ns)

—— 425K —— 575K

0

-30 0

=30 0 30 60 90 120 150
Time (ns)

(a) (b)

—— 300K 450K}
—— 325K ——475K]
350K —— 500K]| 600
—— 375K —— 525K]
| 400K —— 550K}

—— 425K —— 575K] 400

30 0 30 60 90 120 150 30 0 30 60 90 120 150
Time (ns) Time (ns)
(© (d)
Fig. 13.  Measured turn-ON transient waveforms of (a) MOSFET and (b)

JBSFET, and turn-OFF transient waveforms of (¢) MOSFET and (d) JBSFET
with temperature increase from 300 to 575 K. Measurement conditions: V4. =
800 V, Ijoad = 20 A, and Ry = 6.66 (2.

2:
Moasured Measured
25 = MOSFET a MOSFET
Fi:tedJBSFET © JBSFET
. ——MOSFET 204 P4 osrer
=20 JeSFET | —— JBSFET
2 )
= £
< B oo
~ 15 15 —
10 10

300 350 400 450 500 550 600
Temperature (K)

300 350 400 450 500 550 600
Temperature (K)

(a) (b)

Fig. 14. (a) Extracted and fitted T} and (b) T of two DUTs with a temperature
range from 300 to 575 K.
Measured Measured
36 = MOSFET 45{ = MOSFET
* JBSFET * JBSFET
Fitted Fitted
MOSFET = MOSFET
% 32 —— JBSFET @ 40{ —JBSFET
£ £
5 5
W 28 d = 35
24 301 -«
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Temperature (K) Temperature (K)
(a) (b)
Fig. 15. (a) Extracted and fitted Tgox and (b) Tgopr of two DUTs with a

temperature range from 300 to 575 K.

C. Temperature Influence on Switching Parameters

The switching waveforms at different temperatures of MOSFET
and JBSFET are shown in Fig. 13. The freewheeling diode is
C4D20120A.

The switching time (7,/T%), switching delay time (T gon/T gorr)
of MOSFET and JBSFET at different temperatures are extracted
and represented as scatter points, and the corresponding model
fitted results are represented as solid lines in Figs. 14 and 15.

In Fig. 14, when the temperature increases from 300 to 575 K,
T, of the MOSFET (JBSFET) decrease and 7T} increase. The
T, and Ty of MOSFET are smaller than JBSFET because the
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Miller capacitance is smaller. The fitted results of 7 are in good
agreement with the measured results, while the fitted results of
Tt deviate slightly from the measured results. This may be due to
the introduction of some deviations in the measurement and the
limitation of the sampling accuracy of the test equipment (for
example, the minimum sampling interval of the digital phosphor
oscilloscope is 0.4 ns).

In Fig. 15, T4ox of the MOSFET (JBSFET) decreases while
T 4orr increases with the increase of temperature. 7 jox 0of MOS-
FET is larger than that of JBSFET because the measured Cgg
is larger. Although there is a little deviation, the trend of the
fitted T gon/T gorr 18 in good agreement with the measurements.
Therefore, the fitted results of the analytical model can predict
the unmeasured temperature points.

According to the test waveforms, the switching loss is calcu-
lated, as shown in Fig. 16.

As previously inferred, E oy of the MOSFET/JBSFET is re-
duced from 527.4 (13 /523.2 pJ t0 452.6 ;1J /470.5 puJ, and E oy
increase from 48.3 pJ /66.2 pJ to 80.3 puJ / 98.7 pul, Egy, does
not change much, only drops from 575.7 p1J / 589.4 pJ to 533 puJ
/569.2 pJ.

V. TEMPERATURE-DEPENDENCE MODELS OF REVERSE
RECOVERY PERFORMANCE

A. Analytical Model of Reverse Recovery Parameters

The reverse recovery performance is mainly related to the
performance of body diode. The peak reverse recovery current
I, and the reverse recovery charge Q. are extracted to evaluate
the reverse recovery performance.

For MOSFET, the parasitic PiN body diode is a bipolar device,
so one part of its reverse recovery current comes from the
charging current of the diode junction capacitance I coss(t), and
the other part is used to sweep excess carriers in the drift region
Ip(+) [113], which can be written as

Ipury = 1c,..0) + Ip (37)
where I c,4s(t) is related to the junction capacitance Cr and the
rate of change of the diode voltage V, which has no apparent
temperature dependence. The diffusion current density at the
boundary of the p-n junction is related to the carrier concentra-
tion gradient, described as

Jr =2¢Dq(dn/dx),__, (38)
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where D, is the ambipolar diffusion coefficient, (dn/dx), — —4
is carrier concentration gradient at the boundary of the p-n
junction. Combined with the exponential relationship between
minority carrier lifetime and temperature, the relationship be-
tween [,.,, and temperature of MOSFET can be expressed as

T ail

IrmeOS - IrmTofMOS <300> + bll (39)
where I,,,70-m0s 18 I, of MOSFET at 300 K, the expo-
nential term represents the relationship between the minority
carrier lifetime and temperature, b1, represents the temperature-
independent measurement correction term for 7,.,,_vios. Similar
exponential relationships between I,.,, and T have also been used
in other work [95].

For JBSFET, in the unipolar mode, its reverse recovery current
is mainly caused by the charging of the diode capacitance.
Correspondingly, the minority carrier current introduced by the
built-in SBD can be ignored. Since the body-diode junction
capacitance hardly changes with the temperature, the JBSFET
exhibits weak temperature dependence. Once the p-i-n diode
is turned on, similar to the MOSFET, the JBSFET needs to
sweep additional minority carriers during the reverse recovery.
Assuming that when the temperature exceeds 77, the JBSFET
starts to work in bipolar mode, then the relationship between /.,
and temperature of JBSFET can be expressed as

Iym-1Bs = Irmt,-1Bs + b12 (unipolar mode)

a2
L3558 = Loty _ios (;) + b1y (bipolar mode)  (40)
where I, 79-yBs 18 I, of IBSFET at 300 K, I, 77-38s 1S L
of JBSFET at Ty, b5 represents the temperature-independent
measurement correction term for /,,,_jgs.

Similarly, Q.. is introduced by junction capacitance charging
and extracting excess carriers in the drift region. The relationship
between Q,, and temperature can be written as

T a3
> + b13 (41)

Qrr—M0OS = Qrr1y—MOS (300

Qrr—1Bs = Qrr1y—1Bs + b14 (unipolar state)

T aiq )
Qrr-18s = Qrr1,—1BS <T> + b14 (bipolar state) (42)
1

where Q,,1o-Mm0s 1S Q- of MOSFET at 300 K, Q,..7¢-jBs 18
Q.- of JBSFET at 300 K, Qrr1-jBs 1S Iy, of JBSFET at
T,, the exponential term represents the relationship between
lifetime and temperature, b13 and b4 represent the temperature-
independent measurement correction term. Q... is described as
a linear relationship with temperature in [86], but the narrow
temperature range is not suitable for the discussion of this work.

B. Temperature Influence on Reverse Recovery Parameters

Reverse recovery test for MOSFET and JBSFET from 300
to 575 K is performed with DPT circuit. The reverse recov-
ery performance of DUT can be extracted from the turn-ON
waveform of the auxiliary MOSFET. When the DUT is heated
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to high temperatures, other devices in the circuit remain at room
temperature.

In the reverse recovery test, C2M0080120D is selected as the
auxiliary MOSFET. By comparing the measured waveforms under
different conditions, larger V. increases Q.. but has little effect
on /,.,,. Too small R, results in inaccurate measurements. Larger
I1oaq reduces I,.,,, and Q.- of JBSFET, however, it has little effect
on MOSFET. The test conditions of Vg, = 800V, Ij5.q = 20 A,
and R, = 33 () are selected.

The measured reverse recovery waveforms are shown in
Fig. 17. From Fig. 17(a), the reverse recovery current of MOSFET
has significantly increased as temperature increases. In contrast,
the reverse recovery waveforms of JBSFET almost does not
change below 450 K. Although the reverse recovery waveforms
of JBSFET deteriorate when the temperature is higher than
450 K, they are still better than MOSFET, as shown in Fig. 17(b).

In Fig. 18, I, and Q,, of the MOSFET and JBSFET are
represented by the scatter points, and the fitted results are
represented by solid lines. In Fig. 18(a), the measured I,,, of
MOSFET increases by 4.6 times while /,.,, of JBSFET does not
change much when the temperature changes from 300 to 450 K.
Especially, in temperature range from 475 to 575 K, I, of
JBSFET starts to increase highly. It is 17.42 A at 575 K, 4.23
times as much as that at 300 K, approximately equal to MOSFET.
The body diode of JBSFET starts to work in bipolar mode at
a temperature between 400 and 425 K, which is close to the
speculation in Fig. 8.

The same conclusion can also be drawn from Fig. 18(b). Over
the temperature range from 300 to 575 K, Q,, of the MOSFET
increases from 138 nC (@300 K) to 1173 nC (@575 K) by about
8.5 times. In contrast, Q- of JBSFET varies very little over the
temperature range from 300 to 450 K, increasing only from
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120 nC (@300 K) to 200 nC (@ 450 K). Q,, of the JBSFET
starts to increase significantly when the temperature is higher
than 450 K. Itis 1171 nC at 575 K, 9.76 times as much as that at
300 K, close to those of MOSFET. In this case, JBSFET has lost
its advantage in reverse recovery performance.

To sum up, for the temperature stability of the reverse recovery
performance, we recommend that the operating temperature of
JBSFET is from 300 to 450 K.

VI. CONTINUOUS OPERATION PERFORMANCE OF
Boby DIODES

A. Hard Switching DC-DC Buck Converter

In order to evaluate the continuous operation performance of
the body diodes of MOSFETs and JBSFETS, a hard-switching
nonisolated dc—dc buck converter is designed in this section
shown in Fig. 19. It includes a switching MOSFET Q1, a free-
wheeling diode Q», a Ry of 20 €2 for 01, an input capacitor of
42.3 pF, an output capacitor of 1 mF, and a power inductor of
334 pH. The input voltage of the converter s 600 V with 33.3%
duty ratio.

The buck converter test setup is shown in Fig. 20, which
includes a programmable dc power supply [a], a digital phosphor
oscilloscope [b], a pulse function arbitrary generator [c], an aux-
iliary power supply [d], a buck converter and cooling facilities
[e], a digital power meter [f], a programmable electronic load
[g], and a load inductance [h].

The measured waveforms of buck converter in 75 kHz are
shown in Fig. 21. Including the gate-source voltage of O;
(Vas-q1), the drain-source voltage of Q2 (Vpg.q2), and the
inductor current (/1,). The smooth waveforms show that the buck
converter can work stably under this condition. The rise/fall time
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of Vps.q2 is 34.25 ns/39.93 ns, the effective value of output
current is 4.91 A and the output power is 970.6 W.

B. Analysis of Converter Efficiency

The power loss of the buck converter can be written as [8]

Pioss = Parcon + Parsw + Ppeon + Pprec + Ppassive (43)

where P /con and P .., are MOSFET conduction loss and switch-
ing loss, P pcon and P p,.. are diode conduction loss and reverse
recovery loss, and Pp,sgive 1S passive devices loss. Since the other
components in the circuit are identical except for the diode, the
difference in Pj.ss Of buck converter based on body diode of
MOSFET/JBSFET (BD-MOS/BD-JBS) is determined by Ppcon
and Ppyec.

The real-time input power is displayed by the high-voltage dc
power supply, and the output power is measured by the power
meter. The conversion efficiency of the buck converter is the ratio
of output power to input power. In the frequency range from 50
to 125 kHz, the conversion efficiency 1 of buck converter is
shown in the Fig. 22.

The conversion efficiency 1 of BD-JBS based buck is higher
than that of BD-MOS based buck in this frequency range,
especially under high frequency conditions. Monitored by an
infrared thermal camera, the steady-state junction temperature
is from 377 to 427 K.
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According to the previous analysis in Section III, Vgp of JB-
SFET has no obvious advantage compared with that of MOSFET
in this temperature range. Therefore, the higher efficiency of
BD-JBS based buck converter can be regarded as benefit from
the lower reverse recovery loss of BD-JBS.

VII. CONCLUSION

Two kinds of 1.2 kV power devices, i.e., a conventional
MOSFET and a junction barrier Schottky diode integrated MOSFET
(JBSFET) are fabricated on the same wafer in this work. Analyt-
ical models for the temperature sensitive electrical parameters
of devices in the temperature range from 300 to 575 K were
established, and verified by the test results. In general, the
forward operating characteristics of MOSFET and JBSFET, such
as Vin, Rps(on), and switching performance, have the same tem-
perature trend. In contrast, the temperature trends of their reverse
operational aspects such as Vsp, V(Br)pss, Ipss, and the reverse
recovery performance are different. Based on this, we provide
a guidance for the application temperature range of JBSFETS,
which s from 300 to 450 K. In addition, the obtained temperature
equations of electrical parameters provide a basic principle and
guidance for junction temperature monitoring and protection.
Finally, the continuous operation performance of MOSFETs and
JBSFETsS are evaluated and quantified based on hard-switched
nonisolated buck converter. Conversion efficiency can be im-
proved by using JBSFET as freewheeling diode due to its lower
reverse recovery loss, especially at high frequency.
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