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ABSTRACT
The blocking voltage, switching frequency and temperature tolerance of power devices have
been greatly improved due to the revolution of wide bandgap (WBG) materials, such as silicon
carbide (SiC) and gallium nitride (GaN). Owing to the development of SiC-based power devices,
the power rating, operating voltage, and power density of power modules have been significantly
improved. However, the reliability of SiC-based power modules has not been fully explored yet.
Thus, this dissertation focuses on the chip- and system-level reliability on SiC-based power

modules.

For chip-level reliability, this work focuses on on-chip SiC ESD protection devices for SiC-
based integrated circuits (ICs). In order to develop SiC ESD protection devices, SiC-based Ohmic
contact and ion implantation have been studied. Nickel/Titanium/Aluminum (Ni/Ti/Al) metal
stacks were deposited on SiC substrates to form Ohmic contact. Circular transfer length method
(CTLM) structures were fabricated to characterize contact resistivity. lon implantation was
designed and simulated by Sentraurus technology computer aided design (TCAD) software.
Secondary-ion mass spectrometry (SIMS) results show a good match with the simulation results.
In addition, SiC ESD protection devices, such as N-type metal-oxide-semiconductor (NMOS),
laterally diffused metal-oxide-semiconductor (LDMOS), high-voltage silicon controlled rectifier
(HV-SCR) and low-voltage silicon controlled rectifier (LV-SCR), have been designed.
Transmission line pulse (TLP) and very fast TLP (VF-TLP) measurements were carried out to
characterize their ESD performance. The proposed SiC-based HV-SCR shows the highest failure
current on TLP measurement and can be used as an area-efficient ESD protection device.

On the other hand, for system-level reliability, this dissertation focuses on the galvanic

isolation of high-temperature SiC power modules. Low temperature co-fired ceramics (LTCC)



based high-temperature optocouplers were designed and fabricated as galvanic isolators. The
LTCC-based high-temperature optocouplers show promising driving capability and steady
response speed from 25 °C to 250 °C. In order to verify the performance of the high-temperature
optocouplers at the system level, LTCC-based gate drivers that utilize the high-temperature
optocouplers as galvanic isolators were designed and integrated into a high-temperature SiC-based
power module. Finally, the high-temperature power module with integrated LTCC-based gate
drivers was characterized by DPTs from 25 °C to 200 °C. The power module shows reliable

switching performance at elevated temperatures.
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CHAPTER 1

INTRODUCTION

1.1 Background
1.1.1 Wide bandgap (WBG) semiconductor technology

The revolution of first-generation semiconductors, such as silicon (Si) and germanium (Ge),
has greatly facilitated industrial technologies. Nowadays, Si-based semiconductor technology is
well established and the most commonly used for electrical devices [1]. In the 1950s, the
fabrication process of III-V compound gallium arsenide (GaAs), which is one of the presentative
of second-generation semiconductors, was developed [2]. With the invention of this technology,
second-generation semiconductors, such GaAs and Indium gallium arsenide (InGaAs), have been
widely used in high-frequency, high-speed and light emitting electronic devices. Since the 1990s,
third-generation semiconductor devices, so-called WBG devices presented by silicon carbide (SiC)
and gallium nitride (GaN), have been commercially available [3]. This has boosted the
development of power electronics.

Table 1.1 lists the selected material properties of the three generations of semiconductors. The
wide bandgap of 4H-SiC (i.e., 3.26 eV) results in orders of magnitude lower intrinsic carrier
concentration and leakage current compared to Si and GaAs. The thermal conductivity of 4H-SiC
is higher than Si and GaAs. These properties make SiC-based devices promising for high-
temperature (HT) applications. Besides, the wide bandgap of 4H-SiC also indicates a high critical
field (i.e., 2.2 MV/cm). This allows SiC-based devices to show higher avalanche breakdown
voltage than Si- and GaAs-based devices at the same order of doping concentration. Therefore,
SiC-based power devices can be fabricated by relatively high-doped and short drift regions, which

reduces their turn-on resistance and switching power loss. In general, with the advantage of wide



bandgap and high thermal conductivity, SiC-based devices are capable of operating at high-voltage,
high-power, high-frequency and high-temperature conditions.

Table 1.1 Properties of semiconductor materials [1], [3]

Si GaAs 4H-SiC
Bandgap (eV) 1.12 1.4 3.26

Intrinsic concentration (cm™) 1.4E10 2.1E6 8.2E-9
Critical field (MV/cm) 0.23 0.4 2.2
Permittivity 11.8 12.9 9.7
Thermal conductivity (W/cm-K) 1.5 0.5 3.8

1.1.2 SiC-based power module

The blocking voltage, switching frequency and temperature tolerance of power devices have
been greatly improved due to the revolution of WBG materials. This significantly increases the
power rating, operating voltage, and power density of power modules [4]. It has been demonstrated
that SiC-based power modules show higher switching frequency and lower loss than silicon (Si)
based counterparts [5]. Consequently, a variety of optimized SiC-based power modules have been
proposed and developed, which mainly contribute to the increase of power density and the
reduction of parasitic elements[6], [7]. One of the promising solutions to increase the power
density and reduce the size and weight of the power electronic systems is to enhance the
temperature tolerance of power modules and reduce or eliminate the bulky cooling system.

Several HT power modules were studied and developed in recent years. In 2010, J. Scofield et
al. [8] investigated the reliability of the packaging materials, such as substrate (i.e., direct bonding

copper (DBC)), and encapsulation materials, for HT power modules. Based on these results, J.



Scofield et al. [9] developed two HT power modules. Cree’s SiC power MOSFETSs were integrated
into the power module, and the power modules were characterized up to 200 °C. Meanwhile,
Meanwhile, Z. Chen proposed a 1200-V HT power module [10]. Both SiC power MOSFETSs and
the power module were characterized and fully analyzed at a temperature of 200 °C.

On the other hand, the integration of gate driver circuits into power modules reduces the
parasitic inductance. This not only lowers the size but also increases the switching frequency of
power modules. It should be noted that since the gate driver circuits are tightly integrated with the
power devices, their operating temperature is required to be similar to that of the power devices.
As a result, researchers proposed HT gate driver circuits for the integration of power modules. In
2010, silicon on insulator (SOI) gate driver integrated circuits (ICs) were integrated into a power
module [11]. The power module shows reliable switching behaviors and relatively low power loss.
H. A. Mantooth et al, [12] also proposed a solution for the integration of SiC-based gate drivers
into power modules.

1.2 Motivation

Although HT and high-density SiC-based power modules have been proposed, their reliability
issues have not been fully explored. Therefore, the motivation of this study is the chip- and system-
level reliability on SiC-based power modules. Fig. 1.1 shows the schematic of a SiC-based power
module system. A control signal controls the turn-on and turn-off of the power module, and a gate
driver is needed to drive the gate of the power device. For these components (i.e., control ICs and
gate driver ICs), on-chip ESD protection devices are required. Besides, system-level protection,
such as galvanic isolation, is needed to protect the low-voltage control ICs from high-voltage
power devices. Reviews of on-chip ESD protection and galvanic isolation for SiC-based power

modules will be provided in this section to understand the desire and necessity.



Power Power

isolator
Control > Signal > Gate > Power Cooling
signal > isolator » driver > module system

Fig. 1.1 Schematic of SiC-based power module system

1.2.1 On-chip ESD protection for SiC-based integrated circuits

In order to further reduce the power loss and parasitic elements of SiC-based power modules,
logic controllers and gate driver circuits are expected to be integrated closely with the power
devices, making their operating temperature similar to the power devices. However, the maximum
operating temperatures for traditional Si-based ICs are typically below 150 °C [13]. Therefore, a
variety of SiC-based ICs have been demonstrated, such as high-current, high-temperature bipolar
SiC ICs [14], SiC digital logic gates functioning at 600 °C [15], SiC CMOS digital circuits
operating at temperatures exceeding 300 °C [16], high-temperature (i.e., ~400 °C) analog ICs in
SiC bipolar technology [17] and 4H-SiC ultraviolet (UV) photodiodes [18]. Although these SiC
ICs show high performance with a wide range of operating temperatures, the reliability has not
been sufficiently explored yet. Among the reliability issues, ESD is a great matter of concern that
creates overstresses to devices and circuits with a large electric field and high current density,
resulting in the dielectric breakdown of the gate oxide or thermal runaway of semiconductor
devices [19]. ESD protection devices and circuits have been well studied in traditional Si
semiconductor industry [20] to provide effective on-chip and off-chip protections for Si ICs.
However, limited studies have been published in the field of SiC-based ESD protection.

Several SiC-based ESD protection devices and circuits have been studied in recent years. A
4H-SiC ESD protection circuit (i.e., gate-body floating NMOS (GBFNMOS)) was proposed and

investigated [21]. The transmission line pulse (TLP) measurement results showed that the



proposed GBFNMOS has low on-resistance, low trigger voltage and good high-temperature
performance. Kyoung-II Do et al. also proposed SiC-based high-holding floating gate NMOS
(HHFGNMOS), low-voltage silicon-controlled rectifier (SCR) and lateral insulated-gate bipolar
transistor based SCR (LIGBT-SCR) for ESD protection [22]-[24]. In addition, The behavior of
SiC junction barrier Schottky diodes under ESD human body model (HBM) stress was investigated
by P. Denis et.al., aiming to address the limitation of SiC devices and processes [25]. T. Phulpin
et.al. [26] also studied the operation and failure mechanisms of three types of metal epitaxial-
semiconductor FETs (MESFETs) under ESD stress by using TLP and HBM tests. The operation
of SiC MOSFETs under ESD stress was investigated and analyzed by photon emission (PE) and
spectral photon emission technique (SPE) [27], [28]. Furthermore, D.T. Jarard et al. reported 15V
SiC NMOS ESD characteristics in Raytheon high-temperature silicon carbide (HiTSiC) process
to explore the ESD robustness and facilitate the ESD protections for SiC ICs [29]. The electrical
safe operating areas (SOAs) of low voltage SiC NMOS devices with varying channel width, gate
length and gate bias are characterized by the TLP system. Although progress has been made in
SiC-based ESD studies in recent years, systematical studies of SiC-based ESD protection for SiC
CMOS devices are still desired. For example, the approaches of designing the trigger voltage (Vu),
controlling the trigger current (/) and increasing the failure current (/:2) of SiC ESD protection
devices have not been fully understood. Also, the TLP and VF-TLP measurements on SiC ESD
protection devices have not been sufficiently investigated.
1.2.2 Galvanic isolation for SiC-based power module

In gate driver circuitry, galvanic isolation devices and circuits are required to isolate the low-
voltage logic controllers from the high-voltage components [29], [30]. Optocouplers, capacitors

and transformers are commonly used as galvanic isolators [29]-[32]. Optocouplers provide a small



packaging size, few connection components, low input drive currents, and low power dissipation,
making them more desirable than regular isolation transformers [30]. However, the performance
degradation of optocouplers at elevated temperatures limits their applications in high-temperature
environments [32]. Therefore, the design and fabrication of high-temperature optocouplers for
galvanic isolation in gate driver circuitry are highly desired.

In previous work, researchers at the University of Arkansas, Fayetteville have studied emitters
and detectors for HT optocouplers. The spontaneous emission quantum efficiency (QE) of
different light-emitting diode (LED) materials (i.e., indium-gallium-nitride-based (InGaN-based)
multiple quantum wells (MQWSs)) over a wide range of temperature was studied using
photoluminescence (PL) measurements [33]. The InGaN-based MQW structures exhibit minimum
QE drop at temperatures higher than 200°C. The study was extended to other LED materials as
well to investigate the QE at high temperatures. A. Sabbar et al. [34] reported InGaN-based and
aluminum-gallium-indium-phosphide-based (AlGalnP-based) MQW structures with different
peak wavelength (i.e., 450 nm, 470 nm and 630 nm) for high-temperature optoelectronic
applications. Moreover, further optimization into InGaN-based structures was proposed to enhance
their behaviors at high temperatures, and relatively high QE at high temperatures (i.e., >200°C) is
observed [35]. The temperature and injected current-dependent internal quantum efficiency (IQE)
of InGaN-based MQW LEDs with different peak wavelengths (i.e., 450 nm, 470 nm and 530 nm)
were studied using electroluminescence (EL) measurements [36]. Stable peak IQE of these LEDs
at high temperatures was reported. These studies [33]-[36] prove that AlGaN-based and AlGalnP-
based MQW structures can be utilized to form LED devices in high-temperature optoelectronic
applications. In addition, the spectral responsivity (SR) of InGaN-based MQW structures was

investigated with the temperature range of -200°C to 500°C [37]. The results indicate that the



photodiodes can be used in high-temperature optocouplers. Although systematic studies of the
optoelectronic devices for high-temperature applications were carried out, the LEDs and
photodiodes were investigated individually. The high-temperature optical coupling behavior of the
LEDs and photodiodes is not yet investigated. Therefore, high-temperature optocouplers, which
integrate LEDs as emitters and photodiodes as detectors, need further studies.

1.3 Objectives

This dissertation focuses on the on-chip ESD protection and galvanic isolation of SiC-based
power module systems, which aims to improve the chip- and system-level reliability of the system.
For chip-level reliability, SiC-based ESD protection devices for SiC low-voltage (i.e., <20 V)
CMOS devices are investigated. The following works have been accomplished:

a) SiC-based Ohmic contacts have been developed. Circular transfer length method (CTLM)
structures were fabricated on SiC substrates to characterize the Ohmic contacts.

b) SiC-based ion implantation profiles have been designed for SiC complementary metal-
oxide-semiconductor (CMOS) and ESD protection devices. Technology computer aided design
(TCAD) simulation results are provided.

¢) SiC-based ESD protection devices have been characterized by transmission-line pulse (TLP)
and very fast TLP (VF-TLP) systems. Area-efficient SiC-based silicon controlled rectifier (SCR)
structures are proposed.

On the other hand, for system-level reliability, optical-based HT galvanic isolators are
developed. The following works have been accomplished:

a) Low temperature co-fired ceramics (LTCC) based HT optocouplers have been designed and
fabricated. Their optical coupling efficiency and response speed are characterized and analyzed

from 25 °C to 250 °C.



b) LTCC-based gate drivers, which utilize the HT optocouplers as galvanic isolators, have been
developed.

c¢) The proposed LTCC-based gate drivers have been integrated into an HT SiC-based power
module. Double pulse tests (DPTs) are carried out from 25 °C to 200 °C to characterize the SiC-
based power module.

1.4 Overview of Dissertation

This dissertation is organized as follows:

Chapter 2 to 5 focus on SiC-based on-chip ESD protection. The design and development of
SiC Ohmic contacts and ion implantation profiles for SiC ESD protection devices are discussed in
Chapter 2 and 3. Chapter 4, 5 and 6 provide the design, characterization and analysis of SiC-based
ESD protection devices. Then HT optical galvanic isolators are discussed in Chapter 7 to 9.
Chapter 7 presents the development of the LTCC-based HT optocouplers. The development and
characterization of the LTCC-based gate drivers and HT SiC-based power module are presented
in Chapter 8 and 9 to verify the performance of the HT optocouplers at the system level. Finally,
Chapter 10 gives the conclusion of this dissertation and proposes possible future work for

continued research.



1.5

[1]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Reference

J. Wu, "The Development and Application of Semiconductor Materials," 2020 7th
International Forum on Electrical Engineering and Automation (IFEEA), 2020, pp. 153-
156, doi: 10.1109/IFEEA51475.2020.00039.

E. Schubert, Light-Emitting Diodes, Cambridge, U.K.: Cambridge Univ. Press, 2006.

N. Kaminski, "State of the art and the future of wide band-gap devices," 2009 13th
European Conference on Power Electronics and Applications, 2009, pp. 1-9.

B. Whitaker et al., "A High-Density, High-Efficiency, Isolated On-Board Vehicle Battery
Charger Utilizing Silicon Carbide Power Devices," in IEEE Transactions on Power
Electronics, vol. 29, no. 5, pp. 2606-2617, May 2014, doi: 10.1109/TPEL.2013.2279950.
D. Comite and N. Pierdicca, "Decorrelation of the near-specular land scatterinZ. Chen, D.
Boroyevich and R. Burgos, "Experimental parametric study of the parasitic inductance
influence on MOSFET switching characteristics," The 2010 International Power
Electronics  Conference - ECCE ASIA -, 2010, pp. 164-169, doi:
10.1109/IPEC.2010.5543851.

H. Lee, V. Smet and R. Tummala, "A Review of SiC Power Module Packaging
Technologies: Challenges, Advances, and Emerging Issues," in IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 8, no. 1, pp. 239-255, March 2020, doi:
10.1109/JESTPE.2019.2951801.

C. Chen, F. Luo and Y. Kang, "A review of SiC power module packaging: Layout, material
system and integration," in CPSS Transactions on Power Electronics and Applications, vol.
2, no. 3, pp. 170-186, Sept. 2017, doi: 10.24295/CPSSTPEA.2017.00017.

J. D. Scofield, J. N. Merrett, J. Richmond, A. Agarwal and S. Leslie, "Performance and
reliability characteristics of 1200 V 100 A 200 °C half-bridge SiC MOSFET-JBS diode
power modules", IMAPS Int. Conf. High-Temperature Electronics, 2010-May, doi:
https://doi.org/10.4071/HITEC-JScofield-WP22.

J. Scofield, N. Merrett, J. Richmond, A. Agarwal, S. Leslie and C. Scozzie, "Electrical and
thermal performance of 1200 V 100 A 200 °C 4H-SiC MOSFET-based power switch
modules", Mater. Sci. Forum, vol. 645-648, pp. 1119-1122, 2010, doi:
https://doi.org/10.4028/www.scientific.net/MSF.645-648.1119.

Z. Chen, Y. Yao, D. Boroyevich, K. D. T. Ngo, P. Mattavelli and K. Rajashekara, "A 1200-
V, 60-A SiC MOSFET Multichip Phase-Leg Module for High-Temperature, High-
Frequency Applications," in IEEE Transactions on Power Electronics, vol. 29, no. 5, pp.
2307-2320, May 2014, doi: 10.1109/TPEL.2013.2283245.

B. Vogler, M. Rossberg, R. Herzer and L. Reusser, "Integration of 1200V SOI gate driver
ICs into a medium power IGBT module package," 2010 22nd International Symposium on
Power Semiconductor Devices & IC's (ISPSD), 2010, pp. 97-100.

H. A. Mantooth, M. D. Glover and P. Shepherd, "Wide Bandgap Technologies and Their
Implications on Miniaturizing Power Electronic Systems," in IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 2, no. 3, pp. 374-385, Sept. 2014, doi:
10.1109/JESTPE.2014.2313511.

S. Kaplan, T. Griffin, and S. Bayne, “Silicon vs silicon carbide device characterization,” in
Pulsed Power Conference, 2003. Digest of Technical Papers. PPC-2003. 14th IEEE
International, vol. 2, 2003, pp. 1217-1220 Vol. 2.



https://doi.org/10.1109/IFEEA51475.2020.00039
https://doi.org/10.1109/TPEL.2013.2279950
https://doi.org/10.1109/IPEC.2010.5543851
https://doi.org/10.1109/JESTPE.2019.2951801
https://doi.org/10.24295/CPSSTPEA.2017.00017
https://doi.org/10.4071/HITEC-JScofield-WP22
https://doi.org/10.4028/www.scientific.net/MSF.645-648.1119
https://doi.org/10.1109/TPEL.2013.2283245
https://doi.org/10.1109/JESTPE.2014.2313511

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

H. Elahipanah, S. Kargarrazi, A. Salemi, M. Ostling, C.-M. Zetterling, “500 °C high current
4H-SiC lateral BJTs for high-temperature integrated circuits”, [EEE Electron Device Lett.,
vol. 38, no. 10, pp. 1429-1432, Oct. 2017, doi: 10.1109/LED.2017.2737558.

P. G. Neudeck, G. M. Beheim, C. S. Salupo, “600°C logic gates using silicon carbide
JFETs”, Proc. Government Microcircuit Applications Conf., pp. 421-424, 2000.

N. Kuhns, L . Caley, A. Rahman, A. Ahmed, J. Di, H. A. Mantooth, A. M. Francis, and J.
Holmes, “Complex High-Temperature CMOS Silicon Carbide Digital Circuit Designs”,
IEEE Transactions on Device and Materials Reliability, vol. 16, no. 2, pp. 105-111, June
2016, doi: 10.1109/TDMR.2016.2530664.

S. Roy, A. U. Rashid, A. Abbasi, R. C. Murphree, M. M.. Hossain, A. Faruque, A. Metreveli,
C,-M. Zetterling, J. Fraley, B. Sparkman, and H. A. Mantooth, “Silicon Carbide Bipolar
Analog Circuits for Extreme Temperature Signal Conditioning”, IEEE Transactions on
Electron  Devices, vol. 66, mno. 9, pp. 3764-3770, Sept. 2019, doi:
10.1109/TED.2019.2928484.

L. D. Benedetto, G. D. Licciardo, A. Rubino, “Experimental results on lateral 4H-SiC UV
photodiodes”, Proc. 7th IEEE Int. Workshop Adv. Sensors Interfaces (IWASI), pp. 252-254,
Jun. 2017, doi: 10.1109/IWASI.2017.7974264.

R. G. Wagner, J. M. Soden, C. F. Hawkins, "Extent and cost of EOS/ESD damage in an IC
manufacturing process", Proc. EOS/ESD Symp., vol. EOS-15, pp. 49-55, Sept. 1993.

A. Amerasekera, C. Duvvury, ESD in Silicon Integrated Circuits, New York:Wiley, 1995.

K.-I. Do, B.-S. Lee, Y.-S. Koo, “Study on 4H-SiC GGNMOS based ESD protection circuit
with low trigger voltage using gate-body floating technique for 70-V applications”, IEEE
Electron Device Lett.,, vol. 40, no. 2, pp. 283-286, Feb. 2019, doi:
10.1109/LED.2018.2885846

K. -I. Do, B. Lee, S. G. Kim and Y. -S. Koo, "Design of 4H-SiC-Based Silicon-Controlled
Rectifier With High Holding Voltage Using Segment Topology for High-Voltage ESD
Protection," in IEEE Electron Device Letters, vol. 41, no. 11, pp. 1669-1672, Nov. 2020,
doi: 10.1109/LED.2020.3022888.

K. -I. Do, J. -I. Won and Y. -S. Koo, "A 4H-SiC MOSFET-Based ESD Protection With
Improved Snapback Characteristics for High-Voltage Applications," in /[EEE Transactions
on Power Electronics, vol. 36, no. 5, pp. 4921-4926, May 2021, doi:
10.1109/TPEL.2020.3032917.

K. -I. Do, S. -H. Jin, B. -S. Lee and Y. -S. Koo, "4H-SiC-Based ESD Protection Design
With Optimization of Segmented LIGBT for High-Voltage Applications," in /EEE Journal
of the Electron Devices Society, vol. 9, pp. 1017-1023, 2021, doi:
10.1109/JEDS.2021.3121212.

P. Denis et al., “Robustness of 4H-SiC 1200V Schottky diodes under high electrostatic
discharge like human body model stresses: An in-depth failure analysis”, Diamond Related
Mater., vol. 44, pp. 62-70, Apr. 2014.

T. Phulpin et al., “Contribution to Silicon-Carbide-MESFET ESD Robustness Analysis”,
IEEE Transactions on Device and Materials Reliability, Vol. 18 , pp. 214-223, June 2018).
Niemat Moultif, Eric Joubert, Olivier Latry, “SiC MOSFET robustness to ESD study:
Correlation between electrical and spectral photo-emission characterizations”, 2018 19th
IEEE Mediterranean Electrotechnical Conference (MELECON), 2-7 May 2018.

10


https://doi.org/10.1109/LED.2017.2737558
https://doi.org/10.1109/TDMR.2016.2530664
https://doi.org/10.1109/TED.2019.2928484
https://doi.org/10.1109/IWASI.2017.7974264
https://doi.org/10.1109/LED.2018.2885846
https://doi.org/10.1109/LED.2020.3022888
https://doi.org/10.1109/TPEL.2020.3032917
https://doi.org/10.1109/JEDS.2021.3121212

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

N. Moultif, E. Joubert, M. Masmoudi, O. Latry, "Characterization of ESD Stress Effects on
SiC MOSFETs Using Photon Emission Spectral Signatures", 2017 Reliability and
Maintainability Symposium (RAMS), pp. 1-7, 23-26 January), 2017.

Eric R. Motto, "Hybrid Circuits Simplify IGBT Module Gate Drive", 1999.

J. N. Khan, "Design considerations in using the inverter gate driver optocouplers for
variable speed motor drives" in White Paper, Avago Technologies, Mar 2010.

V. Nguyen, L. Kerachev, P. Lefranc and J. Crebier, "Characterization and Analysis of an
Innovative Gate Driver and Power Supplies Architecture for HF Power Devices With High
dv/dt," in IEEE Transactions on Power Electronics, vol. 32, no. 8, pp. 6079-6090, Aug.
2017, doi: 10.1109/TPEL.2016.2619859.

Z. Zhang et al., "SiC MOSFETs Gate Driver With Minimum Propagation Delay Time and
Auxiliary Power Supply With Wide Input Voltage Range for High-Temperature
Applications," in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol.
8, no. 1, pp. 417-428, March 2020, doi: 10.1109/JESTPE.2019.2951358.

A Sabbar and S. Madhusoodhanan et al., "Systematic Investigation of Spontaneous
Emission Quantum Efficiency Drop up to 800 K for Future Power Electronics
Applications," in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol.
8, no. 1, pp. 845-853, March 2020, doi: 10.1109/JESTPE.2018.2882775.

A Sabbar and S. Madhusoodhanan et al., "High-Temperature Spontaneous Emission
Quantum Efficiency Analysis of Different InGaN MQWs for Future Power Electronics
Applications," in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi:
10.1109/JESTPE.2020.2995120.

A Sabbar and S. Madhusoodhanan et al. "High Temperature and Power Dependent
Photoluminescence Analysis on Commercial Lighting and Display LED Materials for
Future Power Electronic Modules," in Scientific Report 9, 16758, Nov. 2019, doi:
https://doi.org/10.1038/s41598-019-52126-4.

S. Madhusoodhanan and A Sabbar et al. "High - Temperature Optical Characterization of
GaN - Based Light - Emitting Diodes for Future Power Electronic Modules," in Phys.
Status Solidi A, 18, Dec. 2019, doi: https://doi.org/10.1002/pssa.201900792.

S. Madhusoodhanan and A Sabbar et al., "High-Temperature Analysis of GaN-based MQW
Photodetector for Optical Galvanic Isolations in High-Density Integrated Power Modules,"
in IEEE Journal of Emerging and Selected Topics in Power Electronics, doi:
10.1109/JESTPE.2020.2974788.

11


https://doi.org/10.1109/TPEL.2016.2619859
https://doi.org/10.1109/JESTPE.2019.2951358
https://doi.org/10.1109/JESTPE.2018.2882775
https://doi.org/10.1109/JESTPE.2020.2995120
https://doi.org/10.1038/s41598-019-52126-4
https://doi.org/10.1002/pssa.201900792
https://doi.org/10.1109/JESTPE.2020.2974788

CHAPTER 2

DEVELOPMENT OF SIC-BASED OHMIC CONTACT

2.1 Background

The metal-semiconductor contact resistance is commonly neglected in device modeling.
However, in practice, the contact resistance generates undesirable power dissipation, especially
under high current conditions (e.g., electrostatic discharge (ESD)). Therefore, the Ohmic contact
needs to be well designed and fabricated for not only complementary metal-oxide-semiconductor
(CMOS) devices but also for ESD protection devices.

Compared to Si, SiC has lower electron affinity (i.e., 3.6 eV) and wider bandgap (i.e., 3.26 eV).
This makes it more difficult for metals to form low contact resistivity with SiC devices. As a result,
two strategies are commonly considered to create SiC-based Ohmic contact: first, increasing the
doping concentration of the SiC contact regions to increase the field emission (FE); second,
implementing metals that react with SiC to reduce the barrier height. For example, Ni is the most
commonly used metal for N-type SiC Ohmic contact. It has been demonstrated that Ni generates
Ni2Si with SiC during high-temperature (HT) anneal, which reduces the barrier height and forms
a promising contact resistivity [1].

Table 2.1 summarizes the SiC-based Ohmic contact studies. Highly doped SiC surface
(i.e.,>1E19 cm™) and high annealing temperature (i.e., >800 °C) are required to form a promising
contact resistivity (i.e., <IE-4 Q-cm). Additionally, while low contact resistivity based on N-type
SiC can be achieved by Ni-SiC Ohmic contact, it requires a suitable ratio of Ni/Ti/Al stacks to
form promising contact resistivity on P-type SiC. Therefore, this dissertation focuses on the Ohmic
contact based on P-type SiC.

Table 2.1 Review of SiC-based ohmic contact
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Metal Type SiC Metal Annealing Annealing Annealing Contact Ref.
doping | thickness temperature time (min) atmosphere resistivity
(cm™) (nm) (°C) (Q-cm?)
Ni N 1E19 100 900-1100 3 N, SE-4—-1E- | [1]
4
Ni N 4.2E15 900-1000 1 2.4E-1 - [2]
2.8E-3
Ni N 1E16 100 950 1 4.8E-5 [3]
Ni N 9E18 950 2 Vacuum 5E-6 [4]
Ni N 2E20 50 1000 2 Ar 6E-6 [5]
Ni P 2E20 50 1000 2 Ar 7E-3 [5]
Ni N 3E18 150 700-950 5 Ar+1%H, 2E-3-1E- | [6]
5
Ni P 3E20 100 1000 1 N 1E-3 [7]
Ti N 7E18 100 900-1000 15 Vacuum 1E-4— [8]
6.7E-5
Ti P 1.3E19 150 As-deposit, 3 10% Ho/Ar 3.4E-4, [9]
700, 750 7.4E-4,
7.7E-4
Al N 4E20 950 5 Ar SE-2 [10]
Al N 1E20 As-deposit SE-6 [11]
Al P 4.8E18 160 1000 2 Vacuum 4.5E-4 [12]
Ti/Al P 1E19 40/60, 900-1200 10 Ar 1E-4-2E- | [13]
60/140, 3
100/100
Ni/Al N 1.3E19 50/6 1000 5 Vacuum 1.8E-4 [14]
Ni/Al P 7.2E18 50/6 1000 5 Vacuum 1.2E-2 [14]
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Ni/Al N 1.3E19 50/2 900 20 Vacuum SE-4 [15]

Ni/Al P 7.2E18 50/6 1000 5 Vacuum 1.2E-2 [15]

Ni/Al N 1E18 900/300 1020 5 N2:Hz (99:1) 1.2E-4 [16]

Ni/Al P 1E19 50/450 1000 2 Ar 5.6E-3 [17]

Ni/Al P 1E19 50/450 400+1000 1+2 Ar 4.5E-5 [17]
Ni/Ti/Al N 1E19 25/50/50 800 30 Vacuum 2.5E-3 [18]
Ni/Ti/Al N 1E19 25/50/70 800 30 Vacuum 2E-3 [18]
Ni/Ti/Al P 8E18 20/50/50 800 30 Vacuum 2.1E-3 [18]
Ni/Ti/Al P 8E18 20/50/70 800 30 Vacuum 2.1E-4 [18]
Ni/Ti/Al N 1E19 80/30/80 950 5 N 7.8E-5 [19]
Ni/Ti/Al N 1E19 80/30/80 1000 5 N 1E-4 [19]
Ni/Ti/Al P 2E19 40/30/80 850 5 N2 4.2E-5 [19]
Ni/Ti/Al P 3E18 8/50/300 800 30 Vacuum 2E-4 [20]
Ni/Ti/Al P 3E18 25/50/300 800 30 Vacuum 8E-5 [20]
Ni/Ti/Al P 3E18 35/50/300 800 30 Vacuum 1E-4 [20]
Ni/Ti/Al P 2E19 40/30/80 850 2 N2 4.2E-5 [21]
Ni/Ti/Al P 2E19 80/30/80 850 2 N 1.3E-4 [21]
Ni/Ti/Al P 2E19 40/30/80 850 5 N 5.5E-5 [21]
Ni/Ti/Al P 2E19 80/30/80 850 5 N 7.6E-5 [21]
Ni/Ti/Al P 2E19 40/30/80 1000 5 N; 2E-4 [21]

2.2 Characterization Methods of Ohmic Contact

Circular transfer length method (CTLM) is one of the most commonly used methods to
measure Ohmic contact resistivity since it avoids current crowding and does not require isolated
layers. Fig. 2.1(a) shows a CTLM structure. The structure is formed by a metallic circular inner

region, a semiconductor gap and a metallic outer region. The inner radius of the inner circle and
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the gap width are L and d, respectively. When L >> d, the resistance between the inner circle and

outer region, Rr, can be expressed as [22]
R
R =22(d + 2Lg) (1)
Where Rsx is the sheet resistance of the semiconductor, and Lr is transfer length, which can be

expressed as

Ly =y Pc/Rsn (2)
Where p. is the specific contact resistivity. The transfer length, L7, is considered as the distance

over which most current transfers from metal regions to semiconductor regions or from

semiconductor regions to metal regions. Therefore, it can also be expressed as

Ly =P 3)

"~ 2mLRc

Where Rc is the contact resistance. Combining Eq. (1) to (3), when d=0,

_ 2LTRgp _
Ry = 1 = 2R, 4)
When R7=0,
d=—-2Ly (%)

As aresult, Rc can be estimated by measuring CTLM structures with varying gap widths, d, as

shown in Fig. 2.1(b).

Rr 4 ® Measured Rr

-—- Curve fit .
/7
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(a) (b)
Fig. 2.1 CTLM (a) structure and (b) Rc extraction method

2.3  Fabrication

The fabrication process of the CTLM structures were shown in Fig. 2.2. 4H-SiC P-type
samples with a surface doping concentration of 5SE19 cm™ were utilized as substrates. The samples
were cleaned by acetone, Isopropyl alcohol (IPA) and water to eliminate contaminations. Then
photoresist was applied on the samples by a CEE-100 spin coater. The samples were aligned with
the CTLM mask by a Karl SUSS MJB 3 Mask Aligner and exposed to ultraviolet (UV) light for 1
min. The metal deposition was carried out by an Edwards Auto - 306 E- Beam Evaporator. After
that, the lift-off process was conducted to remove the metal regions that were covered by the
photoresist. Finally, the samples were annealed by an SSI Solaris 150 rapid thermal anneal (RTA)

furnace to form Ohmic contacts.

Wafer & mask Apply Wafer & mask

. . = Exposure
clean photoresist alignment P

v

Anneal < Lift off €= Metal deposition <= Development

Fig. 2.2 CTLM structure fabrication process
2.4  Experimental Results
According to Table 2.1, Ni/Ti/Al stacks form good Ohmic contacts on P-type SiC samples.
Thus, Ni/Ti/Al stacks with varying Ti thickness were deposited to form Ohmic contacts. Table 2.2
lists the metals and RTA conditions of the samples. The fabricated CTLM structures are shown in
Fig. 2.3. The resistance of Pad 1 to 5 was extracted by Keithley 2450 source measure unit (SMU)
to estimate the contact resistance. The inner radius, L, and gap width, d, of Pad 1 to 5 were listed

in Table 2.3.
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Table 2.2 Utilized metals and RTA conditions for SiC CTLM structure

Fig. 2.3 Fabricated SiC CTLM structure

Sample Metal Metal thickness (nm) RTA temperature (°C) | RTA time (min)
1 Ni/Al 80/80 4
2 Ni/Ti/Al 80/10/80 4
3 Ni/Ti/Al 80/30/80 4
Table 2.3 SiC CTLM structure profiles
Pad 1 2 3 4 5
L (um) 200 200 200 200 200
d (um) 10 20 30 40 50
1 2 3 5

Fig. 2.4 shows the measured resistance versus the gap width, and the extracted Rc, L1 and pc

are listed in Table 2.3. Increasing the thickness of Ti decreases the specific contact resistivity.

However, the specific contact resistivity is relatively high. CTLM structures with varying RTP

conditions will be fabricated and characterized to further improve the SiC-based Ohmic contact.
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Fig. 2.4 Measured CTLM resistance with varying gap width

Sample Rc(€/sq.) Lr(um) pe(Qcm?)
1 54.89 22.97 1.6E-2
2 44.23 19.23 1.1E-2
3 39.03 18.59 9.1E-3

2.5 Conclusion

In this chapter, SiC-based Ohmic contact was investigated. CTLM structures were fabricated
on 4H-SiC P-type substrates. The fabrication process was presented, and experimental results
show that Ni/Ti/Al is capable of forming Ohmic contacts on SiC P-type samples. The specific
resistivity is ~1E-2 Qcm?, and the specific contact resistivity decreases with the increase of Ti
thickness. CTLM structures with varying RTA conditions will be fabricated in future work to

further improve the SiC Ohmic contact. A promising metal stack and RTA condition will be

proposed for the fabrication of SiC-based ESD protection devices.
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CHAPTER 3

DESIGN OF ION IMPLANTATION FOR SIC DEVICES

3.1 Background

The introduction of dopants and the control of doping concentration and junction depth of
semiconductor devices are mainly achieved by ion implantation and diffusion processes. However,
for SiC, the diffusion process is not promising due to the low diffusion constants of the dopants in
SiC. Therefore, in order to design and fabricate SiC-based ESD protection devices, ion
implantation processes need to be designed. In addition, since the ESD protection devices aim to
protect SiC complementary metal-oxide-semiconductor (CMOS) devices, their doping profiles
and structures need to be compatible with SiC-based CMOS processes. Thus, the design of the ion
implantation profiles is based on SiC CMOS processes.

The doping profiles (e.g., peak doping concentration and junction depth) of N-type and P-type
regions in SiC CMOS processes, such as N+, P+, N-well and P-well, can be controlled by ion
implantation dopant, dose and energy. A variety of studies, which are summarized in Table 3.1,
have been conducted to investigate the ion implantation processes based on SiC substrates.
According to previous work [1]-[9], the following conclusions can be made:

a) Nitrogen (N) is commonly used as an N-well implantation dopant because it has lower mass
and creates lower damage compared to phosphorus (P). However, it also shows low activation rate
when doping concentration (or dose) is high (>3E20 cm™).

b) Phosphorus-based ion implantation normally shows lower resistivity compared to that of
nitrogen. Thus, it can be used as an implantation dopant for N+ regions. However, it is not realistic

to form N-well by phosphorus implantation due to its high mass.
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c) Boron (B) can be used for P-well implantation because it has a lower mass compared to
aluminum (Al). However, Boron-based ion implantation also shows passivated issues at high-dose
ion implantation and diffusion issues during high-temperature anneal, which makes it difficult to
design boron-based ion implantation profiles for SiC.

d) Aluminum-based ion implantation shows lower resistivity and higher activation rate when
the annealing temperature is higher than 1700 °C, which makes it commonly used for P-type ion
implantation.

e) It should be noted that although some reports use very high implantation doses to achieve
low resistivity, this may create defects and surface roughness that cannot be recovered by the high-
temperature anneal. For example, the critical doses for aluminum and boron are 1E15 cm™ and
2E15 cm™. Implantation doses higher than these values are not preferred, especially for room-
temperature ion implantation.

Table 3.1 Summary of SiC-based ion implantation

Dopant Implantation condition Anneal Dopant Carrier Activation | Resistivity Ref.
Total Energy | Temperature | Temperature | Time density concentration rate (Qcm)
Dose (eV) (°C) (°C) (min) (cm-3) (cm-3)
(cm?)
N 2E13 25k — 600 1700 10 SE17 43E17 86% 0.5 [1]
280k
N - 30k — 500 1700 30 3.8E18 1.5E18 40% 0.03 [2]
600k
N - 30k — 500 1700 30 7.4E19 1E19 13% 0.015 [2]
600k
N - 30k - 500 1700 30 3E20 1E18 1% 0.03 [2]
600k
N 4E15 - 500 - 800 1500 30 - - - 0.045 [3]
N - - - 1700 3E20 1E20 33% 0.04 [4]
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P 2E13 30k - 600 1700 10 SE17 4E17 80% 0.5 [1]
360k

P - 70k — 500 1700 30 2.6E18 1.5E18 60% 0.05 [2]
750k

P - 70k — 500 1700 30 SE19 1.5E19 30% 0.015 [2]
750k

P - 70k — 500 1700 30 2E20 1E20 50% 3E-3 [2]
750k

P 4E15 30k - 600 1600 10 2E20 SE19 25% 6E-3 [5]
195k

P 4E16 30k - 600 1600 10 2E21 - - 1.8E-2 [5]
195k

P 1E15 10k — 500 1700 30 SE19 4E19 80% 6E-3 [6]
180k

P 1E16 10k — 500 1700 30 2E20 1E20 50% 1.2E-3 [6]
180k

P 6E16 10k — 500 1700 30 3E21 3E20 10% 1E-3 [6]
180k

B - - - 1700 - 3E20 2E20 66% 1 [4]

B 6.8E14 20k — 700 1550 - 1700 1E19 1E18 10% 10 [7]
350k

Al - - - 1700 - 3E20 2E20 66% 0.8 [4]

Al 3.2E14 20k — 500 1600 - 1800 2E18 1E18 50% 1 [7]
2M

Al 1E14 - 30k - 650 1670 6 3.3E18 - 0.1-5 [8]

1E16 180k 1E21

Al 4E15 10k — 500 1800 30 1E20 SE19 50% 0.2 [9]
160k

Al 6E16 10k — 500 1800 30 1E21 3E19 3% 0.05 [9]
160k
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3.2 Ion Implantation Profile Design
3.2.1 Modeling

In order to design ion implantation profiles for SiC devices, their modeling based on varying
dopants needs to be understood. Monte Carlo model is the most accurate model for ion
implantation. However, it is too complicated to be an analytical model. As a result, the Gaussian
model and behavior models are commonly used for the design and analysis of SiC-based ion

implantation. According to the Gaussian model, the relationship between implantation dose, 2,
and doping profile, N(x), can be expressed as [10]
o= "7 N(x)dx (1)
Based on Eq. (1), the peak doping concentration, N, 1S

@

Nm = T, 2)

Where ARy is straggle, which can be considered as the width of the peak doping. Therefore, N

is proportional to @.

The implantation depth is mainly determined by the implantation energy, E. According to [11]
and [12], the depth of the peak doping concentration, R, of SiC-based ion implantation can be
expressed as,

R,, = ki E — k,[exp(—TE) — 1] (3)

For nitrogen and phosphorus implantation.

R = ky(E — k3)" 4)

For aluminum implantation. Where k1, k2, and r are fitting parameters. Their values are listed
in Table 3.2.

Table 3.2 Fitting parameters for SiC-based ion implantation modeling [11], [12]
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Dopants ki k2 r

N 0.472 um/MeV 0.601 pm 1.785 MeV'!
P 0.319 um/MeV 0.746 um 0.82 MeV'!
Al 0.93 um 0.045 MeV 0.64

3.2.2 Ion implantation profiles

Since the ESD protection devices aim to protect SiC-based low-voltage (i.e., <20 V) CMOS
devices that are commonly used for gate drivers and operational amplifiers, ion implantation
profiles for SiC low-voltage CMOS process are designed. Table 3.3 lists the ion implantation
profiles for P-well, N-well, P+ and N+ regions. Aluminum is used as the dopant of P-type regions,
and nitrogen is utilized as the dopant of N-type regions. Multiple implantations are implemented
to achieve uniform doping profiles. To estimate the doping profile, technology computer-aided
design (TCAD) simulations were carried out. Monte Carlo model in Sentaurus TCAD software
was utilized to achieve a high simulation precision. The simulated doping profiles based on the
ion implantation profiles in Table 3.3 are shown in Fig. 3.1(a). The ion implantation processes
were carried out on 4H-SiC substrates, and secondary ion mass spectrometry (SIMS) was
performed to obtain the doping profiles (Fig. 3.1b). Compared Fig. 3.1(a) with Fig. 3.1(b), the

simulated doping profiles highly match the measurement results.

Table 3.3 Designed ion implantation profiles for SiIC CMOS process

P-well N-well P+ N+
Dopant Al N Al N
Step 1 Dose (cm™) 5E12 2E13 2.8E14 4E14
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Energy (keV) 540 810 90 90
Step 2 Dose (cm™) 2E12 2E11 1.8E14 2.3E14
Energy (keV) 450 380 60 50
Step 3 Dose (cm™) 1.2E12 1.5E11 1.4E14 2E14
Energy (keV) 320 270 30 25
Step 4 Dose (cm™) 1E12 1E11
Energy (keV) 200 180
Step 5 Dose (cm™) 1E12 5E10
Energy (keV) 140 90
Step 6 Dose (cm™) 7E11 4E10
Energy (keV) 75 60
Step 7 Dose (cm™) 4E11 2E10
Energy (keV) 35 30
1E19 [ ———P-well | ]
1R8] ]
g :
ZI1E17 ;
o ‘
o [
B 1El6
g E
S 1E15 ]
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Fig. 3.1 (a) TCAD simulation results and (b) SIMS results of the designed ion implantation
profiles for 4H-SiC

Although the simulation results show high math with the SIMS results, seven steps of multiple
implantation processes were performed to achieve the N-well and P-well regions. This highly
increases the time of the ion implantation process. Therefore, improved ion implantation profiles
are designed. The ion implantation profiles are listed in Table 3.4, and the simulation results are
shown in Fig. 3.2. The implantation steps of the P-well and N-well are reduced to 2 and 4,
respectively.

Table 3.4 Improved ion implantation profiles for SiC CMOS process

P-well N-well P+ N+
Dopant Al N Al P
Step 1 Dose (cm™) 49E12 1.5E11 7.8E14 7.8E14
Energy (keV) 200 320 36 36
Step 2 Dose (cm™) 1E12 1.5El11 2E14 2E14
Energy (keV) 36 180 9 9
Step 3 Dose (cm™) 1.5E11 2E13 2E13
Energy (keV) 90 18 18
Step 4 Dose (cm™) 1E11
Energy (keV) 27
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Fig. 3.2 TCAD simulation results of the improved ion implantation profiles for 4H-SiC
33 Conclusion
This chapter focuses on the ion implantation profile design for SiC-based ESD protection
devices. The modeling of SiC-based ion implantation is presented, and the ion implantation
profiles are designed and simulated by Sentaurus TCAD software. SIMS results show a high match
with the simulation results. Improved ion implantation profiles are also proposed and simulated to

reduce the time of the ion implantation process.
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CHAPTER 4

INVESTIGATION OF ESD PROTECTION IN SIC BCD PROCESS

4.1 Abstract

In order to develop electrostatic discharge (ESD) protection structures in Silicon Carbide (SiC)
process, the ESD properties of SiC silicon-controlled rectifier (SCR), lateral-diffused MOS
(LDMOS) and NMOS devices are reported in this paper. All devices were fabricated using
Fraunhofer 4H-SiC Bipolar-CMOS-DMOS (BCD) process and characterized by transmission line
pulse (TLP) system. The scalability of the failure current (I2) of NMOS with multiple fingers is
reported. The critical parameters (i.e. gate length and drift region) of LDMOS are varied to
understand the effects on the triggering voltage and other ESD characteristics of the devices. The
comparison of the I between high voltage SCR (HV-SCR) and LDMOS has been investigated.
TLP results show that HV-SCR structures have much higher I than LDMOS structures. Cost-
effective ESD protection structures can be designed by theses HV-SCR devices. Furthermore, ESD
characteristics of SiC HV-SCR and NMOS structures are simulated using Silvaco technology
computer-aided design (TCAD) software.
4.2 Introduction

With the development and utilization of wide bandgap devices, the size and weight of the
power electronics decrease while the power density increases [1]. Wide bandgap materials,
including gallium nitride (GaN) and silicon carbine (SiC), have gained increasing attention due to
their excellent performance under extreme environment, such as high-temperature, high-power,
high-voltage and strong-radiation conditions [2]. This allows power devices and modules to be
used in a variety of applications, such as electric vehicle, aerospace, deep oil drilling and renewable

power system [3], [4]. In order to further reduce the power loss and parasitic elements, the gate
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driver circuits are expected to be integrated closely with the wide bandgap power devices, making
their operating temperature same as the power devices. However, the maximum operating
temperature for traditional silicon (Si) based integrated circuits (ICs) are typically below 150°C
[5]. Therefore, high-temperature integrated gate driver and control circuits based on wide bandgap
process are demonstrated to cope with the challenges [6]-[8]. Although these gate driver circuits
show high performance with wide range of operating temperature, the device and integrated circuit
reliability are not sufficiently explored yet. Electrostatic discharge (ESD) is a major reliability
issue in integrated circuits [9]. It creates the overstresses to the devices and circuits with large
electric field and/or high current density, resulting in dielectric breakdown of the gate oxide or
thermal runaway of semiconductor devices. ESD protection devices and circuits have been well
studied in traditional Si semiconductor industry [10] to provide effective on-chip and off-chip
protections for Si ICs. However, limited studies have been published in the field of SiC ESD
protection.

In order to improve the reliability and robustness of SiC devices and ICs, researchers have
made efforts to understand the operation of SiC ESD protection devices and designed the ESD
protection circuits. Kyoung-I1 Do et.al. [11] proposed a 4H-SiC protection circuit (i.e., gate-body
floating NMOS (GBFNMOS)), which has low on-resistance, low triggering voltage and good
high-temperature performance. The behavior of SiC junction barrier Schottky diodes under ESD
human body model (HBM) stress was investigated by P. Denis et.al., aiming to address the
limitation of SiC devices and process[12]. T. Phulpin et.al. [13] also studied the operation and
failure mechanisms of three types of metal epitaxial-semiconductor FETs (MESFETs) under ESD
stress by using transmission line pulse (TLP) and human body model (HBM) tests. The operation

of SiC MOSFETs under ESD stress has been investigated and analyzed by photon emission (PE)
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and spectral photon emission technique (SPE) [14], [15]. Furthermore, we previously reported 15V
SiC NMOS ESD characteristics in Raytheon high-temperature silicon carbide (HiTSiC) process
to explore the ESD robustness and facilitate the ESD protections for SiC ICs [16]. The electrical
safe operating areas (SOAs) of low voltage SiC NMOS devices with different channel width, gate
length and gate bias are characterized by the TLP system. The TLP system can reveal the triggering
voltage (Vu), failure voltage (Vi2) and failure current (I2) of semiconductor devices under short
pulse condition (i.e., 100ns pulse width). Relatively low I (~ 0.2mA/pm) was observed for low
voltage SiC NMOS devices. Although progress has been made in SiC ESD studies in these years,
the investigation of ESD characteristics and protection scheme in SiC Bipolar-CMOS-DMOS
(BCD) process is not yet investigated. BCD process is capable of designing power ICs. It integrates
bipolar junction transistors, CMOS and DMOS on the same substrate. The DMOS devices in BCD
process can be used to design power or high-voltage circuits. The Bipolar and CMOS devices are
used to design the low voltage circuits. In order to improve the reliability of ICs in SiC BCD
process, effective ESD protection structures need to be determined. Thus, various structures (i.e.,
high-voltage silicon-controlled rectifier (HV-SCR), lateral-diffused MOS (LDMOS) and NMOS)
fabricated in Fraunhofer 4H-SiC BCD process are characterized by the TLP system. The
operations of these structures under ESD stress are also discussed in this paper.
4.3 Layout and Experimental Results

The SiC devices were fabricated using the Fraunhofer 4H-SiC BCD process [17]. The layout
of the devices (i.e., HV-SCR, LDMOS and NMOS) can be found in Fig. 4.1. The highlighted
regions are NMOS structures, HV-SCR structures and LDMOS structures respectively. The
NMOS structures varying from different number of fingers were designed, aiming to investigate

the scalability of the MOSFETs. Each finger of the NMOS structures has 1um gate length and
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60um channel width. In order to investigate the Vi, various HV-SCR and LDMOS structures with
different gate length and drift length were designed. The HV-SCR and LDMOS structures channel

with same width were also fabricated to observe the ESD robustness of these two devices.

HV-SCR structures NMOS structures

LDMOS structures
Fig. 4.1 The testchip of the SiC devices

4.3.1 NMOS

The ESD characteristics of the devices were investigated by using TLP system (Model ES62X
TLP from ESDEMC) with 10ns rise time and 100ns pulse width, which provides reliable and
repeatable waveform for the measurement. In order to explore the scaling of SiC NMOS devices,
NMOS devices with different fingers (i.e., 2, 4 and 10) were designed. Each finger has 60um
channel width. The scalability of the I of NMOS with different fingers can be found in Fig. 4.2.
The gate terminal of the NMOS was tied to ground during the experiment. Under ESD condition,
the current path is generated by the parasitic NPN bipolar transistor in the NMOS structure. The
collector region of the NPN is formed by the drain of the NMOS, the emitter region is formed by
the source, and the base region is formed by the substrate [10]. When the voltage reaches the
avalanche breakdown voltage of the drain and substrate junction, the parasitic NPN bipolar
transistor turns on to discharge the ESD current. The holding voltage (V1) and on-resistance (Ron)
of the device are determined by the current gain of the parasitic NPN bipolar transistor. Higher
current gain leads to lower Vi and Ron. As shown in Fig. 4.2, the NMOS triggers at 30V. The

current gain of the parasitic NPN bipolar transistor in the NMOS is too low to cause the snapback.
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The I elevates considerably with the increase in the finger. Although the multi-finger NMOS has
a higher i, the I per pm of the 10-finger NMOS (i.e., 0.5mA/um) is lower than 2-finger NMOS
(i.e., ImA/pm). When the number of the fingers increases to 10, the current distribution is not
uniform in the NMOS structures. One or several fingers have higher current density than others,
making these fingers damaged beforehand. Therefore, the I per pm reduces when the number of
finger increases. Furthermore, the Iz per pm of the NMOS structures in the testchip is higher than

the I per um (0.2mA/pm) of the 15V SiC NMOS structures we reported previously.
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Fig. 4.2 TLP I-V curves of NMOS with different fingers

4.3.2 LDMOS

TLP I-V curves of LDMOS with different gate length (L) are showed in Fig. 4.3. The cross-
section of the LDMOS can be found in the insert of Fig. 4.3. The high-voltage N-well, which has
low doping concentration, elevates the triggering voltage, making the Vu around 220V. Varying
the gate length has minor impacts on the Vu. For example, the Vi increases from 224V to 229V
while the gate length varies from 3um to Sum. The gate length of LDMOS also indicates the base
width of the parasitic NPN. The increase in gate length leads to the decrease of current gain, which
increases the triggering voltage. Furthermore, the LDMOS is damaged instantaneously after the

triggering. The triggering current (It1), which is 0.06mA/um, can be considered as the failure
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current (I2). The Iz per pm of the LDMOS structures (i.e., 0.06mA/um) is significantly lower than

the NMOS structures. The LDMOS structure is not an area-efficient ESD protection device.
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Fig. 4.3 TLP I-V curves of LDMOS with different gate length
Fig. 4.4 shows the TLP I-V characteristic curves of LDMOS with different drift length (D). It
can be observed that the triggering voltage of the LDMOS structure has a strong dependence on
the drift length. Smaller drift region leads to lower Vii. When the drift length decreases from 6um
to 4um, the Vu decreases from 224V to 202V. Moreover, the devices do not survive after the
triggering. The snapback behavior cannot be observed. The I, which is 0.06mA/um, can be

considered as Ir.
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Fig. 4.4 TLP I-V curves of LDMOS with different drift length
4.3.3 Silicon-controlled Rectifier (SCR)

For on-chip ESD protections, various devices (i.e., NMOS, PMOS, NPN, PNP etc) can be
implemented as the primary ESD cell. The area of the ESD cell is determined by the Iw of the
devices. As the results shown before, SIC NMOS and LDMOS devices have relatively low I (i.e.,
ImA/pm and 0.06mA/um). ESD generates high voltage and high current. For example, 2kV HBM
ESD stress injects around 1.33A peak ESD current to the ICs or semiconductor devices. Therefore,
it will consume large areas by using these types of NMOS and LDMOS devices to design cost-
effective SiC on-chip ESD protection cells. Si SCR structures formed by a pair of NPN and PNP
bipolar transistors have been demonstrated as an area-efficient ESD protection components due to
their high Iz, low on-resistance (Ron) and strong snapback behavior [10], [18]. In order to explore
an area-efficient SiC ESD protection device, the ESD characteristics of SiC HV-SCR structures
were designed, fabricated and characterized by the TLP system.

Fig. 4.5 shows the cross-section of SiC HV-SCR. The N+ and P+ region in the P-well, which
are tied together, form the source and body of the LDMOS, respectively. The N+ region in the
high-voltage N-well forms the drain of the LDMOS. A P+ region tied to the N+ region is implanted
into the N-well to generate the HV-SCR structure. The gate terminal of the HV-SCR is tied to
ground during the TLP. The Vu and Vi of the SiC HV-SCR are determined by the current gain of
the parasitic NPN and PNP bipolar transistor in HV-SCR. The current gain of the two parasitic
bipolar transistors is related to the gate length (L) and drift length (D) in Fig. 4.1. The reduction of

L and D can increase the current gain, lowering the Vi and Vh.
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Fig. 4.5 Cross-section of SiC HV-SCR

Fig. 4.6 shows the TLP I-V curves of HV-SCR and LDMOS with the same device width (i.e.
60um). The gate of the HV-SCR and LDMOS were tied to ground during the measurements. The
HV-SCR triggers at around 220V and then shows a strong snapback behavior during TLP
measurements. Low holding voltage (i.e., 50V) indicates a high current gain of parasitic PNP and
NPN. It can be observed that the exceptionally high I of the HV-SCR (i.e., 62mA/um) can be
achieved when compared with that of the LDMOS (i.e., 0.06mA/um). When the voltage reaches
the avalanche breakdown of the P+ and N-well junction, the parasitic PNP bipolar transistor turns
on and discharges the ESD current. The high injecting current makes the base-emitter junction of
the NPN forward biased and triggers the NPN. The current through NPN bipolar transistor supplies
the forward bias of the PNP. The current gain of the device can be defined as the multiplication of
the two bipolar transistors’ current gain. As a result, the SCR structure has low holding voltage
(Vn), on-resistance (Ron) and high failure current (I2). Higher I suggests that area-efficient ESD

protection structures can be designed using these HV-SCR devices.
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Fig. 4.6 TLP I-V curves of HV-SCR and LDMOS with same width

TLP I-V curves of HV-SCR with different drift length are given in Fig. 4.7. The Vu of the HV-

SCR is related with the length of the drift length. When the drift length increases from 7um to

11pm, Vi increases from 228V to 232V. The drift length determines the base width of the parasitic

PNP in HV-SCR, which has a significant impact on current gain. With the drift length increasing,

the current gain decreases, elevating the triggering voltage. Furthermore, strong snapback and low

Ron are observed in HV-SCR I-V curves.
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Fig. 4.7 TLP I-V curves of HV-SCR with different drift length

4.4 Simulation results

In order to further understand the operation of the SiC ESD protection devices, the ESD

characteristics of HV-SCR structure is simulated with the help of Silvaco technology computer-
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aided design (TCAD) tool. The operation of the SiC HV-SCR structure under ESD stress will be
discussed based on the current density contribution shown by the TCAD software.

The ESD simulation result of HV-SCR 1is shown in Fig. 4.8. The HV-SCR has 200V Vu and
shows a snapback behavior after triggering. The injected P+ in N-well generates a parasitic PNP
bipolar transistor with N-well and P-well. The Vi of the HV-SCR depends on the multiplication
of the current gain of the parasitic NPN and PNP bipolar transistors. Fig. 4.9(a) describes the
current density distribution of the HV-SCR before triggering. The anode voltage is too low to start
the avalanche breakdown and turn on the device. The current density distribution of the HV-SCR
after triggering can be found in Fig. 4.9(b). The ESD current flows from anode to cathode after the

avalanche breakdown between the N-well and P-well.
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Fig. 4.8 Simulation result of HV-SCR
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Fig. 4.9 Current density distribution of HV-SCR (a) before triggering, (b) after triggering
4.5  Conclusions

To investigate the ESD capability of SiC devices, ESD characteristics of HV-SCR, LDMOS
and NMOS fabricated in Fraunhofer 4H-SiC BCD process were obtained by TLP system and
discussed based on TCAD simulation results. The TLP results show that the HV-SCR ,which I
is 62mA/um, can be used as an area-efficient ESD protection devices. The TLP I-V curves also
indicate the drift length can affect the Vi of HV-SCR. The Vu of LDMOS has dependence on the
gate length and drift length. The increase in the gate length and drift length elevates the Vu.
Furthermore, the scalability of NMOS with different fingers were investigated.
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CHAPTER 5
AREA-EFFICIENT SILICON CARBIDE SCR DEVICE FOR ON-CHIP ESD

PROTECTION

5.1 Abstract

This paper introduces a SiC-based high-voltage silicon-controlled rectifier (HV-SCR) for on-
chip electrostatic discharge (ESD) protection. The SiC HV-SCR is formed by implanting a P+
region into the N-well of SiC laterally-diffused metal-oxide semiconductor (LDMOS) structures.
Both LDMOS and HV-SCR structures were characterized using a transmission line pulse (TLP)
system to investigate their ESD behaviors. The TLP measurement results show that the trigger
voltage (Vi) of the SiC HV-SCR is ~230 V and has minor dependence on the drift length. The Vi
of the SiC LDMOS decreases from 224 V to 202 V when its drift length decreases from 6 pm to
4 pm. TLP measurements with 500 € impedance were conducted to obtain an accurate holding
voltage (V1) and failure current (/:2) of HV-SCR and LDMOS. Relatively high 7:> (i.e., 33 mA/um)
of the HV-SCR structure was observed, which is much stronger than the LDMOS structure (i.e.,
0.2 mA/um). The Vi and Vi of HV-SCR were also investigated with varying gate bias voltage.
Moreover, technology computer-aided design (TCAD) simulations of the SiC HV-SCR and
LDMOS were carried out to further understand their ESD behaviors.
5.2 Introduction

With the development of power electronics, aerospace and automobile industries, there is a
growing expectation to employ wide bandgap (WBG) semiconductor devices [1] and integrated
circuits (ICs) [2]-[5] in high temperature environments [6], [7]. The design of silicon (Si) based
ICs for high-temperature (e.g., 150 °C) applications becomes more challenging due to the drastic

alteration of the leakage current, threshold voltage and electron mobility [8]. This drives the study
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of silicon carbide (SiC) devices and ICs for high temperature applications. A variety of SiC-based
ICs have been demonstrated, such as high-current, high-temperature bipolar SiC ICs [9], SiC
digital logic gates functioning at 600 °C [10], SiC CMOS digital circuits operating at temperatures
exceeding 300 °C [11], high-temperature (i.e., ~400 °C) analog ICs in SiC bipolar technology [2]
and 4H-SiC ultraviolet (UV) photodiodes [12]. Although these SiC ICs show high performance
with a wide range of operating temperatures, the reliability is not sufficiently explored yet. Among
the reliability issues, electrostatic discharge (ESD) is a great matter of concern that causes more
than one-third IC failures [13]. Therefore, in order to improve the reliability of SiC ICs, SiC-based
on-chip ESD protection devices and circuits are highly desired to be investigated.

Several SiC-based ESD protection devices and circuits have been studied in recent years. A
4H-SiC ESD protection circuit (i.e., gate-body floating NMOS (GBFNMOS)) is proposed and
investigated by Kyoung-II Do et al. [14]. The transmission line pulse (TLP) measurement results
show that the proposed GBFNMOS has low on-resistance, low trigger voltage and good high-
temperature performance. In previous research [15], we reported ESD characteristics of 15 V SiC
NMOS in Raytheon high-temperature silicon carbide (HiTSiC) process to explore the ESD
robustness and facilitate ESD protections for SiC ICs. The electrical safe operating areas (SOAs)
of low voltage SiC NMOS devices with different channel width, gate length and gate bias were
characterized by the TLP system. Although the approaches of designing the trigger voltage (V1)
and the trigger current (/;/) have been understood, increasing the failure current (/i2) of the low
voltage SiC NMOS devices (~0.2 mA/um) still needs to be further explored. For on-chip ESD
protections, area-efficient structures are always desired to reduce the chip cost. In addition, area-
efficient structures introduce less parasitic capacitance and smaller DC leakage current, which is

an optimal option for some applications (e.g. high-speed interface ICs). Among the most
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commonly used devices, the silicon-controlled rectifier (SCR) has been widely implemented as
one of the area-efficient on-chip ESD protection solutions due to its high /:> and low on-resistance
(Ron) [16]. The approaches to improve the SCR characteristics, such as increasing /> and modifying
Vi and holding voltage (V#), have been well studied [17]-[19].

This paper introduces an area-efficient SiC-based high-voltage SCR (HV-SCR) structure that
is formed by adding a highly doped P+ region in typical SiC laterally-diffused metal-oxide
semiconductor (LDMOS) devices. The SiC LDMOS and HV-SCR structures were fabricated in
4H-SiC Bipolar-CMOS-DMOS (bipolar-CMOS-double diffused MOS, BCD) process by
Fraunhofer Institut fiir Integrierte Systeme und Bauelementetechnologie (IISB) in Germany [20].
Both the SiC LDMOS and the HV-SCR structures were characterized using the 50 € and 500 Q
load TLP system to investigate their ESD characteristics. The operations of LDMOS and HV-SCR
structures under ESD stress are described with insight from technology computer-aided design
(TCAD) simulations.

53 Experimental results

The SiC SCR devices were designed using the 4H-SiC BCD process in collaboration with
Fraunhofer IISB [20]. The minimum linewidth for the SiC BCD process is 1 um. The process has
twin wells and a single metal layer for interconnect routing. Two types of devices (i.e., LDMOS
and HV-SCRs) were designed with this SiC BCD process. Figs. 5.1(a) and (b) show the layout and
cross-section of the SiC LDMOS. The device is created in a lightly doped (i.e., 1E15 cm™) P-
epitaxial layer. Aluminum (Al) is implanted to form the P-well. The drift region of the SiC
LDMOS device is formed by ion-implantation with nitrogen (N). The source and drain of LDMOS

were also created by ion-implantation of N+ regions into P-well and N-well, respectively. The
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LDMOS devices have various channel widths (i.e., 60 um and 240 um), gate lengths (L, i.e., 3 pm

and 5 pm) and drift lengths (D, i.e., 4 pm and 6 pm).
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Fig. 5.1 SiC LDMOS (a) layout, (b) cross-section
5.3.1 LDMOS

The SiC LDMOS drain-source breakdown curve with gate voltage Vo= 0 V can be found in
Fig. 5.2(a). The device has 240 um channel width, 5 um gate length and 6 pm drift length. The
leakage current before the breakdown is below ~50 pA. The drain-source DC breakdown voltage
is 175 V, at which drain current (/p) crosses 1 nA. Fig. 5.2(b) shows the DC drain current versus
gate voltage (Ip-V¢) characteristics of the LDMOS with gate voltage (V) varying from 0 to 20 V

with a 40 V drain-source bias (Vbs). The threshold voltage (V) of the LDMOS is ~5 V.
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(a) (b)
Fig. 5.2 SiC LDMOS (a) DC breakdown with V=0 V, (b) Ip-VG curve

In order to investigate the ESD behaviors of the SiC LDMOS, the devices were characterized
by the TLP system (Model ES62X TLP from ESDEMC) with 10 ns rise time, 100 ns pulse width
and 50 Q load line. The gate terminal was grounded during the measurements. Fig. 5.3 shows the
TLP measurement results of SiC LDMOS with 60 um channel width and different gate lengths
and drift lengths. After the trigger (inserts of Fig. 5.3), the LDMOS structure failed instantaneously.
When drift length is 6 um, Vi is ~225 V and has a minor dependence on gate length. The short
duration of the TLP pulses reduces the self-heating of the devices, making the Vi higher than the
DC breakdown voltage. The holding voltage (V) and on-resistance (Rox) are related to the current
gain of the parasitic lateral NPN bipolar transistor in the LDMOS. The gate length of LDMOS
denotes the base width of the parasitic NPN. The increase of gate length leads to the decrease of
the current gain, which increases the V» and Ron. However, the trigger current (/i7), which can be
considered as the failure current (/12), is relatively low (i.e., ~10 mA). The LDMOS devices do not
survive before they reach the holding voltage. Moreover, it can be observed that varying drift
length has impacts on the Vi. The Vi decreases from 224 V to 202 V while the drift length
decreases from 6 pm to 4 um. The Vi of the LDMOS device is mainly determined by the avalanche
breakdown voltage between the N-well and P-well. Furthermore, the low-doped drift region of the
LDMOS (i.e., N-well) induces significant shunt resistance, causing a part of Vs to drop in this
region [21]. Therefore, the Vi is also related to drift length. The longer drift length increases the
N-well shunt resistance, creating a higher voltage drop in this area [22]. Thus, a higher voltage is

required to turn on the device.
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Fig. 5.3 SiC LDMOS TLP measurement results with different gate length (L) and drift length
(D).
5.3.2 HV-SCR
The layout and cross-section of the SiC HV-SCR can be found in Figs. 5.4(a) and (b),
respectively. A P+ region is implanted into the N-well of SiC LDMOS to form the PNPN structure
(i.e., SCR structure). The N+ and P+ region in P-well, which are the body and source of the
LDMOS, are tied together to form the cathode of the HV-SCR. The implanted P+ region is
connected to the N+ region which then becomes the anode of the HV-SCR. The SiC HV-SCR

structures have a gate length of 4 um and the same channel width (i.e., 60 um) as the LDMOS.

Various drift lengths of the HV-SCR structures (i.e., 7 um and 11 pum) were fabricated to

investigate their ESD behaviors.
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Fig. 5.4 SiC HV-SCR structure (a) layout, (b) cross-section

The TLP measurement results of the HV-SCR and LDMOS are given in Fig. 5.5(a). The
LDMOS has a gate length of 3 pm and a drift length of 4 um. The HV-SCR has a gate length of 4
pum and a drift length of 7 um. Both devices have the same channel width (i.e., 60 um). The gate
terminals of the devices were grounded during the measurements. The leakage current (at 5 V DC
bias) was measured after each TLP pulse to identify the failure point. As shown in Fig. 5.5(a), the
HV-SCR triggers at 228 V and fails after the trigger. Fig. 5.5(b) shows the TLP measurement
results of HV-SCR with different drift length. Varying drift length (i.e., from 7 um to 11 um) has
limited impacts on the V1. The Vi increases from 228 V to 233 V when the drift length varies from
7 um to 11 um. Meanwhile, both devices show failure after the trigger. The Vi, Ir and Ii
characterized by the TLP system with a 50 Q impedance may not be accurate, especially for high-
voltage ESD protection devices [23], [24]. After the trigger of the device, the voltage and current
obtained by the TLP system are limited by the applied pulse voltage and its impedance [23], which
can be expressed as:

Ipyr = (Vo = Vour)/ZrLe (1)

Where Vpur and Ipur are the voltage and current obtained by the TLP system after the trigger
of the device, and Zrzp is the impedance of the TLP system. According to (1), the current obtained
by the TLP system after the trigger of the LDMOS and HV-SCR is over 4 A, which may be much
higher than the /> of the devices. Thus, the exact Vi, In and I> cannot be observed by the TLP

system with 50 Q impedance.
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Fig. 5.5 TLP measurement results of (a) SiC HV-SCR and LDMOS, (b) SiC HV-SCR with
different drift length (D).

To obtain the precise /2 and observe the snapback behavior of SiC LDMOS and HV-SCR,
TLP measurements with a high impedance (i.e., 500 Q) were carried out. For 500 Q impedance
TLP system, the slope of the TLP load line is lower than that of the 50 Q impedance TLP system
[23], [24]. Thus, more data points can be obtained during the trigger and snapback process. The
500 Q impedance TLP measurement results of SIC LDMOS and HV-SCR are shown in Fig. 5.6(a).
The leakage current was measured under 5 V DC bias. The channel width of the devices is 60 um.
The SiC LDMOS shows failure after the device trigger. The observed /2 is 12 mA (0.2 mA/pum).
The SiC HV-SCR triggers at 230 V and shows a strong snapback behavior. The Vi of the HV-SCR
is48 V, and its Ir21s 2 A (33 mA/um). Compared with SiC LDMOS, the HV-SCR has exceptionally
high Ir2. Higher I> suggests that area-efficient ESD protection structures can be designed using
these HV-SCR devices. The Ir> of SiC HV-SCR (i.e., 33 mA/um) is at the same level when
compared with that of the similar Si-based devices (i.e., 10 mA/pum to 50 mA/um) [25]-[29]. Fig.
5.6(b) shows the 500 Q impedance TLP measurement results of the SiC HV-SCR with different

drift lengths. The Vu, Vi and 2 show little change when the drift length varies from 7 um to 11
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um. The Vi increases from 230 V to 237 V. The Vi and 112 of the devices are ~48 V and ~2 A. The
Vi of the HV-SCR is determined by the current gain of the parasitic NPN and PNP bipolar
transistors. The drift length of the HV-SCR determines the collector width of the NPN. The
collector width does not affect the current gain. Therefore, the considerable variation of the Va

cannot be observed.
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Fig. 5.6 500 Q impedance TLP measurement results of (a) SiC HV-SCR and LDMOS, (b) SiC
HV-SCR with different drift length (D)

In order to investigate the turn-on behaviors of the SiC HV-SCR structures, the TLP voltage
waveforms with an applied voltage pulse of 245 V and measured current of ~0.4 A were shown in
Fig. 5.7. The turn-on time is defined as the time difference between the voltage changing from 10%
of the peak value to Vx [30]. As shown in Fig. 5.7, the voltage shows an overshoot. The peak
voltage is ~40 V higher than the trigger voltage. Meanwhile, the turn-on times of the HV-SCR

with drift length of 7 pm and 11 um are 33 ns and 42 ns, respectively.
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Fig. 5.7 TLP voltage waveforms of SiC HV-SCR with varying drift length (D)

For gate-controlled devices (e.g., NMOS, LDMOS and gate-controlled SCR), the ESD
behaviors are related to the gate bias voltage [15], [31], [32]. To further investigate the SiC HV-
SCR, 500 Q TLP measurements with different gate bias (V) were carried out. The TLP
measurement results of the HV-SCR with 4 um gate length, 7 um drift length and varying Vy are
shown in Fig. 5.8. V', shows minor dependence on V. Vi shows a slight decrease (i.e., from ~230

V to 220 V) when Vg increases from 0 V to 15 V.
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Fig. 5.8 SiC HV-SCR TLP measurement results with varying gate bias (V)
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5.4 Simulation results and discussion
54.1 Operational Mechanism

In order to further understand the operational mechanisms of the SiC devices, the HV-SCR
and LDMOS were simulated in Sentaurus TCAD software (from Synopsis). Both SiC LDMOS
and HV-SCR were built by Sentaurus SProcess. Monte-Carlo-based ion implantation was
performed to form the N-well, P-well, N+ and P+ regions. The ion implantation profiles were
extracted from the real process. The gate length and drift length of the simulated SiC HV-SCR are
4 pm and 7 pm, and the gate length and drift length of the simulated SiC LDMOS are 3 pm and 4
pum. Transient-based ESD simulations were performed by Sentaurus SDevice to extract the current
density distribution of the SiC devices.

The TCAD-simulated ESD current density distribution of the HV-SCR at the device trigger is
shown in Fig. 5.9(a). It can be observed that most of the ESD current flows through the P+ region
(i.e., anode), N-well, P-well and N+ region (i.e., cathode). After the anode voltage reaches the
avalanche breakdown voltage of the N-well and P-well junction, the ESD current flows into the P-
well and N-well, turning on the bipolar transistors (i.e., lateral NPN and vertical PNP). The ESD
current density distribution of the SiC HV-SCR after trigger can be found in Fig. 5.9(b). The ESD
current is discharged by two paths (i.e., lateral NPN and vertical PNP), which prevents the current
from crowding in a certain region. This allows the device to endure higher ESD current. The ESD
current density distribution of the SiC LDMOS at trigger is shown in Fig. 5.9(c). Most of the
current is at the surface of the N-well. Fig. 5.9(d) shows the ESD current density distribution of
the SiC LDMOS after trigger. Compared with the HV-SCR, the current is collecting on the surface
of the LDMOS device, especially at the P-well and N-well regions. This leads to the current

crowding, making the devices more easily damaged at low ESD current.
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Fig. 5.9 TCAD simulated ESD current density distribution of (a) SiC HV-SCR at trigger, (b) SiC
HV-SCR after trigger, (c) SiC LDMOS at trigger and (d) SiC LDMOS after trigger
54.2 SiC HV-SCR Holding Voltage
The equivalent circuit of the SiC HV-SCR is shown in Fig. 5.10 to help analyze its V». The

HV-SCR is formed by the lateral NPN and vertical PNP bipolar transistors. Rvw, Rarift, Repi and
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Rpw are the parasitic resistors of the N-well, drift region, P-epitaxial layer and P-well, respectively.
The V' of the HV-SCR can be expressed as [33]:
Vi = Veep(sat) + Vepi + Vaen (2
Where Vcersay is PNP emitter-collector voltage drop at saturation region, Vepi is the voltage
drop at P-epitaxial layer, and Vsen is the NPN base-emitter voltage drop. Assuming the current
gains of the NPN and PNP bipolar transistors are much greater than 1, (2) can be written as [34],
[35]:
Vi = Veepsar) + Veen (1 + Repi/Rpw) (3)
The Vi of HV-SCR is determined by Vcepsay, Veen and the ratio of Repi and Rpw. The ratio of

Repi and Rpw can be expressed as:

Repi epiltepi
o = ol @
Where pepi and ppw are the resistivities of the epitaxy layer and P-well, and fep: and tpw are the
thickness of the epitaxy layer and P-well. The resistivity for a P-type semiconductor layer is:
p=1/quyp ©)
Where up and p are hole mobility and hole doping concentration. TABLE I lists the values of
doping concentration, mobility and thickness. The doping concentration and thickness values were
extracted by secondary ion mass spectrometry (SIMS) analysis, while the mobility values were
extracted from Ref [36]. Substituting the values into (4) and (5), the ratio of Repi and Rpw is 17.94.
The NPN base-emitter voltage drop, Ve, is the forward bias voltage drop of the P-well and

N+ junction, which is approximately the built-in potential of the PN junction and can be expressed

as:

kT NpyN
Veen = 7111 (M) (6)
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Where Nn+ is the doping concentration of the N+ region, and #: is the intrinsic carrier
concentration. According to Ref [36], the intrinsic carrier concentration of 4H-SiC at 25°C is ~5E-
5 ecm?. Thus, Vaey is ~2.7 V. Since Vcepgay is in the same order as Vsen during SCR operation
[33], it can be neglected in (3). As a result, combining (3) to (6), the value of the holding voltage,
Vi, is ~51 V, which is closed to the experimental results. It should be noted that the built-in
potential of SiC devices (i.e., ~2.7 V) is ~4 times higher than Si devices (i.e., ~0.7 V). Therefore,
the SiC HV-SCR shows higher V» when compared with Si-based SCR [37].

Table 5.1 Extracted doping concentration, mobility and thickness

Regions Doping concentration (cm™) | Mobility (cm?/V-s) Thickness (um)
N+ 3E19
N-well 1E17 599
P-well 1E17 105 1
P-epi 1E15 117 5

AAA

PNP

Ra-pl

AAA

NPN

é Cathode

Fig. 5.10 Equivalent circuit of the SiC HV-SCR
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5.4.3 SiC HV-SCR with Gate Bias

Typically, Vi of the gate-controlled devices is strongly affected by the gate bias [15]. However,
as shown in Fig. 5.7, Vi of the SiC HV-SCR only shows a slight change when V; increases from
0 Vto 15 V. This may be due to the high Vu and thick field oxide of the devices [38]. Fig. 5.11(a)
to (f) show the current density distribution and electric field distribution of the SiC HV-SCR at
trigger point with 0 V, 5 V and 15 V gate bias. The thickness of the field oxide (FOX) is 500 nm,
and the thickness of the gate oxide is 50 nm. As the Vi of the device is ~5 V, the electron current
accumulated on the surface of the device is not sufficient to help the device trigger when V5 is
lower than 5 V. When Vg is 0 V, the current does not accumulate below the FOX region (Fig.
5.11a). No apparent difference is observed when Vg increases to 5 V (Fig. 5.11b). When Vg
increases from 0 V to 15 V (Fig. 5.11c), the current density below the gate region increases from
~2E6 A/cm? to ~4.5E6 A/cm?. The increase of current helps the turn-on of the lateral NPN
transistor and reduces V. As shown in Fig. 5.11(d), the maximum electric field locates in the FOX
region. For Vg=5 V and 15 V, the location of the maximum electric field does not alter when
compared with Ve=0 V (Fig. 5.11e and f). Therefore, the current density only shows a slight

increase, and the considerable change of Vi; is not observed.

Cathode Gate [ FOX \  Anode Cathode Gate ( FOX A Anode
[T Rag ~—_ &
P-well N-well P-well N-well
P-epi P-epi

TotalCurrentDensity (A*cm”-2) TotalCurrentDensity (A*cmA-2)

B 2.364e+06 2.2266+06
1.574e+05 14990405
1.049e+04 1.009e+04
6.983e+02 6.791e+02
4.651e+01 4572401
3.097e+00 3.077e+00
2.063e-01 2.072e-01

(a) (b)
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Fig. 5.11 TCAD simulated (a) current density distribution at Ve=0 V, (b) current density

distribution at V=5 V, (c) current density distribution at Vg=15 V, (d) electric field distribution at

Ve=0V, (e) electric field distribution at Vz=5 V, and (f) electric field distribution at V=15 V of

5.4.4 SiC HV-SCR Turn-on Behaviors

the SiC HV-SCR at trigger point

The turn-on time of the HV-SCR consists of delay time (zs) and rise time (#-) [30], [39]. The

delay time (%) is the sum of base transit times of the parasitic NPN and PNP. The rise time is the
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time that carriers need to charge the NPN base-emitter capacitor, which is mainly determined by
the device structure and geometry [30]. Therefore, turn-on time can be expressed as
ton =Tn +Tp + L (7)
Where 7. and 7, are base transit times of the parasitic NPN and PNP, which can be expressed

as [30], [39]

W,

Ty = —Zgi’ (8)
_ Wgp

™ = %, )

Where Wsnv and Wap are the base width of NPN and PNP, and D, and D, are the diffusion
coefficients of electrons and holes.
According to the Einstein relationship, the diffusion coefficients can be expressed as:

D kT
n _ KL (1 O)
Hn (p) q

Where unp) is the electron (hole) mobility. The electron mobility of the N-well and hole
mobility of the P-well are listed in TABLE I. Substituting u» and up into (10), D» and Dp are 15.57
cm?/s and 2.73 cm?/s, respectively. Then 7, and 7, are 5.13 ns and 1.83 ns, with the Way and Wap
being 4 um (i.e., gate length) and 1 um (i.e., P-well thickness). Since the turn-on times of the SiC
HV-SCR with D=7 um and 11 pm are 33 ns and 42 ns, the turn-on time is dominated by the rise
time. In addition, comparing the SiC HV-SCR with Si-based SCR [30], [39], [40], although its
base transit times are higher due to the low diffusion coefficients of SiC, its longer turn-on time is
mainly caused by the geometry.

5.5  Conclusion
This paper presents the ESD behaviors of SiC-based LDMOS and HV-SCR structures. The

structures were fabricated in a 4H-SiC BCD process and characterized using a TLP system. The
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TLP measurement results show that the drift length slightly affects the Vi of the LDMOS, while
it has limited impacts on the Vi of the HV-SCR. In addition, the SiC LDMOS and HV-SCR
structures were characterized by the TLP system with 500 Q impedance to obtain V» and ..
Relatively high /> per pm (i.e., 33 mA/um) was observed on the HV-SCR structures, which is
much higher than that of the SiC LDMOS structure (i.e., 0.2 mA/um). TCAD simulations show
that the majority of the ESD current in the HV-SCR is discharged by the lateral NPN and vertical
PNP, which prevents the current from crowding in a certain region. The ESD current in the
LDMOS collects on the device surface, making the devices more easily damaged at lower ESD
current. Meanwhile, the Vi of the HV-SCR is ~48 V and shows little change when the drift length
varies from 7 pm to 11 um. The Vi of the SiC HV-SCR is mainly determined by the base-emitter
voltage drop of the parasitic NPN and the parasitic resistance of the P-well and P-epitaxial layer.
The SiC HV-SCR shows higher V» when compared to Si-based SCR due to its relatively higher
built-in potential in the PN junction. The TLP voltage waveforms of the SiC HV-SCR are
presented to investigate their turn-on behaviors. The turn-on time of the HV-SCR increases from
33 ns to 42 ns with the drift length varying from 7 um to 11 pum. The turn-on time is dominated by
the rise time of the HV-SCR, which mainly depends on the device structure and geometry. The
HV-SCR structures with varying Vz were also characterized by the 500 Q TLP system. V:; changes
from 230 V to 220 V when V7 increases from 0 V to 15 V. The current density distribution and
electric field of the HV-SCR with varying V; were simulated to analyze the TLP results.
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CHAPTER 6

VF-TLP CHARACTERIZATION ON SIC-BASED DEVICES

6.1 Introduction

In Chapter 4 and 5, SiC-based ESD protection devices were characterized by a TLP system to
investigate their area efficiency under human body model (HBM) ESD tresses. In this chapter,
SiC-based devices are characterized by a very fast TLP (VF-TLP) system to investigate their
performance under charged device model (CDM) ESD tresses. Additionally, although the SiC HV-
SCR structures proposed in Chapter 5 show relatively high /:2 per pm, their Vi is too high to protect
low-voltage SiC CMOS devices. Therefore, a SiC-based low-voltage SCR (LV-SCR) structure is
proposed in this chapter to achieve low Vi of SiC ESD protection devices.
6.2 Experimental Results
6.2.1 VF-TLP measurement on SiC-based gate oxide

Gate oxide of MOS devices, such as CMOS and LDMOS, is very vulnerable to ESD tresses.
Thus, the breakdown voltage (BV) of SiC-based gate oxide needs to be investigated for the design
of ESD protection devices. Gate oxide breakdown under HBM and CDM ESD stresses can be
estimated by TLP measurements with varying pulse widths. Fig. 6.1(a) and (b) show SiC-based
NMOS gate oxide breakdown with varying oxide thickness. The pulse widths of TLP and VF-TLP
are 100 ns and 10 ns, and the rise time of TLP and VF-TLP pulses are 10 ns and 100 ps. As shown
in Fig. 6.1, gate oxide BV increases with the increase of oxide thickness. This is because the gate
oxide electric field decreases with the increase of the oxide thickness (i.e., Eox=Vox/tox).
Additionally, the gate oxide BV increases with the decrease of the pulse width. When the gate
oxide is stressed by ESD, electrons and holes are injected into the oxide region, which generates

defects. When the defect density reaches the critical trap density of the oxide, the oxide is bridged
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by the defects and shows high leakage current (i.e., breakdown). Since more electrons and holes

were injected during longer pulses, the gate oxide stressed by longer pulse widths shows lower

BV.
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Fig. 6.1 SiC-based NMOS gate oxide breakdown measured by (a) TLP and (b) VF-TLP

6.2.2 VF-TLP measurement on SiC-based NMOS

Fig. 6.2 shows the TLP and very fast TLP (VF-TLP) measurement results of SiC NMOS
devices. The width and gate length of the NMOS is 20 um and 1 pm, respectively. The rise time
and pulse width of the TLP measurement are 10 ns and 100 ns, and the rise time and pulse width
of the VF-TLP measurement are 100 ps and 10 ns. The leakage current was measured at 5 V bias
to monitor the failure point. As shown in Fig. 6.2, the /> of the SiC NMOS under VF-TLP (i.e., 74
mA) is much higher than that under TLP measurement (i.e., 31 mA). This is because the short
pulses of VF-TLP generate less heat compared to TLP pulses. As a result, /;> measured by the VF-

TLP system is higher than that measured by the TLP system.
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Fig. 6.2 TLP and VF-TLP measurement results of SiC-based NMOS
6.2.3 Characterization of SiC-based low-voltage SCR
The Vi of the SiC HV-SCR proposed in Chapter 5 is ~230 V, which is much higher than the
oxide BV (Fig. 6.1a). Therefore, a SiC LV-SCR structure was designed to achieve low V. Fig.
6.3 shows the cross-section of the proposed SiC LV-SCR. An N+ region was implanted between
the N-well and P-well to reduce the BV. LV-SCR structures with varying L and D were fabricated
in a 4H-SiC CMOS process to control V' of the devices.

Cathode Anode

N-well

Fig. 6.3 Cross-section of SiC LV-SCR structure
Fig. 6.4(a) shows the TLP and VF-TLP measurement results of the SiC LV- SCR with 60 um
width, 1 pm L and 4 um D. For TLP measurement, the SiC LVSCR did not survive before the
turn-on of the parasitic PNP and showed early failure (i.e., /2=300 mA). For VF-TLP measurement,

the parasitic PNP turns on at 175 V and forms a PNPN structure with the parasitic NPN. The turn-
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on of the bipolar transistors generates a high current gain (i.e., fsck=fnen-fprnp), and a high failure
current (i.e., 2.8 A) is observed. Fig. 6.4(b) shows the VF-TLP measurement results of the SiC

LV-SCR with varying L and D. Vi increases with the increases of L and D as the current gain

decreases.
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Fig. 6.4 SiC LV-SCR (a) TLP and VF-TLP measurement results and (b) VF-TLP measurement
results with varying L and D

6.3 Conclusion

In this chapter, TLP and VF-TLP measurements were carried out on SiC-based gate oxide with
varying thickness to characterize the BV under ESD stresses. SiC NMOS was also characterized
by VF-TLP and showed higher /:> than the TLP result due to the short pulse width of the VF-TLP
measurement. In addition, a SiC LV-SCR structure was proposed to achieve low V7. Both TLP
and VF-TLP measurements were conducted to investigate the ESD behaviors of the SiC LV-SCR.
The SiC LV-SCR failed before its turn-on under TLP measurements. For VF-TLP measurements,

the LV-SCR triggered at 175 V and failed at 2.8 A. Although the LV-SCR shows lower Vi than
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HV-SCR, its Vu is still not promising for ESD protection of low-voltage CMOS devices. New

low-voltage ESD protection devices will be designed in future work to achieve suitable Vs and V.

68



CHAPTER 7
DEVELOPMENT OF LTCC-PACKAGED OPTOCOUPLERS AS OPTICAL

GALVANIC ISOLATION FOR HIGH-TEMPERATURE APPLICATIONS

71 Abstract

This paper reports high-temperature optocouplers for signal galvanic isolation. Low
temperature co-fired ceramic (LTCC) technology was used in the design and fabrication of the
high-temperature optocoupler package. The optimal coupling behaviors, driving capabilities and
response speed of the optocouplers were concentrated and investigated in this paper. Emitters and
detectors with different emission and spectral wavelengths were studied to achieve optimal
coupling behaviors. Relatively high coupling efficiency is achieved with emitters and detectors of
emission and spectral wavelength in the red spectrum (i.e., 620 -750 nm), leading to higher current
transfer ratios (CTR). To further enhance the electrical performance, optocouplers with multiple
detectors in parallel were designed and fabricated. CTR, leakage current and response speed (i.e.,
propagation delay, rise time and fall time) of the optocouplers were characterized over a range of
temperatures from 25°C to 250°C. The CTR degrades at high temperatures, while the leakage
current and response speed show little degradation with varying temperatures. Furthermore, the
behaviors of the optocouplers with varying temperatures are modeled and analyzed.
7.2 Introduction

The temperature tolerance of semiconductor devices and integrated circuits (ICs) is greatly
improved due to the revolution of semiconductor materials (e.g., silicon carbide (SiC) and gallium
nitride (GaN)) [1] and technique (e.g., silicon on insulator (SOI)) [2]. This allows power devices,
mixed-signal circuits and control systems to be operated in high-temperature environments [3]-[5].

Since these applications involve high voltages, common-mode signals and fluctuating ground
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potentials, galvanic isolation devices are required as a protection method [6]. For example, in
power systems, galvanic isolation devices and circuits are required for the gate driver circuitry to
isolate the low-voltage logic controllers from the high-voltage components [7], [8]. Among
galvanic isolators, optocouplers, capacitors and transformers are commonly used [7]-[10].
Optocouplers provide a small packaging size, few connection components, low input drive
currents and low power dissipation, making them more desirable than regular isolation
transformers [8]. However, the performance degradation of optocouplers at elevated temperatures
limits their applications in high-temperature environments [10]. Table 7.1 summarizes recently
published optocouplers. Although some of them show high CTR, very few are capable of operating
over 150°C. Therefore, the design and fabrication of high-temperature optocouplers for galvanic
isolation are highly desired.

Table 7.1 Recently published optocouplers

Reference [11] [12] [13] [14] [15]
CTR 2 0.002 0.02 0.008 1.6
Temperature 25°C 25°C 25°C 25°C 125°C

A few studies on optoelectronic materials and devices for high-temperature applications were
conducted and reported in recent years [16] —[21]. The spontaneous emission quantum efficiency
(QE) of different light-emitting diode (LED) materials (i.e., indium-gallium-nitride-based (InGaN-
based) multiple quantum wells (MQWs)) over a wide range of temperature was studied using
photoluminescence (PL) measurements [17]. The InGaN-based MQW structures exhibit minimum
QE drop at temperatures higher than 200°C. The study was extended to other LED materials as

well to investigate the QE at high temperatures. A. Sabbar et al. [18] reported InGaN-based and
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aluminum-gallium-indium-phosphide-based (AlGalnP-based) MQW structures with different
peak wavelength (i.e., 450 nm, 470 nm and 630 nm) for high-temperature optoelectronic
applications. Moreover, further optimization into InGaN-based structures was proposed to enhance
their behaviors at high temperatures, and relatively high QE at high temperatures (i.e., >200°C) is
observed [19]. The temperature and injected current-dependent internal quantum efficiency (IQE)
of InGaN-based MQW LEDs with different peak wavelengths (i.e., 450 nm, 470 nm and 530 nm)
were studied using electroluminescence (EL) measurements [15]. Stable peak IQE of these LEDs
at high temperatures was reported. These studies [17]-[20] prove that AlGaN-based and AlGalnP-
based MQW structures can be utilized to form LED devices in high-temperature optoelectronic
applications. In addition, the spectral responsivity (SR) of InGaN-based MQW structures was
investigated with the temperature range of -200°C to 500°C [21]. The results indicate that the
photodiodes can be used in high-temperature optocouplers. Although systematic studies of the
optoelectronic devices for high-temperature applications were carried out, the LEDs and
photodiodes were investigated individually. The high-temperature optical coupling behavior of the
LEDs and photodiodes is not yet investigated. Therefore, high-temperature optocouplers, which
integrate LEDs as emitters and photodiodes as detectors, need further studies.

In this paper, we report high-temperature optocouplers for optical galvanic isolation, which are
capable of operating at 250°C. The design was focused on the investigation and optimization of
driving capability and response speed. Commercial high-temperature LEDs, which were studied
in previous work'”?!, are used as emitters and detectors in the optocouplers to investigate their
optical coupling behaviors. Low temperature co-fired ceramic (LTCC) was utilized for the
packaging of the optical isolator. The multilayer fabrication process of the LTCC process allows

for easiness to create cavities for light to travel. In addition, LTCC allows for temperature stability
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and guarantees functionality to temperatures higher than conventional package technologies. The
current transfer ratio (CTR), leakage current, propagation delay, rise time and fall time of the
LTCC-based high-temperature optocouplers are measured over a range of temperatures from 25°C
to 250°C. Device modeling is also provided to illustrate the behaviors of the optocouplers with
varying temperatures.
7.3 Device Packaging and Fabrication

Optocouplers are preferred to isolation transformers because they can provide galvanic
isolation with a significantly reduced form factor and weight. Optocouplers often use dual in-line
package (DIP), surface-mount technology (SMT) and small-outline package (SOP) types of
packages [22], [23]. These packages are normally made with epoxy-based materials, which do not
endure wide temperature variations [24]. LTCC, on the other hand, is capable of withstanding an
electrical operating temperature higher than 400°C after firing [25], which makes LTCC a
promising packaging material for high-temperature applications. Moreover, LTCC technology
utilizes a multilayer fabrication process, which allows for creating vias interconnect, cavities, and
embedded traces. This makes the LTCC-based devices easy to be integrated with electrical circuits
and systems, such as gate driver circuits and power modules. The fabrication for thick film
ceramics, such as LTCC, has been successfully mastered in the High-Density Electronic Center
(HiDEC) at the University of Arkansas [26]. This has increased the motivation for evaluating
LTCC as a substrate or housing material for electronic devices. Table 7.2 shows a material
composition comparison for common ceramics that are used for electronic housing, including
LTCC. When comparing the different ceramics, temperature functionality, feasibility for tooling,
mechanical strength, coefficient of thermal expansion (CTE) and other aspects must be considered.

Even though other ceramics such as aluminum oxide (Al203) and silicon nitride (Si3Na4) tend to be
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cheaper, extra process to achieve metal plating significantly increases the ceramic prize. In
addition, AIN, Al2O3 and SisNarequired a laser process to create the channel for the light to travel,
which increases the risk of ceramic cracking. From this point of view, LTCC has a much greater
advantage since its cavity is formed during ceramic fabrication. Therefore, an LTCC-based
package was designed to encapsulate the emitters and detectors.

Table 7.2 Ceramic Material Comparison

Material AIN ALO3 | SisNs | LTCC (DuPont™ 951 Green Tape™)
Thermal Conductivity 180 18 30 4.6
(W/mK)
CTE (ppm) 4.5 18 33 5.8
Elastic Strength 330 300 310 230
(MPa)
Dielectric Strength 17 14.6 14 7.8
kV/mm
Tooling (Cavity Laser Embedded in fabrication
formation) grooving

Figure 7.1(a) and (b) show the cross-sectional view and three-dimensional (3D) view of the
LTCC-based high-temperature optocoupler. The package of the optocoupler consists of an LTCC-
based substrate to support two chip carriers. The chip carriers, which are made by AIN-based gold-
plated direct bonded copper (DBC), are utilized to hold the emitters and detectors and attached
facing each other to the LTCC-based substrate (Fig. 7.1a). This allows for a free space transmission

between the emitters and the detectors. After the emitters and detectors were encapsulated, copper
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leads were attached to the LTCC substrate as the connection terminals (Fig 7.1b). It should be
noted that the connection terminals are designed only for standalone optocoupler measurements
and not to be integrated into application circuits.

____ ,Chip

Emitter carrier

LTCC
substrate

Detector Chip
carrier

LTCC
substrate

Chip
carrier

Detector
Emitter

Connection
Chip terminal
carrier

(b)
Fig. 7.1 (a) Cross-sectional view and (b) 3D model view of the LTCC-based high-temperature
optocoupler

Figure 7.2(a) shows the detailed fabrication flow of the LTCC-based high-temperature
optocoupler. The LTCC packages and AIN-based gold-plated DBC were fabricated. The DBC was
etched with a chemical solution to form a connection pattern and diced into pieces as chip carriers.
The devices were attached to the middle section of the DBC pattern, and wire-bonding was
performed to connect the device anode and cathode to DBC pads. After the wire bonding, the chip
carriers are attached facing each other in the LTCC-based substrate by using high-temperature
conductive epoxy (i.e., CW2400 by Chemtronics). The epoxy, which has a dropping point of
343°C, provides a close sealing between chip carriers and packages, limiting the light from

escaping. In addition, since the CTEs of AIN and LTCC substrate are closed (Table 7.2), the
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package has high mechanical stability and better performance at elevated temperatures. Finally,
copper leads were attached by high-temperature solder alloy (i.e., SAC305). The fabricated LTCC-
based high-temperature optocoupler is shown in Fig. 7.2(b). The device has a length of 15 mm,
width of 10 mm and thickness of 2 mm. InGaN-based, AlGalnP-based and aluminum-gallium-
arsenide-based (AlGaAs-based) high-temperature commercial LEDs [27], [28] are utilized as the
emitter and detector of the optocouplers since they are promising for the high-temperature
optoelectronic device fabrications [17]-[21]. Table 7.3 shows the LED materials, peak wavelength,
device dimensions and manufacturers of the LEDs that are packaged into the optocouplers.
Optocouplers with different combinations of emitters and detectors were fabricated and
characterized. The optocoupler samples were named based on emitter-detector combination, i.e.,
GD-BD stands for optocoupler sample with green for display as the emitter and blue for display
as the detector. The fabricated optocouplers are shown in Table 7.4.

DBC etching Device attachment
and dicing and wire bonding

LTCC package
fabrication DBC attachmemt

(a)
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(b)

Fig. 7.2 LTCC-based high-temperature optocoupler (a) fabrication flow and (b) fabricated

sample

Table 7.3 Materials, peak wavelength, dimensions and manufacturers of the LEDs that are

packaged
Type of LED Material Peak Bare die device | Manufacturer
LEDs wavelength Dimension
Blue for light | Indium gallium nitride 450 nm 1345 pm x 800 pm | HC Semitek
(BL) (InGaN)
Blue for Indium gallium nitride 470 nm 191 pum x 270 um | HC Semitek
display (BD) (InGaN)
Green for Indium gallium nitride 530 nm 191 um x 270 um | HC Semitek
display (GD) (InGaN)
Red for Aluminum gallium indium 630 nm 300 um x 300 um | HC Semitek
display (RD) phosphide (AlGalnP)
OPC-6900- Aluminum gallium 700 nm 960 um x 960 um Marktech
21 (OPC) arsenide (AlGaAs)

Table 7.4 Fabricated LTCC-based high-temperature optocouplers
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Optocoupler Emitter Detector
BD-BD Blue for display Blue for display
BD-GD Blue for display Green for display
GD-GD Green for display Green for display
GD-BD Green for display Blue for display
GD-BL Green for display Blue for light
BL-GD Blue for light Green for display
RD-RD Red for display Red for display

RD-OPC Red for display OPC-6900-21

7.4 Experiments and Results

As a galvanic isolation device, an optocoupler needs to provide sufficient output current to
drive the next-stage circuit, such as a transimpedance amplifier (TIA). To understand the output
performance of fabricated LTCC-based optocouplers, the output current and the CTR of the
optocouplers were characterized with varying temperatures from 25°C to 250°C. Fig. 7.3(a) and
(b) show the schematic and experimental setup of the DC characterization for the LTCC-based
high-temperature optocouplers. Siglent SPD3303X-E power supply is used to drive the emitter,
and a current meter is used to measure the input current. Keithley 2450 source measure unit (SMU)
is connected with the detector of the high-temperature optocoupler to measure its output current.
The input current is controlled by changing the forward-bias voltage of the emitter and limited
under the maximum forward current of the emitters (i.e., 30 mA). The optocouplers were

characterized in Fisher Scientific 650-126 high-temperature oven to observe their performance
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with different temperatures. High-temperature cables are used for the connection between the

optocouplers and the measuring instruments.
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(a) (b)
Fig. 7.3 (a) Schematic and (b) experimental setup for DC characteristics

In order to determine the optical coupling behaviors and the coupling efficiency of emitters
and detectors, optocouplers with various types of emitters and detectors were characterized. Fig
7.4 shows the output current versus the input current of the optocouplers at 25°C. The highest
output current is observed on RD-OPC. The output current is 134 pA when the input current is 30
mA. This is mainly because the OPC has the largest device size (Table 7.2). RD-RD and BL-GD
also show good matches. The output currents of RD-RD and BL-GD are 5.5 pA and 5 pA when
the input current is 30 mA. Other optocouplers (i.e., BD-BD, BD-GD, GD-GD, GD-BD and GD-
BL) show relatively low output current (i.e., lower than 0.5 pA). This indicates that they are not

suitable combinations to form optocouplers.
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Fig. 7.4 Output current versus input current of optocuplers with various types of emitters and
detectors
To further investigate the optical coupling behaviors of the emitters and detectors, the EL
emission and SR measurements of the devices were carried out. The normalized EL emission and
SR results are plotted together in Fig 7.5. The EL emission of RD is from 600 nm to 650 nm, and
the SR of OPC is from 550 nm to 700 nm. Therefore, the optocoupler with RD as the emitter and
OPC as the detector shows a good match and relatively high output current (Fig 7.4). As shown in
Fig 7.5, RD-RD and BL-GD also have overlap regions on the EL emission and SR, which makes

them suitable combinations for optocouplers.
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Fig. 7.5 EL emissions and spectral responses for various types of emitters and detectors
RD-OPC and RD-RD samples exhibited better optical coupling behaviors than other

optocouplers (e.g., BD-BD, BD-GD and GD-GD). Although RD-OPC has an output current higher
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than 100 pA, a higher output current is desired to drive external amplification circuits and achieve
a better signal-to-noise ratio (SNR). The output current is strongly related to the total device area
of detectors. Therefore, optocouplers with multiple detectors connected in parallel were fabricated
to further enhance the output current. Table 7.5 summarizes the details of the fabricated
optocoupler samples. The output current versus the input current of optocouplers with different
numbers of parallel detectors is shown in Fig 7.6. Increasing the quantity of the detectors enables
efficient accommodation of the emitter beam area leading to higher output current. RD-30PC
shows the output current of 337 pA when the input current is 30 mA, which is ~2.6 times higher

than RD-OPC (i.e., 134 pA). RD-3RD shows the output current of ~24 nA when the input current

is 30 mA.
Table 7.5 Emitter and detector of fabriacted optocoupler samples
Optocoupler Emitter Quantity of emitters | Detector | Quantity of detectors
in parallel in parallel
RD-RD RD 1 RD 1
RD-3RD RD 1 RD 3
RD-OPC RD 1 OPC 1
RD-30PC RD 1 OPC 3
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Fig. 7.6 Optocoupler output current versus input current at 25°C with different quantity of
detectors

High-temperature characterization of the optocouplers was conducted in a high-temperature
oven (Fig. 3b). As the ambient temperature increases, the output current and the CTR degrades
due to the drop in the EL intensity of the emitters [29]. Fig 7.7 shows the measured CTR of the
optocouplers with temperatures ranging from 25°C to 250°C. A commercial optocoupler (IL300
by Vishay) [22] was also characterized to compare the thermal stability with the fabricated LTCC-
based optocouplers. The RD-30PC and the IL300 have similar CTR values at 25°C (i.e., ~ 0.01).
This indicates that the RD-30PC has the potential to be operated as a galvanic isolation device.

The CTRs of the optocouplers start to degrade when the temperature is over 100°C.
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Fig. 7.7 CTR of optocouplers with varying temperatures
In real applications, optocouplers often operate with a small reverse bias voltage. The small
reverse-bias voltage (e.g., -1 V) increases the depletion width of the detector, which improves the
number of photons absorption and increases the photocurrent. However, the rise in temperature
also increases the reverse-bias current (i.e., leakage current) of the detectors, which is attributed to
the thermal ionization?!. The increase in the leakage current elevates the dark current noise power
of the detector and limits the SNR of the circuit [30]. Furthermore, the variation of the leakage

current with temperature shifts the quiescent point (Q-point) of the next stage circuit, which may
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cause mis-triggers. The leakage current of the optocouplers under -1 V bias was measured with
varying temperatures and shown in Fig 7.8. It is observed that the commercial optocoupler IL300
shows a rapid increase in leakage current at temperatures above 100°C. The leakage current of
IL300 is ~100 pA at 250°C, which is in the same magnitude as the photocurrent, indicating low
SNR. The leakage current of RD-RD and RD-3RD does not show much variation with the increase
of temperature. The leakage current of RD-RD and RD-3RD is ~0.5 nA at 250°C. The leakage
current of RD-30PC increases from 10 nA at 25°C to 600 nA at 250°C. It should be noted that the

photocurrent of RD-30PC is ~50 pA at 250°C, which is two orders of magnitude higher than the
leakage current.
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Fig. 7.8 Leakage current of optocouplers with varying temperatures

The response time (i.e., propagation delay, rise time and fall time) of the optocoupler
determines its bandwidth. Thus, transient measurements of the optocouplers were conducted to
characterize their propagation delay, rise time and fall time. Fig 7.9 shows the test circuit for
transient characteristics of the optocouplers. A Rigol DG1022 function generator is used to
generate the pulse-width modulation (PWM) signal for the optocouplers. A Tektronix TDS2012B

oscilloscope is utilized to capture the output signals of the optocouplers. A 15 k€ resistor (Rvr) is

connected to the cathode of the detector. To avoid the over-heating of the emitters at high

82



temperatures, the input current was limited at 20 mA with an input PWM voltage of 2.5 V. The

optocouplers were measured at a reverse-bias voltage (Vv) of -1 V to improve the signal detection.
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Fig. 7.9 Optocoupler test circuit for transient characteristics

The transient measurement results of four optocouplers with varying temperatures are shown

in Fig 7.10. The propagation delay, rise time and fall time show low-temperature sensitivity when

the temperature increases from 25°C to 250°C. The fall time of the optocouplers shows the same

magnitude as the rise time (Fig. 7.10b and c). It is observed that the response time is steady when

replacing one RD by three RDs (as the detector). Meanwhile, the response time of RD-30PC is

around three times higher than RD-OPC.
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Fig. 7.10 Transient measurement results of optocouplers with varying temperatures: (a)

propagation delay, (b) rise time, and (c) fall time
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7.5  Discussion

It is observed that the performance of the LTCC-based optocouplers varies with temperatures.
The CTR shows degradation when the temperature is higher than 100°C. This is because the light
output power, P, of the emitters drops at high-temperature conditions. Based on the power-law
relationship, the light output power of the emitters is proportional to the integrated EL signal (L&r)
[29], [31]. The relationship can be described as:

Lgy(Iin, T) & P(Ii, T) (D
Where /in is the input current of emitters, and 7 is the temperature.
For detectors, the relationship between the light input power (i.e., the light output power of the

emitters) and the photocurrent (Z,») is [32]:

R(AT) =2 @)

Where R is the responsivity of the detector, and A is the wavelength of the light. Using (1) and
(2), the relationship between the /i» and Ip» can be expressed as:
Lyp < R(A4, T)P(I;n, T) 3)
The CTR of the optocouplers is defined as:

CTR :Io_ut (4)

Iin
Where o is the output current of the detectors. As the leakage current of the detectors is three
orders of magnitude lower than the photocurrent, the output current can be considered as the
photocurrent (Zlou=Ipn). Therefore, the normalized CTR with varying temperatures can be modeled
based on (3) and (4).
Table 7.6 shows the normalized integrated EL signal, light wavelength and responsivity of RD-
RD and RD-OPC. The results were extracted from previous research, and a detailed experimental

setup was discussed [33], [34]. The normalized integrated EL signal was extracted at 300 pA
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injected current. The peak wavelength of the samples (1) increases with the temperature due to the

bandgap narrowing effect’*

. The responsivity of the detector was extracted at the corresponding
wavelength of the input light. Fig 7.11(a) and (b) show the normalized CTR with varying
temperatures of RD-RD and RD-OPC, respectively. The CTR at 25 °C is set as the reference value
(i.e., 100). The black line represents the modeled CTR based on (3) and (4), and the red line
represents the experimental CTR. As shown in Fig. 7.11(a), the modeled CTR increases with
temperature from -200°C to -75°C due to the increase of the responsivity. When the temperature
is higher than 125°C, the CTR drops rapidly due to the decrease of the integrated EL signal. The
modeled CTR drops to 2.51 and 0.97 when the temperature is 325°C and 425°C, respectively. The
CTR of RD-OPC increases when the temperature varies from -200°C to 125°C (Fig. 7.11b). This
is contributed to the enhancement of the responsivity with the increase of temperature. When the
temperature is higher than 125°C, the integrated EL signal decreases rapidly, resulting in the drop
of the CTR. The modeled CTR drops to 8.6 and 3.96 when the temperature is 325°C and 425°C,
respectively.

Table 7.6 Normalized integrated EL signal, light wavelength and responsivity of RD-RD and

RD-OPC [33], [34]

T¢C) Normalized Lz A (nm) of RD R (A/W)of RD | R (A/W) of OPC
of RD
-200 149 606 0.17 2.7x10*
-175 145 607 0.17 5.86x10*
-75 140 617 0.22 0.0033
25 100 630 0.21 0.043
125 44.9 644 0.22 0.14
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225 11.1 658 0.22 0.21

325 2.51 672 0.21 0.25

425 1.07 684 0.19 0.28
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Fig. 7.11 Normalized CTR of (a) RD-RD, and (b) RD-OPC
The photocurrent current and leakage current strongly affect the noise and SNR of the

optocouplers. SNR is defined as the ratio of the signal power and noise power, which can be

expressed as [30]:

12
— ph
SNR = B(0t2h+652h+alzk) (5)

Where B is the bandwidth of the photodetector, and o4, o5 and o’ are thermal noise, shot

noise and dark current noise, which can be expressed as:

oy = 4kT/R, (6)
0 = 2qlpy 7)
Ulzk = 2qly ®)

Where £ is the Boltzmann constant, 7' is temperature, Rz is the load resistance (i.e., 15 kQ in
fig 7.9), q is the electron charge, and /i is the leakage current. In terms of (6) to (8), the noise
components of the optocouplers at 25°C and 250 °C are summarized in Table 7.7. As shown in

Table 7.7, for the proposed LTCC-based high-temperature optocouplers, thermal noise and shot
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noise are the dominant noise at both 25°C and 250°C. On the other hand, for the commercial
optocoupler (i.e., IL300), dark current noise becomes the dominant noise at 250°C due to the
increase of the leakage current at elevated temperatures.

Table 7.7 Noise components of the optocouplers at 25°C and 250°C

25°C 250 °C
o’ (W/Hz) | o9’ (W/Hz) | ou? (W/Hz) | ou’ (W/Hz) | o5’ (W/Hz) | ou’ (W/Hz)
RD-RD 1.1x102* | 1.77x10%* | 6.86x107° | 1.84x102* | 2.3x10%° | 1.34x108
RD-OPC 1.1x102* | 4.29x10% | 1.46x1027 | 1.84x10%* | 4.36x10** | 5.12x102%
RD-3RD 1.1x102* | 7.8x10% | 2.2x10% | 1.84x10%* | 1.08x10* | 3.6x10%®
RD-30PC | 1.1x102* | 1.08x102* | 3.42x1027 | 1.84x10%* | 1.92x10% | 1.97x102
IL300 1.1x102* | 9.6x102% | 1.48x1027 | 1.84x102* | 2.3x102 | 1.06x10%

The response time of RD-3RD is at the same magnitude as RD-RD, while the response time
of RD-30PC is three times higher than RD-OPC. The response time is considered as propagation
delay, rise time and fall time. The propagation delay is the time difference between 50% of the
final value of input and output. The rise time and fall time are defined as the time difference
between the output signal changing from 10% to 90% of its final value. Ideally, the rise time is

equal to the fall time, which is defined as [35], [36]:

T = /(2.2Tre)? + Tarife? + Tairf? Q)
Where rc is the RC time constant, zari 1s the drift time of carriers in the depletion region, and
74y 18 the diffusion time of the carriers. The RC time constant is defined as:

Tre = RLG;

(6)
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Where R: is the load resistance, and Cj is the junction capacitance of the detectors. The junction
capacitance can be expressed as:

(7

Where ¢ is the dielectric constant of the device, ¢o 1s the permittivity of free space, 4 is the
area of the depletion region, and W4 is the width of the depletion region.

Table 7.8 shows the measured junction capacitance, RC time constant and rise/fall time of the
optocouplers while Rz is 15 kQ (Fig 7.9). The capacitance of 3RD is 52.7 pF, which is around
three times higher than the RD (i.e., 18.5 pF). The capacitance of OPC and 30PC are 387 pF and
1.2 nF, respectively. The junction capacitance of the detectors is proportional to their area. As
shown in Table 7.6, the 2.2zrc of RD-RD and RD-3RD is much lower than their rise/fall time. This
indicates that the rise time and fall time of RD-RD and RD-3RD are dominated by the drift time
and diffusion time of the carriers. Therefore, RD-RD and RD-3RD have the same magnitude of
rise/fall time. In addition, for RD-OPC and RD-30PC, the rise/fall time is equal to 2.2zrc. This
indicates that the rise time and fall time of the RD-OPC and RD-30PC are dominated by the RC
time constant. Thus, the rise/fall time increases three times when an OPC is replaced by three
OPCs in parallel, according to (7).

Table 7.8 Junction capacitance, RC time constant and rise/fall time of the optocouplers

RD-RD RD-3RD RD-OPC RD-30PC
Ci (pF) 18.5 52.7 387 1200
2.27rc (ns) 0.61 1.73 12.7 39.6
Rise/Fall time (ps) 4 4.6 12.7 40
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7.6 Conclusion

High-temperature optocouplers based on LTCC packaging are fabricated and demonstrated as
signal galvanic isolation devices for high-temperature applications. The high-temperature
optocouplers with various emitters and detectors were fabricated and characterized to identify the
coupling efficiency. It is determined that RD-RD and RD-OPC show relatively good optical
coupling behaviors. The output current of RD-RD and RD-OPC is 5.5 pA and 134 pA, respectively.
Meanwhile, RD-3RD and RD-30PC are fabricated to improve the output current of the
optocouplers. The measurement results show that the RD-3RD and RD-30PC show output current
of 24 pA and 337 pA, respectively. The optocouplers were also characterized over a wide range
of temperatures (i.e., 25 °C to 250 °C). The CTR degrades at high temperatures, while the leakage
current shows little degradation with varying temperatures. In addition, the response time of the
optocouplers is also characterized with varying temperatures. It is observed that the response time
shows low temperature sensitivity. RD-RD and RD-3RD have the same magnitude of response
time, while RD-30PC has a response time that is three times higher than RD-OPC. This is because
the response time of RD-RD and RD-3RD is dominated by the drift time and diffusion time of the
carriers, and the response time of RD-OPC and RD-30PC is dominated by the RC time constant.

In conclusion, the LTCC-based high-temperature optocouplers (e.g, RD-30PC and RD-OPC)
are promising to operate as galvanic isolation devices up to 250°C. Utilizing multiple detectors in
parallel improves the CTR. However, it also increases the junction capacitance and decreases the
response speed. Moreover, the isolation voltage of the optocouplers is related to the distance
between the emitter and the detector. Increasing the distance elevates the isolation voltage.
However, it may reduce the CTR. Therefore, the trade-off among CTR, response speed and

isolation voltage will be investigated in future experiments.
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CHAPTER 8
HIGH-TEMPERATURE SIC POWER MODULE WITH INTEGRATED LTCC-BASED

GATE DRIVER

8.1 Abstract

This paper proposes a high-temperature SiC power module. High-temperature gate drivers
were fabricated on low temperature co-fired ceramic (LTCC) substrates and integrated into the
power module. LTCC-based High-temperature optocouplers, which were fabricated in-house, are
used as isolation devices for the gate drivers. A detailed fabrication process of the high-temperature
SiC power module is presented. High-temperature components and materials are utilized for the
packaging. The fabricated high-temperature SiC power module was characterized by a double
pulse test at both 25°C and 100°C. The turn-on and turn-off times are ~100 ns. The device showed
small oscillations during turn-on, while the overshoot during the device turn-off is ~35 V.
8.2 Introduction

Silicon carbide (SiC) is one of the most commonly used materials in power applications due
to its wide energy bandgap, high electric field strength and high thermal conductivity [1]. This
significantly increases the power rating, operating voltage, and power density of power modules
[2]. Despite the superior temperature tolerance of SiC power devices, the working temperature of
power modules is still limited by packaging materials and other passive components. Moreover,
to reduce the parasitic elements and improve the switching behaviors, gate driver circuitry is
designed to be tightly integrated with the power devices. As a result, the operating temperature of
the gate driver is required to be similar to that of the power devices. In order to improve the
operating temperature and reduce the size and weight of power systems, a high-temperature SiC

half-bridge power module with integrated gate drivers is proposed in this paper. High-temperature
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packaging materials are utilized for the encapsulation of the power module. Low temperature co-
fired ceramic (LTCC) is used as the substrate of the gate driver circuits. High-temperature
optocouplers are used as the galvanic isolation devices of the gate drivers, which achieves a
compact size for the gate driving circuits. These approaches allow the gate driver boards to be
closely integrated into the SiC power module.
8.3 Design and Simulation

In order to mitigate gate parasitics and increase the power density of the SiC power module,
high-temperature gate driver circuits are designed and integrated into the power module for both
the high-side and low-side switches. Fig. 8.1(a) shows the schematic of the gate driver. A high-
temperature optocoupler is used as the galvanic isolation device, which protects the low-voltage
logic controller from the high-power devices. A transimpedance amplifier (TIA) is designed by
using a high-temperature operational amplifier (i.e., OPA211HT by Texas Instruments (TI)). It
converts the photocurrent from the optocoupler to a voltage signal for a gate driver integrated
circuit (IC). The gate driver IC (UCC27531 by TI) is utilized to provide sufficient voltage and
current to drive the power devices. The three-dimensional (3D) model of the gate driver is shown
in Fig. 8.1(b). LTCC substrates are designed and fabricated for the gate driver circuit. The LTCC
substrates have the capacity to withstand high operating temperatures (i.e., 400°C) [3]. They have
also been demonstrated to be easily integrated into power modules [4]. Slots were designed on
both the top and bottom sides of the LTCC substrates for the integration of the high-temperature
optocoupler. Commercial optocouplers do not promise to operate at high temperatures as the
degradation of output current and leakage current affect the operation of the gate driver circuits.
Thus, LTCC-based high-temperature optocouplers were developed in house and designed to be

compatible with the LTCC substrates. Previous works [5], [6] describe the detailed fabrication
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process and characteristics of high-temperature optocouplers. After the fabrication of the LTCC
substrates, the optocoupler emitter and detector substrates are integrated into the slots. Then other
components (e.g., OPA211HT, UCC27531, resistors and signal pins) are attached to the top layer

of the LTCC substrate by high-temperature conductive epoxy (CW2400 by Chemtronics).

OPA211HT
/

Optocoupler

20V
R T -~ emitter substrate

VDD

. - Output <«— Signal pins
PWM input - IN  OUTH

. SZ:: ZS + Routl ~
signal 1 r -vDD OUTL Optocoupler
Y 3V Rout2 detector <«— LTCC substrate
High-temperature High-temperature Gate substrate
optocoupler operational driver IC
amplifier UCC27531
(a) (b)

Fig. 8.1 (a) Schematic and (b) 3D model of the proposed LTCC-based gate driver

The layout of the proposed SiC power module is shown in Fig. 8.2(a). 1.2 kV, 149 A SiC
MOSFETs (CPM3-1200-0013A from CREE) were integrated into the power module. For this
module, each switching position has one device. However, it can be extended to three devices in
parallel (Fig. 8.2a). As shown in Fig. 8.2(a), a symmetrical layout was designed to enhance the
current balance and improve the thermal distribution. Two LTCC-based gate drivers are attached
to the direct bonded copper (DBC). The output pads of the LTCC-based gate driver are on the
bottom layer, which allows the gate driver to connect with the power devices by copper traces (on
DBC) and bond wires. The short gate loop traces significantly reduce the gate loop parasitic
inductance. Fig. 8.2(b) shows the 3D model of the proposed power module. The DC+ and DC-
power terminals are placed facing each other to enhance the mutual inductance, which helps to
decrease the power loop parasitic inductance. Moreover, the power terminals are designed almost

as wide as the DBC (i.e., ~40 mm) to reduce the power loop parasitic inductance.
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Fig. 8.2 (a) Layout and (b) 3D model of the proposed high-temperature SiC power module

The parasitic inductance in the power loop and gate loop affects the switching behaviors of the
power module. Thus, both power loop and gate loop parasitic inductances are simulated and
extracted by ANSYS Q3D. The source and sink were applied to the output pad (on the bottom
layer of the LTCC substrate) of the LTCC-based gate driver and the gate pad of the power device
to extract the gate loop inductance, while the DC+ and DC- terminals were set as source and sink
during the power loop inductance extraction. The simulation results are shown in Fig. 8.3. Due to
the close proximity between the gate driver and power devices, the parasitic inductance of the
simulated gate loop is 3 nH at 1 MHz. The power loop inductance simulated from the DC+ terminal

to the DC-terminal is 10 nH at 1 MHz.
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Fig. 8.3 Simulated parasitic inductance versus operating frequency.
A thermal simulation was also carried out to investigate the temperature distribution of the

power module. Fig. 8.4 shows the result of the thermal simulation. The power devices were set as
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heat flow with a 150 W (power rating) of power dissipation, and the ambient temperature was set
at 200°C. As shown in Fig. 8.4, the maximum temperature is ~256°C, which is located at the

junction of the power devices. The temperature of the LTCC-based gate driver is ~200°C.
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217.5739
213.2428
2089117
204.5806 Min
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Fig. 8.4 Simulated Thermal distribution

8.4  Experimental Results

The fabricated LTCC-based gate driver and high-temperature SiC power module are shown in
Fig. 8.5(a) and (b), respectively. The widths and lengths of the gate driver and power module are
shown in the figure, and the heights of the gate driver and power module are ~5 mm and ~18 mm,
respectively. The fabrication process of the high-temperature power module is shown in Fig. 8.6.
A gold-plated copper base plate was utilized as the heat sink, and an aluminum nitride (AIN) based
DBC, which has a similar coefficient of thermal expansion (CTE) to the base plate, was used as
the substrate. The power devices were attached to the DBC by silver sintering. A high-thermal-
conductive die attach adhesive (H9890-6A from NAMICS), which has a 300°C melting point, was
utilized as the solder paste. After the die attachment, wire bonding was completed to achieve the
connection. Then the power terminals and LTCC-based gate drivers were attached. The power
terminals were attached with high-thermal-conductive die attach adhesive (H9890-6A), and the
LTCC-based gate drivers were attached with high-temperature conductive epoxy (CW2400).
Finally, the power module was encapsulated in high-temperature resin and epoxy (EP17HT-LO

by Master Bond) to achieve the passivation.
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Fig. 8.6 Fabrication process of the high-temperature SiC power module
A double pulse test (DPT) was carried out to investigate the switching behaviors of the
fabricated high-temperature SiC power module. The DPT results at 25°C are shown in Fig. 8.7(a)
to (c). The gate voltage is -5 V to 15 V, and the drain-source voltage is 100 V. As shown in Fig.
8.7(b) and (c), the turn-on and turn-off time of the power device is ~100 ns. The device shows
small oscillations during turn-on, and the overshoot of the turn-off is ~35 V. In addition, the gate
signal shows oscillations during the turn-off. This may be caused by the layout of the LTCC-based

gate driver as the gate and source traces are narrow on the LTCC substrate.
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Fig. 8.7 Double pulse test results of the high-temperature SiC power module with integrated
LTCC-based gate drivers at 25°C (a) overview, (b) turn-on, and (c) turn-off
The high-temperature SiC power module was heated by a hot plate (PC-600D by Corning) to
investigate its high-temperature behaviors. Fig. 8.8 shows the DPT results of the high-temperature
SiC power at 100°C. The result does not show much difference from the one at 25°C. The overshoot

during the device turn-off increases from 35 V to 38 V.
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Fig. 8.8 Double pulse test results of the high-temperature SiC power module with integrated
LTCC-based gate drivers at 100°C (a) overview, (b) turn-on, and (c) turn-off

8.5  Conclusions

In order to improve the high-temperature performance and reduce the size and weight of SiC
power modules, a high-temperature SiC power module with integrated gate drivers were designed
and fabricated. The gate drivers was fabricated based on LTCC substrates to achieve operations at
high temperatures. A detailed fabrication process of the high-temperature SiC power module is
presented in this paper. A double pulse test was carried out at both 25°C and 100°C to characterize
the switching performance of the fabricated power module. The switching performance did not
show much degradation from 25°C to 100°C.

In general, the proposed high-temperature SiC power module shows reliable switching

behaviors at 25°C and 100°C. Double pulse tests at higher temperatures (e.g., 200°C) and drain-
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source voltages (e.g., 1000 V) will be performed in future work to further investigate the proposed
power module. The layout of the LTCC-based gate driver will also be improved to enhance its
driving capability.
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CHAPTER 9
HIGH-TEMPERATURE MEASUREMENTS ON SIC POWER MODULE WITH

INTEGRATED LTCC-BASED GATE DRIVER

9.1 Introduction

In Chapter 8, a high-temperature half-bridge power module with integrated LTCC-based gate
drivers was proposed. However, each switching position of the power module has only one device,
which limits the operating current. In this chapter, a high-temperature half-bridge power module
with three power MOSFETs (i.e., CPM3-1200-0013A from CREE) in each switching position has
been fabricated. The power module was characterized from 25 °C to 200 °C at 600 V drain-source
voltage.
9.2 Experimental Results

Fig. 9.1(a) shows the layout of the SiC high-density half-bridge power module. 1.2 kV SiC
power MOSFETs from CREE are integrated into the power module. Each position has three
devices in parallel. Two LTCC-based gate drivers are attached on the DBC and connected to the
power devices with bond wires. The fabrication process and the utilized materials of the power

module have been presented in Chapter 8. The fabricated power module is shown in Fig. 9.1(b).

LTCC-based
gate drivers
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(a) (b)
Fig. 9.1 High-temperature SiC half-bridge power module (a) layout and (b) fabricated sample
Double pulse tests (DPTs) were carried out on the high-density HT power module from 25 °C
to 200 °C to characterize its switching performance. A function generator (Rigol DG1022) was
used to generate a double pulse signal with a 4 ps pulse width, and the power module was heated

by a Corning PC-600D hot plate. Fig. 9.2 shows the thermal map of the DPT at 200 °C.

o 106°C)

Fig. 9.2 Thermal map of the DPT for the high-density HT power module at 200 °C

The DPT results at 25 °C and 200 °C are shown in Fig. 9.3. The power module was tested at
600 V, 20 A and showed reliable switching performance from 25 °C to 200 °C. Very few
oscillations were observed at turn-on and turn-off, and the switching behavior shows little
degradation with the varying temperatures. As shown in Fig. 9.3(b), for the turn-off period, the
sum of the current fall time and voltage rise time, at which the switching loss is generated,
increases from ~160 ns to ~170 ns when the temperature varies from 25 °C to 200 °C. As shown
in Fig. 9.3(c¢), for the turn-on period, the sum of the current rise time and voltage fall time, at which
the switching loss is generated, changes from ~200 ns to ~180 ns when the temperature varies
from 25 °C to 200 °C. The turn-on pulse width decreases from 4 us to ~3.9 us at 200 °C due to the

degradation of the HT optocoupler output current at elevated temperatures. In addition, the reverse
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recovery current increases from ~5 A to ~8A with the temperature varying from 25 °C to 200 °C.

This may be due to the reduction in the body diode forward voltage with temperature.
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Fig. 9.3 DPT results of the high-density HT SiC half-bridge power module at 25 °C and 200 °C

(a) overview, (b) turn-off and (c) turn-on.
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9.3 Conclusion

In this chapter, a high-temperature half-bridge power module with three power MOSFETs in
each switching position has been fabricated. The power module was characterized from 25 °C to
200 °C at 600 V drain-source voltage. The turn-on and turn-off of the power module show little
degradation from 25 °C to 200 °C, while the turn-on pulse width decreases from 4 ps to ~3.9 us at
200 °C due to the degradation of the optocoupler. In general, the power module shows reliable

switching performance at elevated temperatures.
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CHAPTER 10

CONCLUSION AND FUTURE WORK

10.1 Conclusion

This dissertation studies the on-chip ESD protection and galvanic isolation of SiC-based power
module systems, which aims to improve the chip- and system-level reliability of the system.

In order to design and fabricate on-chip ESD protection devices for SiC-based ICs, SiC-based
Ohmic contact and ion implantation have been studied. To fabricate SiC-based Ohmic contact,
CTLM structures were fabricated on 4H-SiC P-type substrates. Experimental results show that
Ni/Ti/Al is capable of forming Ohmic contacts on SiC P-type samples, and the specific contact
resistivity decreases with the increase of Ti thickness. For SiC-based ion implantation, the ion
implantation profiles are designed and simulated by Sentaurus TCAD software. SIMS results show
high match with the simulation results.

SiC-based ESD protection devices, such as NMOS, LDMOS, HV-SCR and LV-SCR, have
been fabricated. TLP and VF-TLP were utilized to characterize their ESD performance. Among
these devices, HV-SCR shows the highest /> per um (i.e., 33 mA/um) under TLP measurements,
which is ~100 times higher than SiC LDMOS. This indicates that the SiC-based HV-SCR can be
used as an area-efficient ESD protection device. In addition, a SiC LV-SCR structure was proposed
to achieve low V. Both TLP and VF-TLP measurements were conducted to investigate the ESD
behaviors of the SiC LV-SCR. The SiC LV-SCR failed before its turn-on under TLP measurements.
For VF-TLP measurements, the LV-SCR triggered at 175 V and failed at 2.8 A.

On the other hand, for system-level reliability, optical-based high-temperature galvanic
isolators (i.e., optocouplers) for SiC-based power modules are developed. LTCC was utilized as

the packaging material. The LTCC-based high-temperature optocouplers show promising driving
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capability and steady response speed from 25 °C to 250 °C. Then LTCC-based gate drivers that
utilize the high-temperature optocouplers as galvanic isolators were designed and fabricated. The
LTCC-based gate drivers were integrated into a high-temperature SiC-based power module to
improve the high-temperature performance and reduce the size and weight of the power system.
Finally, DPTs from 25 °C to 200 °C were carried out to characterize the power module. The power
module shows reliable switching performance at elevated temperatures.
10.2  Future Work

Although SiC-based ESD protection devices and high-temperature galvanic isolators have
been designed and fabricated, future work needs to be conducted to further improve their
performance. Firstly, SiC Ohmic contact resistivity needs to be improved. Various types of metal
stacks with varying annealing temperatures will be carried out. Secondly, the Vi and Vi of the
fabricated SiC ESD protection devices are too high to protect low-voltage SiC ICs. New ESD
protection structures need to be proposed to achieve suitable Vi and Vi. Thirdly, the response
speed of the LTCC-based optocouplers is relatively lower than commercial room-temperature
optocouplers, which limits the switching speed of the power module. Therefore, high-temperature

optical fibers will be used as the galvanic isolator to improve the switching speed.
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