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Abstract: In this paper, a model for the forward voltage drop in a 4H-SiC trench IGBT is developed. The
analytical model is based on the 4H-SiC trench MOSFET voltage model and the hole-carrier concentration
profile in the N-drift region for a conventional 4H-SiC trench IGBT. Moreover, an on-state voltage drop
analytical model is validated using a 2D numerical simulation, and the simulation results demonstrate
that there is good agreement between the ATLAS simulation data and analytic solutions.
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1. Introduction

In recent years, power semiconductor devices based on 4H-SiC have attracted more
attention due to the material’s high power and high temperature applications arising
from its superior material properties [1-4]. Compared with SiC MOSFETs, SiC IGBTs can
achieve a lower forward voltage drop when the blocking voltage is equal to or higher
than 10 kV. Although the conductivity modulation effect makes the forward voltage drop
lower, the turn-off loss is higher. Therefore, for IGBTs, there is conflict between the on-state
voltage drop and turn-off loss. Many researchers have placed much emphasis on how to
improve the trade-off relationship between the on-state voltage drop and the turn-off loss
of 4H-SiC IGBTs [5-13], such as the adoption of the current storage layer (CSL) [10,11] and
the proposed Cluster IGBT (CIGBT) [12,13].

While much research has been undertaken on how to improve the trade-off relation-
ship [5-13], less work has been conducted on the analytical model and theoretical analysis
of the static-state (forward voltage drop) and the dynamic-state (turn-off loss) [14-16]. In
this paper, based on our previous findings [17-19], an on-state voltage drop analytical
model for an n-channel 4H-SiC trench IGBT is developed. Additionally, a 2D numeri-
cal simulation using the ATLAS module of Silvaco TCAD [20] is utilized to validate the
correctness of the proposed analytical model.

2. Forward Voltage Drop Analytical Model

The forward voltage drop (Von) of a 4H-SiC IGBT is composed of the upper MOS
voltage part (Vvos), the N-type voltage blocking layer voltage (V gif), and the built-in
potential at junction J; (Vp4n), which are shown on the left of Figure 1.
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Figure 1. Forward voltage drop distribution and hole concentration profile.

Firstly, the upper MOS voltage part includes three parts: the channel voltage (Vcp), the
parasitic JFET1 (composed of a P— body and P+ shielding) voltage (Vjrgr1), and the parasitic
JFET2 (composed of P+ shielding in two close cells) voltage (VjrgT2). Based on the existing
4H-SiC trench MOSFET voltage model, Vcy, VireT1, and Viggr2 can be calculated as:

JeLcaWeen

Ve = JeR = )
I T v Cox (VGE — Vingon))
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Virer1 = JeRyreT1,8p = JCPFET1 Weell ( — 2WP1 (2)
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So, Vmos can be expressed [21] as:

Wwos = Vcu + Virer1 + VireT2 4)

where Coy is the specific capacitance of the gate oxide; piny is the inversed electron mobility
in channel region; p is the resistivity; Vg is the applied gate bias; Vi (on) is the threshold
voltage; and Wp1 and Wy are the depletion length in the p-body/current storage layer
(CSL) and P+ shielding /N-drift junction @ Ve = 0V, respectively. Additionally, the Cox [21],
p, and Wy /5 can be written as:

Cox = €oxide€0 (5)
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where ¢,y;4e and eg;c are the relative permittivity for the gate oxide and 4H-5iC; ¢ is the
permittivity of free space; un is the electron mobility; Ncgy /p is the doping of CSL (or drift)
region; g is the amount of electric charge of an electron; and Vpy is the built-in potential of
the PN junction (about 2.7 V).

Moreover, according to the formula of the PN junction built-in potential, Vp,n can be

calculated [22] as:
kT N
Voun =" 1n<P0 ZBL> 8)

n

OJFET1/2 =




Crystals 2022, 12, 582

30f6

In Formula (8), k is the Boltzmann constant; T is the ambient temperature; n; is the
intrinsic carrier concentration; Npy, is the doping of the N buffer region; and p is the hole
concentration at junction J;.

In order to simplify the analytical model of the voltage dropped on the N-type drift layer,
the hole-carrier concentration, which is shown on the right of Figure 1, can be depicted as:

Y

p(y) = Ae Ta +B )

In (9), L, is the ambipolar diffusion length; and py and pwg, which are the hole
concentrations at P+ collector /N-buffer and P+ shielding /N-drift junctions, can be obtained
using;:
po,BLLp,BLLn P+

Po = p¥)ly=0 = p(0) q(Dp,BLP0BLLnP+ + Dnpy10p4 LpBL)
]
Pwy = P(Y) ly=wy = p(Wg) = < (1)
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in which pg g1, and 1 p, are the hole and electron concentrations at a state of equilibrium;
Dp L and Dy, p, are the diffusion coefficients in the buffer layer and P+ collector region;
Ly pL and Ly, p, are the diffusion lengths in the buffer layer and P+ collector region; Jc is the
total current density; and vs,; is the drift velocity of the carriers.

If we replace Equations (10) and (11) into Equation (9), p(y) can be obtained.

By integrating an electric field across the N-type drift region, the N-drift region voltage

can be calculated as: W Wy |
B B -drift
drift 0 (y) Yy 0 pr(y) y

In (12), pp is the hole mobility, and Jp_grift is the hole current density flowing in the
drift region, which is depicted as:
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In (13), Dy, is the hole diffusion coefficient.
If we replace Equation (13) into (12), V gy is changed as follows:
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Then, the forward voltage can be calculated.

3. Simulation Results and Verification

This section describes the simulations carried out to investigate I-V characteristics
and verify the forward voltage drop analytical model. The physical parameters of the
investigated structure are given in Figure 1. In the simulation, the models utilized were as
follows: the bandgap narrowing model (BGN); the AUGER and Shockley—Read—Hall (SRH)
models for recombination and carrier lifetime; and doping and temperature-dependent
field mobility models (ANALYTIC). Moreover, all the simulations were performed using
Fermi-Dirac statistics. Selberherr’s impact ionization model was also utilized. In addition,
it is worth noting that the simulator was calibrated to the experimental data of ref. [23].
Thus, in this paper, we adopted the same physical parameters as ref. [23]. Moreover,
Tnbutfer Was set at 0.1 ps. The effect of T4, is also discussed.

Figure 2 shows the transfer curve (at Ve =4 V) and the I-V curve (at Vgg =20 V).
From these graphs, it can be determined that Vi, (on) is 5.8 V, and Von at Jc =100 A/ cm? is
8.68 V. The concentration distribution of the hole carriers at the buffer and drift regions
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is presented in Figure 3 and compared with analytic solutions obtained by the analytical
model (Equation (9)). The analytical model can accurately describe the carrier’s concentration
distribution, except for region A. The main reason may be explained as follows: Although the
hole-carrier concentration is decaying in an exponential manner in both regions, L, gL is larger
than that in the N-drift region. So, in the buffer layer, the minor carrier concentration decreases
faster. However, in this paper, we assume that the hole-carrier concentration undergoes an
exponential decay from junction J; to J», and L, is the exponential decay index.
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Figure 2. Transfer and I-V characteristics.
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Figure 3. Hole-carrier concentration profile in buffer and drift regions.
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The influence of Tgyift On Von is given in Figure 4, and is also compared with analytical
values. From this figure, it can be seen that the simulation value coincides well with the
analytical values at the higher carrier lifetime. The difference between the simulation and
analytical values is larger at the lower carrier lifetime, because the built analytical model
neglects the influence of carrier recombination occurring in the N-drift region. However,
a recombination effect cannot be omitted when the carrier lifetime is lower, causing the
appearance of the above-mentioned deviation.
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Figure 4. Influence of carrier lifetime in the drift region on forward voltage drop.

4. Conclusions

A forward voltage drop analytical model was developed and investigated. The analyt-
ical model considered the hole-carrier concentration profile as a simple exponential form, in
order to calculate the N-drift voltage more simply. A 2D numerical simulation was used to
verify the correctness of the analytical model. The investigation results demonstrate that the
developed model can exactly describe the distribution of the minor carrier concentration,
and the analytical values agree well with the simulation results in quantity.
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