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Abstract

Threshold voltage (Vi) is one of the most important
electrical parameters in silicon carbide (SiC) metal-
oxide-semiconductor field-effect transistors (MOSFETS)
design, characterization, modeling, and simulation. The
reduction of the threshold voltage increases the perfor-
mance in terms of switching time for the power converter.
The study of the evolution of Vy, over time must be
considered by the designers of the new generations of
energy conversion systems. There are several existing
methods for Vy, extraction, and the aim of this chapter is
to compare the commonly used MOSFET threshold
voltage extraction methods and to propose a new method
based on a physical approach. The extraction method
proposed in this chapter is based on the static -V
measurements and the use of the Levenberg—Marquardt
optimization algorithm. The implementation of the sev-
eral extraction methods is tested and discussed by
applying them to commercial components in order to
evaluate their performance and validity in both the linear
and saturation regions. The study is carried out for two
generations of power SiC-MOSFETs of CREE
constructor.
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1 Introduction

Recently, silicon carbide MOSFETs are of great interest in
high-power applications (energy conversion, automotive
industry, and aeronautics). They replace the silicon compo-
nents whose performances are limited in terms of voltage
blocking capability, operation temperature, and switching
frequency (Raynaud et al. 2010; Bjrk et al. 2011). Wide
band gap components have interesting intrinsic properties,
especially a high thermal conductivity. The SiC performance
makes the SiC-MOSFETs a good competitor to traditional
silicon MOSFETs and IGBTs (Zhao et al. 2007; Glaser et
al. 2011). However, these new components require reliabil-
ity studies and physical modeling to meet the integration
requirements of energy conversion systems. The threshold
voltage Vy;, is a fundamental parameter for MOSFET mod-
eling and characterization. Its extraction requires precise
values (Garcia Snchez et al. 2006). The tens of millivolts
errors in the threshold voltage value can no longer be
neglected in the modeling of the transistor behavior. The
threshold voltage has an impact in the MOSFET perfor-
mance in terms of the time and energy required for switching
(Simonot et al. 2010).

In the literature, various methods have been developed
and used to extract the threshold voltage (V) of a MOSFET
(Wong et al. 1987; Tsuno et al. 1999; DieterSchroder 2006;
Bazigos et al. 2011). In this chapter, a review of the com-
monly used MOSFET threshold voltage extraction methods
is presented and discussed. The four largely used methods
are tested on two generations SiC power MOSFETs of
CREE constructor. Moreover, the chapter proposes a new
procedure to extract the threshold voltage based on the
Levenberg—Marquardt optimization algorithm using a
physical approach. The results obtained with this proposed
extraction method are compared to those obtained with other
methods.

This chapter is organized as follows: Sect. 2 presents a
description of the studied devices. Section 3 develops usual
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threshold voltage definition for MOSFET transistors. Sec-
tion 4 describes the proposed extraction procedure with four
other Vy;, extraction procedures frequently used. Section 5
discusses and compares the obtained results by all these
methods. Finally, the conclusion is given in Sect 6.

2 Description of the Studied Device

Two SiC-MOSFET samples for two generations of CREE
constructor have been selected for this study: the
second-generation SIC-MOSFET G2 (10 A, 1200 V) refer-
ence C2M0280120D and the third-generation SiC-MOSFET
G3 (11 A, 900 V) reference C3M0280090D (Cree inc
2018a, b). The choice is based on the fact that both gener-
ations have close relative drain currents. Figure 1 shows the
TO-247 package component and its electrical symbol.

GDS S

Fig. 1 The TO-247 package component (left) and its electrical symbol
(right)

The constructor maintains the same planar structure for
the two generations of n-channel enhancement MOSFETsS.
Figure 2 shows the physical structures of the two genera-
tions of SiC-MOSFETs. The performance is generally
improved with the changes in the epitaxy thickness, pitch,
and gate width. Indeed, the reduction in thickness of oxide
for the third generation makes it possible to have a threshold
voltage reduced compared to the second generation.

3 Threshold Voltage Definition

Conventionally, the threshold voltage is understood simply
as the gate—source voltage (V) at which significant drain
current starts to flow, and physically the threshold voltage
Vi, is defined as the voltage applied to the metal electrode to
enter the strong inversion domain of operation. When the
semiconductor surface enters the strong inversion mode of
operation, the surface potential () is equal to twice the
bulk potential (/) (Ortiz-Conde et al. 1998; Baliga 2008).
In this case, the Vy, is given by

Os
Vth - C_ + 2'#3

ox

(1)

where C,, is the specific capacitance of the oxide, and Qg
represents the total charge in the semiconductor. The bulk
potential (/) can related to the doping concentration (N4)
in the semiconductor and temperature T, and then the
threshold voltage Vy, is given by the following equation:
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Fig. 2 MOSFET Structure of second generation (left) and third generation (right)
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where &g;c 1s the relative permittivity of the semiconductor,
n; is the concentration of intrinsic carriers, k is the Boltz-
mann constant, and Q,, presents the total effective charge in
the oxide. This charge is composed by the mobile ion
charge, the trapped oxide charge, the fixed oxide charge, and
the interface state charge after taking into account the fact
that these charges are distributed throughout the oxide. The
value of the threshold voltage depends on some physical
parameters which characterize the MOSFET structure such
as the gate material, the thickness of oxide layer ¢,,, substrate
doping concentrations N4, and the temperature. However,
this definition of Vy, is difficult to exploit because the Q,,
value and the physical parameters of the component need to
be defined. Various studies show that the approximate def-
inition of Vj, is related to the extraction method. In the
following section, we present various methods usually used
to define and extract the threshold voltage value.

C()X

4 Extraction Methods of Threshold Voltage

Several definitions and methods have been developed to
extract the threshold voltage (Booth et al. 1987; Tsuno et al.
1998; Dobrescu et al. 2000; Terada et al. 2001; Ortiz-Conde
et al. 2002; Boucart and Ionescu 2008). They include the
constant current method (CC), the linear extrapolation
method (LE), g, transconductance linear extrapolation
method (GMLE), and transconductance change method
(TC). In this chapter, these conventional methods are

Fig. 3 The I-V static
characterizations bench
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compared to a proposed method based on the current drain
equation taking into account some physical parameters. For
all procedures, the threshold voltage parameter is extracted
directly from the static characterization (measured I-V
curves) or from derived curves.

For this purpose, we have performed the I-V static
characterizations using a pulsed bench presented in Fig. 3.
This bench allows to avoid the self-heating of the device
under test during the measurement duration by generating a
pulse not exceeding 7 ps. The temperature stabilization of
the device is assured by a Peltier module.

4.1 The Constant Current Method

The constant current method (CC) is extensively exploited in
industry because of its simplicity (Ortiz-Conde et al. 2002).
It defines Vy;, as the value of the voltage V,, corresponding to
the appearance of a significant drain current for a given V.
Some studies have been examined this current equal to
(W/L) x 1077, where W and L are the width and length of
the channel, respectively (Terada et al. 2001). However, a
recent study proposes that this current should depend on the
voltage V,;; in order to obtain a coherent Vy;, value in the
saturation zone (Bazigos et al. 2011). For our study, due to
lack of the values of L and W, we calculate the voltage Vy;
for MOSFET with a similar way to the datasheets for /;; =
1.25 mA (second generation), Iz = 1.2 mA (third genera-
tion), at the output voltage V;; = 0.1V in linear regime, and
Vis =20 V in the saturation regime. The results of the
extraction of V,; by the CC method performed on
second-generation device (G2) are shown in Fig. 4 for linear
regime and Fig. 5 for saturation regime.
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Fig. 4 Current constant method in the linear region (V4 = 0.1 V)
method implemented on the /; Vs measured for G2

——Measured data (log type)
= - =Measured data (Iinear type)

1,,(mA)

V=237V

atl, =1,25mA

0.01 , , ; , ; , 0.0
2.0 2.1 22 23 24 25

)

Fig. 5 Current constant method in the saturation region (V5 = 20 V)
method implemented on the /;V,; measured for G2

4.2 The Linear Extrapolation Method

The linear extrapolation method (LE) is most widely used.
The threshold voltage is extracted directly from -V char-
acteristics curves. The drain current is measured as a func-
tion of the gate voltage at a low drain voltage to ensure
operation in the linear MOSFET region (Dobrescu et al.
2000; DieterSchroder 2006). The threshold voltage is
determined from the Vgs axis intercept (I;; = 0) of the linear
extrapolation of the I;—V, curve at its maximum first
derivative (slope) point. The threshold voltage value is
founded from the extrapolated or intercept gate voltage Vi
by (Vi = Vgsi — Vas/2). Figure 6 shows the extraction of
Vi, by this method using a component of the second gen-
eration in linear region.

The threshold voltage can also be determined in the
MOSFET saturation regime, and we use similar method to
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Fig. 6 Linear extrapolation method in the linear region implemented
on the I;—V,, characteristic for G2
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Fig. 7 Linear extrapolation method in the saturation region imple-
mented on the 193V, characteristics for G2

that in the linear regime but with 197~V characteristic curve
at a high drain voltage (Vy4; > Vg — V) to assure operation
of MOSFET in saturation region. Figure 6 shows the
obtained results with this method using a second-generation
device (Fig. 7).

4.3 The Transconductance g,, Linear
Extrapolation Method

The transconductance g, linear extrapolation method
(GMLE) determines Vy, from g, — V., characteristics
curves. The Vy;, is defined by extrapolating the linearity of
gm, for small V., values, to the gate voltage where
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Fig. 8 g, linear extrapolation method in the linear region implemented
on the g,, — Vg characteristic for G2

transconductance g,, becomes equal to 0. Physically, this
method uses the linear dependence of the effective carrier
mobility e @S A function of (Vg — Vyp,). This mobility Hegr
is affected by the Coulomb scattering (Tsuno et al. 1998,
1999). Figure 8 shows the extraction of Vy, based on GMLE
method using a second-generation device.

In the saturation region, the same procedure is followed
using g% — V,, characteristics curves, with the measure-
ments carried out under an output voltage included in the
saturation region (Vg = 20V). Figure 9 shows the extrac-
tion of Vy, using GMLE method in saturation region.
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Fig. 9 g, linear extrapolation method in the saturation region
implemented on the g% — V,, characteristic for G2
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Fig. 10 Extraction of Vj, in linear region using transconductance
change method implemented on the j% — Vs characteristic for G2
s

4.4 The Transconductance Change Method

The transconductance change method (TC) uses the curve of
the derivative of transconductance g, versus V. It deter-
mines Vy, as the Vg value at which the derivative of the
transconductance is a maximum (Booth et al. 1987; Wong
et al. 1987; Boucart and Ionescu 2008). Figure 10 shows the
transconductance change method for extraction of Vj;, in
linear region. However, Fig. 11 shows the extraction of Vj;,
with the same method in saturation region implemented on
dg)?

AV 8%
device.

the characteristic for the second-generation

4.5 New Procedure: The Optimization
Levenberg—Marquardt Method

A common feature presented in the most V, extraction
methods based on the I;—V,, input characteristics is the
strong influence of the channel mobility degradation on the
resulting value of the extracted V. In order to take into
account this situation, we present a new extraction method
called  Optimization  Levenberg—Marquardt  method
(OLM) (Jouha et al. 2017). Due to the definition of the drain
current (Eq. 3) (McNutt et al. 2007), this method can be
used in the saturation region (V, = 20 V).

K,(Vos — Vi)?
I . = P & 3
BT+ 0(Ves — Vi) 3)

where 0 is a parameter that takes into account the reduction
of the mobility following the increase of a transverse electric
field. Note that K, is called the transconductance exprimed
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by (A/V?). The term transconductance is abusively used in The extraction of the threshold voltage is based on two
the literature, since there is a linear relationship between K,  steps: for the first one, we used Eq. 3 of the drain current in
and g, according to the expression (g, = K, - V) (Baliga saturation region which takes into account the influence of

2008). the channel mobility degradation ( parameter). For the
0.25
[—Heasred G etV 20V —— Measured data at V,,=20 V
209--—- Fitted model
0.20 - T
é\ Equation Ro* (VI P 2y2"(1+leta” (x-Vih))
@ 15 4kp 055379 £ 0.02566
v 0154 teta 0.03081 £ 0.0024
a — Vth 4.11645 £ 0.09359
= S’s R-Square(COD) 0 o000
S, 0104 L e
E
o
Z
0.05 - 5
000 =77 P L LA T B | | |
0 1 2 i 4 5 6 7 8 9 10 11 12 L o T B i I e e o o o o
V_(V) 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15
. Ve (V)

Fig. 11 Extraction of Vj;, in the saturation region using transconduc-
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Fig. 12 Flowchart of the Levenberg—Marquardt algorithm
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second step, we use the Levenberg—Marquardt (L-M) algo-
rithm to optimize the parameters of Eq. 3 by fitting the curve
of this equation with the measured /;,—V,, input curve. The
Levenberg—Marquardt algorithm is developed by Levenberg
and Marquardt (Levenberg 1944; Marquardt 1963). The
flowchart of this algorithm is presented in Fig. 12.

It is an efficient iterative method for estimating nonlinear
regression parameters of models. Consider the nonlinear
model fit ¥; = f (o, X;), where X; (V,, or Yy,) and Y; (I4) are
the data extracted from the I-V measurements, o is a vector
of dimension n that represents the parameters of the model
Vi, Ky, 0). The L-M method searches for (uy, o, o3, ...,
o,) which are the solutions of « (locally) minimizing g()
defined by

m

glo) = (¥ — (o, Xy))?

i=1

4)

The L-M algorithm finds the solution using

%1 = o — (JTJ+ BD)I r(2) (5)
where r (o) = Y;— f (o, X;), J is the Jacobian matrix for f (o,
X;), JT is the transposed matrix of J, 8 is a regularization
parameter, and D is the identity matrix in which its
dimension is equal to that of J7J to adjust the scales factors.

The principle of this extraction parameters method is
illustrated in Fig. 13 using the second-generation device,
showing a correct fitting of the model with the experimental
measurement data.

We have previously validated this method in order to
model the static MOSFET behavior for three generations of
power MOSFET, obtaining a very satisfactory fitting of I-V
curves. Moreover, this method is applicable for a tempera-
ture range from O to 135 °C, and it allows a complete
extraction of other parameters values such as K, and 0
parameter on the whole temperature range.

5 Results and Discussions
The relative performance of the presented methods is com-

pared under the same conditions by applying them to the
measured characteristics of two test devices (G2 and G3).
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Table 1 Threshold voltage values obtained from four extraction
methods and the proposed method for the second generation of a power
SiC-MOSFETs biased in the linear and saturation region

Linear Saturation (V)
CcC 29V 2.37
LE 3.63V 3.59
GMLE 242V 1.97
TC 3.9 vV 4.49
OLM NA 4.12

Table 2 Threshold voltage values obtained from four extraction
methods and the proposed method for the third generation of a power
SiC-MOSFETs biased in the linear and saturation region

Linear Saturation (V)
CC 279V 2.04
LE 346 V 3.12
GMLE 230V 1.75
TC 349V 3.99
OLM NA 3.37

Tables 1 and 2 and Fig. 14 show the resulting threshold
voltage values for these devices obtained from the presented
extraction methods in two regions of operation (linear and
saturation), and the proposed OLM method gives
extracted values of the threshold voltage Vy;, in the saturation
region.

Moreover, the value of the extracted threshold voltage
depends on the used extraction method for two generations
of devices. The obtained results are in agreement with those
of the bibliography (Ortiz-Conde et al. 2002, 2013). The
differences can be explained by the strong influence of the
source and drain parasitic series resistances and the channel
mobility degradation on the linearity of the I~V curve
(Tsuno et al. 1999). However, the proposed method is very
useful for an accurate evaluation of Vj,, thanks to the
excellent modeling of the output current [, in saturation
region. It describes the dependence of I; to the mobility
degradation, compared to other methods which are based
only on the linearity of the curve versus gate—source
voltage V.
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Fig. 14 Comparisons of threshold voltage values obtained for two generations of power SiC-MOSFETs (G2 & G3) biased in the linear (L) and

saturation region (S)

6 Conclusion

In this chapter, we have presented, reviewed, and compared
several extraction methods currently used to determine the
threshold voltage value of SiC-MOSFETSs from their drain
current and transconductance g, versus gate voltage char-
acteristics measured either in linear and saturation operation
regions. A new extraction method using physical approach is
presented. This method is based on the measurements of
input characteristics (Iz—Vgs) and the optimization Leven-
berg—Marquardt algorithm. It is a very accurate method,
thanks to the excellent modeling of the drain current in
saturation operation regime of power transistor. The per-
formance of the presented methods was compared under the
same conditions by applying them to the measured charac-
teristics of two SiC power MOSFETSs generations.

The comparison of these Vj;, extraction methods shows
that the proposed method is the only one that relies on the
physical equations of the transistor that depends on the
transconductance K, and the channel mobility degradation
w,. This makes the V;, extracted by the OLM method the
best indicator for monitoring the transistor aging in opera-
tional conditions.
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