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Abstract

This article presents the development of a model for SiC power diodes based on the physics of the semiconductor. The model
is able to simulate the behavior of the dynamics of the charges in the N- region based on the stored charge inside the SiC power
diode, depending on the working regime of the device (turn-on, on-state, and turn-off). The optimal individual calculation of the
ambipolar diffusion length for every phase of commutation allows for solving the ambipolar diffusion equation (ADE) using a
very simple approach. By means of this methodology development a set of differential equations that models the main physical
phenomena associated with the semiconductor power device are obtained. The model is developed in Pspice with acceptable

simulation times and without convergence problems during its implementation.
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I. INTRODUCTION

Silicon carbide (SiC) is an attractive material for replacing
the silicon used in the manufacturing of power devices. SiC
presents better properties than silicon, such as: a wide bandgap
(2x), a higher saturation electron drift velocity (2x), a high
thermal conductivity (5x) and a very high breakdown field
(10x) [1]-[3]. Among the different silicon carbide power
devices that have been developed [4]-[11], the SiC power
diode structure is one of most interesting. It can appear as
a discrete component or as an internal diode in more complex
power conversion circuits. Diverse modeling methodologies
have appeared in the literature for the development of models
for semiconductor power devices. According to [12] these can
be classified in two groups: functional models and analytical
solutions. The proposed approaches in the last group can
be subdivided into: separation of variables, transformation
(Laplace, Fourier), concentrated charges and numerical so-
lutions [13]-[16]. This type of methodology is known as a
physical model. It is one of most efficient and it is mainly
concerned with modeling the charges in the N— region, where
every physical phenomenon of the device is related to a
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specific term in a set of derived equations.

The proposed model describes the static and dynamic be-
haviors with a temperature dependency in the experimental
operation range (25°C-225°C) for silicon carbide, which has
been reported in the literature [13]-[15]. Furthermore, obtain-
ing a set of linear differential equations allows simulating
in Pspice the main associate physical phenomena for the
semiconductor device, as well as modeling of the injection
and the evacuation of charges in the N— region. The pro-
posed methodology solves the ADE with dependency on the
adjustment of the ambipolar diffusion length (L), which is
achieved by using a simplified semi-theoretical approach. For
every commutation phase, the proposed suitable analytical
expression allows for the calculation of a new L value.

II. MODELING PRINCIPLE

The power diode structure has been simplified in order
to help the mathematical analysis. As a result, only two
conventional p —n junctions are supposed. Fig. 1(a) shows
the typical structure of the power diode which is used for the
physical design of this kind of device. Fig. 1(b) shows the
simplified structure used to model the SiC power diode.

Fig. 2 shows the basic structure of a power diode. In this
Figure, I, 10, I,w and Iy, represent the injected currents
into the N— region, Vj; and V), represent the drop voltages
of the PN~ and N™N™" junctions, respectively, x; and xg
represent the limits of the depletion regions within N—, W’
represents the width of the depletion region formed in the
PN~ junction, and W = W — W' is the effective width of
the N— region.
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Fig. 1. Structure for: (a) Design, (b) Modeling.

Assuming a high-level injection, the charge dynamics are
described by the ambipolar diffusion equation (1):

82p<x7t) _ p(x,t)
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The currents depicted in the Figure 2, can be calculated from
the transport equations given by (2) and (3), and the total N—
region charge, Qp, is expressed by (4) [17], [18].
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fny = 73 79D 55 ®)
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In a high injection condition, the low resistance that appears
in the N— region is the result of a high level concentration of
charges that are injected by both emitters and it allows for the
transport of a high current through a power diode with a low
on-state voltage drop. The value of the resistance Ry, in the
N— region for the semiconductor power devices is given by
(%), [17], [18].

w?
= 5
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where Qp represents the charge stored in the thermodynamic-
equilibrium. To calculate the V;; and Vj, voltages, the Shock-
ley equation will be used in (6) and (7). The mathematical
expressions (1)-(7) are the basis of the static and dynamic
models of the SiC power diode.
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VA
Loy = Iy+s [exp (V’T2> — 1} (7)
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Fig. 2. Power diode basic structure and charges distribution.

III. STATIC STATE MODEL
A. Carrier distribution p(x)

Equation (1) can be reduced to a differential equation.
This is because during the on-state condition, Ip(x,t )/ 9:=0.
Under this consideration the analytical solution of (1) is given
by (8).

By -Sinh (Li) + Py - Sinh (WL—X)
e O

where Lg = +/D - T represents the on-state ambipolar diffusion
length, where 7 is the steady state life time defined in [13]. Py
and Py represent the carrier concentrations at the two edges
of the N— region. The boundary concentrations Py and Py are
calculated under the quasi-equilibrium condition for a high-
level injection condition [19].

®)
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Po=nyy | 2 )
IP+S
1

Py =n I”W (10)
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where Ip+g and Iy+g represent the saturation current in the
PN~ and N™N7 junctions, respectively. I,,0 and I,y can be
calculated from (6) and (7). The stored charges Qp in the
N~ region can be calculated by (11), which is obtained by
substituting (8) into (4).

QB:C]AL3~(P0—|—Pw)Tanh <W> . (1

2Lg

That allows the calculation of the modulation resistance
according to (5), which is obtained as follows:

W2
[0+ 1) [gALs (o -+ By) Tanh (3] + 1,00

Ry = 12)

B. Modeling the injected currents

The total injected current is the sum of the hole and electron
currents. The Pspice implementation is performed because the
electron currents are modeled through standard diodes adjusted
to the SiC electrical characteristics, Equ.(6) and (7), and the
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Fig. 3. Simulation results for the Py, Py, and Qp with Vpy ~2.8V.
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holes currents are modeled by the transport equation, Equ. (13)
and (14).

_ I dp(x)
ho=ip D 50| (13)
I
=11 —9AD- o) (14)
Tl x=w

The gradients of the carrier concentrations are obtained from
(8), which is evaluated at x =0 and x = Wp.

dp(x) _LPW*PO'COSh (%) s
dx | _o Ls Sinh(%)

dp(x) 1 Avcosh () -

de | _w  Ls i (i) (1o

In Fig. 3, the simulation results for Py, Py and Qp are
presented. For n; ~ 6.7 x 10""'em™ and assuming that the
Ny - Np product has the typical value of 103cm™®, the the-
oretically expected on-state voltage is 2.70V [17], [18]. The
obtained simulation results concerning the on-state voltage are
corroborated by the expected theoretical value, which is 2.8V,
as can be seen in Fig. 3.

IV. DYNAMIC MODEL
A. Turn-on carrier distribution p(x,t) solution

The solution of p(x,t) is similar to the on-state case. An
interesting contribution has been introduced in the proposed
dynamic model which is dependent on time based on a new
Lon, as can be observed in (17). The Loy(x,t) variation is
based on the stored charges Qp, which are installed in the N—
region depending on time, during this commutation.

ey = (Ls(;jzf)s)h (&%)

Lon (x:t)

a7

The holes currents are modeled by the transport equation
again, equations (13) and (14) with (17). The new gradients
evaluated in x = 0 and x = W, as well as the calculation of

383

the Qpoy charges that are injected during the turn-on, are
presented in (18)-(20).

W
M _ H/V_PO'COSh(LON(x7t)> (18)
dx X = 0 LON(x7t) Sll’lh (L()I\‘//‘zxvt)>
w
dp(x.1) ] O (19)
| y—w  Lon(x.1)-Sinh (%@cz))
W
Onay = aALox 1) (A1 ) Tant 52— ). 20)

B. Diffusion length LON(x,t) calculation

To calculate Loy(x,t), the charge control equation (21) is
modified by the introduction of a new stored charge variable,

O = Opon-

_ QB()N + dQBON ]

I
T T dt

2D

Under the conditions where 1,0 > I then I ~ 1,0 — I,y and
by replacing the previous conditions into (21) the following
modified expression is obtained:

QBON + dQBON )

T dr 22)

Iy — Ly =

Combining (13), (14), (18), (19) and (20) with (22), the
final expression used to calculate Loy (x,?) is obtained.

D-Qpy
FOVESD) =1 [ B gy
T + dt

Analyzing (23), it is possible to conclude that the expected
theoretical behavior is as follows:

(23)

« Before the beginning the injection of currents to the N—
region, the stored charges are (Qpoy = 0) and Loy (x,1) =
Ls. Tt can be concluded that the power diode structure
behavior is under a static condition.

« When the injection begins (Qpon > 0), a high injection
of charges is imposed (dQBozv/d, > 0), which implies
Lon(x,t) < Lg, as can be seen in (23).

« During the turn-on, the injected charges reach the maxi-
mum value (Qgony = Op), and are stabilized for the on-
state condition, which implies Loy (x,t) = Lg.

Fig. 4 shows the simulation results for the Loy(x,?) vari-
ation during the turn-on. During this phase, Lon(x,t) takes
the minimum value of 0.597 x 10~3cm and converges to the
static value of Lg = 0.737 x 107 3cm. A simulation of the
injected charges, Qp, is also observed, where Qp = 104nC.
At t =~ 20.20nS the turn-on ends and the on-state initiates.
Based on the simulation results, the validity of the Loy/(x,?)
expression to solve p(x) is verified.
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C. Turn-off carrier distribution p(x,t) solution

Fig. 5 shows the typical reverse recovery waveforms of
current and voltage that are observed in typical applications of
power converters. The typical carrier distributions evolution,
during this phase, can be observed in the numerical results
shown in Fig. 6 [20]. In order to obtain an adequate p(x,t)
approximation, it is proposed to model the charges, by mod-
elling the three sections defined by a typical distribution for
this kind of devices. This means a hyperbolic distribution of
the central part, and a sinusoidal distribution of the lateral
sides. It can be observed in Fig. 7, where P, and Py represent
the initial and final concentrations for the p,(,) section. The
proposed expressions to model every section are observed in
(25)-(27).

X—Xx
Pi(us) = P+ Cos ( » (xf)) (24)
Pr- sznh( X (XL)) + P - sznh( M(xt))

Pa(xr) = sinh ( HEm) )

(25)

- ) X —XR
p3(x_’,) = PR Cos (LR()C,[)) . (26)

The three new diffusion lengths (Ly(x,#), Ly (x,z) and
Lg(x,t)) are very important due to the fact that they model the
curvature in every section for simulation. The new ambipolar
diffusion lengths for every section are obtained as follows: for
Ly (x.t), the pi(x,t) derivative evaluated in x =0, is:

P1(xp)

B P . XL
Ox x=0  Lp(x1) i <LL(XJ)) @

Replacing in (27), the Py/P, evaluated at x =0 from (24)
and using the identity cos™!(x) = sin~'v/1—x2, the final
expression for Ly (x,t) is given in (28).

P2 _P2
Li(x)=—V Lt 0 (28)

x=0

For Ly, the total current is used. It can be approximated to
the turn-on analogously.

I7 () 2 Ip(x) = Ip(ag) - (29)

Replacing (29) into (22) and considering the displacement
currents that appear in the depletion regions, the following is
obtained:

Oum | dOm dxy dx xR

_Ip(xR,t) T +7dl —AgPy, 7+AqPR ar
To calculate 1, ) and I, g, (3) is evaluated in xz and

xg. Replacing this into (30) the final expression for Ly is

obtained.

D-QOu
Lu(x.1) = 31)
(x,1) \/QTM Q0u AP, DL | gAPRK

For Lg(x,t), the p3(x,r) derivative evaluated in x = W is
obtained.

I

p(xLyt) (30)
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Fig. 5. Reverse recovery waveforms for power diode.
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ox
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Replacing in (32), the Py /PR relation evaluated in x = W

x=W

of (26) and using the identity cos™! (x) = sin™! /1 —2, the
Lg(x,t) final expression is obtained.
\/ P} — P
Le(x,t) = ———— (33)
dp(x,t)
| x=W

As in Equ. (23) during the on-state, the development ex-
pressions given by (28), (31) and (33) can allow modeling the
time dependency in a continuous way, which can guarantee an
adequate approximation of the model. The new gradients for
p(x,t) evaluated in x =0, x;, xg and x =W, are calculated as
follows: for the 0 < x < xy, range, it is fulfilled:

OL , dOL dxp,
Ip(O,t) - Ip(xL,t) = T + W —AqPL- 7 (34)
Lp(0)s Ip(x)» are calculated by (3) evaluated in x = xz and x =

0, as 4P(x = xL)/dx = 0. By replacing the previous conditions
into (34), the following is obtained:

dp(x,1) 1 0L dop dxp
= | —=-—= P, 35
dx _, D[ = a TR ] Y
For the x; < x < xg range, the following is fulfilled:
Or , dOg dxg
IP(XRJ) — IP(WJ) = + ar —AqPr - e (36)
Lp(eg)s Ipw,s) are calculated with (3) evaluated in x = xg
yx=W, as dp(x :xR)/dx = 0. By the substitution of these
conditions into (36), the following is obtained:
d t 1 d d
p(x7 ) _ @ _ QR . AP XR (37)
dx _— qAD dt dr

The expressions for calculating Q;, Oy and Qg, are ob-
tained by evaluating the p(x,t) integral for every proposed
section. This is given by (38), (39) and (40).

Or = qALL(x,t)\/ P} — P} (38)
Ou = gALy (x,1) (Pg + P,) Tanh (%) (39)
Or = qALg(x,1)\/ P3 — P2 qA. (40)

Finally, the expressions to calculate x; and xg are given by
(41) and (42).
2€ (Vb,' + Vj])

41
aNp 41

X[~

2€ (Vbi + ij)

42
Vb (42)

XR ~
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V. MODEL IMPLEMENTATION

In Fig. 9, the auxiliary electrical circuits used to solve the
non-nonlinear terms: ¢QON.M LR / Jr and dX1r / Jr presented in
(30)-(31) and (35)-(37), are shown. The expressions (23), (28),
(31) and (33) assure an ADE continuous time solution This
can allow for the easy implementation of auxiliary circuits that
have fewer numerical convergence problems in the simulation.

VI. SIMULATION RESULTS

To simulate the on-state rectifier circuits shown in Figure
10a, and for the dynamic phases, the chopper circuit shown in
Figure 10b was used. In order to obtain simulation results for
the model developed in Pspice, the power diode structure for
an Ip,,,,=5A was calculated. The main calculated parameters
that were used in the implementation of the model can be seen
in Table L.

In Fig. 11, the simulation results for the static behavior in
the range of 25°C to 225°C are presented. The observed on-
voltage presents a dependency with respect to temperature,
which is indicative of an increment in the life time, and a
decrement of the bandgap value. In Fig. 12, the comparison
between the experimental results reported in [15] and the
results of the Pspice-implemented model for the SiC power
diode are shown.

In Fig. 13, the simulation results of the turn-on with the
dependency on temperature are presented. When the temper-
ature is increased the on-voltage decreases and the current
conduction increases, which is in agreement with the theoret-
ical behavior expected according to the on-state. In Fig. 14,
the behavior for the inverse recovery in the turn-off is shown.
The conditions previous to the commutation are ID=5A and
Vonv = 2.7V. As was observed in the simulation, when the
temperature increases, the on-voltage decreases and the inverse
current peak increases.

TABLE 1
MAIN PARAMETERS FOR SIC USED IN SIMULATION

Parameter Symbol Value
Active area A 0.04cm?2
Low doping region width Wp 37um
Life time (300K) =T 0.15uS
Electrons mobility (300K) Un 947cm?2/V.s
Holes mobility (300K) Wy 108 cm2/V.s
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Fig. 11. Simulation result for the on-state of the power diode @ SA.

In Fig. 15, a comparison between the experimental results
reported in [15] and the results for the turn-off of the Pspice-
implemented model for the SiC power diode are shown. As
can be seen in this comparison, the model predicts the reverse
recovery behavior accurately. Finally, Figure 16 shows the
behavior of the resistor in the depletion regions (Rd) and the
resistor in the low doping region (Rld). Once the turn-off phase
begins (+ = 323.08ns) the resistor in the low doping region
decreases its value to the order of mQ and the resistor in the
depletion regions increase its values to the order of MQ.

VII. CONCLUSIONS

A methodology to solve the ADE from an empirical approx-
imation based on calculating the ambipolar diffusion length,
has been proposed. The model proposed in this paper has
interesting advantages with respect to other models proposed
in the literature, where the accuracy of the simulation results is
highly related to the number of parameters used in the model.
Simulation results in Pspice have been presented which allow
validating the injected charges into the N— region and they
have been corroborated with the theoretically expected values.
The model was simulated for a maximum conduction current
of 5A in a temperature range of 25°C to 225°C. The model is
easy to implement and takes into account the main phenomena
that appears in silicon carbide.
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