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Abstract

Harsh Environment Silicon Carbide UV Sensor and Junction Field-Effect Transistor

by

Wei-Cheng Lien

Doctor of Philosophy in Applied Science & Technology
University of California, Berkeley

Professor Albert P. Pisano, Chair

A harsh environment can be defined by one or more of the following: High temperature,
high shock, high radiation, erosive flow, and corrosive media. Among all the harsh
environment applications, high temperature applications have drawn lots of attention due
to the emerging activity in automotive, turbine engine, space exploration and deep-well
drilling telemetry. Silicon carbide has become the candidate for these harsh environment
applications because of its wide bandgap, excellent chemical and thermal stability, and
high breakdown electric field strength. This dissertation details the two building blocks of
high-temperature UV sensing chip, namely Ultraviolet sensor and transistors. High
temperature performance of silicon carbide metal-semiconductor-metal UV sensor is
characterized at high temperatures for the first time. The sensor exhibits high photo-to-
dark current ratio and fast rise and fall time even at high temperatures. Complementary
SiC junction field-effect transistors of different gate configurations are proposed,
fabricated and characterized from room temperature to 600 °C for the first time. High
intrinsic gains at high temperatures suggest that complementary junction field-effect
transistors are suitable devices for high temperature operational amplifier.
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Chapter 1

Introduction

1.1 Harsh Environment Sensing Application

Recently, much research effort has focused on advancing renewable energy
resources, such as solar, hydro, wind and geothermal energy. While developing these new
technologies, reducing inefficiencies in generation and transmission should be considered.
For example, the total energy lost is 61% of energy supply in U.S. in 2012 [1]. One
method of addressing the inefficiencies in energy use is through the development of harsh
environment sensing technology. Power systems can be advanced by integration of
electronics (e.g., communication, signal processing, microactuator control, etc.) to
operate at high temperature [2, 3]. Specifically, smart harsh environment electronic
sensing systems enable real-time condition based monitoring of temperature and
incomplete combustion, and reduce emission of greenhouse gases (NOx and COy) in gas
turbine system or combustion engine [4, 5]. In addition, wireless technology helps
telemetry systems to guide deep-well oil drilling operation or monitors the subsurface
environments found in geothermal power plants.

A harsh environment can be defined by one or more of the following: High
temperature (> 350 °C), high shock (> 50,000 g), high radiation (> 100 Mrads), erosive
flow, and corrosive media [6]. Silicon is a widely used semiconductor material because
of such factors as its high quality, stable oxide, and low cost. However silicon-based
microelectronics are not suitable for harsh environments, because the electronic
properties of silicon degrade above 300 °C due to the more intrinsic carrier presented
than dopant carriers and mechanical properties degrade above 600 °C due to decline in its
elastic modulus [3]. As the need increases for electronics and microelectromechanical
systems (MEMS) devices suitable for harsh environment applications, including
automobile, aerospace, nuclear and military purposes, several technologies such as
silicon-on-insulator (SOI) or wide bandgap (WBG) electronics are needed. SOI
technology can extend the CMOS operating temperature due to reduce leakage and less
parasitic bipolar action [7]. A wide bandgap material has large energy bandgap of 3 eV so
the generation of intrinsic carriers will not surpass the dopant carriers at high temperature.

In order to realize integration of the sensing system, the building blocks of the
sensor system, such as sensors and transistors, need to be developed. Among all the harsh
environment applications, high temperature applications have drawn lots of attention due
to the emerging activity in several areas (Table 1.1) [3]. In this work, we focus on



developing the sensor and electronics for high temperature application. Silicon carbide
(SiC) has been chosen as the base semiconductor material for this work due to its wide
bandgap, high electric field breakdown strength, high thermal conductivity, and high
saturated carrier drift velocity [8].

Peak Chip
Application Area ambient power Target technology
(*C) (kw)
On-cylinder
Autimotive & Exhaust 600 <1 WBG
pipe
Sensors,
Turbine engine telemetry, 600 <1 WBG
control
Electric 600 >10 WBG
actuation
Spacecraft Power 300 > 10 WBG
management
Venus &
Mercury 550 1 WBG
exploration
High
Industrial temperature 600 <1 SOl & WBG
processing
Deep-well drilling telemetry Oil and gas 300 <1 SOl & WBG
geothermal 600 <1 WBG

Table 1.1: High temperature electronics applications.

1.2 Silicon Carbide

The silicon carbide unit cell is a tetrahedron consisting of four carbon atoms with
a silicon atom in the center, as shown in Figure 1.1. There are approximately 200
polytypes of SiC existing in the world [9]. Figure 1.2 shows the three most common
polytypes of silicon carbide, consisting of different stacking sequences of SiC bilayer.
They are cubic (3C, B-SiC) and hexagonal (H, a-SiC) with the number denoting the
number of SiC bilayer stackings [10]. Because of the possible stacking sequences of SiC
bilayer, there are lattice sites in SiC that have a surrounding layer stacking in hexagonal
form and others with cubic form, which are denoted hexagonal sites and cubic sites,
respectively [11]. Figure 1.3 shows that 3C-SiC has one cubic site and 2H-SiC includes
only one hexagonal site. 4H-SiC has one hexagonal and one cubic site, while 6H-SiC
exhibits one hexagonal and two cubic sites. 4H-SiC and 6H-SiC polytypes already have
commercially available wafers and epitaxy, while 3C-SiC is the only polytype that can be
grown heteroepitaxially on a Si wafer. The basic mechanical and electrical properties of
the three SiC polytypes, as well as those for Si, GaN, AIN, and diamond are shown in
Table 1.2 and 1.3 [11-13].
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Figure 1.1: The structure of SiC crystal.
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Figure 1.2: Three most common polytypes of silicon carbide [10]. Copyright: Dr. Christopher S. Roper
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Si

3C-SiC

6H-SiC

4H-SiC

2H-GaN

2H-AIN

Diamond

Lattice a
(A)
Lattice c
(A)
Thermal
expansion
coefficient
(10°°/K)
Density
(glem’)
Thermal
conductivi
ty (W/cm
K)
Melting
point (°C)
Mohs
hardness

5.43

NA

2.6

2.33

15

1420

7

4.36

NA

3.28

3.21

3.6

2830

9

3.08

15.12

3.35/3.25

3.21

4.9

2830

9

3.08

10.08

3.3/3.16

3.21

4.9

2830

9

3.189

5.185

5.59/3.17

6.15

1.3

2500

3.112

4.982

5.27/4.15

3.23

2.85

3000

7

3.567

NA

0.8

35

20

4000

10

Table 1.2: Mechanical properties of Si and wide bandgap semiconductors. If the thermal expansion

coefficient has two values, the first one is along the a-axis and the second one is along the c-axis.

Si

3C-SiC

6H-SiC

4H-SiC

2H-GaN

2H-AIN

Diamond

Energy
bandgap 1.12
(eV)

Breakdown
field(MV/c 0.25
m)
Electron
saturation
velocity (10’
cm/s)
Electron
mobility 1400

(Cm/V s)
Hole
mobility 600
(cm/V s)
Dielectric
constant

1.0

11.9

2.4

2.5

2.5

1000

50

9.7

3.0

2.5

2.0

500/100

80

10.0

3.23

2.2

2.0

950/1150

120

10.0

3.4

3.0

2.5

1245

370

9.5

6.2

2.0

2.0

135

14

8.5

5.6

20

2.7

2200

1600

55

Table 1.3: Electrical properties of Si and wide bandgap semiconductors. If the electron mobility has two
values, the first one is perpendicular to the c-axis and the second one is parallel to the c-axis.

Owing to its superior mechanical properties, SiC is quite suitable for
Microelectromechanical systems (MEMS). SiC based MEMS devices have been
previously used as temperature and pressure sensors in a high temperature environment
[14], high-g accelerometers [15], biomedical sensors [16], and strain sensor [5]. SiC may
also be suitable for high frequency MEMS resonators as micromechanical oscillators and
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filters due to its high E/p ratio. The resonant frequency of a micromachined device can be
expressed as

w=Cf\/§ (1.1)

where C is constant, f is a function of Poisson’s ratio, E is the material Young’s modulus
and p is the material density. SiC has been successfully used to fabricate Lamé mode
MEMS resonators for signal processing [17].

SiC may be used for high temperature, high power, high frequency and radiation
resistance electronics applications. For example, its wide bandgap makes SiC desirable
for electronics in high temperature environments. Additionally, the breakdown electric
field strength (Emax) is perhaps the most important factor for high power applications: the
Emax Of SiC is ten times that of silicon. As high-frequency devices, the saturated electron
drift velocity of SiC is twice that of silicon, thereby enabling microwave devices to reach
high channel currents [18].

1.3 SiC Sensors for High Temperature Application

SiC sensor technology has been significantly improved in material growth
technology and processing over the last few years [19]. Several SiC sensor platforms
have been developed for high temperature applications, such as ultraviolet (UV) sensor,
gas sensor, pressure sensor. The following sections report some device performance of
the SiC sensors.

1.3.1 UV Sensor

A SiC UV sensor is mainly based on the pn diode, and was the first wide bandgap
photodetectors to reach the market [13, 20, 21]. The main advantage is the low reverse
current, which is ~ 10™ A/cm? at room temperature, 10° A/cm? at 200 °C and ~ 2x10~
Alcm? at 350 °C at -10 V for 6H-SiC photodiode [20]. At 25 °C, the peak responsivity
typically falls between 0.15-0.175 A/W at 270 nm, corresponding to a quantum
efficiency of 70-85%. When the temperature increases, the peak response redshifts and
long wavelength responsivity increases. The corresponding quantum efficiency varies
between 82 and 96% from -50 to 450 °C [13, 20].

Another type of photodetector (PD), metal-semiconductor-metal (MSM) PD, has
also been developed for operating temperatures up to 200 °C using nanocrystalline SiC
deposited by ion-beam assisted deposition [22]. MSM offers high speed operation and
can be readily integrated with optoelectronic and MEMS for signal detection.

1.3.2 Pressure Sensor



Conventional Si-based pressure sensors are temperature limited and require a
cooling system, while a SiC-based pressure sensor can operate at a higher temperature [5,
23]. Both bulk and thin film SiC are employed as a platform for SiC pressure sensors.
Bulk micromachining of SiC diaphragms have been employed for the pressure sensor
design. A polycrystalline SiC capacitive pressure sensor has been fabricate and packaged
in a high-temperature ceramic package [24]. It can detect ~ 5.17 MPa with a sensitivity of
251 uV/psi at 300 °C, and ~ 0.7 MPa with a sensitivity of 7.2 fF/psi at 574 °C. A 6H-SiC
diaphragm using photoelectrochemically etching and epitaxially grown n-type 6H-SiC
was used to create a 6H-SiC piezoresistive pressure sensor [25]. It can detect 6.9 MPa at
600 °C with minimum junction leakage and no plastic deformation.

3C-SiC thin film grown on Si substrate with potential large scale fabrication can
also be used for a pressure sensor. A polycrystalline SiC capacitive pressure sensor
grown on Si substrate has been proposed [26]. The linear range of capacitance change
with applied pressure is between 22.2 and 31.2 per inch absolute pressure (PSIA) at 500
°C. The sensitivity is 0.62 pF/PSIA at 400 °C and decreases to 0.53 pF/PSIA at 500 °C.

1.4 SiC Electronics Low Voltage High Temperature
Application

Much progress has been made for the development of high temperature SiC
electronic devices for low voltage or low power analog and digital circuit applications. D.
M Brown et al. from Generic Electric Company reported a 6H-SiC operational amplifier
based on the n-channel enhancement and depletion mode metal-oxide-semiconductor
field effect transistors (MOSFETS). It operates up to 300 °C with a low frequency gain
of 53 dB and the bandwidth of 269 kHz [27]. A monolithic 6H-SIiC CMOS digital
integrated circuits has been developed [28]. The threshold voltages of PMOS and NMOS
at 300 °C are -6 V and 0.5 V, respectively. The effect channel mobilities of PMOS and
NMOS at 300 °C are 7.01 and 20.8 cm?/Vs, respectively. Raytheon has been developed
the 4H-SiC CMOS integrated circuit with operating temperature of 400 °C [29]. The gate
leakage current is less than 1 pA at 350 °C.

A differential amplifier using 6H-SiC metal-semiconductor field effect transistor
(MESFETS) and thick film hybrid technology has been reported [30]. It has a voltage
gain of 61 dB, common mode rejection ratio (CMRR) of 60 dB, bandwidth of 910 kHz,
offset voltage of 151 mV, and power dissipation of 178 mW at 350 °C. NASA Glenn
Research Center has demonstrated a 4H-SiC MESFET based hybrid, ultra high frequency
band differential oscillator [31]. The oscillator delivers 4.9 dBm at 453 MHz at 475 °C.
M. Alexandru et al. designed and characterized 4H-SiC MESFET based inverter, NAND
and NOR gates that operate up to 300 °C [32]. 4H-SiC bipolar junction transistor (BJT)
with operating temperature up to 500 °C have been reported [33]. The current gain is
approximately 42 at 500 °C using Ti/TiW/Al metallization.

Numerous studies exist on SiC junction field effect transistor (JFETs) for high
temperature applications, because the JFET structure is based on pn junction which is
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free of oxide reliability and Schottky contact stability existing in MOSFET and MESFET
in the temperature range of 500 °C. A back gate n-channel 6H-SIiC JFET has been
developed and modeled up to 400 °C [34]. Daimler Benz Research Laboratories reported
the 6H-SiC implanted-gate n-channel JFETs with operating temperature of 400 °C. The
transconductance is approximately 0.16 mS/mm and on/off saturation drain current ratio
is ~ 106 at 400 °C. NASA Glenn Research Center has demonstrated very stable long term
operation of 6H-SiC n-channel JFETs at 500 °C for more than 3007 hours [35]. A 600 °C
of NAND and NOR gates have also been developed at this center [36]. An AC coupled
differential amplifier using 4H-SiC vertical JFET has been developed, and the voltage
gain is 47.8 dB with CMRR of ~ 45 dB at 500 kHz at 450 °C [37]. A. C. Patil et al. has
reported a 6H-SiC JFET based two stage differential amplifier with a voltage gain of 69.2
dB and unit gain frequency of 1.4 MHz at 576 °C [38].

Table 1.4 below summarizes the maximum operating temperature of recent works
for low voltage high temperature single transistors including SiC, GaN and diamond. SiC
shows promising preliminary results in high temperature electronics. However, many
challenges still need to be address before the commercialization. First, the process of
making SiC based electronics devices is not as mature as that for Si CMQOS, because the
design and process approaches for Si based electronics can not be directly used for SiC
based electronics due to different materials properties. Besides, the reliability and
resistivity of Ohmic contact areas need to be further improved for high temperature
operations. Perhaps the most important factor however is that large scale, high quality,
and low cost epitaxial or single crystal SiC films have not yet been fully developed. A
technology capable of providing these would greatly improve the availability of SiC high
temperature electronic devices. In summary, there exist many limitations for SiC based
electronics and their integrate circuits; however, the superior material properties of SiC
makes it desirable for extremely high temperature electronics.

References Material Device Max. Temperature (°C)
IMB-CNM, Spain .
(2012) [32] 4H-SiC MESFET 300
Raytheo? U]K (2011) 4H-SiC MOSFET 350
29
Semisouth Lab, USA .
(2009) [39] 4H-SiC VIJFET 450
JPL, USA (2010) [40] AlGaN/GaN MOS HEMT 450
Tokyo Insitute of
Technology, Japan Diamond JFET 450
(2013) [41]
KTH, Sweden (2013) AH-SIC BIT 500
[33]
NASA, USA [35] 6H-SiC JFET 500
University of Ulm, INAIN/GaN HEMT 1000

Germany (2012) [42]
Table 1.4: A sampling of published single transistors for high temperature applications.




1.5 High Temperature Effects in 4H-SiC

To successfully design the high temperature 4H-SiC sensors and electronics, it is
crucial to understand the temperature effect of the fundamental semiconductor physical
properties.

The energy bandgap (Eg) in 4H-SiC as a function of temperature is approximated
by [43]

TZ
T+1300

E; = 3.265 — 6.5 x 107%( ) (1.2)

where T is temperature. The calculated bandgap of Si, 6H-SiC, and 4H-SiC are plotted in
Figure 1.4. 4H-SIiC has the highest bandgap through the entire temperature range. As
temperature increases, the bandgap is reduced, resulting in larger intrinsic carrier
concentrations, larger leakage current in pn junctions and poorer device isolation by
reversed-biased junctions [38].
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Figure 1.4: Calculated energy bandgap of Si, 6H-SiC, and 4H-SiC versus temperature.

The intrinsic carrier concentration (n;) in 4H-SiC is given by [44]

Eg

n; =/ NcNyexp(— 2kBT) (13)

N. = ZMC(ZHT’;#)S/Z (1-4)
2mmykgT

N, = 2Ty (15)

where N; and N, are effective density-of-states of electrons in the conduction band and
holes in the valence band, respectively. kg is Boltzmann constant, h is Planck’s constant,
M. represent the number of equivalent energy minima in the conduction band and is 3 for



4H-SiC, m, and m," are the electron effective mass and hole effective mass, respectively.
Figure 1.5 compares the intrinsic carrier concentration of Si, 6H-SiC, and 4H-SiC versus
temperature. For a given temperature, 4H-SiC has the smallest n; due to the largest
bandgap energy. The intrinsic carrier concentration of Si at 900 K is 4.3x10%" cm™ which
iIs comparable with the dopant carrier concentrations. Even at 900 K, n; of 6H-SiC and
4H-SiC are only 4.32x10™ and 3.24x10™ cm™, respectively, suggesting a fundamental
advantage of wide bandgap SiC over Si for high temperature application.

1 020

10°F

n, (cm?)

10°F
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Temperature (K)
Figure 1.5: Intrinsic carrier concentration in Si, 6H-SiC, and 4H-SiC versus temperature.

There are some fundamental properties, such as carrier mobilities and degree of
ionization, will be discussed in the following chapter since they are close related to the
JFET transistor parameters.

1.6 Research Objective and Thesis Overview

High-temperature UV sensing chip is beneficial for combustion monitoring and
space exploration [45-47]. This dissertation details the two building blocks of high-
temperature UV sensing chip, namely UV sensor and transistors.

Chapter 2 investigates the SiC metal-semiconductor-metal (MSM) UV
photodetectors (PDs) for high temperature operation. The physics of MSM PDs is first
described, then fabrication process. The photo-to-dark current and responsivity of PD are
evaluated from room temperature to 450 °C. Finally, the scheme of antireflection layer to
boost the PD responsivity is discussed.

In Chapter 3, the study of 4H-SiC n—channel JFET with raised gate configuration
is presented. The physics of JFET is discussed and the integration fabrication process of
MSM PDs and JFET is described. Metallization scheme for p- and n-type SiC is
presented. The basic properties of JFET from 25 to 600 °C is characterized and
summarized. TCAD simulation is compared with the measured data, and the possible



reasons for different threshold voltage and leakage current are proposed. Finally, a SPICE
DC model level 1 is build for the future circuit simulation.

Chapter 4 presents the design of complementary JFET with buried gate

configuration. TCAD simulation is used to design the parameters of device structures.
One metal stacks forming Ohmic contact with both n- and p- type 4H-SIiC at high
temperature is described. Current-voltage characteristics and the extracted device
parameters are studied in the temperature range of 25-600 °C.

Finally, in Chapter 5 the contributions of this work are summarized and future

research directions are suggested.
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Chapter 2

Silicon Carbide Metal-Semiconductor-
Metal Ultraviolet Photodetectors

2.1 Introduction

Photodetectors (PDs), especially for ultraviolet (UV) detection, have drawn
interest for use in chemical and biological analysis, combustion flame monitoring, and
optical communication devices [1-3]. Over the past few years, different types of PDs
have been developed including photoconductor, Schottky barrier photodiodes, p-n and p-
i-n photodiodes, avalanche photodiode, phototransistor, metal-insulator-semiconductor
structures, and metal-semiconductor-metal (MSM) photodiodes [2, 4].

Most operation environments under UV radiation require the PDs to work at
elevated temperatures [2]. However, conventional Si-based PDs, with a narrow bandgap
of 1.12 eV, are limited to low operation temperatures (below 125 °C) due to the
generation of thermal carriers, significant shifts in the optical properties, and device aging
under UV radiation, leading to the severe deterioration in photosensitivity and spectral
response [3]. For example, the Si photodiodes exhibit a high dark current density of 0.01
and 10 A/cm? at 300 and 500 °C, respectively [5]. Wide-bandgap materials, such as AIN
and SiC are potential candidates for the UV photodetection at a high temperature.
However, several obstacles need to be overcome before employing wide bandgap
semiconductors as UV photodetectors. The first limitation is that the high dopant
activation energy is required for these materials making the heavily doped layers with
different type of dopants difficult to achieve [6]. The second limitation, which comes
with the consequence of the first limitation, is that the lack of reliable Ohmic metal
contact to wide bandgap semiconductor at a high temperature [2, 6]. These drawbacks
hinder the development of p-n, p-i-n photodiodes and phototransistor by using the wide
bandgap materials. On the other hand, MSM PDs based on the two back-to-back
Schottky contacts do not require the Ohmic contact, which is beneficial for wide bandgap
semiconductors. Furthermore, compared to p-i-n diodes or Schottky barrier photodiodes,
MSM PDs offer high operation speed and low capacitance operation, and can be readily
integrated with field effect transistors in a single chip without complex fabrication steps
[4, 7, 8]. Therefore, MSM PDs using wide bandgap materials is suitable for the
development of UV detectors at a high temperature.
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Among the variety of wide bandgap materials, 4H-SiC has high thermal
conductivity (~4.9 W/cm K, three times larger than Si), strong chemical bond, high
electron saturation velocity (2x10”" cm/s, two times larger than Si) which enables 4H-SiC
PDs to operate at high temperature, high power and high radiation environments with
high operation speed [6]. In this chapter, we demonstrate a 4H-SiC MSM PD with
working temperatures as high as 450 °C. The responsivity under the 325-nm illumination
is 0.305 A/W at 20 V bias. 4H-SiC MSM PDs exhibit a fast photoresponse even at 400
°C with rise time and fall time as low as 684 and 786 us, respectively, demonstrating
excellent temperature tolerance and operation speed. This study paves the way for SiC
PDs for UV detector applications within extremely harsh conditions.

2.2 Physics of MSM Photodetectors

The first metal-semiconductor-metal (MSM) photodetector is demonstrated by T.
Sugeta et al. [4]. The structure consists of planar interdigitated metal-semiconductor
contacts as shown in Figure 2.1. This structure can be viewed as two back-to-back
Schottky barriers of both n- and p- type semiconductor as shown in Figure 2.2. The
interdigitated structures allow PDs collecting more photocurrent when they are fully
functional. Light is penetrated into semiconductor layers at the gap between of the metal
contacts, the layers should have a thickness at least larger than the absorption length
(1/a)), where a 1s optical absorption coefficient.

Metal electrode

+ l, - +
|

Low doing layer = N, = 1x10% cm-3

Semiconductor wafer

Figure 2.1: Schematic of MSM photodetector.

In typical operation, MSM photodetectors consists of two Schottky barriers, bias
of any polarity will make one Schottky barrier in the reverse direction and the other in
forward bias. When there is no light shinning on the MSM photodetectors, the dark
current saturation is mainly due to thermionic-emission current at low bias as shown in
Figure 2.3(a) for p-type semiconductor. The saturation current, considering both electron
and hole currents, can be expressed as follows

* -q9 n * —CI@
laare = A1ART? exp (Z222) + A, A3 T?exp(—22) 2.1)

where A; and A, are the forward bias and reverse bias contact area, A, and A," are the
effective Richardson constants for electron and holes, respectively, ¢, and g, are the
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Schottky barrier height on n-type and p-type semiconductor, respectively, k is Boltzmann
constant, and T is absolute temperature. In reality, the current increase with higher bias
because of the image-force lowering that modifies the barrier height, and carrier
tunneling through the Schottky barrier.

~ < _Reverse bias Forward bias

- = = =1

1 1

I Metal Metal!

L | 1
) -

(b)

Figure 2.2: (a) The MSM photodetector is considered as two back-to-back Schottky barriers. Energy-band
diagrams of MSM PDs at equilibrium (b) with n-type semiconductor layers and (c) with p-type
semiconductor layers.

When the photodetectors is shinning with the light, the photocurrent rises at low
voltage bias due to the expansion of the depletion region in reverse-biased Schottky
junction. The degeneration of photocurrent is via band-to-band excitation as shown in
Figure 2.3(b).

) (b) 7

°
v

Dark current Band to band
(Thermionic-emission excitation
current)

Figure 2.3: Energy-band diagrams of MSM PDs for p-type semiconductor (a) without light and (b) with
light at flat-band voltage.

The photocurrent reaches saturation at the flat-band voltage in which the electric
field becomes zero at forward-biased junction. The quantum efficiency at this condition
can be close to 100%. The flat-band voltage can be estimated by a one-dimensional
depletion equation as follows
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Vpp = (%) s? (2.2)

where N is the doping concentration, & is permittivity of semiconductor and s is the
spacing between the interdigitated fingers. The major disadvantage of the MSM
photodetectors is high dark current due to the Schottky-barrier junction rather than p-n
junction [4]. The MSM photodetectors has two primary advantages: high speed and
compatibility with CMOS technology. Conventionally, the response speed of p-n
photodiode is limited by drift time in the depletion region, diffusion of carriers, and
capacitance of the depletion region. On the other hand, the high speed operation of MSM
PDs could be attributed to the low capacitance per area of the PD due to two-dimensional
effects on a low doping thin film or semi-insulating substrate [4].

2.3 4H-SiC MSM Photodetectors

2.3.1 Fabrication Process and Characterization Methods

Figure 2.4(a) is a schematic of the 4H-SiC MSM structures used in this work. The
PDs were fabricated on p-type 3-inch research-grade 4H-SiC wafers (sheet resistivity <
2.5 Q-cm, from Cree Inc.) with a 7-um-thick lightly p-type Al-doped epitaxial layer with
a carrier concentration of 2x10" cm™® A 100-nm-thick SiO, passivation layer was
deposited on substrate using plasma enhanced chemical vapor deposition. As shown in
Figure 2.4(b), the planar MSM PDs were defined using photolithography, e-beam
evaporation and metal lift-off process with active areas of 500 pm x158 um and utilized
8-um-wide, 150-um-long interdigitated 20 nm Cr/150 nm Pd electrodes, which have high
melting point, with 8-um-wide spacing on the 4H-SiC substrates. This 4H-SiC MSM PD
could be fabricated with 4H-SiC JFET in the same process. Detail fabrication process
will be discussed in Chapter 3.

@ Crlid electrode  SiO, (o)
]

7 um p-type 4H-SiC epitaxial layer
(N, = 2x10% cm)

p-type 4H-SiC wafer

Interdigitated electrodes

N :
100 um Contact pads

Figure 2.4: (a) Schematic and (b) optical image of 4H-SiC MSM PDs.
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The crystal structure of the films was monitored with transmission electron
microscopy, TEM (JEOL JEM-2100F, operating at 200 kV). The transmission spectra
were measured with a JASCO V-670 UV-visible spectrometer in the spectral range from
250 nm to 800 nm. Photocurrent was generated under the illumination of a He—Cd laser
at a wavelength of 325 nm with laser power density of 1.02x10* W/m? The Keithley
4200-SCS semiconductor characterization system with Tungsten probe tips were used to
measure -V characteristics of the fabricated PDs. The time-resolved measurements were
measured by the ADLINK DAQ-2214-005 data acquisition system with Stanford
Research System SR570 low noise current preamplifier and assisted by a mechanical
chopper to switch on/off the UV light as shown in Figure 2.5. For high-temperature
characterization, the PDs are heated on hot plate and the device temperature was
monitored with calibrated thermocouple.

Chopper

. MSM
PDs

He-Cd Laser

LabVIEW software SRS low noise
preamplifier

DAQ
=

— s
: S

Figure 2.5: Schematic of time-resolved measurement system.
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B oo
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2.3.2 Characterization of 4H-SiC Thin Films

The cross-sectional transmission electron microscopy (TEM) image of a 7-um-
thick, lightly Al doped epitaxial 4H-SiC films and its corresponding electron diffraction
pattern are shown in Figure 2.6. There is no obvious structural defect such as micropipes
observed in the epitaxial thin films. The results suggest that the lightly doped p-type
epitaxial 4H-SiC thin films have hexagonal structure and exhibit the superior
crystallinity.
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(@)

TEM preparation

Figure 2.6: (a) Cross-sectional TEM image and (b) electron diffraction pattern of epitaxial p-type 4H-SiC
layer.

The transmission spectrum of 4H-SiC substrates is shown in Figure 2.7. The 4H-
SiC substrate shows nearly no absorption in visible/IR regions, implying that the as-
fabricated 4H-SiC MSM PDs have intrinsic visible-blindness. Based on the Tauc relation
[9], by extrapolating the linear region (red line in Figure 2.7(b)) of the (ahv)? versus
incident energy (4v) plot as shown in Figure 2.7, where a is optical absorption coefficient,

h is Planck’s constant, and o is photon frequency, the optical bandgap of 4H-SiC
substrates is approximately 3.23 eV.

70 10’
—o— Transmission
60 —o— (ahv)’
— o 6
S 50 10" =
= . 3
S 40 o
) IS
2 10° &
E 30 N;
£ 20} 3
410*
10
0 niny 3
1 1 1 1 10
2.5 3.0 3.5 4.0 4.5 5.0

Energy, hv(eV)

Figure 2.7: The transmission spectrum (left y axis) and (ahv)? (right y axis) vs. &v plot of 4H-SiC
substrates.

2.3.3 Characterization of 4H-SiC MSM Photodetector

The 1-V curves of the SiC MSM PD in the dark and under 325-nm He-Cd laser
illumination at room temperature are shown in Figure 2.8. The dark current of the 4H-SiC
MSM PD is approximately 6x10™* A at 5 V bias which corresponds to a leakage current
density of 1.5x10”7 A/cm® The photocurrent of PDs is approximately five orders of

magnitude larger than the dark current at 5 V bias. The responsivity (R;) of PDs can be
obtained as follows [4]
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R; = Tphoto (2.3)

Popt

where Ipnoto IS the net photocurrent and the Poy is the optical incident power, which is
4x10™* W in our case. The calculated responsivities under the 325-nm illumination are
0.0167 A/W and 0.0305 A/W at 5 V and 20 V bias, respectively. The sensitivity factor,
photo-to-dark current ratio (PDCR), which is defined as follows [9]

_ (Ip_ld)

PDCR = =L (2.4)

d

where lq is the dark current and I, is the photocurrent under illumination. Figure 2.9
shows the time-resolved measurements at a fixed bias of 5 V and at room temperature.
The calculated PDCR value is 1.28x10° at 25 °C. The temperature-dependent response of
PDCR and responsivity shown in Figure 2.10 indicates that the 4H-SiC MSM PDs are
capable of significant UV light sensing up to 450 °C due to the low levels of dark
currents and the high thermal stability of the 4H-SiC films at high temperatures. A further
increase in temperature lowers the sensitivity factor of SiC PDs due to an increase in dark
current at a high temperature by generating the thermal carriers which cannot be
completely eliminated [9]. However, the responsivity increases as temperature increases
till 400 °C under a 5 V bias. This might be because the energy bandgap of 4H-SiC
decreases at higher temperature with the rate of 6.5x10™* eV/K and thus boost the
photocurrent at high temperatures. Since the definition of responsivity is only counting
the photocurrent by subtracting the photocurrent by dark current, the PDCR value, further
divide by the dark current, is more suitable to express and understand the temperature
effect of the PDs.

10"
10°
10°F Photoilluminated (A= 325 nm)
L 7 —o— Dark current
= 10 —v— Photo current
c
210°®
>
O

10
Voltage (V)

Figure 2.8: I-V curves of the 4H-SiC MSM PDs measured in the dark and under 325-nm illumination at
room temperature.
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Figure 2.9: The time dependence of the photocurrent and dark current of SiC MSM PDs at 25 °C under a 5
V bias.

To highlight the ultrafast photoresponse characteristics of the SiC PDs even at
high temperature, the time-resolved measurements were performed at a fixed bias of 5 V
and 450 °C. As shown in Figure 2.11, the current abruptly increased and then decreased
to its initial value as the light was on and off, respectively; a fully reversible response was
obtained in spite of the small PDCR value of 0.62. The shifting of the dark current at 450
°C is probably due to the thermal agitation of probe tips which is absence in the room
temperature measurement as shown in Figure 2.9. Note that the contributions of the
measured dark current are not only from the thermal carriers of MSM PDs but also from
the thermal noise of the probe tips used in the characterization set up. Suitable high-
temperature ceramic packages [10] or a high-temperature probe station can reduce the
amount of the thermal noise generated from the probe-testing and thus boost the
operating temperature for 4H-SIC MSM PDs. The set up information of the high-
temperature probe station could be found in chapter 3.
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Figure 2.10: (a) PDCR value and (b) responsivity as function of temperature under a 5 V bias.
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Figure 2.11: The time dependence of the photocurrent and dark current of SiC MSM PDs at 450 °C under a
5V bias.
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Figure 2.12: The transient photocurrent of SiC MSM PDs at room temperature and 400 °C under a 5 V bias.

Figure 2.12 shows the transient photocurrent of 4H-SiC MSM PDs at room
temperature and 400 °C. The operation speed of the MSM PDs can be determined by
performing the time-resolved measurement. Note that the PDCR value of time-resolved
measurement is different from the values presented in Figure 2.10. The PDCR value of
the fabricated PDs shown in figure 2.10 was measured by Keithley 4200-SCS
semiconductor characterization system which has the resolution of ~ 10> A. However,
the time resolution in our Keithley 4200-SCS system is only ~ 150 mS which is too big
for 4H-SiC PDs. The time-resolved measurements were then measured by custom-made
data acquisition system with Stanford Research System SR570 low noise current
preamplifier and assisted by a mechanical chopper to switch on/off the UV light. This
system has the time resolution of ~ 10 uS. Due to the unperfected ground of the
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connecting cables, the current resolution of this custom-made system is only ~ 107 A
which makes the PDCR values are different than the one measured by Keithley system.
Therefore, the y axis in the time-resolved measurement (Fig. 4(b)) is labeled as arbitrary
units. The guantitative parameters of describing how fast the photodetector responds to
external light illumination are rise time and fall time. The rise time is the time required
reaching the steady-state photocurrent and is defined as the time difference between 10%
and 90% of photocurrent. Fall time means the time required for the decay when the
optical excitation is interrupted and is the time difference between 90% and 10% of
photocurrent [11]. Extracted rise time and fall time are summarized and listed on Table 1.
Rise time and fall time of PD at room temperature are 594 and 699 s, respectively. As
temperature increases to 400 °C, the rise time and the fall time are increased to 684 and
786 us, respectively, indicating that temperature-tolerant photoresponse of SiC MSM
PDs. Due to the unperfected ground problem of time-resolved measurement system, the
rise and fall time of 4H-SiC MSM PDs are slightly underestimated. The reason for the
decrease in the operation speed of PDs with temperature is stated as follows. The transit-
time-limited bandwidth is proportional to the saturation velocity at fixed spacing between
fingers [12]

0441

for =5 (2.5)
where fy is the transit-time-limited 3-dB bandwidth, vs is the saturation velocity, and s is
the spacing between electrode fingers. The hole/electron saturation velocity of 4H-SiC is
decreased as temperature increases [13], leading to the decrease in the bandwidth and
thus the speed of the PD at a high temperature.

Temperature (°C) Rise Time (us) Fall Time (us)
25 594 699
400 684 786
Table 2.1: Response time of fabricated 4H-SiC MSM photodetectors.

2.4 Antireflection Layer Using Nanostructure

The responsivity of 0.0305 A/W at 20 V and under 325-nm illumination is
comparable with the commercial SiC UV detector chip fabricated by Cree Inc. (~0.056
A/W) at room temperature [2]. For high temperature characterization, there are several
works reporting the PDCR value of approximately 2, 2.5, 7.5 by using amorphous SiCN
[14], SiICBN [3], nanocrystalline SiC [9] at 200 °C, respectively. The PDCR value of 375
at 200 °C of this work is superior to the previous works. In order to further boost the
responsivity and PDCR value of 4H-SiC MSM PDs, antireflection coating can be added
on PDs by reducing the surface reflection and allowing more light to reach the active
region. A conventional single layer antireflection coating (ARC) works only in a limited
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spectral range for a specific angle of incidence (AOI), typically for a near normal
incidence. Recently, it was reported that nanostructures exhibit superior broadband,
omnidirectional AR characteristics [15-19]. Despite the numerous investigations on
optical characterizations of AR nanostructures, more practical applications are required to
demonstrate their feasibility. Recently ZnO nanostructures also demonstrated exciting
possibilities for next-generation ARCs to suppress the Fresnel reflection effectively as
shown in Figure 2.13 [9]. Detail synthesis process of ZnO nanostructures could be found
in Ref. 10. For example, the reflection spectra of bare nanocrystalline SiC MSM PDs
without any ARC are shown in Figure 2.14 (a). The dip of reflection at 455 nm
corresponds to the bandgap absorption of amorphous SiC. Figure 2.14 (b) confirms that
the use of ZnO NRAs as an AR layer significantly reduces the reflection over a wide
range of wavelengths. The reflectance of MSM PD with ZnO NRAs is decreased to
below 2% in the UV region and 20% in the visible/NIR regions over a wide range of
AOIs. The dip of reflection at 380 nm corresponds to the bandgap absorption of ZnO
NRAs.

Figure 2.13: (a) Top view and (b) cross-sectional SEM image of ZnO NRA/SIC layers [9].

To gain insight into light coupling into the SiC PDs, the steady-state distribution
of electromagnetic fields was simulated by FDTD analysis based on Maxwell’s equations
(Figure 2.15), indicating the time-averaged TE-polarized electric field intensity
distribution with PDs at 532 nm. The insets in Figure 2.15(a)-2.15(b) reveal that the ZnO
NRAs guide propagating light efficiently across the interfaces by reducing the refractive
index mismatch between air and SiC, and also widening the field distribution within the
PDs by increasing the light scattering on the SiC surface.
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Figure 2.14: Reflectance spectra of (a) bare SiC MSM PDs and (b) ZnO NRA/ SiC MSM PDs with a wide
range of AOls.
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Figure 2.15: FDTD simulation of time-averaged and normalized TE electric field distribution at 532 nm (a)
without and (b) with ZnO NRAs. The insets in (a) and (b) are the enlarged images at the top SiC surface.

2.5 Summary
In summary, the MSM PDs employing lightly Al-doped epitaxial 4H-SiC thin

films with working temperatures up to 450°C were fabricated. The PDCR value is
1.3x105 at 25°C and decreases to 0.62 at 450°C under a 325-nm illumination. The
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responsivity is 0.0305 A/W at 20 V bias under the 325-nm illumination. Moreover, the
operation speed of PDs exhibits temperature-tolerant characteristics; as the temperature
increased from 25°C and 400°C, the rise time and the fall time of the PD increase from
594 to 684 us and from 699 to 786 us, respectively. This work demonstrates that the 4H-
SiC holds promise for the next-generation visible-/IR-blind UV PDs for use in extremely
harsh environments.
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Chapter 3

Silicon Carbide N-Channel Raised Gate
Junction Field-Effect Transistors

3.1 Introduction

High temperature sensors and electronics that operate at 300-600 °C are required
for in-situ monitoring of fuel combustion, subsurface reservoirs (deep well drilling), and
Venus and Jupiter surface exploration [1-4]. The sensors and electronics capable of high-
temperature operation not only minimize the expensive and large cooling systems, but
also improve the reliability of the system [5]. Silicon carbide has become the candidate
for these harsh environment sensing applications because of its wide bandgap (3.2 eV for
4H-SiC), excellent chemical and thermal stability, and high breakdown electric field
strength (5 MV/cm) [4]. Operational amplifiers (Opamps) are the main elements of
complex integrated circuits. SiC-based opamps have been investigated based on the
MOSFET and JFET device structures [6-8]. While MOSFETs suffer from the low
inversion mobility and poor gate oxide reliability, which limit the operating temperature
to 400 °C [7-9], transistors utilizing SiC pn junctions (JFET and BJT) enable increased
operation durations at high temperature [10-12]. BJTs exhibit superior electrical
properties, but require higher power consumption and rapidly degraded at temperature
above 350 °C, and more studies on long time stability are needed [13]. Currently, most
SiC JFETs for low voltage analog signal amplification utilize 6H-SiC and show long
term reliability more than 5000 hours of continuous 500 °C electrical operation in air [6].
However, replacing 6H-SIC with 4H-SiC substrates has attracted attention recently,
because 4H-SiC has a larger bandgap, higher electron mobility than 6H-SiC (950 cm?/V/s
perpendicular to c-axis and 1150 cm?/Vs parallel to c-axis) and has commercially
available wafers up to 6 inches [14, 15]. In this chapter, we develop the low voltage,
normally-on, lateral JFETs using 4H-SiC and characterize their electrical properties from
room temperature up to 600 °C in air.

3.2 Physics of JFET
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The junction field-effect transistor was invented by W. Shockley in 1952 [16].
The gate voltage changes the pn junction depletion width and electric field in the
direction normal to the semiconductor surface. It is a unipolar transistor which means
only one type of carrier is involved in the operation. Using the pn junction to control the
associated electric field and conducting current with majority carriers offers the
advantage of using a JFET for high temperature applications, as it eliminates the chance
of metal-semiconductor-oxide interface traps, increase oxide reliability, and reduces the
minority carrier instability [5].

The fundamental operation principle of n-channel JFET is described as follows
[11, 16, 17]. First, the gate terminal is grounded and the drain voltage is 0 V. JFET is in
thermal equilibrium. As shown in Figure 3.1 (a), once the p*-n junction is deposited, the
depletion width is formed. Due to the heavily doped p-type gate area, the depletion region
primarily extends into the lightly doped n-channel area of the device. The device at this
stage is in off state (Figure 3.1 (b)). Applying Vp to small positive voltages, the channel
is formed at the non-depleted and current-carrying region as shown in Figure 3.1 (c). The
channel acts like a simple resistor, and the drain current is increased linearly with drain
voltage as shown in point B of Figure 3.1 (d). As Vp keeps increasing, the depletion
width around drain side is widened as shown in Figure 3.1 (€). The channel region is still
like a resistor, but because of the loss of the conduction channel near the drain side, the
resistance between the source and drain is increased and the increasing rate of Ip is
reduced which results the slope of Ip-Vp characteristic decreases at larger Vp as shown in
point C of Figure 3.1 (f). If we continue to increase the Vp, the channel is further
narrowed and eventually reaches the pinch-off state shown in Figure 3.1 (g). The slope of
Io-Vp characteristic is approximately zero at the pinch-off set, as shown at point D in
Figure 3.1 (h), and the drain bias at this point is called saturation drain voltage (Vpsat). AS
the drain voltage becomes larger than Vpsa, the pinch-off area widens to the extent of AL.
The voltage difference between Vp and Vpsa is mainly dropped along the 4L, and the
major mechanism of current flow is through drift current as shown in Figure 3.1 (i). The
corresponding Ip-Vp characteristic saturates, namely remaining constant at the saturation
drain current shown in point E of Figure 3.1 (j).

The drain current (Ips) versus drain-to-source voltage (Vps) characteristics of
JFET can be expressed using the conventional 3/2 power model which originally
developed for long channel Si JFET [5, 17]. The basic assumptions are uniformly doped
channel with gradual-channel approximation (i.e., electric field perpendicular to channel
is smaller than electric field parallel to channel), abrupt depletion layer, small gate
leakage current and constant mobility. Assuming that the Fermi level on the heavily
doped side is positioned at the band edge, the built-in potential (Vy;) of p*-n junction is
given by

Vy: = é[Eg — kTin (”—5)] (3.1)

n;

where g is unit electronic charge, Ey is bandgap of semiconductor, k is Boltzmann
constant, T is temperature, Np™ is ionized donor impurity concentration, and n; is intrinsic
carrier concentration. The pinch-off potential (Vp) is given by
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v, = &2l (3.2)

2&g

where D is the channel depth and & is permittivity of 4H-SiC. The normalized pinch-off
current (Ip") is given by

I = (M) (3.3)

6&g

where n is ionized carrier concentration in the channel and p, is mobility of carriers. The
gate threshold voltage (V1) around which the JFET is turned on and off is given by

Ve =V = Vp (3.4)

In triode region, where Vps < Vpsat = Vs - VT, the drain current is given by

[ne = (K) I; 3Vps _ 2 Vps—Vgs+Vpi 3/2 _ (=Vgs+Vpi) 3/2
DS L) P Vp Vp Vp

In saturation region, where Vps > Vpsat = Vs - Vr,

(1+Wps)  (35)

B _ _ \3/2
Ips = (%) Ip [1 -3 (—VGVSW’”) +2 (M) l (1 + AVps) (3.6)

po Vpo

where W and L are channel width and length, respectively, Vgs is the gate-to-source
voltage, and 2 is channel length modulation parameter of the JFET.
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Figure 3.1: Visualization of various phases of JFET operation and the corresponding Ip-Vp characteristics
at Vgs = 0 V. Note the SiC substrate serves as the body biasing point. The blue color in schematic
represents the depletion regions, and the yellow color shows the channel region. The shape of the channel is
for the purpose of demonstration and it is not the real situation.



3.3 Fabrication Process

Figure 3.2 is a cross-sectional schematic of a lateral n-channel raised gate 4H-SiC
JFET used in this work. The device structure is similar to that work of the NASA Glenn
Research Center except the material is changed to 4H-SiC [18]. The transistor consists of
p-type 4H-SiC wafer (from Cree Inc.) with three epitaxial layers (from Ascatron AB). A
5 pum p- epitaxial layer with doping concentration of 2x10™ cm™, followed by 300 nm n-
epitaxial layer with doping concentration of 1x10%" cm™ and 200 nm p* epitaxial layer
with doping concentration of 2x10'° cm™ were grown on the p-type wafer with the
resistivity of approximately 1 Q-cm. The p* epitaxial layer served as the gate and n
epitaxial layer is used for the channel of JFET. The entire fabrication process flow is
shown in Figure 3.3 including seven lithography masks. First, the p* gate was time etched
using transformer coupled plasma (TCP) etcher with 90 sccm Cl, and 10 sccm BCl;
under RF bias of 150 W. 1 um plasma-enhanced chemical vapor deposition (PECVD)
SiO, was patterned to define the source and drain area with nitrogen implantation at 600
°C which facilitates Ohmic contact to the metal with reduced damage of crystallinity [19].

200 nm
300 nm

7 um

4H-SiC Substrate I 350 um

Figure 3.2: Schematic of a lateral n-channel raised gate 4H-SiC JFET.
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p*4H-SIiC (N,= 2E19 cm'3)

4H-SIiC Substrate

1. Procure SiC substrate with three 7. Passivate structure with conformal SiO,
epi-layers and open metal contact vias (Mask 4)

I

2. Micromachine SiC p* epi-layer with 8. Deposit metal contacts.
timed etch to define gate (Mask 1)

i

3. Deposit conformal SiO, mask 9. Passivate structure with conformal SiO,, open metal
(Spacers) and open S/D vias (Mask 2) contact vias (Mask 5), and deposit 15t metal contacts.

4. lon implant HDD region 10. Passivate structure with conformal SiO, and open
interconnect vias (Mask 6).

5. lon implant LDD region and 11. Deposit 2" metal (Mask 7).
dopant activation annealing

4H-SiC substrate 4H-SiC implanted n region

. 4H-SiC p- epi-layer SiO, mask
. 4H-SiC n epi-layer . Contact electrode

4H-SiC p* epi-layer

6. Micromachine SiC layer with
timed etch to define mesa (Mask 3)

Figure 3.3: Completed fabrication process flow of 4H-SiC JFET and MSM photodetectors.
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The implantation of a box profile was formed using 1.4x10%, 7x10%, and
3.6x10™ doses at 60, 40, and 20 keV energies, respectively. An example of SiC
insulated-gate bipolar transistor (IGBT) of TCAD Sentaurus process simulation has been
modified for predicting the dopants concentration distribution and depth profile. The
simulation of ion implantation uses the stopping and range of ions in matter (SRIM)
which is based on the Monte Carlo simulation method. Based on this simulation, the
implantation yields a nitrogen concentration higher than 10*° cm™ as shown in Figure 3.4.
After ion implantation, the oxide layers were removed by the buffer oxide etching
solution (hydrofluoric acid). The second lighter-dose nitrogen was implanted using
3.2x10%, 8x10™, 8x10', and 1x10™ doses at 33, 24, 18, and 10 keV energies,
respectively [18].

002 X-Sliee { [001: 073 {ps.idr 0-0] 001:n73_ips.idr 0-0

MNetActive [001: n73_fps.tdr 0-0] X=1.98

1%

0.2

Y [um]

DopingConcentration(MNetActive) [om”-3]
B 1.9E420

32E+17
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o 0 o.\z’ [umo].a 04 05 ; A .1;;:: A
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Figure 3.4: Simulated doping profile of heavily doped drain and source region.

0.4 -

The implanted dopants were electrically activated by annealing samples capped
with 2 um PECVD SiO, at 1450 °C under an Argon atmosphere for 30 minutes. Figure
3.5 (a) shows the cross-sectional scanning TEM image of the implanted area after
annealing. Electron diffraction of the implanted area suggests that the implanted area can
be restored back to single crystal after high temperature annealing as shown in Figure 3.5
(b). Figure 3.6 shows the atomic force microscope (AFM) images of SiC sample before
and after annealing. The root-mean-square (RMS) roughness is slightly increased from
0.366 nm to 2.65 nm which could be attributed to combination of Si outdiffusion due to
the strain created by the ion-implantation damage and non uniform thermal oxidation of
SiC surface at high temperature [20].
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Figure 3.5: (a) Cross-sectional scanning TEM image (b) Electron diffraction of implanted area after
annealing at 1450 °C under Argon atmosphere for 30 minutes.

Figure 3.6: AFM
atmosphere for 30 minutes.

A mesa etch was then used to define the device area using a transformer coupled
plasma etcher. The JFET surface was then passivated with PECVD SiO, and the 50 nm
Ti, 100 nm Ni, and a 50 nm TiW (10% Ti, 90% W) contact was deposited and patterned
via lift-off to form the contact electrodes. Note that both JFETs and MSM UV
photodetectors (Chapter 2) could be fabricated, as is shown in step 8 of Figure 3.3. The
left device is JFET and the right two electrodes represent of one set of interdigitated
fingers of MSM photodetector. The metal contacts were annealed with rapid thermal
annealing (RTA) at 1000 °C for 2 minute under Ar ambient. 200 nm TiW (10% Ti, 90%
W) was used for the 1st level of metal interconnects. Finally, the 20 nm Cr and 180 nm Pt
was used for 2nd level of metal interconnect and the backside contact of the wafer. Pt
was chosen as the final contact due to the compatibility for wire bonding and also helps
contacts operate for a significantly longer time under a high temperature environment by
protecting the underlying metals [21]. Figure 3.7 shows the as-fabricated 3” 4H-SiC
wafer before the final step of the deposition of backside metal contact.
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Figure 3.7: Fabricated 3” 4H-SiC wafer.

Devices were characterized on a hot chuck of high temperature probe station
(Signatone Inc.) as shown in Figure 3.8. This high temperature probe station consists of
ceramic hot chunk, thermal heater, and water cooler, and the chunk temperature goes up
to 600 °C with low thermal noise of 10°-10® A at 600 °C. An HP 4156B semiconductor
parameter analyzer and Agilent B2912A precision source/measurement unit with
tungsten probe tips were used to measure the |-V characteristics of the devices as shown
in Figure 3.9.

Figure 3.8: High temperature probe station.
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Figure 3.9: HP 4156B semiconductor parameter analyzer and Agilent B2912A precision
source/measurement unit.

3.4 Metallization of N-Channel Raised Gate JFET

Metallization of 4H-SiC is probably the most difficult problem before the success
of commercialization of SiC electronics for high temperature applications. There are
many issues to be addressed, such as low-resistance Ohmic contact of both p- and n- type
4H-SiC at elevated temperatures, and the long-term stability of these metal at high
temperatures. As shown in Figure 3.10, for an ideal metal n-semiconductor Ohmic
contact, metal workfunction (@) must be smaller than semiconductor workfunction (®s).
For an ideal metal p-type semiconductor Ohmic contact, @, must be larger than &s.

Conventionally, it is easier to deposit one metal forms an Ohmic contact with both
n-type and p-type semiconductors to save the extra lithography processes. However, it is
theoretically impossible to find one metal that forms Ohmic contact with n-type and p-
type for the wide-bandgap material such as 4H-SiC. For n-type 4H-SiC, &, has to be
smaller than 5.8 eV, and for p-type 4H-SiC, &, has to be larger than 5.8 eV. Some metal
workfunctions and 4H-SiC band diagram are shown in Figure 3.11. One practical way to
produce Ohmic of 4H-SiC is through heavily doping the surface region of 4H-SiC.
Another method is to anneal the metal to introduce a reaction between the metal and 4H-
SiC.
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Figure 3.10: Ideal Ohmic contact of metal with (a) p-type semiconductor and (b) n-type semiconductor.
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Figure 3.11: Several metal workfunctions compared with the 4H-SiC band diagram.

The specific contact resistance (p;) between metal and semiconductor can be
measured using linear transfer length method which is also known as the transmission
line method (TLM) [15]. Figure 3.12 shows the optical image of structure of TLM. The
mesa must be etched to constrict the current in one direction and the resolution of specific
contact resistant is 10° Q cm? The contact resistance (R.) is given by
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R.= vV PcRsh
===

< (3.7)

where p. is the specific contact resistance between metal and semiconductor (€ cm?), R
is the sheet resistance of the semiconductor (Q/o), and W is the width of the contact. The
sheet resistance is given by

Ry, = — (3.8)

- qunnD

The Rs, and p. can be estimated by measuring resistance between contacts with variable
distances (d), namely the TLM shown in Figure 3.12, using the following equation,

R =5k g 4 pyPcfion (3.9)
w w

d=5um 10 ym 20 pm 40 um 80 um

Figure 3.12: Optical image of TLM structure.

In order to simplify the fabrication process of the first generation of raised gate
4H-SiC JFET, one metal stack of 50 nm Ti/100 nm Ni/ 50 nm TiW was chosen for the
contact electrodes for both p* gate and n* source/drain areas. Ti acts as an adhesion layer,
Ni is the main contact electrode, and TiW acts as a capping layer which has a high
melting point and has been proven to have long term stability after high temperature
exposure of 500 °C [22]. Figure 3.13 shows the current-voltage (I-V) measurement of
metal and n-type 4H-SiC for TLM structure. The contact is a Schottky contact before
RTA and it becomes Ohmic contact after the RTA.
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Figure 3.13: Measure 1-V curves of metal and n-type 4H-SiC before and after RTA annealing for TLM
structure with d =80 pum.

The measured resistance between contacts versus different distances at room
temperature is shown in Figure 3.14. At room temperature, the Ry, is 1.84 kQ/o and pc is
3.2x10™ Q cm? Several specific contact resistance measurements on 4H-SiC in the
literature are listed and summarized in Table 3.1. The specific contact resistance of n-
type 4H-SiC, approximately 10 to 10° Q cm?, is usually lower than that to p-type 4H-
SiC, which is approximately 10 to 10° Q cm? The temperature dependencies of
measured p. are shown in Figure 3.15. The specific contact resistance is slightly
decreased from 25 °C to 400 °C, and it begins to rise from 500 °C to 600 °C. The
decreases of the specific contact resistance is due to more carriers being excited above the
Fermi level at elevated temperature, and this the current density is increased [23].
However, when the temperature is further increased to 550 °C, the metal contacts,
Ti/Ni/TiW, become more unstable as well as show a smaller degree of oxidation [24].
Therefore, the specific contact resistance suddenly increases to 1.14x10° Q cm? at 600
°C, implying that a more stable metallization scheme is needed for 4H-SiC.

The fitted p. and Rg, are listed in Table 3.2. The total drain and source resistance
(Rs,p) is given by

RS,D = RSh X NRS,D + pCTRSh (310)

where NRsp are the number of squares of the n-type 4H-SIiC between the edge to the
edge of the source or drain contacts (/o) [25].
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Figure 3.14: Measured resistance between contacts vs. different distances at room temperature of
Ti/Ni/TiW metal stacks and n-type 4H-SiC.

Resistance (Q)

Poly type Metals Doping (cm®)  pe( Q cm®) Ref
n Ni-Cr 1.3x10" 1.2x10° [26]
n TiC 1.3x10% 4x10° [27]
n Ni 1x10% 6x10® [28]
n TiW (30:70) 1.3x10" 1.2x10™ [22]
n W-Ni (50:50) 2x10" 5.81x10 [29]
p TiC 1x10% 6x10° [27]
p Ni 1x10% 1.5x10™ [28]
p TiW (30:70) 6x10% 1.2x10™ [22]
p GelTil/Al 45x10" 1.03x10™ [30]
p Al-Si-Ti 3-5x10% 9.6x10° [31]
p Ni/Ti/Al/Ni 3-4x10% 1.5x10° [32]

Table 3.1: Specific contact resistance measurements on 4H-SiC in the literature.
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Figure 3.15: Temperature dependences of specific contact resistance of Ti/Ni/TiW metal stacks to n* 4H-
SiC.

Temperature (°C) R (kQ/0) pe (Q em?)
25 1.842 3.22x10™
110 1.700 2.72x10™
210 1.666 2.24x10™
300 1.660 1.97x10™
400 1.664 1.74x10™
500 1.627 2.02x10*
550 1.378 5.26x10*
600 1.090 1.136x10°®

Table 3.2: Sheet resistance and specific contact resistance of Ti/Ni/TiW metal stacks and n-type 4H-SiC at
different temperatures.

Figure 3.16 shows the I-V measurement of metal and p* gate of 4H-SiC for the
TLM structure. The contact is still Schottky in nature after the RTA except the current
intensity is increased. There is one study that reported the 50 nm Ti/ 100 nm Ni is able to
form an Ohmic contact with both n- and p-type 4H-SiC after RTA [33]. In our case, it
only works for the n-type 4H-SiC. However, a non ideal or semi-rectifying contact to
JFET’s gate region is still acceptable for the JFET operation [5].
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Figure 3.16: Measure 1-V curves of metal and p-type 4H-SiC for TLM structure with d =5 pm.

3.5 Electrical Properties of N-Channel Raised Gate
JFET

3.5.1 Characterization of N-JFET at Room Temperature

Figure 3.17 shows the optical image of as-fabricated 4H-SiC lateral JFET with L
=10 pm and W = 100 pm. The active channel area is 2x10™ cm?. The top square is the
gate probing area and the bottom two squares can be either drain or source areas. The
contact metal of the gate region is protected by the PECVD oxide for the better life time
of the device. Figure 3.18 shows the drain current versus drain-to-source voltage
characteristics of a 100 um /10 um JFET before and after RTA at room temperature. It is
clear that there is a high resistance in the linear region from 0 V to 2.5 V without RTA,
and the saturation current is 2.5 times smaller than the one after RTA due to the large
source and drain resistance (Rsp). After the RTA, the on-resistance of JFET (Ron)
decreased to 59.3 mQ cm?. The device is fully-on at Vgs = 0 V and cut-off at Vs = -8 V.
A is estimated to be 3.88x10° V. The drain-to-source saturation current is 16.8 mA/mm
and the current density is 84 A/cm? at Vps = 20 V and Vgs = 0 V. Figure 3.19 (a) shows
the drain current versus gate-to-source voltage characteristics at Vps = 20 V and the

threshold voltage can be extracted from the extrapolated intercept of x axis of fﬁ
DS

vs. Vgs plot at Vps = 20 V in Figure 3.19 (b). The threshold voltage is approximately -6.8
V at 25 °C.
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Figure 3.17: Optical image of a n-channel raised gate 4H-SiC JFET with L =10 um and W = 100 pm.
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Figure 3.18: Ips-Vps characteristics of a n-channel 4H-SiC JFET (a) before RTA (b) after RTA under
different Vgs and with W/L= 100 pm/10 um at 25 °C.
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The transconductance (gm) could be extracted from square-law model using
Taylor expansion near Vgs = V7 as follows [5, 25]

317 Egn
k' = =k = EnST (3.11)
4Vpo  2DNp

— 9 Wi _— _2bs
Im =2 /L k'Ips =~ - (3.12)

The estimated gn, of 4H-SiC JFET is 4.94 uS/um (normalized with the channel width of
100 pm) at room temperature and is approximately two times larger than the reported
JFET with the similar device configuration using 6H-SiC [25]. The estimated output
resistance (ro) is 1.65x10° Q. The intrinsic gain (gnfo) Of single 4H-SiC JFET is
approximately 81.5 or 38.2 dB at Vgs =0 V.

3.5.2 Characterization of N-JFET at High Temperatures

Figure 3.20 (a)-(g) show the Ips-Vps characteristics of n-channel raised gate 4H-
SiC JFET from 110 to 600 °C. The JFET shows excellent Ips-Vps characteristics over the
entire temperature range. Figure 3.20 (h) shows the Ips-Vps curves under a gate-to-source
0 V bias and at incremental temperatures up to 600 °C. Figure 3.21 shows the Ips-Ves
curves under a drain-to-source 20 V bias and at incremental temperatures up to 600 °C. A
monotonic decrease in saturation current is observed, and this can be attributed to the
power law degradation of the electron mobility at elevated temperatures [34]. At the zero
temperature coefficient (ZTC) point approximately at -6.6 V, the current is insensitive to
temperature [34]. The degradation of the mobility also causes the Ry, to increase from
72.0t0 280.2 mQ cm?. The Ipsy of JFET at Vs = 0 V and 600 °C is approximately 82 %
less than its value at room temperature. However, the device is fully functional that the
change of Ipsy is in response to the applied gate voltage at 600 °C, as shown in Figure
3.20 (g). The off current (lof) at V = -9 V increases from 6.31x10° A to 1.97x10” A as
the temperature increase from 110 °C to 600 °C due to the decrease of the energy
bandgap of 4H-SiC at elevated temperatures (Figure 1.4) [34, 35]. However, the order of
107" A leakage current is quite larger than theoretically predicted, and this issue requires
further study [25]. The calculated on/off drain saturation current ratio (Ipsadlof) IS
2.66x10° at room temperature and decreases to 1.53x10° at 600 °C. Unlike the n-channel
raised gate 6H-SiC JFET with W/L= 200 um/10 pum reported from NASA, the Ipsat/los at
500 °C is approximately 50 in the beginning and needs hundred hours of “burning time”
to make the Ti/TaSi,/Pt metal contact achieve good Ohmic contacts and increases the
Ipsat/loff t0 more than 108 [6, 36]. The fabricated 4H-SIiC JFET shows a decent on/off
current ratio even at 600 °C in the first hour of operation.
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Figure 3.20: Ips-Vps characteristics of a n-channel 4H-SiC JFET under different Vgs and with W/L= 100
um/10 um (a) at 110 °C (b) at 210 °C (c) at 300 °C (d) at 400 °C (e) at 500 °C (f) at 550 °C (g) at 600 °C.
(h) Temperature dependences of Ipg, Of a n-channel 4H-SiC JFET at Vgs = 0 V and with W/L= 100 um/10
pm.
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Figure 3.21: (a) Ips-Ves (b) +/Ips-Ves characteristics of a n-channel 4H-SiC JFET under Vps = 20 V and
with W/L= 100 um/10 pm at different temperatures.

Figure 3.22 shows the extracted threshold voltage at different temperatures. The
V1 is approximately shifted with the rate of -1.38 mV/ °C. The temperature dependencies
of estimated transconductances based on the equation 3.12 and the intrinsic gain of the
JFET at Vgs = 0 V are shown in Figure 3.23. The gn at 600 °C is 0.79 uS/um, which is
only 16 % of its value at room temperature. The g, of 4H-SiC JFET 600 °C is larger than
the gm of 6H-SIC JFET with similar doping concentration and structure (~0.55 pS/um at
595 °C) [25]. Note that the 6H-SiC JFET only has Ipsa/loif = 7.2 at 595 °C. The intrinsic
gain of the JFET has relatively weak temperature dependence but the overall tendency is
to decrease with temperature, because the output resistance is increased from 1.65x10° to
7.25x10° Q, compensating for the effect of the reduced g, at high temperatures. The
results suggest that 4H-SiC JFET shows promising performance for high temperature
amplifier applications. The complete electrical properties of n-channel raised gate 4H-
SiC JFET are listed and summarized in Table 3.3.
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Figure 3.22: Temperature dependence of threshold voltage of a n-channel 4H-SiC JFET with W/L= 100
pm/10 pm.
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Figure 3.23: Temperature dependence of transconductance and intrinsic gain of of a n-channel 4H-SiC
JFET with W/L= 100 pm/10 pm.

TS v R0 h@ e ot Tosdlon
25 -6.81 4.94 59.3 1.65x10° 3.88 815 2.66x10°
110 -6.95 3.65 72.0 2.10x10° 4.03 76.9 9.88x10*
210 -7.15 2.88 87.3 2.73x10° 3.81 78.6 8.96x10"
300 -7.19 2.04 12321  3.20x10° 4.65 65.1 4.24x10*
400 -7.31 1.43 172.24 4.78x10° 4.33 68.4 2.44x10"
500 -7.45 1.05 214.00 6.42x10° 4.32 67.3 1.15x10"
550 -7.60 0.88 24917  7.32x10° 4.41 64.7 1.56x10°
600 -7.63 0.79 280.23  7.25x10° 5.02 57.2 1.53x10°

Table 3.3: Extracted parameters of n-channel raised gate 4H-SiC JFET with W/L= 100 pm/10 pwm at various

temperatures. gm, Ron, Fo , 4 and g, is based on Vgs = 0 V. Ipsat/loff is the ratio of current at Vs = 0 V and
VGS =-9V.

3.5.3 Reliability

Compared to Si and I11-V semiconductors, 4H-SiC is nearly chemically inert and
has high thermal stability with low atom mobility [37]. However, thermally activated
degradation between metal-SiC interface and other materials, such as the insulator, metal
and packaging, will limit the high temperature durability and consequently hinder the
commercialization of 4H-SiC electronics [5, 6, 24]. Therefore, it is important to study the
reliability of the fabricated 4H-SiC JFET. Two adjacent 4H-SiC n-channel JFET devices
with W/L = 100 um/10 um on the same chip were used in this reliability test. Due to the
temperature limitation of the hot-plate, the temperature 540 °C was set up for the
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reliability test. The sample was periodically heated to 540 °C on a pre-heated hot-plate in
ambient air. The hot-plate was turned off and the sample is naturally cooled down by air
for at least twenty minutes on the hotplate. The sample was then placed on a high-
temperature probe station for the measurement of I-V characteristics. This method was
repeated hourly for the first twenty hours and then extended to five hour periods. Figure
3.24 shows the Ips-Vps and Ips-Vgs characteristics of one JFET at 0, 25th, 50th, 75th, and
90 hours at 540 °C. Figure 3.25 illustrates the measured variation of transconductance for
two n-channel JFETs as a function of 540 °C operating time over 90 hours. The gn, is
normalized to the initial value of gmo. The fluctuation of Ips and gn is due to the different
probing forces applied on the metal contact for each measurement. The measured g
changed less than 10 % and 3 % for the first and second JFETS, respectively, over the 90
hour test at 540 °C. After the 90 hours testing time, the devices no longer exhibited any
transistor characteristics. Figure 3.26 is the optical image of one JFET after 90 hours. The
metal contacts become very rough. The heating and cooling cycle for each test caused the
metal contacts to delaminate due to the thermal stress developed within the three layers of
metal stacks. To avoid this, the device can be bonded to the high temperature ceramic
packaging such as aluminum oxide [5] or aluminum nitride [38, 39]; however, the failure
of the wire bonding must also be considered in the reliability test.

@) 4.0x10* () 4 0x10*
n 4| —=—0hour
3.5x10 3.5x10 25 hours
3.0x10*t 3.0x10“F —=—50 hours
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2.5x10 2.5x10 —e— 90 hours
< 2.0x10"F < 2.0x10"F
8 o —=— 0 hour @ 4
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0 5 10 15 20 -10 0
Vos (V) Vos (V)

Figure 3.24: (a) Ips-Vps characteristics at Vgs = 0 V and (b) Ips-Vgs characteristics at Vps = 20 V during 0,
25th, 50th, 75th, and 90 hours of electrical operation at 540 °C for a n-channel 4H-SiC JFET with W/L =
100 um/10 pum .
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Figure 3.25: Normalized g, versus test time at 540 °C through 90 hours for a n-channel 4H-SiC JFET with
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Figure 3.26: Optical image of a n-channel 4H-SiC JFET with W/L = 100 um/10 pm after thermal reliability
test at 540 °C after 90 hours.

3.6 TCAD Simulation of N-Channel Raised Gate JFET

Technology Computer Aided Design (TCAD) device simulator allows the device
engineer to design and optimize the current and other electrical properties for the device.
In this section, Synopsys Sentaurus device simulation was used to model the behavior of
the n-channel raised gate 4H-SiC JFET. Because the Sentaurus process is not fully
functional for 4H-SiC process modeling, we only use the modified example of 4H-SiC
IGBT for doping concentration and distribution of ion implantation which has already
been discussed in Section 3.3. Note that the Silvaco International does offer both process
and device simulation of 4H-SiC [40]. Due to the lack of the access to Silvaco device
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simulation, Sentaurus structure editor was used to build the two-dimensional device
structure of 4H-SiC as shown in Figure 3.27. The JFET has a gate length of 10 um and
the source/drain width of 100 um. The distance between the edge of the gate and the edge
of the source/drain is 5 um. For comparison, Figure 3.28 shows the I-V curves of the
simulated and measured devices at 25 and 600 °C. In the saturation region, the simulated
device exhibits a similar Ips and r, with the measured one for both at 25 and 600 °C. The
main difference is that the simulated device has smaller Vy and leakage current. The Vr of
the simulated device at 25 and 600 °C are approximately 4.65 and 5.89 V, respectively,
while the V1 of the measured device varies from -6.8 to -7.63 V from 25 to 600 °C. The
leakage current at Vgs = -8 V and at 25 and 600 °C are < 10™*® A and 8.16x10™* A,
respectively. The main reasons for these differences could be attribute to:

(1) The quality of material. There are some uncertainties in the material
parameters for the real device, such as doping density of the p-n junction,
defects, etc. The manufacturer specifies a 5% variation in doping
concentration and thickness of the three epitaxial layers. This contributes to
the different built-in voltage of pn junction. Besides, the defects inside the
channel region may cause the leakage current increases [41, 42]. Figure 3.29
represents an Arrhenius plot of the log of the drain current versus 1/T at Vgs =
- 10 V. From the slope fit at different data points, the activation energy is
approximately 0.05 — 0.5 eV. These values are significantly less than the half
the energy bandgap of the 4H-SiC, which means there is an extrinsic leakage
mechanism. This leakage mechanism could either be impurities, defect related,
or a surface oxide conduction process [43]. In this process, the PECVD oxide
was used for the surface passivation and its resistance to the high thermal
heats has not been fully studied, which could contribute the leakage current
path at high temperature [6].

(2) Abrupt interface of nitrogen implanted box and n channel. Sentaurus structure
editor assumes an abrupt interface between implantation box and channel area,
which is not a case in the real fabrication process (Figure 3.5). When the
junction is formed, the current generation at reverse bias can be simplified as
(assuming one side doping is significantly larger than the other side) [39]

— _qAn [ \/7 ZTI (3.13)

Where A is the area of the junction, N is the doping density of the light doping
side, D is the minority diffusion constant, and 7 is the effect minority carrier
lifetime. The first term is the minority carrier diffusion current and the second
term is from thermal generation or recombination of carriers that occurs in the
depletion region at a biased diode. The non-abrupt nature of the n*-n junction
and the non-recoverable crystal damage caused by the ion implantation after
thermal annealing must be considered in future TCAD simulation.

(3) Stable Ohmic contact of both p and n junction. The rectifying behavior of
metal contacts at p* gate in the real device adds to the leakage current path at
high temperature [44].
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In summary, the built structure for simulation has some deviation from the exact
value of Vr and leakage current value, but it can still be used to predict Ipss: and the
temperature trend of JFET electrical properties. In the future, calibration of TCAD to the
measured data of JFET will benefit the design optimization study.
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Figure 3.27: Raised gate JFET structure generated by the Sentaurus structure editor.
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Figure 3.28: Measured and Simulated (a) Ips-Vps characteristics at Vgs = 0 V and (b) Ips-Vgs characteristics
at Vps = 20 for n-channel 4H-SiC JFETs with W/L = 100 um/10 pm at 25 and 600 °C.
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Figure 3.29: Arrhenius plot of log of drain leakage current versus 1/T at Vgs = -10 V of a n-channel 4H-SiC
JFET with W/L = 100 pm/10 pm.
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3.7 SPICE Parameter Extraction and Device Modeling

To fully realize the SiC JFET integrated circuit technology, simulation of circuit
topology and understanding its high temperature behavior is needed [45-47]. In this
section, the SPICE model of individual JFET is built at temperatures up to 600 °C. A
JFET SPICE DC model level 1 was chosen, and Ips is expressed in SPICE with the
extracted parameters as follows

If Vgs-V7 <0,

Ips =0 (3.14)
If Vps < Vgs-Vr,

Ips = B(1 + AVps)Vps[2(Vgs — Vi) — Vps] (3.15)
If Vps < Vgs-Vr,

Ips = B(1 + AVps) (Vs — Vr)? (3.16)
where is the g transconductance coefficient which can be obtained by squaring the slope

of linear function in Figure 3.19 (b). The parameters for the SPICE model are listed in
Table 3.4.

Tem(&ecr;alture Vs (V) ﬂ i (m Vl)
25 -6.81 3.34x107 3.88
110 -6.95 2.43x10° 4.03
210 -7.15 1.83x10° 3.81
300 -7.19 1.29x10° 4.65
400 -7.31 8.82x10°® 4.33
500 -7.45 6.30x10°® 4.32
550 -7.60 5.31x10° 4.41
600 -7.63 4.62x10° 5.02

Table 3.4: The extracted SPICE parameters of a n-channel 4H-SiC JFET with W/L= 100 um/10 pm from 25
to 600 °C.

Figure 3.30 compares the measured Ips-Vps with the device simulation with

SPICE. Good agreement between simulations and measurements has been achieved for
all the temperature ranges.
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Figure 3.30: Modeled and measured Ips-Vps characteristics of a n-channel 4H-SiC JFET under different Vgs
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curve to the bottom curve, Vgs are 0, -2, -4, -6, -8 V, respectively.
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3.8 Summary

The low voltage, normally on n-channel JFETs with raised gate configuration

using 4H-SiC are fabricated and characterized with operational temperature up to 600 °C.
The threshold voltage at 25 °C is -6.81 with a high transconductance of 4.94 uS/um and
small on-resistance of 59.3 mQ cm? As the temperature increases, the threshold voltage
shifts with the rate of -1.38 mV/ °C. Even at 600 °C, the JFET still exhibits a
transconductance of 0.79 uS/um and an on/off drain saturation current ratio of 10°.
Hence, the SPICE DC fitting model agrees well with the measured data.
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Chapter 4

Silicon Carbide Complementary Buried
Gate Junction Field-Effect Transistors

4.1 Introduction

CMOS is widely used for constructing integrated circuits, both digital logic and
analog circuits. The advantages of using complementary devices are high noise
immunity, larger bandwidth, and low power consumption [1, 2]. Certain applications,
such as in-situ monitoring of fuel combustion, subsurface reservoirs (deep well drilling),
and Venus and Jupiter surface exploration, require the electronics and their circuitry to
work in the temperature range of 300-600 °C [3]. However, the operating temperature of
Si CMOS devices, both bulk and silicon-on-insulator, is limited to 400 °C due to the
more intrinsic carriers present than dopants carriers at this temperature [3-5]. Silicon
carbide has become the candidate for these harsh environment electronics and circuitry
because of its wide bandgap (3.2 eV for 4H-SIiC), excellent chemical and thermal
stability, and high breakdown electric field strength (5 MV/cm) [6]. However, much
effort has been dedicated to the development of SiC n-channel transistors, and several
reports show promising electrical properties of SiC n-channel devices, such as MOSFET
[7], JFET [8] and BJT [9]. On the other hand, very few papers have reported SiC p-
channel transistors. The reasons is that the hole mobility of SiC is more than eight times
smaller than electron mobility [10] and the thermal activation energy of p-type dopants is
higher than n-type dopants [11]. While SiC MOSFET suffers from the low inversion
mobility and gate oxide reliability issues limiting the operating temperature up to 400 °C
[12-14], majority-carrier JFET seems to be a promising candidate for complementary
transistors.

In this chapter, we first propose the fabrication process of 4H-SiC complementary
JFETSs (c-JFETS). Despite the lack of success with an of the n-channel buried gate JFET
(n-JFET), we have developed the first prototype of the low voltage, p-channel buried gate
JFET (p-JFET) using 4H-SIiC and characterize the electrical properties from room
temperature up to 600 °C in air.

4.2 Design of Complementary Buried Gate JFET
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To design and optimize the performance of the complementary device, Sentaurus
TCAD structure editor was used to build the two-dimensional device structure of 4H-SiC
as shown in Figure 4.1. The JFET has a gate length of 10 um and the source/drain width
of 100 um. The distance between the edge of the gate and the edge of the source/drain is
S5um.

Figure 4.1: Buried gate JFET structure generated by the Sentaurus structure editor.

A previous study shows that the Vr is most sensitive to the depth of the channel
and gate, and doping concentration of the channel [15]. To reduce the number steps in the
lithography process, the depth of the p* gate of n-JFET and the depth of the p*
source/drain p-JFET are fixed with the same value of 50 nm, as in the n* case. Therefore,
the simulation focuses mainly on the effects of the channel depth and doping
concentration for both p- and n-JFETs. Figures 4.2 and 4.3 show examples of effects of
the channel depth and doping concentration to both n- and p-JFETs with L = 8 um at
room temperature. In order to achieve the low power, complementary JFET circuitry, the
threshold voltage of p- (Vrp) and n-JFET (V) and the saturation current of p- (Ipsatp) and
N-JFET (lpsatn) Should match with one another. The goal of the optimization of the
parameters is as follows:

(1) V1| = Vmn| =~ 5V i .
(2) |IDSat,p| = ||Dsat,n| =~10"-10" A

a 1 b 1
@ 182 f—— N, = 1.5x10" cm” ®) 182 | —=— 250 nm —e— 300 nm
%gj I —— N, =2.5x10" cm® igj P ?12(0) 22 —v—400 nm
r r—
10° f—— N, = 3x10" cm® 10°
10° 10°
107} 107
< 10°F < 107
A 110(?10 ! - 110(‘)10
10—11 F 10—11
10 F 10
10—13 P 10—13
10"k 10
10—15 1 1 il 1 1 1 10—15 1 1 L
8 -7 6 5 -4 -3 -2 -1 0 -20 -15 -10 -5 0
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Figure 4.2: Simulated Ips-Vgs of n-channel JFETs with L = 8 um and (a) different channel doping with
fixed channel depth of 250 nm (b) different channel depth with fixed channel doping of 2.5x10"" cm™ at 25
°C.
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Figure 4.3: Simulated Ips-Vgs of p-channel JFETs with L = 8 um and (a) different channel doping with

fixed channel depth of 400 nm (b) different channel depth with fixed channel doping of 1.5x10'" cm™ at 25
°C.

Based on the simulation results, it is not easy to achieve the same intensity of
saturation current with the same intensity of threshold voltage for both p- and n-JFET due
to the smaller hole mobility compared with the electron mobility of 4H-SiC. The strategy
of the optimization is to have similar voltage for both devices and a larger width of
source/drain area or multi-finger gates of p-JFET. Figure 4.4 and Table 4.1 show and
summarize the optimized Ips-Ves curves and parameters of complementary JFETs for
gate length of 8 um.

(@) 3.0x10° (b) 55x107
5 5x10° | ——T=300K 5.0x107 —=—T=300K
.5x — T=600K 4.5X107' —e—T=600K
" —— T =900 K 4.0x10" —— T =900K
2.0x10 3.5x10”
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< < 55107
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Figure 4.4: Simulated Ips-Vgs of a (a) n-channel (b) p-channel JFET with L = 8 pm.

61



Device type  Temperature (°C) Vi (V) Om (US/um) ro (Q)

n 25 -1.3 3.15 4.08x10°
n 600 2.3 0.957 8.81x10°
p 25 2 0.111 8.29x10°
p 600 35 0.257 3.30x10°

Table 4.1: Optimized parameters of complementary JFETs with L = 10 pm. gy, ro, and gnr, is based on Vgs
=0V.

Note that the saturation current of p-JFET increases from 25 °C to 327 °C and
then decreases from 327 °C to 627 °C. Unlike the case of the 4H-SiC n-channel JFET
where Ips and g decrease as temperature increases, these trends of 4H-SiC p-channel
JFET acting in an opposite direction can be attributed to the effect of carrier mobility and
degree of ionization with elevated temperature. The saturation current will increase by
increasing the carrier mobility and ionized carrier concentration as shown in the
conventional 3/2 power model [16]. The electron and hole mobility, u, and p,, at low
electric field could be calculated using Caughey-Thomas equation given by [17]

max min

i Un,p™ —Hn,
Hnp = #rT;lon + Nl;+NA tfn (4.1)
Ty T
np
. . T

bnp = ler;l)%oox) (_300,()3"’7” (4.2)
T

bnp = #Z,lgéoox) (w)y"‘p (4.3)

where Np and Na are the doping concentration of the dopants and acceptors, which are
2.5x10"" cm™® and 2.5x10" cm®, respectively. The p,,"> is the mobility of
unintentionally doped 4H-SiC, where the lattice scattering is the main scattering
mechanism. The " is the mobility of heavily doped 4H-SiC, where the dominant
mechanism is impurity scattering. The values of p,,™* and pap™" at 300 K are
Lnp@ook)™ and o p@ooky™ s respectively. Ny ™ is the doping concentration at which the
mobility is half of the sum of p,,™ and pnp™". onp" denotes how fast the mobility
changes from pn,™" to pnp ™, Bap" is the constant temperature coefficient, and ynp"
describes how mobility of undoped 4H-SiC changes due to lattice scattering. All the
parameters except Np and N are the fitting parameters and are listed in the Table 4.2
[17].
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min
Doping type ll(ré%’](a‘o})\lj)s) “(%ﬁg;){(/)S) Nn,prEf (Cm'B) Otn,pLl ,Bn,p“ Vn,p“

n 40 950 1.94x10Y 0.61 05 -2.40

P 15.9 125 1.76x10%° 0.34 -0.5 -2.15

Table 4.2: Fitting parameters for low field mobility of 4H-SiC.

Figure 4.5 (a) shows the temperature dependence of the carrier mobility. The
electron mobility decreases from ~526 cm?/Vs at 300 K to ~294 cm?/V/s at 900 K for n-
type 4H-SiC, and the hole mobility decreases from ~102 cm?/Vs at 300 K to ~11 cm?/Vs
at 900 K for p-type 4H-SiC. Both electron and hole mobility decrease as temperature
increases. Therefore, a certain portion of saturation current is reduced due to the
decreases of the carrier mobility. Note that the hole mobility is smaller than electron
mobility, which leads to lower transconductance is p-channel JFET. On the other hand,
most of the common dopants in 4H-SiC, which are nitrogen and phosphorus for n-type,
and boron and aluminum for p-type, have activation energies larger than the thermal
energy at room temperature [18]. This leads the incomplete ionization of these dopants
and strong temperature and frequency dependence of junction differential admittance
[19]. The degree of ionization could be calculated as follows [17]

Dh Np Epk
L= NG 3 _1+\/1+29DN exp( ) —1+J1+29D Dexp(——2~ kBT) (4 4)
=== .
Np ZgDN—exp( T Dh) ZgDN—exp( T Dk,
Ny AE 4
- -1+ [1+4ga--exp(—
I _ N_A _ \/ gANV p(kBT) 4 5
p - NA - 2 N_A AE_A ( . )
9arexp ()

where I, and I, are degree of ionization for nitrogen and aluminum, respectively, Np* and
NA" are concentration of ionized donors and acceptors, respectively, go and ga are
degeneracy factor with value of 2 and 4, respectively, Nc and Ny are effective density of
states of the conduction band and valence band, respectively, AEpn, 4Epx and AEa are
ionization energy of nitrogen on hexagonal site, nitrogen on cubic site and aluminum,
respectively, kg is Boltzmann and T is temperature. The estimated degrees of ionization
of electron and hole are shown in Figure 4.5 (b). The electrons in 4H-SiC already have 82
% of ionization at 25 °C, and they reach nearly 100% ionization at 600 °C. For n-channel
JFET, such a small increase of degree of ionization cannot counterbalance the decrease of
saturation current caused by the electron mobility degradation. However, the holes in 4H-
SiC only have 11% ionization at 25 °C, but they reach 93% ionization at 600 °C, because
the acceptor level of aluminum is relatively deeper (4Ex = 200 meV) than nitrogen (4Epn
= 50 meV and 4Epx = 92 meV) in 4H-SIC. The significant amount activation of
aluminum acceptors in 4H-SiC accounts for increase of the saturation current at higher
temperature.
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Figure 4.5: Temperature dependence of (a) carrier mobility and (b) degree of ionization.

4.3 Fabrication Process

Figure 4.6 is a cross-sectional schematic of the lateral 4H-SiC complementary
JFETSs used in this work. The transistor consists of n-type 4H-SiC wafer (from SiCrystal
AG) with four epitaxial layers (from Ascatron AB). A5 um p epitaxial layer with doping
concentration of 2x10™ cm™, followed by 250 nm n epitaxial layer with doping
concentration of 1x10* cm™, a 400 nm p* epitaxial layer with doping concentration of
1.5x10'" cm™, and a 250 nm n* epitaxial layer with doping concentration of 2.5x10%" cm™
® were grown on the substrate. Figure 4.7 presents the entire fabrication process flow
including eight lithography masks. First, the device area of n-JFET is time etched using
TCP etcher with 90 sccm Cl, and 10 sccm BCl; under RF bias of 150 W. Secondly, the
device area of p-JFET is also time etched using TCP etcher with 90 sccm Cl, and 10
sccm BCl; under RF bias of 150 W. 1 um PECVD SiO;, was patterned to define the
source/drain area of n-JFET and gate area of p-JFET with ion implantation to form n*
box profile at 600 °C. Unlike using nitrogen for the ion implanted n* region of n-channel
raised gate JFET, as discussed in Chapter 3, phosphorous was used for ion implantation.
The nitrogen forms a donor state when substituting for carbon in the SiC lattice while
phosphorous form a donor state on substituting Si sites [20]. The phosphorous implanted
n* region can reach above 10%° cm™ while nitrogen implanted one will saturate at 2 to
3x10™ cm™ due to the limitation of solubility of nitrogen and formation of nitrogen-
related precipitates [21, 22]. The phosphorous implantation in this work used 1.5x10%
does at 5 keV. The phosphorous doping concentration and distribution determined from
TCAD simulation are presented in Figure 4.8. The oxide masks were then removed by
buffer oxide etching solution (hydrofluoric acid). 1 um PECVD SiO, was patterned to
define the gate area of n-JFET and source/drain area of p-JFET with aluminum
implantation at 600 °C. The implantation of a box profile was formed using 1x10"* and
1x10™ doses at 5 and 7 keV energies, respectively. The phosphorous doping
concentration and distribution determined TCAD simulation are presented in Figure 4.9.
After ion implantation, oxide layers were removed by buffer oxide etching solution. The
implanted dopants were electrically activated by annealing samples capped with 2 um
PECVD SiO; at 1550 °C under Argon atmosphere for 15 minutes [23]. Figure 4.10 is the
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SEM image of the 4H-SiC after annealing, and there are some etching pits present on the
surface. Better capping technology such as graphite or extra SiC resource is required for
the future fabrication [21, 24]. A mesa etch was then used to define the device area and
expose the base region of p-JFET using TCP etcher. The JFET surface was then
passivated with PECVD SiO; and the 25 nm Ni, 45 nm Ti, 95 nm Al and 50 nm TiW
(10% Ti, 90% W) contact was deposited and patterned via lift-off to form the contact
electrodes. The metal contacts were annealed via rapid thermal annealing (RTA) at 800
°C for 2 minute under Ar ambient. 200 nm TiW (10% Ti, 90% W) was used for the 1°
level of metal interconnects. Finally, the 20 nm Cr and 180 nm Pt was used for 2™ level
of metal interconnect.

- 4H-SiC n* region
n-epi (No= 2.5E17 cm) $ 250 nm

p 4H-SiC (N,= 1.5E17 cm3) L $ 400 nm 4H-SiC p* region

SiO, mask

Contact electrode

4H-SiC n type Substrate

Figure 4.6: Schematic of 4H-SiC complementary JFETS.
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n4H-SiC (Np= 2.5E17 cm3)

1. Procure SiC substrate with four epi-layers 6. Passivate structure with conformal SiO, and open
metal contact vias (Mask 5

2. Micromachine SiC n epi-layer with timed etch (Mask

7. Series steps of metal depositions: Deposit metal
contacts, passivate structure with conformal SiO,,
open metal contact vias (Mask 6), deposit 15t metal
contacts, passivate structure with conformal SiO, and
open interconnect vias (Mask 7), and deposit 2nd
metal (Mask 8).

3. Micromachine SiC p epi-layer with timed etch )
(Mask 2) - 4H-SiC substrate - 4H-SiC n* region

- 4H-SIiC p" epi-layer |:| 4H-SiC p* region
- 4H-SiC n* epi-layer I:l SiO, mask

4. . Deposit conformal SiO, mask (Spacers), open
vias (Mask 3), and ion implant n* region

5. . Deposit conformal SiO, mask (Spacers), open vias
(Mask 4), ion implant p* region, and annealing

Figure 4.7: Completed fabrication process flow of 4H-SiC c-JFETS.
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Figure 4.8: Simulated phosphorous doping profile in the p-channel area with N = 1.5x10" cm,
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Figure 4.9: Simulated aluminum doping profile in the n-channel area with Np = 2.5x10"" cm~.

Devices were characterized on a hot chuck of high temperature probe station
(Signatone Inc.). This high temperature probe station consists of ceramic hot chunk,
thermal heater and water cooler and the chunk temperature goes up to 600 °C with low
thermal noise of 10°-10° A at 600 °C. An Agilent B2912A precision
source/measurement unit and with tungsten probe tips was used to measure the I-V

characteristics of the devices.
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4.4 Metallization of Complementary Buried Gate JFET

Figure 4.11 shows the 1-V measurement of Ni/Ti/Al/TiW metal stacks and n-type
4H-SiC for TLM structure. The contact is originally Ohmic with large resistance before
RTA and the resistance decreases after the RTA. This is possible because the doping
concentration of phosphorous in 4H-SiC achieves more than 10° cm™ and a high degree
of ionization even at room temperature, as shown in Figure 4.8. The temperature
dependences of measured p. are shown in Figure 4.12, and the value of p. is on the order
of 10° @ em?up to 550 °C, indicating a stable metal contact is formed after RTA. The
monotonic increase of the specific contact resistance with temperature is due to the
increases of the tunneling effective mass of carriers at a high doping range of 10%°-10%
cm™ [25]. Typically, a smaller tunneling effective mass has a smaller p. value. Possible
instability or oxidation might be responsible for the sudden increase of p.to 3.383x10™ Q
cm? at 600 °C. The fitted pc and Rqp, are listed in Table 4.3.
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Figure 4.11: Measure 1-V curves of metal and n-type 4H-SiC before and after RTA annealing for TLM
structure with d = 5 pm.
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Figure 4.12: Temperature dependences of specific contact resistance of Ni/Ti/Al/TiW metal stacks to n*
4H-SiC.
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Temperature

°C) R (kQ/0) pe (Q em?)
25 1.324 3.20x10”
110 1.381 3.54x107
210 1.480 3.86x10°
300 1.566 4.31x10°
400 1.686 5.06x107
500 1.678 6.68x10°
550 1.745 8.37x107
600 1.586 3.383x10™

Table 4.3: Sheet resistance and specific contact resistance of Ni/Ti/Al/TiW metal stacks and n-type 4H-SiC
at different temperatures.

The 1-V measurement of Ni/Ti/Al/TiW metal stacks and n-type 4H-SiC for TLM
structure is shown in Figure 4.13. The contact is Schottky contact before RTA and it
becomes Ohmic after the RTA. The temperature dependencies of measured p. are shown
in Figure 4.14, and the value of p is on the order of 10 © ¢cm? which is higher than the
n-type case. Although the p-type doping concentration should reach more than 10 cm™
after aluminum ion implantation based on the TCAD simulation (Figure 4.9), specific
contact resistance decreased with temperature up to 550 °C due to the higher degree of
ionization and the current density at elevated temperature. Again, the sudden change of p.
value at 600 C implies a possible oxidation mechanism or the metal instability. Table 4.4
summarizes the value of Ry, and p.. The Ry, is at least one order of magnitude higher than
for the n-type case due to the low hole mobility and less degree of ionization.
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Figure 4.13: Measure 1-V curves of metal and p-type 4H-SiC before and after RTA annealing for TLM
structure with d = 20 um.
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Figure 4.14: Temperature dependences of specific contact resistance of Ni/Ti/Al/TiW metal stacks to p*
4H-SiC.

1.0x10°

Temperature (°C) Ren (kQ/00) pe (Q cm?)
25 170 5.45x107
110 99.2 3.27x10°
210 62.7 2.28x10°
300 48.3 1.50x10°
400 38.9 1.56x107
500 375 8.14x10™
550 35.1 9.92x10™
600 33.3 1.07x10°

Table 4.4: Sheet resistance and specific contact resistance of Ni/Ti/Al/TiW metal stacks and p-type 4H-SiC
at different temperatures.

4.5 Electrical Properties of N-Channel Buried Gate
JFET

Figure 4.15 shows the optical image of as-fabricated n-channel buried gate 4H-
SiC JFET with L = 10 um and W = 100 um. Figure 4.16 shows the Ips-Vps characteristics
of a 100 um /10 um JFET at room temperature. The device exhibits resistor-like behavior
with a very small output resistance at Vgs = 0 V. Furthermore, the device cannot
completely turn off by applying a gate bias from 0 V to -10 V which means the JFET is
not fully functional. By inspecting the I-V curve between p+ gate and n channel as shown
in Figure 4.17, the built-in voltage is approximately 2.9 V which is similar to the
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theoretical value of 3.11 V. However, as the intensity of drain current did not change with
the gate bias, the possible failure point might be the unsuccessful fabrication of the p*
gate. More characterization techniques such as cross-sectional TEM and secondary ion

mass spectrometry (SIMS) analysis are necessary to verify the doping distribution and
concentration of p* gate.

Figure 4.15: Optical image of a n-channel buried gate 4H-SiC JFET with L = 10 pum and W = 100 pm.
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Figure 4.16: Ips-Vps characteristics of a n-channel buried gate 4H-SiC JFET under different Vgs and with
W/L= 100 pm/10 um at 25 °C.
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Figure 4.17: 1-V characteristics of pn junction in the n-channel buried gate 4H-SiC JFET structure.

4.6 Electrical Properties of P-Channel Buried Gate
JFET

4.6.1 Characterization of P-Channel Buried Gate JFET at
Room Temperature

Figure 4.18 shows the optical images of as-fabricated p-channel 4H-SiC JFET
with L equal to 10 um and W equals to 100 pm. The p-channel thickness is approximately
370 nm which is slightly different than the target thickness of 400 nm due to the
imprecise control of etching time. Figure 4.19 shows the drain current (|Ips|) versus Vps
characteristics of a 100 pm /10 um JFET at room temperature. The characteristic curves
clearly show the linear and saturation regions. The device is a depletion mode JFET
which is fully-on at Vgs = 0 V and is cut-off at Vgs = 5 V. Figure 4.20 (a) is the |lpg|
versus Vgs characteristics at Vps = 20 V, and the p-channel reaches pinch-off state
approximately at 5 V. Figure 4.20 (b) represents the more precise threshold voltage

which is extracted from the extrapolated intercept of x axis of /% vs. Vgs plot at
DS

Vps = 20 V. The threshold voltage is approximately 4.39 V. The calculated g, of 4H-SiC
p-channel JFET is 0.009 uS/um at room temperature. Here the transconductance is
calculated by normalizing with the channel width of 100 um. The estimated r, and 1 are
2.36x10° Q and 2.28x10° V', respectively. The intrinsic gain of single 4H-SiC p-
channel JFET is approximately 46.3 dB at Vgs = 0 V and 25 °C.
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Figure 4.18: Optical image of a p-channel buried gate 4H-SiC JFET with L = 10 um and W = 100 pum.
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Figure 4.19: |Ips|-Vps characteristics of a p-channel 4H-SiC JFET under different Vgs and with W/L= 100
pm/10 pum at 25 °C.
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Figure 4.20: (a) |Ips|-Vas () +/|Ips|-Vas characteristics of a p-channel 4H-SiC JFET with W/L= 100 um/10
pm and Vps = -20 V at 25 °C.

4.6.2 Characterization of P-Channel Raised Gate JFET at
High Temperature

Figure 4.21 (a)-(g) shows the |Ips| verses Vps characteristics of a 100 pm /10 pm
p-channel JFET from 110 to 600 °C. The device can be turned on and off by applying
different gate voltage for the entire temperature range. Figure 4.21 (h) shows the Ips-Vps
curves at Vgs = 0 V and at incremental temperatures up to 600 °C. The intensity of the
saturation current at Vgs = 0 V increases as the temperature increases, but this rate
decreases at 400°C. The activation of aluminum acceptors in 4H-SiC accounts for this
increase of the saturation current and decreases of R,, described in Section 4.2. Due to
the relatively deep acceptor level of aluminum (4Ex = 200 meV), higher current is
induced at elevated temperatures.
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Figure 4.21: Ips-Vps characteristics of a p-channel 4H-SiC JFET under different Vgs and with W/L= 100
um/10 pum (a) at 110 °C (b) at 210 °C (c) at 300 °C (d) at 400 °C (e) at 500 °C (f) at 550 °C (g) at 600 °C.
(h) Temperature dependences of I 0f a p-channel 4H-SiC JFET at Vgs = 0 V and with W/L= 100 um/10
pm.
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However, there are some non-ideal behaviors of the device when increasing the
operating temperature. Figure 4.22 shows the Ips-Vgs curves under a drain-to-source -20
V bias and at incremental temperatures up to 600 °C. The saturation currents exhibit a
kink effect around Vgs of 0 to 0.5 V at temperature greater than 25 °C, and the Ipsa; at Ves
< 0 has the a smaller degree of increase or remains roughly the same when increasing the
temperature, unlike the Ipga at Ves = 0 V. The whole JFET can be divided into many 2D
JFETS, and the whole saturation current is the superposition of the current from these 2D
transistors. Therefore, if these devices exhibit different threshold voltages, then they will
have different saturation current for same Vgs. A clear definition of gate area with
uniform doping is more difficult to achieve if the gate is ion implanted rather than mesa
etched on the epitaxial layers due to the 4-degree-off SiC wafer and thin film which
might contribute the kink effect of saturation current in the Ips-Vgs curves.

-5
10 —=—T=25°C —s—T=110°C
——T=210°C —— T=300°C

—— T =400°C——T=500°C
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Figure 4.22: |Ips|-Vgs characteristics of a p-channel 4H-SiC JFET under Vps = -20 V and with W/L= 100
pm/10 um at different temperatures.

The threshold voltages increased from 4.39 V at 25 °C to 5.71 V at 600 °C,
respectively, and are approximately shifted with a rate of +2.1 mV/ °C, as shown in
Figure 4.23. The temperature dependencies of the estimated transconductance and the
intrinsic gain of the p-channel JFET at Vgs = 0 V are shown in Figure 4.24. Compared
with the transconductance value of room temperature, the transconductance at Vgs = 0 V
and 600 °C is increased to 0.037 uS/um leading to intrinsic gain increases of 55.4 dB.
The intrinsic gain of the JFET does not have monotonic temperature dependence but the
overall tendency is to decrease with increasing temperature. The complete electrical
properties of n-channel raised gate 4H-SiC JFET are listed and summarized in Table 4.5.
Compared with the performance of the n-channel raised gate JFET described in Chapter
3, the p-channel buried gate JFET has a small gy, and Ipsai/loss and the Rq, IS quite large.
The gn of n-channel JFET is 500 times higher than the p-channel device at 25 and
reduces to 20 times at 600 °C owing to the increased degree of ionization of holes. For
the amplifier application, the saturation current could be matched by carefully designing
the device geometry. Besides, it seems that the raised gate which used in-situ doping
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during the epitaxial films growth yield better quality than ion-implanted gate [26].
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Figure 4.23: Temperature dependence of threshold voltage of a p-channel 4H-SiC JFET with W/L= 100
um/10 pum.
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Figure 4.24: Temperature dependence of transconductance and intrinsic gain of of a p-channel 4H-SiC
JFET with W/L= 100 pm/10 pm.
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TS i s e @ e e loulle
25 4.39 0.009 21.8 2.36x10° 2.28 208.3 305
110 4.50 0.021 7.5 1.26x10° 1.71 268.2 296
210 4.50 0.028 4.4 1.26x10° 1.29 351.8 196
300 458 0.032 34 1.28x10° 1.09 411.4 114
400 4.90 0.041 2.7 1.29x10° 7.83 521.8 71
500 5.10 0.040 2.5 1.30x10° 7.71 516.0 127
550 5.35 0.039 2.5 1.76x10° 5.54 682.1 77
600 5.71 0.037 2.4 1.58x10° 6.00 591.5 34

Table 4.5: Extracted parameters of p-channel buried gate 4H-SiC JFET with W/L= 100 pm/10 pm at
various temperatures. gm, Ron, Io , 4 @nd gnlo is based on Vgs = 0 V. Ipsa/loir is the ratio of current at Vgs =0
Vtocurrentat Vgs=7 V.

4.7 Summary

The low voltage normally on complementary JFETs with buried gate
configuration using 4H-SiC are proposed. The contact resistances between Ni/Ti/Al/TiW
metal stacks and n- and p-type 4H-SiC are 3.38x10™ and 1.07x10 Q cm?, respectively.
The channel conductivity is not fully functional with applied gate bias for n-JFET. The
threshold voltage at 25 °C is 4.39 V with low transconductance of 0.009 uS/um. As the
temperature increases, the threshold voltage shifts with the rate of 2.1 mV/ °C. The
transconductance is increased to 0.037 uS/um with intrinsic gain of 591.5 at 600 °C due
to the increased hole ionization. However, the kink problem at Ips-Vgs curves and large
on-resistance need to be improved for the practical use of a p-channel 4H-SiC JFET.
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Chapter 5

Conclusion and Future Work

5.1 Contributions of This Work

Integrated SiC UV sensing chips are promising candidates for the real time
condition monitoring of power systems and for space exploration. This dissertation
addresses the two building blocks of the sensing system, namely UV sensor and transistor.

Conventional SiC pn photodiodes show stable performance and high responsivity
up to 300 °C. However, the extra thin film deposition for the specific junction doping
concentration might hinder the development of an integrated sensing chip. An integrated
compatible SiC metal-semiconductor-metal UV sensor has been designed, fabricated and
characterized. High temperature tests confirm that the MSM PD can work up to 400 °C
and possibly extend the temperature to 450 °C. The speed measurement was conducted at
400 °C and the MSM photodetector shows a fast response time, able to detect the flicker
frequency of flame in combustion engine [1].

To further explore the possibility of integrating the whole UV sensing system, a
junction field effect transistor was chosen to evaluate the ability to design the
transimpedance amplifier, which can convert photocurrent generated from MSM PD to
voltage. While most SiC JFETSs for low voltage amplifier application use 6H-SiC, few
works discuss the performance of low power JFET using 4H-SiC [2]. Most device
research on 4H-SiC target the high power electronics, such as vertical JFET, MOSFET
and BJT. Given the largest SiC wafer manufacture, Cree Inc., has announced to shut
down the production line of 6H-SIC, it is worth investigating the performance of 4H-SiC
JFET at elevated temperatures. A lateral, depletion mode, low voltage n-channel 4H-SiC
JFET has been design, fabricated and completely characterized in the temperature range
of 25 to 600 °C. High transconductance and on/off drain saturation current, decent output
resistance and low on-resistance suggest that 4H-SiC is suitable for the high temperature
electronics. The complete model of the SPICE DC level 1 for n-channel raised 4H-SiC
JFET has been developed which is beneficial for the future analog circuit design.

Finally, the complementary JFET was proposed in order to add the flexibility to
amplifier circuit design and increase the bandwidth of the amplifier. The first prototype
of cJFET is designed using a buried gate configuration in order to reduce the number of
fabrication steps. The fabricate n-channel buried gate JFET has the problem of being
completely turn-off even at a gate bias of 10 V. The p-channel buried gate JFET was
characterized up to 600 °C. The transconductance at room temperature is fairly low due
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to the low mobility and low degree of ionization of holes. As the ambient temperature
increased to 600 C, more than 90 % of acceptor carries were ionized and thus boost the
transconductance value of p-channel JFET.

5.2 Integrated SiC Sensor Design Challenges

Many challenges must be addressed for further integrated SiC sensor development.
The lists below highlight some of the fundamental problems.

Semiconductor device modeling for JFET. The simulation model built with
Synopsys Sentaurus in this work cannot completely match the measured data of both
raised and buried gate configurations. More specifically, the simulated device exhibits the
ultra low leakage current (< 10™ A) and small subthreshold swing (~74 mV/dec),
suggesting that more non-ideal parameters should be taken into account in the future
TCAD simulations.

Fabrication complexity. This includes the challenge of precise time-etched
process to define the device structure, usually the thickness of the channel. This is crucial
for fabricating the complementary devices, which usually entail multiple etching
processes of epitaxial layers. Failure to control the etch thickness of SiC will result in
different electrical properties than the designed value. Furthermore, a stable annealing
cap is required for activating the implanted p-type dopants with an annealing temperature
greater than 1500 °C.

Complementary Device Geometry. It seems that the raised gate JFET has a
greater chance of success and more stable performance at extreme high temperature, most
likely due to the epitaxially grown gate having better crystallinity than the implanted gate.
However, it is very challenging to integrate the complementary devices if both of them
are raised gate configuration. One possible solution would be to use the back gate
configuration [3, 4]. The advantage of this configuration is using the epitaxially grown
gate and also reducing the chance of using ion implantation to facilitate the Ohmic
contact between the contact metal and the source/drain area. The disadvantage is that this
geometry requires many steps in the precise time-etched process described earlier.

Metallization. In order to integrate the MSM UV sensor and JFET into the same
fabrication process, it is important to have the contact metal forming an Ohmic contact
with n* or p* area for JFET and Schottky contact with low doped film for MSM PDs at
the same time. Currently, there are very few candidates able to achieve this requirement
with high thermal stability for high temperature operation. A novel tungsten-nickel alloy
seems to show promising preliminary results for both n- and p-type 4H-SiC [5]. More
studies on metallization are needed in the future.
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