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Abstract—Due to the excellent silicon carbide (SiC) material
characteristics, SiC MOSFETSs can operate at extremely high tem-
peratures and can be used in harsh environment applications. In
this case, it is crucial to ensure the reliability of the power electronic
systems. The temperature-sensitive electrical parameters (TSEPs)
have been used for online junction temperature monitoring to
monitor the health condition of the SiC MOSFET at low temperatures
(<175 °C). However, the performance of the TSEPs at extremely
high temperatures is still unknown, and the influence of tempera-
ture on the TSEPs of SiC MOSFETSs at extremely high temperatures
is unclear. In this article, the theoretical mechanisms of the impact
of the extremely high temperature on TSEPs are investigated in
detail. In particular, the different effects of high temperature on
the turn-ON delay time and turn-OFF delay time are discussed
carefully. Based on the proposed high-temperature characteris-
tic test method, the TSEPs of SiC MOSFET (including static and
dynamic characteristics) are tested and analyzed comprehensively
from room temperature to 375 °C. And the sensitivity and linearity
of the TSEPs in different temperature ranges are analyzed and
compared. According to the results, threshold voltage and turn-OFF
delay time are the two TSEPs with good sensitivity and linearity
over a wide temperature range (from room temperature to 375 °C).
And the linearity of the turn-OFF delay time is the best among all
TSEPs over a wide temperature range.

Index Terms—Extremely high temperatures, linearity, online
junction temperature monitoring, sensitivity, SiC MOSFET,
temperature-sensitive electrical parameters (TSEPs).

I. INTRODUCTION

ILICON carbide (SiC) power semiconductors can safely
S operate at extremely high temperatures because the
bandgap of the SiC material is three times that of silicon (Si) [1],
[2]. Therefore, the SiC MOSFET can be used in harsh environ-
ments, such as the down-hole oil and gas industry [3], aerospace
electronic systems, and automotive and on-engine electronics
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[4]. In these applications, the operating temperature of the SiC
MOSFET can be well above 175 °C. And the safety requirements
of the power electronic systems are more stringent. In this case,
ensuring the reliability of the power electronic systems operating
in harsh environments is crucial.

It is shown that 31% of power electronic system breakdowns
are caused by power semiconductor failures, and nearly 60%
of the power semiconductor failures are thermally induced [5].
Overheating and temperature fluctuation are two main failure
factors of power semiconductors, leading to transient failures
(such as thermal breakdown, bond wire crack, and solder melt-
ing) and aging failures (such as bond wire fatigue and solder
degradation) [6]. Based on junction temperature, the aging levels
of devices can be evaluated, and the life prediction can be carried
out. Additionally, the failure rate of the power semiconduc-
tor doubles for every 10 °C increase in junction temperature
[7]. Therefore, online junction temperature monitoring is es-
sential for lifetime estimation, thermal management, and the
reliable operation of power electronic systems at extremely high
temperatures.

There are four kinds of junction temperature measure-
ment methods: sensor-based physical contact method, op-
tical method, model-based thermal network method, and
temperature-sensitive electrical parameter (TSEP) method [8].
Among these methods, the optical methods have limitations to
implement physically in applications, and the physical contact-
ing methods have a slow response in the measurement [9]. The
model-based thermal network method is one of the indirect
measurement methods to predict junction temperature, whose
accuracy mainly depends on the accuracy of the thermal model.
However, the more accurate the thermal model is, the more
complex it will be, which brings a complicated calculation and
solution process and a longer response time [8]. In addition, the
thermal model may change as the device ages, and the material
medium exhibits cavitation, oxidation, or other damage, leading
to a deviation in the junction temperature estimation results. By
contrast, the TSEP method has attracted considerable attention
because it is easier to integrate, more responsive, and more
accurate.

Numerous TSEPs have been used for online junction temper-
ature monitoring of SiC MOSFETs at low temperatures, including
on-resistance [10], threshold voltage [9], turn-ON dIpg/dt [11],
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turn-ON delay time [12], and turn-OFF delay time [13]. In [10],
the V,,, is measured at different temperatures and current con-
ditions ranging from 25 °C to 145 °C. And the results show the
feasibility of online temperature monitoring. In [9], a measure-
ment circuit for quasi-threshold voltage is proposed. The test
results show that the quasi-threshold voltage has a sensitivity
of —4.37 mV/°C from 36 °C to 118 °C. In [11], the dB/dT is
considered to be negligible, so the dIpg/dt increases linearly
with temperature ranging from 25 °C to 150 °C due to dVi,/dT
and can be used for online junction temperature monitoring. In
[12], the variation of turn-ON delay time at different temperatures
is considered to be caused by the threshold voltage. Therefore,
the linearity and sensitivity of the turn-ON delay time with tem-
peratures are good from 25 °C to 150 °C. In [13], itis pointed out
that the turn-OFF delay time is temperature dependent because of
the miller voltage. And the linearity of the relationship between
turn-OFF delay time and temperature is also good from 25 °C
to 150 °C. As can be seen, various TSEPs of SiC MOSFET have
been studied and proved to have good linearity and sensitivity
at low temperatures.

As temperature rises, it is still unknown whether the TSEPs
at extremely high temperatures can maintain good linearity and
sensitivity at low temperatures and whether the analysis of the
TSEPs in previous studies can accurately reflect the performance
of the TSEPs at extremely high temperatures. However, since
high operating temperature is one of the most significant advan-
tages of the SiC MOSFET, working at extremely high tempera-
tures must be an essential direction for the application of the
SiC MOSFET in the future. In this case, online junction temper-
ature monitoring at extremely high temperatures is crucial for
overtemperature protection and condition monitoring. There-
fore, it is necessary to investigate the performance of TSEPs
at extremely high temperatures and analyze it from theoretical
perspective.

The rest of this article is organized as follows. The influence
of temperature on TSEPs is analyzed in detail in Section II,
especially at extremely high temperatures. In Section III, the
specific test method used in this article, which can accurately
measure the characteristics of the SiC MOSFET at extremely
high temperatures, is introduced in detail. Based on the test
method presented in Section III, the TSEPs are tested from
room temperature to 375 °C, and the results are presented in
Section IV. Then, the sensitivity and linearity of the TSEPs
in different temperature ranges are analyzed and compared in
Section V. Finally, Section VI concludes this article.

II. INFLUENCE OF TEMPERATURE ON TSEPS
A. Threshold Voltage

The threshold voltage (Vi) of the SiC MOSFET can be ex-
pressed as follows [14], [15]:

1
Vih= Vi +2¥p + — ( 2esqNa (2¥B)
Cox

E;+VYB
+ Q/ Dy (E) dE)

E;

(D
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where g is the dielectric constant of the semiconductor, g is the
electronic charge, N, is the doping concentration of the P-base
region, Vpp is the flat-band voltage (which includes the effect
of the fixed charges), ¥ is the bulk potential, and Dj; is the
interface state density. The ¥y decreases almost linearly with
increasing temperature [16]. If the D;; is neglected, the ideal
value of Vi, will decrease with the temperature almost linearly
[15], [17]. Due to the negatively charged interface states, there is
apositive shiftin Vi;,. And the Dyt is also temperature dependent,
which decreases as temperature (7) rises. As a result, the Vi,
decreases with the temperature with a decreasing |dV;,/dT| at
cryogenic temperatures [18]. But the positive shift caused by
D; will no longer be significant at extremely high temperatures.
Therefore, the change in |dV;,/dT] is small at extremely high
temperatures.

B. On-resistance

For medium-voltage MOSFETS, the channel resistance (Rc),
junction field effect transistor (JFET) region resistance (RyrgT),
and drift region resistance (Rp) are the main parts of the on-
resistance (Rps(on)). The specific on-resistance contributed by
the channel can be expressed as follows [19]:

LenWeen

2pni (1) Cox (Vas — Vin (1))
where fi,; 1s the inversion layer mobility, Cox is the specific
capacitance of the oxide, Lcyy is the channel length, W is the
cell width, T is the junction temperature, and Vgg is the gate—
source voltage. In (2), the 11,,; and Vi, are temperature-dependent
parameters. When the Vg is 15V, the p,,; increases from room
temperature to 50 °C and decreases slowly with temperatures
beyond 50 °C [20]. It can be considered that the change in ft,; is
negligible at low temperatures. Therefore, the Rcy_gp decreases
with temperature due to the decrease in Vi, at low temperatures.
At extremely high temperatures, the decrease in Rcp_sp with
temperature will be smaller due to the reduction of the y1,,;. When
T is fixed, the Rcpg_sp will increase with the decrease in Vgs.
The specific on-resistance contributed by the JFET region can
be expressed as follows [19]:

@)

Ren sp =

pirerZipWeen — zpWeen

— 3
a qtinj (T') Npya &)

Ryper_sp=

where pjppT 1S the resistivity of the JFET region, xjp is the
P-base junction depth, a is the width of the current flow, 1i,;
is the bulk mobility of the JFET region, and Npj is the doping
concentration of the JFET region. The Rjprr gp is only related
to the pyreT and the geometry of the JFET region. The py; is
the only temperature-dependent parameter in (3). Since the fi,;
decreases with the increase in 7 [14], the RjpgT sp increases
with T and is independent of the Vgg. The relationship between
Rp sp and T is the same as the RyppT sp. The Rp gp is also
related to the pp and geometry of the drift region. Due to the
decrease in (1,4, Rp_gp also increases as 7 rises.

As a result, at low temperatures, the Rcp dominates the
Rps(on) decrease with the temperature. At extremely high tem-
peratures, the Ry and the change in the Rcy with temperature
are relatively small. Therefore, the RyrgT+Rp dominates the
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Rps(on) increase with temperature at extremely high tempera-
tures. The variation of Rps(on) With the temperature at low tem-
peratures may be nonmonotonic. In addition to temperature and
current mentioned in [10], the Rpg(on) is also severely affected
by Vg at low temperatures. At extremely high temperatures,
because the Ryrrr-+Rp is independent of Vg, the Rpg(on)
increases monotonically with temperature, and the difference
in Rps(on) at different Vg will be slight.

C. Vgs at Constant Ipg st

When the SiC MOSFET works in the saturation region, the
drain—source voltage (Vpg) will be borne mainly by the channel.
If it is assumed that the channel voltage is equal to the Vpg,
the saturated drain—source current (/pg_sat) Per unit area can be
written as follows [19]:

i (T') Cox

= ) O — Vi (T))% 4
JIps_sat WeaLan (Vas — Vin (T')) 4)

The p1y; and Vyy, are temperature-dependent parameters in (4).
If the influence of jy,; is not considered, the transfer character-
istic curve should conform to the square law. Different from (2),
in which the SiC MOSFET works in the ohmic region and the Vg
is constant, the SiC MOSFET works in the saturation region, and
the Vgg is variable in (4). Since the i, is related to temperature
and Vg, the average channel mobility (pni ay) at different Vigg
is used to analyze the temperature-dependent transfer charac-
teristic for simplicity. Since the fi; ,y first increases and then
decreases with the increasing temperature, the change in iy oy
is relatively small at low temperatures [17]. If it is assumed that
Vin decreases linearly with temperature, the curve of the transfer
characteristic will shift to the left with the same distance at the
same temperature step, and the Viq (the value of Vg at fixed
Ips sat) Will decrease with the temperature almost linearly at
low temperatures. At extremely high temperatures, the decrease
in fini_av Will cause the Jpg gat to decrease with 7, which means
that the curve of the transfer characteristic will shift to the left
with decreasing distance at the same temperature step. As a
result, the Viq decreases with the temperature at a decreasing
|dVia/dT]| at extremely high temperatures.

D. Turn-oN and Turn-OFF Delay Times

The precise starting points of the Vg and Ipg rise are difficult
to obtain by testing. Therefore, the turn-ON delay time (4 _on)
is defined as the time interval from 10% of Vg to 10% of Ips.
The turn-OFF delay time (74 og) is defined as the time interval
from 90% of Vg to 10% of Vps.

During the turn-ON process, the 74 o, can be divided into
two parts. The first part (tq_on1) is the period during which the
Vs increases from 10% of Vs (Vion) to Vin. The Vg can be
expressed as follows:

Vas (t) = Vee = (Vee — Vee) € Ra(CostTan ) (5)

where V. is the high level of the Vgs, Vee is the low level
of the Vg, R is the gate resistance, Cgg is the gate—source
capacitance, and Cgp_pv is the gate—drain capacitance at high
Vbs (which can be approximated as the dc voltage during #q_op)-
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The t4_on1 can be calculated as follows:

(6)

Vee — Vi
ta on1 = Rg (Cas + Cop_nv) In (Ccm) .

V;:c*‘/;h

At the end of this part, the Vgg exceeds Viy,. Therefore, the
SiC MOSFET enters the saturation region, and the Ipg starts to rise
from 0. The second part (#q_on2) is the period during which the
Ipg increases from 0 to 10% of the load current. In this period,
the SiC MOSFET works in the saturation region. According to
(4), the Ipg can be expressed as follows:

i (T') Cox S
WeenLcn

where S is the area of the die. If it is assumed that Vig oy is
the value of Vgg at 10% of the rising Ipg, then 74 on2 is also
the period during which the Vg increases from Vi, to Vig_on-
During the current rise, there will be a voltage drop in Vpg
caused by the parasitic inductance. But the Vpg is still high
enough that the voltage drop has little effect on the gate—drain
capacitance (Cgp). Therefore, (5) still holds, and the #4_,,2 can
also be expressed as follows:

Ins = Jps_satS = (Vs () =V (T))> (D)

Vee = Vi
t on2 — R C C 1 Vi — Vo ) 8
d_on2 a (Cas + Cop uv) In (VCC - Vid_on) ®

Therefore, t4 o, can be expressed as follows:

V;:c - Von
td_on == td_onl +td_on2 = RG (CGS + C1GD_HV) In ( . ) .

‘/;c - Vvidfon
©)

Different from the analysis presented in [12], it can be found
that the #q oy at different temperatures depends mainly on the
Vid_on» not on the Vy,.

During the turn-OFF process, the #4_og can also be divided into
two parts. The first part (t4_og1) is the period during which the
Vs decreases from 90% of the falling Vg (Viof) to the Miller
voltage (Viniller)- The Vgg can be expressed as follows:

Vos (t) = Vee + (Vee — Vee) e Fe(CostCav) — (10)

where Cgp 1y is the gate—drain capacitance at low Vpg (which
is close to 0). The ¢4 o1 can be expressed as follows:

Voot — Ve
ta o = Ra (Cas + Cop v)In [ —L—=) . (11)
Vmiller - ‘/ee

At the end of this part, the Vpg reaches Viijier—Vin. The
second part (t4_og2) is the period during which the Vpg increases
from Viilier—Vin to 10% of the rising Vpg. In the ideal case,
the Ipg remains constant at I1,, and the Vg remains constant
at Viiller- The slope of the increasing Vpg with time (dVpg/dt)
can be expressed as follows:

dVDS _ dVDG _ Imiller _ (12)
dt dt Cap(Vbs) RaCop(Vos)

where Iijer 18 the gate current in this period. Since the Vpg is
low, the change in the Cqp with Vpg is very large. Therefore,
dVpg/dt is mainly affected by Cap(Vpg). As temperature rises,
dVpgs/dt decreases due to the decreasing Viyijer- But the change
in dVpg/dt with temperature is small. In this case, the 74 o2 at
different temperatures can be expressed by a constant value of C.

Vée - Vmiller
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Since the Viyiner is the value of Vg at the load current (Vig_of),
the t4_ofr can be expressed as follows:
ta_off = td_off1 + Td_oft2

V;lo‘ - ‘/;e
= RG (OGS + CGD_LV) ln (V;d:ff_{/ee) + C

(13)

According to (9), the slope of the 74 ,, changing with tem-
perature can be expressed as follows:

dtgon |
T R (Cgs + Cop_nv) Ve Vo

d Vidfon

aT (14)

Since Vig_on decreases with temperature, if it is assumed that
dViq_on/dT is constant, dtq on/dT < 0 and |dtq on/dT| decrease
with the increasing temperature. Therefore, although the change
in dViq_on/dT is small at low temperatures, the #4 ,, decreases
with the temperature at a decreasing |dtq o,/dT]| at low tempera-
tures. It is just that the nonlinearity of the relationship between
td_on and T is not significant at low temperatures.

According to (13), the slope of the t4 o changing with
temperature can be expressed as follows:

dta_oft 1
o Re (Cas + G,
ar — o lCos+Cov)

AVid_ott

0T (15)

Since the Viq og decreases with temperature, if it is assumed
that the dVig og/dT is constant, the dty og/dT > 0 and the
|dtq_oft/dT| increases with the increasing temperature. Simi-
larly, the 74 o increases with temperature, with an increasing
|dtq o/dT| at low temperatures.

Besides, the 24 on, td_off» |dta_on/dT], and |dtq og/dT] are pro-
portional to R (Cas+Cep). Therefore, the larger R, the larger
1d_on, Id_off» |dl‘d_0n/dT|, and |dtd_0ff/dT|. Since the Cgp v 18
much larger than the Cap v, the g o is larger than the 74 _on,
and the |dtq og/dT] is larger than |dtq on/dT]. Comparing (9) and
(14), the tq on is related to the Vi but the |dtq on/dT] is not
related to the Vi,y. Similarly, the 74 og is related to the V.,
but the |dtq og/dT] is not related to the Vo, In other words, the
starting point of 74 on (t4_osr) only affects its value but does not
affect its slope with temperature.

For easy comprehension, the curve of tq on/Rg/
(Cags+Cep nv) versus Vig on and the curve of (tq of-
CO)/Rc/(Cgs+Cqp 1v) versus Vig off are shown in Fig. I.
Since the Viq decreases with temperature, the axis of the T
is in the opposite direction to the axis of Vig. If dVig on/dT
(dViq_om/dT) is constant, the Vig_on (Vid_of) 1S proportional to 7.
The 14 on/Rc/(Ccs+Cep_nv) is proportional to the 74 o, and
(ta_ofi—C)/Rc/(Cgs+Cap 1v) is proportional to the 74 of, SO
the black curves in Fig. 1 can directly demonstrate how the 74 ¢y,
and 14 _og change with 7. As shown by the black curves in Fig. 1,
the #q_on decreases with T with a decreasing |dtq_on/dT], and the
14 ot increases with T with an increasing |dtq og/dT], consistent
with the (14) and (15). However, the Viq decreases with T with
a decreasing |dViq/dT| at extremely high temperatures, so the
changes in |dtq_on/dT| and |dtq_o/dT| decrease as T rises. As a
result, the nonlinearity of the Viq exacerbates the nonlinearity
of the 74 o, but weakens the nonlinearity of the ¢4 o, as shown
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Fig. 1. Effect of the nonlinearity of the Viq on the (a) 74 on

and (b) tq of. The black curves are (a) fq on/Rg/(Ccs+Cgp HV) =
ln((vcc7Vton)/(vccfvidion)) and (b) (tdioﬂfc)/RG/(CGS +CGD7LV) =
In((Vnot—Vee ) (Vid_oft—Vee)), respectively (Vee = 15V, Vee = =4V, Vion =
—2 'V, Vot = 13 V). The red curves illustrate the effect of the nonlinearity of
the Viq.

V(; Vdc

[og

*J

Fig.2. Operating conditions of the SiC MOSFET. Dy is a SiC Schottky barrier
diode (SBD), and the Ct is the capacitance of Dy. I1, is the load current of an
inductive load.

VitV

Vitier=Vin

f”’ns“nng”,, ,,,,,,,,,,,,,,,,,,

0 b 5

Fig. 3. Turn-ON process of the SiC MOSFET.

by the red curves in Fig. 1. In other words, the linearity of the
td4_on at extremely high temperatures is worse than that at low
temperatures, but the linearity of the 7q o,z at extremely high
temperatures is better than that at low temperatures.

E. Turn-oN Switching Rate of Current

The operating conditions of the SiC are shown in Fig. 2. In
this case, the Ipg can be expressed as follows:

B dVps dVps dVbe
Ips = It, — wa = Icn + Cbs 7 + Cpg i

(16)

where /¢y is the channel current.

During the current rise phase of the turn-ON process, it is
assumed that the Vpg is maintained at a constant value of
Vac+Via—LdIps on/dt, as shown in Fig. 3 (the V4 is the forward
value of the Dy). The slope of the rising current (dIps o,/df) can
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be expressed as follows:

dIps on 24 (T) Cox S
— = Vs (t) — Vi (T
dt WeenLcn (Vos (1) = Vn ()

dVgs (t)
dt
(17)

According to (17), the slope of dIps on/dt changing with
temperature (dZIDS_On/dth) can be expressed as follows:

d*Ips_on 2CoxS dVgs (t)

dtdT ~ WeenLen  dt

y (duni (T) (Vs (1) = Vin (T)) — i (T) thh(T)) (18)

dT dT
where dyi,;/dT < 0 and dVy,/dT < 0, so

d*Ips_on _ 2CoxS dVgs (1)
dtdl WealLen  dt
AV (T dpini (T’
(i )| 2200 s 1) va |22 ).
(19)

According to (19), the relationship between dIps ,,/dt and
temperature is mainly affected by p,; and Viy,. At low temper-
atures, the du,i/dT is small, and the dZIDS_On/dth is mainly
dependent on the fiy;|dVin/dT]. Therefore, the dIpg/dt increase
with temperature almost linearly at low temperatures. However,
at extremely high temperatures, the u,,; decreases with tempera-
ture. In this case, the d21, Ds_on/dtdT decreases with temperature,
which means that the dIps on/df increases with temperature at
a decreasing slope.

III. CONSTRUCTION OF THE ACCURATE TEST PLATFORM FOR
EXTREMELY HIGH-TEMPERATURE CHARACTERISTICS

A. Test Method for Extremely High-Temperature Study

There are two problems in the extremely high-temperature
studies of the SiC MOSFET. The first problem is the operating
temperature (<175 °C) limitation of the conventional package.
Even though there are some studies about the high-temperature
power module [21], [22], the maximum operating temperature
is still lower than 250 °C. The high-temperature probe station
[26] is unsuitable for the dynamic characteristic test. And the
operating temperature of the conventional plastic package (TO-
247) used in [23] is usually lower than 175 °C. The encapsulant
can be damaged by high-temperature exposure [24] because of
the limitation of the packaging materials [4], [25]. In addition,
other equipment in the test platform also cannot withstand high
temperatures, such as capacitors and oscilloscope probes.

The second problem is the error caused by the parasitic
parameters of the package during the test. As showninFig. 4, L,
and Ry, are the parasitic inductance and resistance of the package
in the power loop, respectively. In the static characteristic test,

the test result of the voltage (V;) can be expressed as follows:
Vi = Vos + It Ry, = Iy (Rps(on) + Rp) - (20)

Since the Rps(on) of the latest SiC MOSFET is very low, the
errors caused by the R}, will become very significant in the static
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the device under test

Fig. 4. Equivalent circuit schematic of the test connection.
C
| 3 5 ; gate power loop
/2] 4 |56 9 loop
’10 f / l A test loop
o— F
;

D

(a) (b) (c)

Fig. 5. (a) Schematic diagram of the test platform: 1: probe, 2: PCB, 3:
capacitors, 4: bonding wire, 5: DBC, 6: die under test, and 7: infrared camera.
(b) Single-chip module. (c) Equivalent circuit schematic of the test lines’
connection.

characteristic test. In the dynamic characteristic test, V; can be
expressed as follows:

dl
Pt

Because of the high switching speed of the SiC MOSFET,
the parasitic inductance will cause significant errors in V; and
dVi/dt.

This article proposes a specific test method for extremely
high-temperature static and dynamic characterization to solve
the problems of high-temperature exposure and test accuracy.
The test method is based on the combination of printed circuit
board (PCB) and direct bonding copper (DBC), as shown in
Fig. 5(a). The die under test is on the DBC, and the other devices
and the test equipment are all on the PCB. And the bonding
wires are used to connect the DBC and the PCB. A single-chip
module is manufactured to ensure that the test can be carried out
at extremely high temperatures, as shown in Fig. 5(b). The die
is mounted on an AIN DBC by nanosilver sintering to avoid the
melting of the solder layer [26]. Since the operating temperature
of the Si-gel-based encapsulants is lower than 250 °C [27], [28],
[29], a thin layer of polyimide is cured on the top surface of the
module for insulation. During the test, the single-chip module
is the only part that is heated. In this case, the first problem can
be solved.

However, the parasitic parameters in the power loop are larger
because the test points are far from the die in this situation.
Therefore, the problem of accuracy becomes more serious. To
eliminate the influence of parasitic parameters on test results,
another two terminals (E and F, directly connected to the drain
and source of the die) are designed on the DBC to form the

Vi =Vps + It Ry + L 2y
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Fig. 6. (a) Test platform for static characterization. (b) Connection of the DBC
and PCB.

Fig. 7.

Double-pulse test platform.

four-terminal Kelvin sensing. Therefore, the test circuit can be
directly connected to the die, as shown in Fig. 5(c), avoiding the
influence of the parasitic parameters in the power loop on the
test result. In this case, V; is equal to Vpg, different from (20)
and (21). Thus, the error caused by the parasitic parameters of
the package can be eliminated.

B. Test Platform for Static Characterization

Based on the method proposed, a test platform for static
characterization is built, as shown in Fig. 6(a). An Agilent
B1505A power device analyzer/curve tracer is used to measure
the static characteristics of the SiC MOSFET (CPW3-1200-13A,
13 m§2, 149 A). A hot plate heats the single-chip module during
the test. An infrared (IR) camera (FLIR T630SC) is used to
monitor the junction temperature of the die. A layer of black
coating with an emissivity of 0.94 is applied to the top surface
of the module to ensure the accuracy of the IR camera. The
connection between the PCB and the DBC is shown in Fig. 6(b).
Two PCBs are used to separate the test lines from the DBC to
prevent the test lines from being exposed to high temperatures.

C. Double-Pulse Test Platform for Dynamic Characterization

The double-pulse test platform is also based on the combi-
nation of DBC and PCB, as shown in Fig. 7. The single-chip
module is used directly to ensure that the test can be carried out at
extremely high temperatures. The two PCBs in the double-pulse
test platform are more complex: the drive circuit board and the
power circuit board. The decoupling capacitors, coaxial current
shunt, and freewheeling diode are on the power circuit board.
The bulk capacitor board and the inductor are also connected
to the power circuit board. The drive circuit and the test points
of Vs and Vpg are on the drive circuit board. During the test,
the drive circuit board is suspended vertically above the hot
plate, and the probes are placed on the top of the drive circuit
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Fig. 8. Temperature-dependent Rps(on) at Vags of 9, 11, 13, and 15 V.
Measurement conditions: The Ipg is equal to 75 A.

board to prevent the PCB and probes from being heated. The
two terminals for the Vpg test mentioned before (E and F) are
connected to the probe across the drive circuit board so that the
influence of the parasitic inductors on the test results can be
eliminated.

The double-pulse test is carried out at 400 V. A negative turn-
OFF gate driver is used (V.. = 15V, Voo, = —4 V). Both turn-
ON and turn-OFF gate resistors are 5 ). The first and second
pulses are 8 and 2 us respectively, with a 2-us interval in the
middle. A SiC diode is used as the freewheeling diode, paralleled
with a 73-pH single-layer air core inductor. A Tektronix Digital
Phosphor Oscilloscope (DPO 4104B, 1 GHz) is used to display
the current and voltage waveforms. A Tektronix voltage probe
(TPP1000, 1 GHz) is used to obtain the gate—source voltage, and
another Tektronix voltage probe (TPP0850, 800 MHz) is used
to measure the drain—source voltage during the test. The drain
current is measured by a coaxial current shunt (SSDN-414-01).
The IR camera (FLIR T630SC) is used to monitor the junction
temperature.

IV. TSEPs OF SIC MOSFET OVER A WIDE
TEMPERATURE RANGE

A. On-resistance

The Rps(on) and output characteristics at Vgg of 9, 11, 13,
and 15 V are tested from room temperature to 375 °C. During
the test of the output characteristics, the Vpg increases from 0
to 10 V, and the Ipg increases from O to 150 A. The curves
of Rps(on) changing with temperature under different Vg are
shown in Fig. 8, while the Ipg equals 75 A. Atlow temperatures,
the Rcp dominates the decrease in the Rpg(on) With increasing
temperature. At extremely high temperatures, the R ypgT and Rp
dominate the increase in Rpg(on) With increasing temperature.
And the temperature at the minimum Rps(on) decreases with
increasing Vg due to the decrease in Rcyy.

At low temperatures, Rcy dominates the Rpg(on), which
is related to the Vgs. Therefore, the difference between the
Rps(on) at different Vg is huge and the distribution of output
characteristic curves at different Vg is scattered, as shown in
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Fig. 9.  Output characteristics at different Vgg. Measurement conditions: The

temperature is (a) 20 °C and (b) 375 °C.

Fig. 9(a). Atextremely high temperatures, the R jrp T and the Rp,
which are not affected by the Vg, become the dominant part
of the Rpg(on)- Therefore, the difference of Rps(on) at different
Vs is tiny, as shown in Fig. 8, and the distribution of the output
characteristic curves at different Vg is very close, as shown in
Fig. 9(b).

When Vg isequal to 9V, the slope of the output characteristic
curve first increases and then decreases as the temperature
rises, as shown in Fig. 10(a). In addition, the device under
test quickly enters the saturation region with increasing Ipg at
low temperatures. As a result, the output characteristic curves
under 9 V Vg at different temperatures cross each other. This
is a problem if the V,,, is used for online junction temperature
monitoring because there are two different junction temperatures
at the duplicate /pg and Vpg. To avoid this problem, the Vg
should be high enough. As shown in Fig. 10(b), the slope of
the output characteristic curve decreases monotonically with
the temperature at Vg of 15 V. And the Rpg(on) increases
monotonously from 13.8 to 46.5 mS) (3.34 times 13.8 m(2)
from room temperature to 375 °C, as shown in Fig. 8. How-
ever, the change in dRpg(on)/dT at 15 V Vg is significant at
low temperatures, due to the decrease in Rcp. At extremely
high temperatures, the change in dRpg(on)/dT at 15 V Vgg
is small. But the influence of /ps dependence on the Rpg(on)
becomes serious. As shown in Fig. 10(b), the decrease in the
slope of the output characteristic curve with the increasing
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Fig. 10.  Output characteristics at different temperatures. Measurement condi-

tions: (a) Vag is equal to 9 V and (b) Vg is equal to 15 V.

Ips is more obvious at high temperatures, which means that
the increase in Rpg(on) due to the increasing Ips is more
significant.

B. Threshold Voltage

In this article, the Vi; of the SiC MOSFET is measured by
testing the Ing and the Vgg with a temperature step of 25 °C.
During the test, the Vg increases with a step of 0.005 V and
the Ipg is limited to below 25 mA. The Vpg is set to 10 V. The
Vin is defined as the value of Vgg when the Ipg equals 10 mA.

The temperature-dependent Vi, is shown in Fig. 11. The Vi,
decreases from 3.09 to 1.33 V as the temperature increases from
20 °C to 375 °C. The |dVin/dT| below 100 °C is a little bit
higher than that at higher temperatures because the influence of
the Dy, on Vi, is more obvious at cryogenic temperatures. But
the difference is negligible. At extremely high temperatures, the
change in the |dVi,/dT] is small, and the linearity of the Vi, is
better. The Vi, decreases with 7 almost linearly, with a slope
of 0.50 V/100 °C over the entire temperature range. The Vyy, at
375 °C is 43% of the Vi, at room temperature.

C. Vgs at Constant Ipg sat

The Viq is investigated by testing the transfer characteristic
from room temperature to 375 °C with a temperature step of
50 °C. During the test, the Vpg is set to 10V, the same as the test
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Fig. 11. Temperature-dependent Vi},, which is defined as the value of Vgg
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Fig. 12.  Transfer characteristics at different temperatures. Measurement con-

ditions: The step of the gate—source voltage is equal to 0.25 V, and the drain—
source voltage is set to 10 V.
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Fig. 13. Temperature-dependent V;q. Measurement conditions: The Ipg is
equal to 75 A.

of Vi1,. The Vg increases from O to 10 V with a step of 0.25 V.
The Ipg is limited below 150 A since the maximum continuous
Ipg of the SiC MOSFET die under test is 149 A (Vgs = 15V,
Tc = 25 °C). The curves of transfer characteristics at different
temperatures are shown in Fig. 12.

As shown in Fig. 12, at low temperatures, the change in fi,;
is relatively small, and the Vi;, decreases with the temperature
almost linearly. Hence, the curve of the transfer characteristic
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Fig. 14.  Turn-ON transient waveforms of Vg and Ipg at different tempera-
tures. These waveforms are aligned at the point Vgg = —2 V. The turn-ON gate
resistance is 5 2.

shifts to the left with almost the same distance, and the V;q also
decreases with the temperature almost linearly. At extremely
high temperatures, the decreases in the py,; cause the Ipg to
decrease. Therefore, the distance in the x-axis direction between
two adjacent curves gradually decreases, as previously analyzed.
As a result, the V;iq decreases at a decreasing |dViq/dT]| at ex-
tremely high temperatures. Over the entire temperature range,
the V;q decreases from 8.64 V at 25 °C to 5.61 V at 373 °C.

D. Turn-oN Delay Time

The measured waveforms of Vg and Ipg during the turn-ON
process at different temperatures are shown in Fig. 14. Ac-
cording to (5), the Vs is temperature independent during the
t4_on- Therefore waveforms of Vg at different temperatures
overlap during the 74 ., as shown in Fig. 14. It should be noted
that the measured Vg in Fig. 14 is not equal to the Vg in
Section IT due to the partial voltage of the internal gate resistance.
In this section, the #4 ,, is defined as the time interval from
Vas = —2 Vto Ips = 4 A. The starting point should be —1.9 V
(10% of V..—Vee). But, as previously analyzed in Section II,
only the 74 oy is related to the starting point. The dtq on/dT is
independent of the starting point, so an approximation is selected
as the starting point. The waveform of Ipg shifts to the left with
the increasing temperature, as shown in Fig. 14, indicating a
decreasing t4_on. The temperature-dependent 74 ,, is shown in
Fig. 15.

As previously analyzed, both 74 o, and |dtq_on/dT] are small
due to the small Cgp. The maximum value of 74 o, is only
26.4 ns at 25 °C. As temperature rises, the #4 ., decreases to
20.0 ns at 375 °C. The range of the 74 o, variation is only 6.4 ns
over 350 °C. In addition, the linearity of the 4 o, is worse
at extremely high temperatures. The |dfq on/dT| decreases as
temperature rises, as previously analyzed. Since the nonlinearity
of Viq exacerbates the nonlinearity of 7q on, the |dtq on/dT] is
smaller at extremely high temperatures. The average value of
|dtq_on/dT]| from 25 °C to 175 °C is 0.035 ns/°C. However,
the average value of |dtq on/dT| from 175 °C to 375 °C is
only 0.006 ns/°C, which is almost one-sixth of that at low
temperatures. As a result, if the 74 o, is used for online junction
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Fig. 16.  Turn-OFF transient waveforms of Vgg and Vpg at different tempera-
tures. These waveforms are aligned at the point Vgg = 13 V. The turn-OFF gate
resistance is 5 2.

temperature monitoring, the requirements for the test equipment
are very stringent. The common solution to increase |dtq on/dT]
is to increase the R .

E. Turn-ofF Delay Time

The measured waveforms of Vg and Vpg during the turn-OFF
process at different temperatures are shown in Fig. 16. These
waveforms are aligned at the point Vgg = 13 V. Similarly,
only the #q o is related to the starting point. The |dtq og/dT] is
independent of the starting point. Therefore, the #q g is defined
as the time interval from Vgg = 13 V to Vpg = 40 V. As
shown in Fig. 16, the waveform of Vpg shifts to the right with
the increasing temperature, indicating an increasing 74 of. The
temperature-dependent 7q_ g is shown in Fig. 17.

As analyzed in Section II, the change in dVpg/dt with temper-
ature is small at low Vpg. Therefore, the waveforms of the Vpg
at different temperatures almost overlap below 40 V, as shown
in Fig. 16. According to (13), the 7q og is proportional to the
Cgp, and the Cgp is very large during the 74 o due to the low
Vbs. Therefore, the #q_og is larger than t4 ,,, (at the same Rg).
At 25 °C, the t4_og is 141.8 ns, which is 5.4 times the 74 . AS
the temperature rises, the 74_og increases to 220.8 ns at 375 °C,
which is 11.0 times the ¢4 o,,. Moreover, the nonlinearity of Viq
weakens the nonlinearity of 74_og, and the linearity of the #4_og iS
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Fig. 18. Turn-ON transient waveforms of Vpg and Ipg at different tempera-
tures. These waveforms are aligned at the point /pg = 4 A. The turn-ON gate
resistance is 5 Q.

still good at extremely high temperatures. Since the |dtq og/dT]
is also proportional to the Cgp, the |dtq og/dT]is also larger than
the |dtq_on/dT]. The average value of |dtq og/dT]| from 25 °C to
375 °C is 0.226 ns/°C, which is 37.7 times the |dtq_on/dT]| from
175 °C to 375 °C. One problem is that the #q o is related to the
Vimiller» Which means the value of 7q g is affected by the load
current.

F. Turn-oN Switching Rate of Current

According to (17), the dIpg_on/dt varies with ¢ (or Ipg_on (1))-
In this article, the dIpg on/dt at Ing on = 20 A (almost 50%
of the load current) is chosen and calculated. To reduce the
error, a linear regression analysis is performed on the curve of
Ips on from Ing on = 15 A to Ips_on = 25 A, to calculate the
dIps_on/dt. The dIps o,/dt at different temperatures is shown
by the black curve in Fig. 19. The dIps on/dt increases from
0.94 A/ns at25 °Cto 1.49 A/ns at 375 °C, which means the speed
of the current rise becomes faster as the temperature increases,
as shown in Fig. 18.

The linear regressing equation of dIng o,/dt versus tempera-
ture is also calculated and shown by the red curve in Fig. 19, and
the slope of this red curve (*Ipg_on/dtdT) is 0.0016 A/ns/°C. It
can be seen that although linear regression is used to calculate
the dIpg on/dt, the residual is still large, as shown in Fig. 19.
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Fig. 19. Black curve is the curve of dIps on/dt versus temperature, and the
red curve is the curve of the linear regression equation.

This is because the range of the data source is not exactly from
15t0 25 A (such as 15.07-24.80 A at 175 °C and 15.47-24.58 A
at 225 °C) and the dIps_on/dt at different Ipg o, (?) is different.
As a result, the decreases in dQIDs_on/dth with temperature at
extremely high temperatures mentioned in the previous analysis
are not evident in Fig. 19.

V. COMPARISON OF DIFFERENT TSEPS OF THE SIC MOSFET

To explore the influence of high temperature on the TSEPs,
the TSEPs at high temperature are compared and analyzed from
two aspects: sensitivity and linearity.

A. Sensitivity

The following ratio is used for the comparison of different
TSEPs’ sensitivity [30]:

o s

 valpax|

(22)

where s is the slope of the TSEP change with temperature
(e.g., dZIDS_on/dth [A/ns/°C]) and the val,;, .« is the maximum
value of the TSEP in the temperature range (e.g., dIps_on/dt
[A/ns]). In this case, the unit of the S is °C~! and can be used as
the comparison criteria for different TSEPs. The s of different
TESPs at different temperature ranges are calculated by linear
regression, namely from 25 °C to 175 °C (low temperatures),
from 225 °C to 375 °C (high temperatures), and from 25 °C to
375 °C (the entire temperature range). Finally, the S values of
different TSEPs at different temperature ranges are calculated,
as shown in Fig. 20.

There are two situations in which the value of S will decrease.
If the |[val,, .| is constant, the S will decrease with the decreasing
|s|. In this case, the range of the TSEP variation with temperature
becomes smaller. If the s is constant, the S will decrease with the
increasing |val,,x|. In this case, although the range of the TSEP
variation with temperature remains the same, the ratio of the
range of the TSEP variation with temperature to the range from
0 to |val,,ax| decreases. Both of these cases are not conducive to
the use of TSEPs in online junction temperature monitoring.

9669

0.0035
[ 25 °c-175°C
[ 1225°C-375°C
[ ]25 °c-375°C

0.0030 M

0.0025 -

£0.0020 -

s

& 0.0015 -
0.0010 -
0.0005 -

0.0000 T T T T T T
vth rds vid ond ofd con

Fig.20. S of different TSEPs at different temperature ranges, where vth is the
threshold voltage, rds is on-resistance, the vid is the Vgg at a constant /Ipgs_sat,
ond is turn-ON delay time, ofd is turn-OFF delay time, and con is dIps_on/dt.

The S of the Vi, at high temperatures is larger than that at
low temperatures because the Vi), decreases with temperature
with an almost constant |s|. Since the influence of the Dy is more
obvious at low temperatures, the |s| of the V;y, at low temperatures
is larger than that over the entire temperature range, and the §
of the Vi, at low temperatures is also larger. Similarly, the |s| of
td_of also almost remains constant over the entire temperature
range. Since the 7q_og increases with temperature, the S of 74 o
at high temperature is smaller than that at low temperature and
is close to that over the entire temperature range, as shown in
Fig. 20.

Different from the Vi, and 74 o, the |s| of the Rps(on), Vids
and #q on are quite different at low and high temperatures. As a
result, the S of the Rpg(on) at high temperatures is larger than
that at low temperatures, even though the Rpg(on) increases with
the temperature. This is due to the influence of the channel
resistance, the |s| of the Rpg(on) at low temperatures is relatively
small. In contrast, the S of the Viq at high temperatures is smaller
than that at low temperatures, even though the Viq decreases
with the temperature. This is due to the influence of iy, the |s]
of the Vi4 at high temperatures is relatively small. Similar to
the Viq, the |s| of the 74 oy, at high temperatures is much smaller
than that at low temperatures. As a result, the S of the 74 o at
high temperatures is much smaller than that at low temperatures,
although the |val,, .| at high temperatures is smaller. In addition,
the difference in |s| at high temperatures and low temperatures
introduces big errors in the calculation of |s| over the entire
temperature range. Therefore, the S of these three TSEPs can
only be used as a reference for qualitative analysis.

During the turn-ON process, the dlesfon/dth decreases with
temperature particularly at extremely high temperatures men-
tioned in the previous analysis. However, the nonlinearity of
dIpg_on/dt is not evident due to the residuals. Therefore, the S
values of the dIpg on/dt at high temperatures are smaller than
those at low temperatures because the dIpg on/dt increases with
temperature.

B. Linearity

The Pearson correlation coefficient (also known as Pearson’s
r, denoted as R;,) is used to evaluate the linear correlation
between TSEP and temperature. The value of Pearson’s r is
always between —1 and 1. If Pearson’s r is less than 0, the TSEP
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and temperature are negatively correlated; otherwise, they are
positively correlated. The closer Pearson’s r is to 1 or —1, the
stronger the linear correlation between TSEP and temperature.
And the closer the Pearson’s r is to 0, the weaker the linear
correlation between TSEP and temperature. The Pearson’s r val-
ues between TSEPs and temperature are calculated at different
temperature ranges. And the absolute values of Pearson’s r of
different TSEPs at different temperature ranges are shown in
Fig. 21.

Since the influence of the Dj; is more obvious at low tem-
peratures and the change in |dV;,/dT| is small at extremely
high temperatures, the [R,,| of V;;, at high temperatures is larger
than that at low temperatures. Also, the |R,| of Vi, over the
entire temperature range is a little smaller than that at high
temperatures; it is still larger than that at low temperatures and is
close to 1. Therefore, the linearity of Vi, is good over the entire
temperature range, as shown in Fig. 21.

Because the channel resistance decreases but the JFET and
drift region resistance increase with temperature, the |R,| of
Rps(on) is small at low temperatures. Since the channel resis-
tance and the change in the channel resistance at high tem-
peratures is small, the |[Rp| of Rpg(on) at high temperatures is
much larger than that at low temperatures. Because the |s| of the
Rps(on) at low temperatures is quite different from that at high
temperatures, the |Rp| of Rps(on) over the entire temperature
range is smaller than that at high temperatures, which means
that the linearity of Rpgs(on) Over the entire temperature range is
worse than that at high temperatures.

In contrast, the linearity of the Viq at low temperatures is
better than that at high temperatures because the change in fuy;
at low temperatures is small. Therefore, the |R,| of Vi4 at low
temperatures is larger, as shown in Fig. 21. Due to the decrease
in g, at high temperatures, the |dViq/dT| decreases with the
temperature. As a result, the |R,,| of Viq at high temperatures is
smaller than that at low temperatures. Because of the variation
of |dVia/dT], the |R,,| of Viq over the entire temperature range is
even lower than that at high temperatures.

As mentioned earlier, due to the different effects of Viq on
td_on and tq of, the linearity of #q oy is worse, but the linearity
of tq_of is better at high temperatures. The |R,,| of 74 oy, is large at
low temperatures, which means that the linearity of ¢4 ., at low
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temperatures is good. At high temperatures, the |R,| is smaller
due to the variation in |dtq_on/dT]. As a result, the |Rp| of 74 on
over the entire temperature range is much smaller, as shown
in Fig. 21, which means worse linearity. Unlike the #4 ,, the
|dtq _of/dT| remains almost constant over the entire temperature
range. Therefore, the |R,| value of 74 o at low temperatures,
high temperatures, or the entire temperature range is very large,
almost equal to 1. Therefore, the linearity of 74 g is excellent
at different temperature ranges, as shown in Fig. 21.

There are two reasons for the reduction of the |R,| value:
the variation of |s|, and the increase in residual. Although the
dIps on/dt is calculated by linear regression, the residual is still
evident, as shown in Fig. 19. In addition, because the number
of data points is small, the |Rp,| of dIpg on/dt at low or high
temperatures is small. But the |R,| of dIps _on/dt over the entire
temperature range is larger.

C. Summary of TSEP Performance

1) The sensitivity and linearity of Vij, at high temperatures
are better than those at low temperatures. Therefore, the
Vin for online junction temperature monitoring performs
slightly better at high temperatures. Although the sensi-
tivity over the entire temperature range is worse than that
at low and high temperatures, the |R,| values of Vi, at
different temperature ranges are very close. Therefore, the
Vin for online junction temperature monitoring performs
well at different temperature ranges, especially at high
temperatures.

2) The sensitivity and linearity of Rps(on) at high tempera-
tures are much better than those at low temperatures. At
high temperatures, the S value of Rps(on) is the largest
of all the TSEPs, and the |R,,| value of Rpg(on) is very
close to 1. However, the sensitivity and linearity of Rpg(on)
over the entire temperature range are bad due to the bad
performance at low temperatures. Therefore, the Rpgs(on)
(Von) for online junction temperature monitoring performs
better at high temperatures. However, it is essential to note
that Rps(on) is dependent on Ipg and the Vgg should be
high enough.

3) Since the influence of 1,; on Viq is evident at high temper-
atures, the sensitivity and linearity of Viq at low tempera-
tures are much better than those at high temperatures. Even
though the |R,| difference of the Viq between the entire
temperature range and low temperature is not significant,
the linearity of the Viq over the entire temperature range
worsens as the temperature increases further. Therefore,
the Viq for online junction temperature monitoring per-
forms better at low temperatures. And the Viq is also Ipg
dependent.

4) At low temperatures, the sensitivity and linearity of 74 g
are slightly better than 74 ., but the difference is negligi-
ble. Due to the different effects of Viq on 74 o, and #q_og,
the |s| of 4 on decreases with temperature, but the |s| of
tq4_of remains almost constant over the entire temperature
range. As a result, the sensitivity of #4 oy, at high tempera-
tures and the linearity of 74 ., over the entire temperature
range are bad. The 74 o, for online junction temperature
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monitoring performs better at low temperatures. The lin-
earity of 74 o is the best of all TSEPs, no matter what
temperature range. And the S of #4_og is much larger than
that of t4_,,, at high temperatures. Therefore, the 74 ,g for
online junction temperature monitoring performs well at
different temperature ranges. But the 74 o is related to the
load current. Besides, there is a difficulty in applying #q_on
and 74 og for online temperature detection, which is that
the 4 on and 74 og are too short. It is difficult to detect
them directly.

5) The dIps_on/dt is difficult to use for online junction tem-
perature monitoring directly because dIps on/dt varies
with Ipg, making the true values of dIpg_o,/dt difficult to
get. Even though the dIpg ,/dt is calculated by linear re-
gression, the residuals are still obvious. Some studies try to
use the maximum value of switching speed for online junc-
tion temperature monitoring, such as the dIps of/dtmax.
The dIps_oa/dtmax can be simply represented by the peak
value of the parasitic inductance (in the power loop) volt-
age [31]. However, the dIps os/dtmax depends not only
on the load current but also on the dc voltage. Therefore, a
complicated look-up table is required if the dIps_ofi/dtmax
is used for online junction temperature monitoring.

VI. CONCLUSION

To explore the application of online junction temperature
monitoring at extremely high temperatures, the influence of high
temperatures on the TSEPs of the SiC MOSFET is theoretically an-
alyzed in detail. Based on the test platform built in this article, the
TSEPs of SiC MOSFET are characterized up to 375 °C. According
to the results, the TSEPs are compared in terms of sensitivity and
linearity in different temperature ranges. The 7q og iS the best
TSEP for linearity in different temperature ranges, no matter
what temperature range. But the value of 74 og is small and
related to the load current. The sensitivity and linearity of Vi, are
also good at different temperature ranges. Although the linearity
of Vi, is slightly worse than that of 7q og, the Viy, is more
sensitive and easier to measure. The sensitivity and linearity
of Rps(on) (or Vo) at high temperatures are much better than
those at low temperatures. In contrast, Viq and t4 o, perform
better at low temperatures than at high temperatures. But the
Viq is related to Ipg. Since the value of 74 o, is much smaller
than 7q _og, the requirements for the test equipment of 74 o, are
more stringent. As the dIps o,/dt varies with Ipg and the true
values of dIps_on/dt are difficult to get, the dIps_on/dt is difficult
to use directly for online junction temperature monitoring.
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