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Abstract. In this paper, a technology computer-aided design (TCAD) model of a silicon carbide (SiC)
insulated-gate bipolar transistor (IGBT) has been calibrated against previously reported experimental
data. The calibrated TCAD model has been used to predict the static performance of theoretical SiC
IGBTs with ultra-high blocking voltage capabilities in the range of 20-50 kV. The simulation results
of transfer characteristics, Ic-Vgg, forward -characteristics, Ic-Vcg, and blocking voltage
characteristics are studied. The threshold voltage is approximately 5 V, and the forward voltage drop
is ranging from Vr=4.2-10.0V at Ic=20 A, using a charge carrier lifetime of ta=20 ps.
Furthermore, the forward voltage drop impact for different process dependent parameters (i.e., carrier
lifetimes, mobility/scattering and trap related defects) and junction temperature are investigated in a
parametric sensitivity analysis. The wide-range simulation results may be used as an input to facilitate
high power converter design and evaluation. In this case, the TCAD simulated static characteristics
of SiC IGBTs is compared to silicon (Si) IGBTs in a modular multilevel converter in a general high-
power application. The results indicate several benefits and lower conduction energy losses using
ultra-high voltage SiC IGBTs compared to Si IGBTs.

Introduction

Traditionally in high power electronic applications, silicon (Si) based bipolar charge carrier
transistors (i.e., insulated-gate bipolar transistors (IGBTs) and Thyristors) have been the main choice
of semiconductor switches due to low conduction losses, high blocking voltage capability and
robustness. As commercial SiC-based power semiconductor devices have begun to enter the
low/medium power market in various applications [1], the devices for high power applications are
predicted to enter the market when several manufacturing and packaging challenges have been
resolved/improved (i.e., high quality SiC substrates, epitaxial growth, contacts and low material
defect densities). It is predicted that systems using these high blocking voltage devices may offer
system level benefits such as reduced number of submodule cells/devices, less complex system and
reduced cooling requirement and station foot-print [2]. For initial converter comparison/evaluation,
it is important to perform wide-range theoretical evaluations of high voltage SiC devices to predict
the possible impact of these devices in high power applications.

In the research literature, high voltage SiC IGBTs have been experimentally demonstrated up to
27 kV [3] and numerical simulation studies have investigated the SiC IGBT characteristics in the
range of 15-25 kV [4] and empirical/analytical calculation results up to 50 kV [5]. Kimoto et al. [6]
stated that the forward voltage drop significantly increases for SiC devices with blocking voltage
capabilities beyond 50-60 kV, due to band-to-band recombination. Today, no experimental results or
finite-element simulation results for ultra-high voltage (25-50 kV) SiC IGBTs are visible in the
literature. Therefore, the SiC IGBT characteristics in this blocking voltage range needs thorough

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)


https://doi.org/10.4028/www.scientific.net/MSF.1004.911

912 Silicon Carbide and Related Materials 2019

investigation to clarify the potential in different applications and justify/promote further research in
this field, which is filled with several manufacturing and packaging challenges. For accurate device
design and its electrical behavior predictability, a wide-range numerical simulation approach is
required since several of the process dependent parameters (i.e., carrier lifetimes, mobility and trap
related defects) of the manufacturing process are still uncertain at this point. A sensitivity analysis of
such parameters is a suitable method to investigate future device performance.

TCAD Model Description

A general 4H-SiC IGBT punch-through structure is implemented in the Synopsys Sentaurus TCAD
simulation platform according to Fig. 1. The implemented IGBT structure is based on the design of a
22 kV IGBT [7,8] (i.e., drift region thickness (doping) = 180 pum (Np=2x10'" cm™), gate oxide
thickness = 500 A, channel length (doping) = 1 um (Ncu = 5x10' cm™), JFET width = 5 um, cell
pitch = 9.5 um, buffer layer thickness =2 pm and area scale factor =3.9x10%) and is used for
calibration of the TCAD model against experimental data [7,8]. A realistic SiC/SiO; trap profile [9]
with increasing trap concentrations at the edges is adapted, which strongly effects the channel
mobility due to scattering mechanisms at the interface (i.e., acoustic, surface roughness, coulomb
scattering). Furthermore, as the SiC epitaxial growth process is still under evolvement for high
voltage devices, the 4H-SiC material contains various levels of deep-level traps and crystal
dislocations which limits the charge carrier mobility and lifetime. The epitaxial growth conditions
define the defect type, their concentration and their physical location. As-grown n-doped SiC
epitaxial-layers may attain trap concentrations in the range of 10'? - 10'> cm™ depending on growth
conditions [10,11]. To obtain a longer charge carrier lifetime, especially for high voltage bipolar
devices, defect densities must be decreased to the order of 1x10'?> cm™ or even lower [12]. For the
as-grown epitaxial layer, the measured lifetime of 1.1 ps was obtained and was greatly improved to
26 us after the defect reduction process in the 220 um thick epitaxial layer. Generally speaking,
thicker epitaxy is more likely to have higher defect densities and thus less likely to reach ideal bulk
mobility values due to impurity scattering. Therefore, these process dependent parameters are kept as
model parameters and the model was calibrated by using a design of experiment (DOE) approach.
Furthermore, previously calibrated 4H-SiC material related parameters were incorporated in the
model [13]. The temperature dependent impact ionization coefficients derived by Zhao et al. [14] and
anisotropic coefficients by Hatakeyama et al. [15] are used for breakdown voltage simulations. The
incorporated physical models are summarized in Table 1.

I:I\* Oxide Channel
0 N Table 1. Models included in the simulations.
1 |JFET region Fermi-Dirac Statistics
2. P-well Incomplete Ionization
3 4H-SiC Bandgap Properties + Narrowing
4 | Drift region Bulk Mobility: Anisotropic, Temperature
0 3 4 6 ] 10 and Doping dependent, High-Field Effects,
DopingConcentration (cm~-3) Carrier-Carrier Scattering.
- Channel Mobility: Lombardi Enormal,
Buffer —— Phonon scattering, Coulomb Scattering.
region 0.000e+00 SiC/Si0O2 interface traps, Effective Oxide
-1.710e+14 Charge
[l «— Substrate .Z::::: Recombination: Shockley-Read-Hall,

Surface SRH, Auger, Radiative

Fig. 1. 4H-S1C IGBT structure implemented in
Synopsys Sentaurus TCAD.

The calibrated IGBT structure is scaled to blocking voltage classes in the range of 20-50 kV by
modification of drift region thickness and doping concentration according to Table 2. The buffer layer
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thickness and doping concentration at the bottom side of all four theoretical devices are set to 5 um
and NpL = 5x10'® cm.

Table 2. Simulated 20-50 kV SiC IGBT drift region parameter set and breakdown voltage results.

Vi class Drift Region Device Parameter Breakdown Voltage
Doping Concentration  Thickness Analytical [16] TCAD simulated
20kV 1.75%10" ¢cm’ 160 pm 21.7kV 21.4kV
30kV 1.50x10" ¢cm’ 260 pm 32.0kV 31.6 kV
40 kV 1.25%10' cm’ 360 pm 41.0kV 409 kV
50 kV 1.00x10" ¢cm’? 460 pm 50.1 kV 49.9 kV

4H-SiC IGBT Simulation Results

Model Calibration. The TCAD IGBT simulation results indicate satisfactory correlation with
experimental data provided from [7,8], using a set of process dependent parameters extracted from
the DOE process (i.e., SiC/SiO> Dir=2.1x10"* cm2eV™!, effective oxide charge =4.2x10'2 cm?,
pEMax =700 cm?*/ Vs pumax= 60 cm?/Vs, ta=2.4 ps and T =300 K). In this configuration, the
MOS-channel mobility is in the range of 30 cm?/Vs. Overall, a fair correlation between IGBT transfer
characteristics (i.e., Vtuexp=2.8 V vs. Vtusm=2.6 V) and breakdown voltage (i.e.,
VeEexp=22.6 kV vs. Vesim=20.9 kV) are visible as well as for the forward characteristics (i.e.,
Veexp=9.1 V vs. VEsim= 9.1 V and Rpirr.exp = 79 mQcm? vs. Rprrrsiv = 68 mQcm? at Ic=20 A),
as shown in Fig. 2a.
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Fig. 2. a) TCAD calibration results of the forward characteristics, Ic-VcE, compared to experimental
data of a 22 kV SiC IGBT [7]. b) Charge-carrier lifetime-dependent breakdown voltage
characteristics of the four theoretical SiC IGBTs with 20-50 kV blocking voltage capability
(ta,Low=1 ps vs. Ta HigH = 100 ps).

Breakdown Voltage. The breakdown voltage characteristics of the four theoretical devices
(20-50 kV) are simulated with the calibrated device structure using the same physical models and
parameters but with modifications stated in Table 2. For simplicity, only the active part of the device
is simulated, and no junction termination edge is included. The charge-carrier lifetime-dependent
breakdown voltage characteristics are presented in Fig. 2b, where taLow= 1 ps and ta miga= 100 ps,
assuming the typical ratio of te/tu=35. As the charge carrier lifetime increases, the thermally
generated carriers survive for a longer time and hence more active carriers are available for
conduction in the drift region, which increases the leakage current. Similarly, the enhanced number
of active carriers reduce the critical point of avalanche multiplication to a lower voltage level,
resulting in a lower breakdown voltage capability of the devices.

Forward Characteristics. The room temperature transfer characteristics, Ic-Vgg, and forward
characteristics, Ic.-Vcg, of the four theoretical devices are presented in Fig. 3. Here, the threshold
voltage is approximately 5 V, and the forward voltage drop is ranging from Vr=4.2-10.0 V at
Ic=20 A, using a charge carrier lifetime of ta= 20 ps. The forward voltage drop increases with
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blocking voltage due a to thicker, more resistive drift region of the device, as expected. Using
traditional Si packaging technologies (e.g., 300 W/cm?), the on-state current (density) handling
capability ranging from 27-55 A/cm? and future SiC packaging technologies (e.g., 500 W/cm?) [17]
results in 39-78 A/cm? for the four theoretical devices.
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Fig. 3. TCAD simulation results of the four theoretical SiC IGBTs with 20-50 kV blocking voltage
capability simulated at room temperature and ta =20 ps, a) transfer characteristics, Ic-Vgg, and
b) forward characteristics, Ic-Vck.

Parametric Sensitivity Analysis. The 4H-SiC manufacturing technologies are continuously
evolving and reduction of defects and traps will improve the process dependent parameters.
Therefore, a wide-range parametric sensitivity analysis is performed to study the impact on Vr for
process dependent parameters and temperature. These results are presented in Fig. 4. The forward
voltage drop decreases with increasing charge carrier lifetime, due to that more carriers in the drift
region enables higher level of conductivity modulation. For low carrier lifetimes, the impact of
mobility increases with blocking voltage capability. With higher carrier lifetimes, the impact of
mobility is not as large and reasonable conductivity modulation is yet achieved. Material quality has
a significant impact on the device characteristics and high-quality SiC material is crucial for high
voltage devices. The forward voltage drop increases with temperature since bulk mobility reduces
with temperature, even though more excess charge carriers are available in the drift region.
Furthermore, simulations indicate that the SiC/SiO? interface trap density has a minor impact on the
forward voltage drop (i.e., Dir=2.1x10"° cm?eV! vs. Dir=2.1x10"? cm?eV™!' corresponds
approximately to AV~ 0.1 V for all four devices in the investigated charge carrier lifetime range).
Depending on the gate process conditions, experimental Dir concentrations for SiC devices in the
range of 3x10'"' —2x10'* cm2eV-! have been obtained [9,18].
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Fig. 4. Impact on SiC IGBT forward voltage drop for different charge-carrier lifetimes and a) mobility
(i.€., WE/H Normal = 950/125 cm?/V's vs. PEMH Reduced = 700/60 cm?/Vs at T =300 K) and b) temperature
(i.e., T=300 K vs. T = 448 K with up/m Reduced = 700/60 cm?/Vs).

Comparison of Conduction Losses for Si IGBTs and 4H-SiC IGBTs

The simulation output is used for initial evaluation and comparison between ultra-high voltage SiC
IGBTs and Si-based device structures in high power applications. A Modular Multilevel Converter



Materials Science Forum Vol. 1004 915

(MMC) for a high-power application serves as a test case (e.g., system voltage Vpc= 640 kV,
modulation index (M) = 1, rated power S = 1 GW). The modularity of such converters enables a good
scalability. The converter cell or power electronic building blocks (PEBB) can be designed with
arbitrary voltages. A PEBB with a nominal voltage of 16.8 kV employing 30 kV SiC IGBTs should
therefore be compared to a solution with the same voltage rating but using series connected Si IGBTs,
or a series connection of PEBBs using a single Si IGBT. Note that both Si BIGT configurations yield
the same result, since only the conduction losses are considered here. As an example, a TCAD
simulated 30 kV SiC IGBT with antiparallel SiC PiN diode [19] is compared to a state-of-the-art
4.5 kV Si Bi-mode Insulated Gate Transistor (BIGT) [20]. The active area of the employed power
semiconductor is kept constant. In a second comparison, it is accounted for a lower active area in the
ultra-high voltage SiC devices due to a bigger junction termination edge (JTE) area. The converter
test case parameters and semiconductor device parameters are summarized in Table 3.

Table 3. Converter test case parameters and semiconductor device parameters.

Simulation case Si | SiC
Semiconductor
. . SiC PiN
Si BIGT [20] SiC IGBT Diode [19]
Blocking voltage (V) 4.5kV 30kV 30 kV
Nominal operating voltage (Vnowm) 2.8kV 16.8 kV 16.8 kV
Active area (Aa) 49 mm? 100 mm? 100 mm?
JTE length 0.8 mm [21] 1.5 mm [3] 1.5 mm [3]
Total area (Aror) 74 mm? 169 mm? 169 mm?
Carrier lifetime (1) - 20 ys 21.6 us
Converter (Vpc=640kV,M=1,S=1GW)
Single switch - Serics conn. Single switch PEBB
Semiconductor device Si BIGT Si BIGT SiC IGBT + SiC PiN
PEBB voltage (Vpegg) 2.8kV 16.8 kV 16.8 kV
Number of PEBBs per arm (Npess) 229 39 39
Total number of switches (Nsw) 5496 5496 936
MMC cell topology Full bridge Full bridge Full bridge

A forward characteristics comparison (i.e. on-state voltage drop and current capability) between
Si BIGT and SiC IGBT is presented in Fig 5a, where the voltage drop is normalized by the rated
blocking voltage. Two cases are presented, the first case with equal active area (Aa = Artor) and the
second case with equal total area including the required JTE for each device (Aa= Ator-AsTE). In
both cases, the ultra-high voltage SiC device indicates lower normalized voltage drop than Si BIGT
counterparts.

Furthermore, the normalized semiconductor conduction losses of the high-power converter
conducting active power employing Si BIGTs or SiC IGBTs are visualized in Fig. 5b. Note that the
device area for both technologies is scaled to fit the RMS current appearing in the converter. The
comparison indicates that the TCAD simulated 30 kV SiC IGBTs are conduction loss competitive
with a series connection of state-of-the-art Si BIGT devices; even with a reduced active area due to
larger JTE, where a conduction loss reduction of approximately 30 % can be achieved. Together with
a reduction of system complexity, control hardware, cables, and fibers (due to a lower amount of
PEBBsS), this presents a promising alternative to existing high-power converters with high-voltage Si
devices.
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Fig. 5. a) Comparison of conduction capability normalized by blocking voltage with data from 30 kV
SiC IGBT TCAD simulation and [20] for equal active area (Aasi= Aasic= Ator= 1 cm?), and equal
total area including JTE (Aa= Ator-Aste, Aasi= 0.706 cm?, Aasic = 0.49 cm?). b) Conduction loss
comparison between Si BIGT and TCAD simulated SiC IGBT in a general high-power system. The
losses are normalized to the Si BIGT implementation.

Summary

A 4H-SiC IGBT TCAD model has been calibrated against experimental data and has been used to
widely investigate static performance of high voltage SiC IGBTs (20-50 kV). The impact of various
process dependent parameters and temperature has been studied. A comparison of conduction energy
losses between SiC and Si based converter cells has been evaluated for their potential use in high-
power application systems. The calculation indicates that a conduction loss energy reduction of 30 %
may be achieved by using 30 kV SiC IGBTs. Furthermore, the wide range simulation data may serve
as input to future converter evaluation studies in various high-power applications.
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