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Electrical Characterization of 6H-SiC JFET-based Integrated Circuits

Abstract

by

CHIA-WEI SOONG

6H-SIC, n- channel, depletion-mode JFET-based devices and integrated circuits for
high temperature sensing applications have been studied extensively in this dissertation.
To further understand the performance of basic integrated circuit building blocks at the
wafer-scale, as well as the limitations of 6H-SiC technology, key electrical parameters of
various devices have been studied from room temperature up to 600 °C. Integrated
circuits, including digital logic gates and analog amplifiers, have also been demonstrated
at elevated temperatures, the latter enabling sensor interface capability.

A uniformity study of 229 JFETS’ on- and off-state parameters across a 2 inch-
diameter wafer, consisting of varying W/L ratios within each die, showed an overall yield
of ~93%. The coefficient of variance for the measured on-state parameters was relatively
small at tested operating temperatures from room to 280 °C; it did however increase with
the die distance from the wafer center. Orders of magnitude variations in the off-state
gate reverse current at room temperature suggests poor uniformity of crystalline quality
across the wafer. Off-state drain leakage current also exhibited large variations across the

wafer. Nevertheless, an on/off current ratio > 182 was seen across the wafer at 280 °C.
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The 6H-SIC core inverter has an outstanding DC characteristic transfer function with
a steep slope, including a gain > 20 from room temperature to 500 °C, and a logic
threshold well centered in the logic swing. NOR and NAND gates were likewise tested in
this temperature range, with the measured dynamic characteristics presented.

A high-temperature, fully monolithic, high gain-bandwidth 6H-SIiC transimpedance
amplifier for capacitive sensor interfacing was tested. The amplifier demonstrated a gain
of 235 kQ and a bandwidth of 0.61 MHz at room temperature. The gain and bandwidth
were 774 kQ and 0.17 MHz at 450 °C, respectively. Results from measurements with
variable capacitors—simulating sensor capacitance—confirmed differential capacitive
sensing at room operating temperatures to 450 °C.

The voltage noise performance of integrated differential amplifiers fabricated in this

process was studied from room temperature to 500 °C. A noise dependence of 1/fy

(where 1<y<2) was seen across different types of differential amplifiers. A universal
noise behavior was not observed in the differential amplifiers, even among the same
circuit topology, which suggests the existence of defects in the epitaxial layer or substrate.

Parasitic p-n diodes were investigated, and the I-V characteristics were found to vary
from sample to sample. A well-behaved p-n junction was further characterized, and an
ideality factor of 2 with a thermal activation energy of 1.21 eV was shown, which
suggests generation-recombination current dominance.

Due to the superior material properties of 4H-SiC over 6H-SIiC and the non-
availability of 6H-SiC wafers, a process technology conversion from 6H- into 4H-SiC is

suggested, including initial simulations of enhanced circuit performance expectations.
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1 Introduction

1.1 Motivation and Objective

Silicon carbide (SiC) is widely recognized as a promising material for electronics for
harsh environment applications due to its superior electrical and physical characteristics
[1-2]. Conventional silicon-based electronics usually fail at temperatures above 250 °C,
and require cooling systems and control circuits for functionality in such harsh
environments. These additional control and cooling systems increase cost, introduce
noise, consume energy and increase real estate use. Therefore, interest in high
temperature sensor and interface electronics has been increasing, particularly in
aerospace, automotive and other high-operating-temperature industrial systems [3-4].

A simplified block diagram of a sensor measurement system is shown in Figure 1-1.
The amplifier is designed to convert the small sensed signal to current or voltage. The
amplifier must provide a reasonable gain across a wide temperature range, and the in-
band noise must be carefully designed, since it is the major noise source in the system
and limits the sense input signal level. The front-end amplifier is followed by an analog-
to-digital converter to convert the voltage or current to a digital signal for further data
processing.

Ultimately, the goal is to develop a sensor module with MEMS-based sensors
integrated with SiC interface circuits for high-temperature operation as shown in Figure
1-2. To this end, researchers at CWRU have successfully designed and fabricated a
family of n- channel depletion-mode JFET-based integrated circuits for high temperature
sensing applications using 6H-SiC technology [5]. However, only selected circuits have

been previously tested at high temperature. In order to develop a better understanding of
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Figure 1-1 A simplified block diagram of a capacitive sensor measurement system.
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Figure 1-2  SiC sensor module for harsh environment application [6].

the technology, additional electrical characteristics of the discrete devices and integrated
circuits are studied in this work, including:

1. Yield and uniformity of the discrete JFETs: According to Cree, Inc., the wafer
manufacturer, there are variations of 50% in the doping concentration and 10% in
thickness of 6H-SIC epitaxial layers [7]. Process variations directly impact the
fundamental performance of transistors. Thus, a uniformity study provides (i) a better
understanding of the basic integrated circuit building blocks for wafer-scale fabrication

and (ii) elucidates the available flexibility in design parameters;



2. Circuit characterization: basic logic gates and transimpedance amplifier were
not characterized previously. These circuits are characterized to demonstrate control and
sensing capability for high temperature applications. The demonstration of a high-
temperature-capable, integrated SiC-based capacitive sensing integrated circuit is a
significant achievement.

3. Device characterization: Noise behavior of selected integrated circuits and
parasitic p-n diode |-V characteristics is studied. The noise study helps to understand the
lower limit of sense signal level of the integrated circuits. Although not optimized for
practical applications, characterization of the parasitic p-n diodes may provide more
information on leakage current, which increases with temperature and (eventually) causes
failure of operation and/or undesirable power dissipation [8].

4. Technology conversion: the move to 4H-SiC from 6H-SIC technology in the
power device industry and the consequent lack of availability of 6H-SIC wafers
necessitates circuit redesign from 6H-SiC to 4H-SiC wafers. With larger bandgap, lower
intrinsic carrier concentration and higher carrier mobility over 6H-SiC, device and circuit
performance improvements are expected in 4H-SiC technology. Selected circuits are

redesigned and simulated to demonstrate the benefits from this technology conversion.

1.2 Thesis Organization

This thesis is organized into seven chapters. Chapter 2 gives a brief introduction
about the state-of-the-art of SiC-based devices and circuits for high temperature sensing
applications. A study of yield and uniformity study of the discrete JFETs across a 2 inch-
diameter wafer at operating temperature up to 280 °C is presented in Chapter 3. Chapter 4

presents characterization of the integrated circuits, including digital logic gates and



analog transimpedance amplifier, across a wide temperature range. Chapter 5 presents
noise analysis of the integrated amplifiers, as well as the 1-V characteristics of parasitic p-
n diodes at elevated temperatures. A process technology conversion from 6H-SIC into
4H-SIC is demonstrated in Chapter 6, using select integrated circuits as design examples.
Finally, the key achievements of this work are summarized in Chapter 7, along with

suggestions for future work.



2 Background and Literature Review
2.1 Temperature Effect on 6H-SiC Properties

2.1.1 Bandgap energy and intrinsic carrier concentration

The wide bandgap energy (Eg) and low intrinsic carrier concentration (n;) are the
fundamental advantages that make SiC a superior material for high temperature
application over Si. The band-gap energy of 6H-SiC as a function of temperature is given
by [9]

E,(T) = 3—333 x 107* (T — 300K)eV. (2.1)

Figure 2-1 shows the relationship between calculated bandgap energy and temperature.
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Figure 2-1 Temperature dependence of calculated 6H-SiC bandgap energy.

The intrinsic carrier concentration in 6H-SiC is determined by the bandgap energy

and the effective density -of-states masses [10]:



kT i (22)

ni(T) - 2(2nh2)3/2(mcmv)3/4e 2kT

where k = 8.62 X 107> eV /K is the Boltzmann constant, A = 4.135 x 1071° eV is the
reduced Plank’s constant, mc and my are the effective density-of-state masses for the
conduction and valence band, respectively. Figure 2-2 shows the intrinsic carrier
concentration increases as temperature increases. At 227 °C, the intrinsic carrier
concentration in Si reaches 10" cm?, close to lightly doped extrinsic dopant level. As
such, the lightly doped regions become influenced by the intrinsic level and fail to
operate. On the contrary, even at 600 °C, the intrinsic carrier concentration of 6H-SiC is
only around 10" cm™, far lower than the extrinsic dopant level that enables the operation

of SiC devices at high temperatures.
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Figure 2-2 Temperature dependence of 6H-SiC intrinsic carrier concentration [2].



2.1.2 Mobile carrier concentration
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Figure 2-3 Energy band diagram for n-type 6H-SiC [9].

As shown in Figure 2-3, there are two donor levels in n-type 6H-SiC that determine

the carrier concentration (n) in the semiconductor.
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where N,, and N,, are doping concentration for shallow and deeper level, respectively
[10]. Figure 2-4 illustrates the mobile carrier concentration versus temperature with the
impurity density of 10'” cm™. At room temperature, only 39% of the dopants are ionized

and 90% at 200°C.
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Figure 2-4 Temperature dependence of calculated mobile carrier concentration in
6H-SiC.

2.1.3 Carrier mobility

The low-field electron mobility (u,) is modeled by the Caughey-Thomas equation [9]

as
st
— ;min d On,p
=ty v 300K (2.4)
1+ N
np

Table 2-1 summarizes the numbers for calculation of carrier mobility. It is noticeable that
hole mobility is much smaller than electron mobility at temperature range of interest here,
leading to a lower transconductance for comparable p-type JFETs. Thus, only n-type

JFETSs are pursed here.
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Figure 2-5 Temperature dependence of calculated electron mobility in 6H-SiC

Table 2-1  Parameters values of Cauhey-Thomas equation for carrier mobility
calculation.

wmin (em?/Vs) | pdelta(cm?/Vs) NH#(cm™) % a
Electron (n-type) 20 380 4.5 x 1017 0.45 -3
Hole (p-type) 5 70 1x10%° 0.5 -3

2.1.4 Sheet resistance
Sheet resistance is given by

1
R, =—— (2.5)
7 QuunpnD

where D is the epi layer thickness. In this project, the resistors and transistors are
fabricated in the n-type channel epi layer; Figure 2-6 shows the relationship between

sheet resistance and temperature for D = 0.3um.
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Figure 2-6 Temperature dependence of calculated sheet resistance in 6H-SiC.

2.1.5 Junction built-in potential
At thermal equilibrium, the electrostatic potential difference between the p-n neutral
regions is called built-in potential (Vy;) and is given by [10]

KT  Ny4Np
=—1In

= (2.6)
Vi q n? '’

With Na = 10" cm™ and Np = 10*°cm, at room temperature the built-in potential in 6H-

SiC is 2.88V, while it is generally ~ 0.75V in Si p-n junction.
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Figure 2-7 Temperature dependence of calculated p-n junction built-in potential
in 6H-SiC.

2.2 Review of Discrete Devices and Circuits in SiC Technology for High

Temperature Applications

2.2.1 Discrete SiC-based transistors

Discrete SiC devices have been modeled across a wide temperature range: A non-1C
compatible n-channel 6H-SIC JFET is modeled up to 500 °C using standard abrupt-
junction long-channel JFET device equations [9]. An IC-compatible, n-channel 6H-SiC
JFET is modeled up to 400 °C incorporating substrate effect [11]. 6H-SIC MOSFET
modeling up to 300 °C is reported in [12] for analog IC design. A successful IC-
compatible MOSFET model with only 1-2% error in DC characteristics is reported up to
300 °C in [13].

The fabricated MOSFET in [12] shows large variation of threshold voltage above
200 °C, thus limiting operation at high temperature. A fabricated 6H-SiC JFET with low

leakage current (< 10pA) under room temperature is presented in [14]; the JFET was

11



tested up to 400°C and showed ~ 60% reduction in transconductance (gnm) and saturation
drain current (Ipss). A SIC MESFET is fabricated in [15] and tested at 500 °C for 500
hours continuously; it exhibited < 10% variation of transistor parameters. However, the
gate leakage current is ~ 80 pA at 500°C. A 6H- SiC JEFT is fabricated and tested at 500

°C for 3007 hours, and demonstrates stable operation at high temperatures [4].

2.2.2 SiC-based logic circuits

SiC-based logic integrated circuits (ICs) have been previously demonstrated using
JFETs [4], [16], BJTs [17] and MOSFETs [18-19]. The BJT circuits provided
significantly better electrical performance at room temperature, but degraded rapidly at
operating temperatures above 300°C. The MOSFET circuits operated to just 300 °C. SiC
integrated logic gates using BJTs [20-21] have been reported to show outstanding noise
margins, as well as high-speed performance for temperatures as high as 355 °C. The same
seems to be the case up to 400 °C using MOSFETSs [22]. A MOSFET-based 4-bit counter
and flip-flop have been demonstrated up to 300 °C [23]. While most logic circuits seem
to degrade at higher temperature, BJT-based logic gates show a stable noise margin, ~ 1V,
up to 500 °C [24]. A summary of integrated logic gate using SiC technology is listed in

Table 2-2.
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Table 2-2 Summary of published work on SiC-based logic gates

Max Operation

Authors Devices Temperature Description
(°C)
NOR gate,
Neudeck [4] JFET 500 Long-term testing for 2000 hours,

-13.6% change in Vou
<1% change in Vo.

TTL circuits with fan-out of ten,

Lee [17] BJT 300 At 300 °C, 25% change
in VN|\/||_* and VNMH**
Schmid [18] MOSFET 300 Inverter and  17-stage  ring
oscillators
CMOS technology,
Ryu [19] MOSFET 300 Variety of logic gates exhibited

stable operation up to 300 °C

ECL OR-NOR gate,

Lanni [20] BJT 300 Stable noise margin ~ 1V across
tested temperature

BJT 355 TLL gate,
Singh [21] Limited operation at high
temperature due to metallization

Le-Huu [22] MOSFET 400 Inverter and flip-flop

4-bit Counter,
Patil [23] MOSFET 300 Stable operation for 300 hours at
300°C

OR/NOR gate,

Lanni [24] BJT 500 Stable noise margin ~ 1V across
0°C-500°C

* Vnme (noise margin for low level) = V. -VoL
** VymL (noise margin for low level) = Vou-V iy
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2.2.3 Analog circuits in SiC technology

Table 2-3 lists published work on SiC-based amplifiers for high-temperature
applications. A hybrid SiC MESFET-based differential amplifier is presented in [25]. A
voltage gain of 61 dB, common mode rejection ratio (CMRR) of 60 dB, gain bandwidth
(GBW) of 0.91 MHz and power dissipation of 178 mW are reported at 350 °C. An
operational amplifier using NMOS with a voltage gain of 53 dB and GBW of 269 kHz at
300 °C is reported in [26]. Later, A CMOS-based IC-compatible operational amplifier is
reported in [27], which shows a voltage gain ~80 dB and GBW of 571 kHz at 300 °C. An
integrated differential amplifier in JFET technology demonstrated long-term (i.e., 3007
hours) operation capability with a very stable voltage gain of 2.91 (i.e., <1% change) at
500 °C [4]. A high gain and CMRR SiC JFET-based operational amplifier is reported at
room temperature to demonstrated the feasibility of overcoming design challenges, such
as low intrinsic gain and low gate-to-source voltage range [28]. Another IC-compatible
SiC-JFET based operational amplifier is presented in [29]; at 300 °C, it shows a voltage
gain of 57 dB and ~1000 hours of operation [30]. An AC-coupled SiC vertical JFET-
based differential amplifier is reported in [31] and tested at 450 °C, showing a voltage

gain of 47.8 dB.
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Table 2-3 Summary of published work on SiC-beased amplifiers for high-

temperature applications

Authors

Devices

Max Operation
Temperature
(°C)

Description

Tomana [25]

MESFET

350

Differential amplifier,
at 350 'C, Gain > 60 dB
GBW =0.91 MHz

Brown [26]

MOSFET

300

Operational amplifier,
At 300 C, Gain = 53 dB
GBW =269 kHz

Sheppard [27]

CMOS

300

Operational amplifier,
At 300 'C, Gain ~80 dB
GBW = 571 kHz

Neudueck [4]

JFET

500

Differential amplifier,
At 500 'C Gain @1 KHz = 2.91,
GBW = 32 kHz,

Gain change <1% & GBW change
<3% after 3007 hrs operation

Maralani [28]

JFET

26

Operational amplifier,
At 26 'C, Gain = 67dB,
CMRR = 73dB

Stum [29]

JFET

300

Operational amplifier,
At 300 'C, Gain = 57dB

Long-term operation
demonstration

Yang [31]

JFET

450

Differential amplifier,
At 450 C, Gain = 47.8dB,
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2.3 Junction Field Effect (JFET) Transistors and Integrated Circuits
Fabricated at CWRU

2.3.1 Fabrication process

The JFET-based ICs described in this thesis were design by Amita Patil (a previous
member of Garverick Lab) and fabricated by Dr. Xiao-an Fu (a previous member of
Mehregany Lab) based on a process originally developed at NASA Glenn Research
Center [16] that subsequently was modified for our microfabrication facilities. The p-
type, Al-doped (1.0 — 5.0 Q-cm) 2-inch SiC substrate wafers with three customized
epitaxial layers were sourced from Cree, Inc. As shown in Figure 2-8, the first layer is a
7.0 um-thick Al-doped p” epitaxial layer with a doping concentration of ~2.0x10™ cm™; it
was grown on the substrate to serve as the bulk of the transistor, ensuring channel
depletion is dominated by gate bias. Then, a 0.3 um-thick, nitrogen-doped epitaxial layer
with a doping concentration of ~1.0x10*" cm™ was grown on the p~ buffer layer for the n-
channel of the JFETs. Finally, a p* Al-doped epitaxial layer with a thickness of 0.2 um

and a doping concentration of ~2.0x10* cm™ was grown and used for the gates of the

JFETS.
* drawing not to scale
Drain Gate Source
Metal

- "TTTTTTIX ~0.2pm, N,y ~2x10" em’
Dielectric 173
n epi ~03pm ,Np~1x10"" em™
Bulk —» p~ epi . ~Tpm Ny ~2x 10" em™

p type SiC substrate (1-5 Q-cm)

Figure 2-8 Schematic cross-section of the JFETSs in this work [32].
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The gates and channels of the JFETs were patterned by inductively-coupled plasma
(ICP) reactive ion etching (RIE) using nickel as etch masks, which allowed a well-
controlled etch rate with nearly vertical side walls. A 1.5-um low temperature oxide
(LTO) mask was deposited at 400 °C by low-pressure chemical vapor deposition
(LPCVD) to delineate n* source and drain ohmic contact areas. Multiple nitrogen
implants with a box doping concentration profile of 6x10"° atoms/cm® was implanted at
600 °C; the implanted dopants were activated in a nitrogen atmosphere at 1200 °C for 30
mins to form Ohmic contacts. Next, a 25-nm oxide was thermally grown on the surface
at 1100 °C in a wet O, ambient for surface passivation. A Ti/TaSi,/Pt metallization was
sputtered at a base pressure lower than 107 Torr; the wafers were then annealed at 950 °C
for 10 minutes in a forming gas (5% H2 in N2) to form the n* and p* Ohmic contacts.
Discrete JFETs devices were completed at this stage.

Figure 2-9 shows a scanning electron micrograph (SEM) of a fabricated JFET device.
Interconnect metallization and passivation layers were used to realize the 1Cs. Low
temperature oxide (LTO) was used for the dielectric layer between contact metal and
interconnect metals. The first interconnect metal layer was deposited by sputtering Ti
followed by Pt, then patterned by lift-off process. The more complex ICs, such as two-
stage amplifiers, required an additional interlayer dielectric and interconnect metal, which
were formed using SiO,/Si3N4/SiO, and Ti/TaSi2/Pt. The fabricated wafers were diced
and packaged in ceramic dual-in line packages (DIPs) for characterization at elevated

temperatures.
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Drain Source

Figure 2-9 SEM of a JFET with W/L = 100pum/10um [32].

2.3.2 JFET transistors modeling and characterization

Instead of using the well-known square-law approximation Schichman-Hodges
model [33], a traditional 3/2-power model was employed in Chompoonoot
Anupongongarch’s work [34] to accurately model transistor behavior with large
overdrive voltage. (Chompoonoot Anupongongarch is a previous member of Garverick
Lab.) In contrast to prior work, the bulk bias effect was included by Anupongongarch to

characterize JFET behavior with temperature dependence.

In triode region, Vps < Vpsat = {VGS — (Vi — Vpo)},

W I
Ips = (7) o

Three essential parameters for transistor modeling—built-in voltage between gate and

1+ W)  (27)

v |4 v

3/2 3/2
3Vps ) {VDS —Ves + Vbi} B {(—Vc;s + Vbi)}
po po po

channel (Vyi), pinchoff voltage (Vyo), and normalized pinchoff current (1,")—are studied

in this work. These parameters are given by
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kT NAN
Vo = — n( A D) (2.8)

q n;
_ ANpD* 2.9)
VpO - ( 285 )
- (qZNDnunD3) (2.10)
p 65

In Saturation region, Vps> Vpsar,

3/2
w —Vis + Vi —Vis+ Vi
Insar = (— )1, [1 =3[ —S—2L) 4 2 =522
DSAT (L) p [ ( %O + Vpo

where D, W and L are channel depth, width, and length, respectively. n; is intrinsic

(1 + AWVps) (2.11)

carrier concentration, A is the channel length modulation parameter, n is the channel
ionized carrier concentration, y, is the mobility of carriers, and g, is the permittivity of
6H-SIC.

The fabricated JFETs were characterized on a probe station with varying bulk bias
and temperature. Device parameters were extracted for model verification at operating
temperatures up to 450 °C. The measured and simulated drain current behavior of JFETs
is shown in Figure 2-10 for room temperature to 595 °C.
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0.00E+00 . . 1
0 5 10 15

Vps (V)
+RT +200C -300C -400C +450C +55/C - 676C - 595Q

Figure 2-10 Comparison of measured and modeled drain current characteristics for
W/L = 100pm/100um JFETs from room operating temperature to 595 °C [34].
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2.3.3 Differential pairs and hybrid differential amplifiers

The schematic and SEM image of a SiC JFET differential pair are shown in Figure
2-11. (The initial device and circuit characterizations reviewed in this Chapter 2 were
performed mostly by Dr. Amita Patil, a previous member of Garverick Lab.) The
measured DC transfer characteristic and transconductance are plotted in Figure 2-12 from
room temperature to 450 °C. Multi-stages hybrid amplifiers were constructed by these
SiC JFET differential pairs and external passive components. A two-stage hybrid
differential amplifier is shown in Figure 2-13. This configuration yields a voltage gain of
80 dB at room temperature, and 70 dB at 450 °C. The measured bandwidth at room
temperature and 450 °C is 1.8 MHz and 1.3 MHz, respectively. The measured AC

response with multi-stage differential amplifiers is presented in Figure 2-14.

V v ute Parasitic drain resistance

(@) (b)

Figure 2-11 (a) Schematic and (b) SEM image of a differential pair with W/L = 110
pm/10pum SiC JEFTs [35].
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Figure 2-12 (a) DC characteristics, and (b) transconductance of a differential pair
with W/L = 100 um/10um [35].
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Figure 2-13 Circuit schematic of a hybrid, two-stage differential amplifier with
active loads [33].
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Figure 2-14 Measured AC response of hybrid amplifiers at room temperature and
at 450 °C [33].

2.3.4 Design and characterization fully-integrated amplifiers

A family of fully-integrated differential amplifiers was also designed and fabricated.
A fully-integrated, single-stage differential amplifier with resistive loads and a source-
follower output stage is shown in Figure 2-15(a). The current-sources were carefully
designed to reduce offset and noise. The voltage gain of this amplifier is given by

gm4,5

|[Agm| = (@m1,2(To121IRL12)) X X 8m1,2 X Rz (2.12)

8ma,5 T 8mbas
The two-stage differential amplifier with active loads is shown in Figure 2-15(b). The
measured gain of this amplifier at room temperature and up to 575 °C is presented in
Figure 2-16. The amplifier has a differential gain of ~69 dB from room temperature to

575 °C; the gain variation is ~ 5%.
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Figure 2-15 Schematic of (a) a single-stage, differential amplifier with passive loads

and (b) a two-stage, differential amplifier with current source loads in the 1% stage
and resistor loads in the 2" stage [5].
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Figure 2-16 Measured voltage gain of the two-stage, differential amplifier in Fig. 2-
15(b) [5].

High gain-bandwidth, monolithic, transimpedance amplifiers were also designed and
fabricated for capacitive or resonant sensor interface applications. Figure 2-17 is the
circuit schematic of a single-stage, transimpedance amplifier. The amplifier can also be
used as a voltage amplifier. A gain measurement result at room temperature is shown in
Figure 2-18 from two identical copies on the same die. The gain difference is ~ 2% for

these two copies.
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Figure 2-17 Schematic of a single-stage, single-ended transimpedance amplifier [35].
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Figure 2-18 The measured frequency response, at room temperature, for two copies
of the transimpedance amplifier of Fig. 2-17 on the same die [35].
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3 Uniformity of Electrical Characteristics of CWRU-

Fabricated Discrete JFETS

The 2 inch-diameter wafer (CR0975-12) texted here consisted of 46 identical dies,
each die containing a set of five JFETs with varying W/L ratios (i.e., a total of 229
JFETs—one less than expected because of one incomplete device at the edge of the wafer.
The wafer was tested on a probe station, and the current-voltage (I-V) characteristics of
the JFETs were measured with Keithley source measure units (SMUs). Values for
threshold voltage (V1u), saturation drain current (Ipss), gate reverse leakage current (Igss)
and off-state drain leakage current (lorr) were measured for each set of five JFETs on a
die. To illustrate the variation of these parameters across the wafer, the measurements
were grouped by increasing radial distance from wafer center. From a total of 229 JFETs
(excluding incomplete devices at the edges), 215 were deemed operational. The
corresponding yield map is shown in Figure 3-1, defining die regions with 100%, 80%,
60% and 0% yield corresponding to five, four, three and zero JFETs with well-defined I-
V characteristics, respectively. There were no die regions with 20% or 40% yield. The
sizes of defective/failed devices are also indicated in the map. N/A signifies that JFETS
were not fabricated at the die location. Most of the defective/inoperable devices failed to
enter the OFF state and were mostly located at the outer edges of the wafer. They were
thought to be compromised by the significant epitaxial layer thickness non-uniformity at

the edges of the wafer.
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Figure 3-1 Yield map of JFETSs on the 2 inch-diameter 6H-SiC wafer.
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3.2 On-State Parameter Measurement

The discussion in this Section 3.2 pertains to JFETs with W/L = 100pum/100um.

3.2.1 Room temperature testing

V1y is extracted from the Ips-Vss sweep, with Vgs= 0 V. Figure 3-2(a) plots Vy as
a function of radius from the wafer center. Vty is seen to vary from -6.05 V to -12.18 V
with a mean of -7.74 V and a standard deviation (o) of 1.36 V, respectively. The
designed nominal value was -5.00 V (with a calculated variation of -0.50 V to -12.50 V
due to doping and thickness variations of £50% and £10%, respectively, for the channel
epitaxial layer). Ipss in the ON state was measured with Vgs= 0V, Vps=40 V, and Vpgs
=0 V. Asshown in Figure 3-2(b), Ipss had a variation between 151.13 pA to 394.15 pA,
with a mean of 214.70 pA and a o of 63.98 PA. The epi-layer thickness at the wafer edge
was inferred to be thicker than at the center of the wafer [36]. Therefore, larger pinchoff-
voltages were expected near the edge of the wafer—and thus larger |Vty|—as compared
to the center. Both |Vy| and Ipss values showed an increasing spread with distance from
the wafer center, consistent with the relationship between Ipss and [V1y|. Per the square-

law model,
w
Ipss = rk'(VGs — V)2 (1 + AVpy) 3.1)

where k' is transconductance parameter. Thus, high/low values of one parameter translate

to high/low values of the other.
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3.2.2 High temperature testing

The JFET devices were tested on a probe station at room temperatures to 280 °C,
limited by the hot chuck heating ability. A thermocouple sensor monitored the
temperature of the hot chuck. Measured V14 and Ipss as a function of radius from the
wafer center are shown in Figure 3-3 at elevated operating temperatures. The designed
nominal Vry at 100 °C was -5.33 V. The measured V14 was seen to vary from -6.16 V to
-12.36 V with a mean of -7.85 V and a ¢ of 1.34 V, respectively. Ipss has a variation
between 120.25 PA to 326.75 PA, with a mean of 176.84 pHA and a o of 53.47 pA. At
280 °C, the designed nominal V14 is -5.54V. The variation range for measured Vry is
between -6.32 V to -12.64 V, with a mean of -8.13 V and a o of 1.39 V. Ipss varies
between 61.97 YA to 203.23 pA, with a mean of 96.43 pA and a o of 33.72 YA.

All the measured data are within the expected variation range calculated based on
manufacturer-stated specifications. Similar with room temperature measurement results,

both |V14| and Ipss values show an increasing spread with distance from the wafer center.
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3.3 Off-State Parameter Measurement

The off-state characteristics, including lgss and lorr, Were also measured. The scatter
plots of these two parameters are shown in Figure 3-4. lgss is the gate-to-channel leakage
current of the reverse biased p-n junction. Test conditions for Igss were: Vgs = -15 V,
Vps=0V and Vgs= 0 V. The measured Igss varies by four to five orders of magnitude at
a given distance from the wafer center and across the wafer; it has a mean value of -9.46
MA with a o of 33.41 pA. The measured lgss is several orders of magnitude higher than
that theoretically expected (nA or lower).

lorr is the channel leakage current in the OFF state. Test conditions for lorr Were:
Ves=-15V, Vps=40 V and Vgs= 0 V. It is important to keep the lorr sSmall since it is
the main contributor to static power consumption of circuits in standby mode. Measured
lorr, Showed a mean of 28.86 nA and a o of 82.60 nA. A worst-case (CR0975-12-R3C1)

on/off current ratio of 539 was seen at room temperature and a ratio of 182 at 280 °C.
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3.4 Summary

The same trends are observed for JFETs with different W/L. Table 3-1 summarizes
the distributions of the measured device parameters for all five sizes of JFETs at room
temperature. Measured on-state characteristics at high temperatures with devices with
W/L = 100pm/100pum and 500pum/500um are listed in Table 3-2 and Table 3-3,
respectively. Overall, the V1 and Ipss for the five sizes show relatively close values of
coefficient of variance (CV) across the tested temperature range. Large variation of lgss
and lorr are observed across all five JFET sizes. lgss is related to the quality of p-n
junction in the devices; as the results, a study on the behavior of parasitic p-n diodes in

the discrete JFET devices at elevated temperatures is presented in Chapter 5. Across the

wafer, an on/off current ratio > 539 is seen at room temperature.

Table 3-1  Statistical summary of JFET electrical parameters across a 2 inch-
diameter 6H-SiC wafer.

10pum/100pum 100pum/100um 100pum/10pum 100pum/5um 500um/500um

(n=143) (n=45) (n=44) (n=45) (n=39)

Mean Cv* Mean CVv Mean CVv Mean CVv Mean CV
Vma (V)  -7.34  15.65 -7.74 16.23  -6.99 1459  -8.34 15.82  -6.69  11.16
Ioss (MA)  41.20  28.85 21470  29.79 1189.96 24.14 178558 2642  178.20 22.16

* CV (coefficient of variation) CV (%) = (STD/ Mean) x100%.

Table 3-2  Statistical summary of on-state parameters for W/L = 100pum/100um
JFETs across a 2 inch-diameter 6H-SiC wafer up to 280 °C.
23°C 100 °C 280 °C
Mean CVv Mean Cv Mean Ccv
Vi (V) -71.74 16.23 -7.85 17.27 -8.13 17.21
Ipss (WA) | 214.70 29.79 176.84 30.23 96.43 29.96
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Table 3-3  Statistical summary of on-state parameters for W/L = 500um/500um
JFETS across a 2 inch diameter 6H-SiC wafer up to 280 °C.

23°C 100 °C 280 °C
Mean CVv Mean CVv Mean CVv

V1 (V) -6.69 11.16 -6.85 13.57 -7.08 14.82

Ipss (WA) | 178.20 22.16 146.15 21.85 83.16 24.56
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4 6H-SiC Circuit Characterization

4.1 Logic Circuits

4.1.1 Circuit design

Yoo

1.2Rqn

4Rgp,

Out

2.4Rqp

Figure 4-1 Circuit Schematics of 6H-SIiC (a) inverter, (b) NAND and (c) NOR

gates.

Circuit schematics of the logic gates are provided in Figure 4-1. An active-load
topology, based on the depletion-mode NMOS topology popular circa 1980 [37], was
used to obtain high performance, i.e., a sharp transfer characteristic that is well centered
in the range of logic swing. In the core inverter circuit of Figure 4-1(a), the A input
controls a 4x JFET driver device, whose drain current is supplied by a degenerated 2x
JFET which acts as a current source. The size of the unity device, 1x JFET, is W/L =

160pum/10pum. The remaining circuits perform level shifting that ensures the output level

VDD

1.2Rsn

2.4Rq

(b)

(©)

Vss

to the next logic circuit stage S0 V, as required by its JFET input. The NAND and
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NOR gates were designed for constant area. The NAND gate of Figure 4-1(b) uses two
series 2x JFETSs in the pull-down driver network. The NOR gate in Figure 4-1(c) uses two
parallel 2x JFETSs in the pull-down driver network. The resistors are all fabricated from
the n-channel epitaxial layer. Figure 4-2 shows an optical micrograph of a fabricated

NOR gate.

Figure 4-2 Optical micrograph of fabricated 6H-SiC JFETs based NOR.

4.1.2 Characterization of core inverter

Testing conditions for all logic gates were as follows: Vpp and Vss are +14 V and -
14 V, respectively; input logic high = 0 V; and input logic low = -7 V. All three logic
gates were verified to operate from room temperature to 550 °C. The voltage transfer
characteristic (VTC) of the core inverter across the measured temperature range is shown
in Figure 4-3. At all temperatures, the slope of the VTC is quite steep, with voltage gain

> 20 up to 500 °C, and is well centered in the range of logic swing.
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Six key DC performance metrics of the inverter, namely the minimum output voltage
in the high state (Von), maximum output voltage in the low state (Voo), logic gate
threshold voltage (V_1), voltage gain (Gain), noise margin for low level (VnwL) and noise
margin for high level (Vnmn), are summarized in Table I, for all measured temperatures.
By design, these metrics hold relatively constant over temperature. The observed
variation is caused primarily by the variation in JFET threshold voltage, dVrn/dT = -2.3
mV/C [32]. Parameters V|t and Vo, vary at the same rate, ~dV14/dT SO Vv remains
nearly constant. The high logic level Voy varies at a greater rate, (1 + 4/2.4) dV1y/dT, so
Vnwn IS noticeably degraded.

All test results are based on unity fan-out, but since the FETs have negligible gate
current, fan-out does not affect DC performance. It is relatively difficult to compare the
measured noise margin with prior work, since the power supply voltage is not
standardized. However, it is clear that the magnitude, symmetry, and stability of the noise
margin is adequate over this very wide temperature range for logic circuits of moderate
complexity.

For digital applications, power consumption is a critical characteristic. In order to
estimate the power consumption of the core inverter, supply currents at low and high
output levels were measured (Figure 4-4). At 25 °C, with £14V power supply, the power
consumption for the low and high output levels were 6.748 W and 4.956 W, respectively.
Supply current decreased as temperature increased. Up to 550 °C, the power consumption

for the low and high output levels were 1.34 W and 1.09 W, respectively.
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Table 4-1 DC performance metrics of the SiC inverter.

25°C 200 °C 300°C 400°C 500°C 550°C

VoL -8.00 -8.12 -8.15 -8.20 -8.37 -8.69
Vit -5.71 -5.94 -6.11 -6.34 -6.51 -6.72
VoH -0.50 -0.79 -1.10 -1.86 -2.64 -3.97
Gain -26 -24 -23 -20 -20 -12
VML 1.80 1.67 1.54 1.42 1.47 1.52
VNMH 4,91 4.85 4.67 4,13 3.4 2.17
—n—|
CCL
0.25 —o—|
\ CCH
0.20
L @,
<
£ 0.15
_8
0.10 < \\.
.\I
0.05 e
— ™
1 1 1 1 1
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Temperature (°C)

Figure 4-4 Supply Current with temperature dependence at (a) low and (b) high
output levels.
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4.1.3 Dynamic characteristics of NAND gate and NOR gate

Figure 4-5 shows the dynamic characteristics of the NAND and NOR gates at 25 °C
and 550 °C. Although the output high level seems to degrade at high temperature, from
the previous input inverter VTC, the gates are functional and have similar DC
characteristics to the inverters described previously. Switching speed is limited by

capacitance in the test setup.

0 - —-—-|INPUTA
-2
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8L T 1 I 1 L
{INPUT B4 O
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2 I I ] ] ; 8
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Figure 4-5 Measured dynamic characteristics of SiC NAND gate and NOR gate at
25 °C and 550 °C with Vg, =0V, Vpp=+14 V, and Vss = -14 V.
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4.2 Transimpedance Amplifier

Capacitive transduction is used in many sensing micfrosystems. Numerous
capacitive sensors for high temperature applications have been reported [38-41].
Capacitive sensors usually exhibit high impedance within the signal bandwidth; it is
crucial that the sensor signal is initially pre-amplified using an amplifier in close
proximity to the sensor. As illustrated in Figure 4-6, the primary noise sources of the
sensing system are (i) ground noise, which has a relative gain of C,/Cs, and (ii) amplifier
noise, which has a relative gain of 1+ (C, + C,)/Cs. Both of these gain factors may be
minimized by locating the interface circuits in close proximity to the sensing node.
Ultimately, the integration of sensors and interface circuits in the same package can
optimize signal/noise ratio, which leads to a more accurate reading, lower power
consumption, and elimination of the weight and cost of a cooling system. Thus far, the
integration of a SiC-based capacitive sensing interface circuits with a commercial or

fabricated sensing elements has not been demonstrated.

Parasitic Amplifier
Capacitance Capacitance

CS
|
Vsﬁm O/H" J_Cp J_C,d

Ground / \Amplifier

Noise Noise

sense

Figure 4-6 Generic sensor interface circuit for capacitive sensors [42].
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4.2.1 Transimpedance amplifier characterization

4.2.1.1 Circuit design

A circuit schematic of a 6H-SiC JFET-based transimpedance amplifier, which is
based on the circuit technique in [43], is shown in Figure 4-7. Designed transistor sizes
and resistor values are summarized in Table 4-2 and Table 4-3, respectively. An optical
microphotograph of the fabricated transimpedance amplifier is shown in Figure 4-8. In
the schematic, J1 is the input driver device, and J2 is a cascode device that enables higher
open-loop voltage gain. J3 and J5 are degenerated to serve as current sources, where
RCS1 and RCS2 are used to set the current. J4 is configured as a source follower to
provide a low impedance (~1/g.n4), While feedback resistor, Ry, sets the transimpedance
gain and provides a downward level shift necessary to maintain saturation of the driver
device. The connection between R; and the input of the transimpedance amplifier is
realized off-chip so that the open-loop circuits can be tested as a voltage amplifier, if

desired. The transimpedance gain is given by

R, = , (4.1)

where A, = gmi1l(Gmz " To1 * To2)||(Gms " To3 " Res1)] - Thus, the gain  of the
transimpedance amplifier is approximately equal to R when A, is >>1.

Resistor R; is fabricated in the n-type channel epitaxial layer, having a resistance
proportional to sheet resistance (Rs,). Given that Ry, was previously measured to be about
13.8 kQ/o at room temperature [44], the expected transimpedance gain is ~ 15Rg;, = 207
kQ at room temperature. Since Rg is inversely proportional to the np, product, resistance

decreases somewhat at slightly elevated temperatures as ionization fraction increases [9];
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however, the product will generally decrease with temperature as

electron mobility

decreases. Therefore, an increasing gain with temperature is expected.

Figure 4-7 Schematic of a single-en

VDD
J4 J3
Vout RCS1
V
R a
I|nfb o—p J2
: Vbias :|
Vout lin
—o J1
J5
RCS2 Gnd
Vss

ded, single-stage transimpedance amplifier.

Table 4-2 JFET sizes and biasing voltages for the single-ended, single-stage

transimpedance amplifier of Fig. 4-7.

Device WI/L (um/ pm) (Ves-V7)
Driver devices J1,J2 160/10 2
J3 160/10 2
Current source
J5 80/10 2
Source follower J4 320/10 1

Table 4-3 Resistor values for the single-ended, single-stage transimpedance
amplifier of Fig. 4-7.

Device Value (o)
RCS1 24
RCS2 4.8

R¢ 12
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Figure 4-8 Optical microphotograph of the single-ended, single-stage
transimpedance amplifier of Fig. 4-7.

A block diagram of the transimpedance amplifier test circuit is shown in Figure 4-9.
The frequency response of the transimpedance amplifier was first characterized with test
setup (1). A 1-MQ input resistor was used to convert the voltage test signal from a
network analyzer into an input current for the amplifier. In test setup (2), the amplifier
was connected to a differential capacitor to simulate sensing functionality. Trimmer
capacitors were excited by two ac-signal sources from a function generator that provides
180° phase difference.

The transimpedance amplifier was packaged in a ceramic dual-in-line package using
gold bond wires. The IC die (not including the trimmer capacitors) was heated by a spot
infrared heater in an ambient environment. Die temperature was measured using a
thermocouple sensor. Before recording the measured data, the die was left heating under

the spot infrared heater to achieve a stable operating temperature.
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Figure 4-9 Schematic of the transimpedance amplifier test setup.

4.2.1.2 Test results

The measured frequency response of the transimpedance amplifier is presented in
Figure 4-10 for operating temperatures as high as 500 °C. The measured transimpedance
gain is calculated by multiplying the known R;j, (1 MQ) by the measured voltage gain.
At room temperature, the amplifier had a measured gain of 235 kQ at low frequency, a 3-
dB bandwidth of 0.61 MHz, and an input-referred noise floor of 0.8 pA/v/Hz at 10 kHz.
With Vpp = 20 V, Vss= -10 V, and Vyiss = -2 V, the transimpedance amplifier required
134 pA. The input dc level was -4.1 V, and the output was biased at 11.3 V.

With increasing temperature, an increasing transimpedance gain and decreasing

supply current were expected. At 450 °C, the transimpedance gain was 774 kQ with a

bandwidth of 0.17 MHz and input-referred noise floor of 1.2 pA/+/Hz. Above 450 °C,
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however, the transimpedance gain and supply current hit a maximum and minimum,
respectively, as shown in Figure 4-11. These behaviors suggested reduced resistor values,
which may be caused by a decrease in the contact resistance, which is a significant
contributor to the total resistance. The spike observed at the higher frequency region
might have been caused by the oscillation associated with the high gain and parasitic
capacitance between the input and output nodes. Adding a feedback capacitor in parallel

with Ry may help stabilize the circuit at the expense of bandwidth.
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Figure 4-10 Measured frequency response of a single-stage, single-ended
transimpedance amplifier (CR0975-10-R6C6) as a function of operating temperature,
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Figure 4-11 Measured supply current of a single-stage, single-ended transimpedance
amplifier (CR0975-10-R6C6) as a function of operating temperature.
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4.2.2 Sensor interface capability

4.2.2.1 Variable capacitor calibration

Half-turn (180 degrees) trimmer capacitors were used to demonstrate the potential of
the transimpedance amplifier in capacitive sensing. The variable capacitors were first
calibrated at five settings, illustrated in Figure 4-12, which shows the adjustment screw
positions and their corresponding capacitance, measured using a precision capacitance

meter with results of three test trials averaged.

B 58 o

min > max
Posl Pos2 Pos3 Pos4 Pos5
C (pF) 1.39 1.65 2.13 2.64 2.92

Figure 4-12 Calibration of the variable capacitors—screw positions and
corresponding values.

The transimpedance amplifier was tested with the calibrated trimmer capacitors at
room temperature as was shown in Figure 4-9. With a given stimulus level, Vgim, the
expected output amplitude of the transimpedance amplifier is given by

Voue = 27f X AC X Vepym X Rm_Gain(f) (4.1)

where AC is the capacitance difference between the variable and reference capacitors.

Rm_Gain(f) is the transimpedance amplifier gain that was previously measured using a

known 1-MQ resistor. With the reference capacitor’s value fixed at Pos3 (half way from
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minimum to maximum), the transimpedance amplifier output was measured using five
different screw positions for the variable capacitor, i.e., from minimum to maximum
capacitance value. The nominal operating conditions were Vpp= 20 V, Vss=-10 V, Vpias
=-2V, Vgim =30 Vp-p, and f = 10 kHz.

The output amplitude of the transimpedance amplifier was in excellent agreement
with the expected values, as shown in Figure 4-13. The difference between the measured
and expected output amplitudes was mostly due to the uncertainty of the position of the

adjustment screw.
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Figure 4-13 Single-stage, single-ended transimpedance amplifier output versus
input AC at room temperature.

Table 4-4  Table of measured output and expected output from the single-stage,
single-ended transimpedance amplifier.

AC (pF) -0.74 -4.87 0 0.50 0.79
Measured output 121.02 76.65 1.83 86.05 131.11
(mVrms)
Expected output 123.27 80.71 0 84.02 131.02
(mVrms)

50



Figure 4-14 shows a frequency spectrum plot of measured output of the
transimpedance amplifier with 1 kHz stimulus signal. The amplifier output as a function

of input stimulus frequency is presented in Figure 4-15. As expected, the amplitude of the

voltage increases proportionally with frequency across this wide dynamic range, which
further proves that the change of capacitance is indeed being sensed and amplified by the
transimpedance amplifier.

Next, gain sensitivity to power supply change (i.e., changes in Vpp and Vss) is
measured, as illustrated in Figure 4-16. Transimpedance gain is quite stable, ~1%
variation, with respect to positive supply voltages Vpp ranging from 12 V to 25 V.
Transimpedance gain is more sensitive to the negative supply voltage, for which a
variation of ~11% was measured for Vss ranging from -10 V and -20 V. Thus, it appears
that the effects of the finite output impedance of transistors J3 and J4 are mostly

cancelled, while that of J5 is contributing more to the transimpedance gain.
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Figure 4-14 Measured
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output of the transimpedance amplifier with 1 kHz stimulus

signal. Vpp =20V, V¢ =-10V, Vyias = -2 V, and five adjustment screw positions.
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4.2.2.2 High temperature test results
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Figure 4-17 Measured and expected output of transimpedance amplifier output as a
function of operating temperature.

Finally, the transimpedance amplifier was heated using the spot infrared heater and
tested with the trimmer capacitors at five different operating temperatures up to 450 °C.
The measured and expected output amplitudes are shown in Figure 4-17. As before, the
measured results were consistent with the expected output calculated from Equation (2)
using the transimpedance gain that was measured with the known 1-MQ resistor. Each
data point is recorded 5 minutes after reaching the given temperature. Similar to the
measured results at room temperature, the difference between the measured and expected
output amplitudes was thought to be largely due to the uncertainty of the position of the

adjustment screw.
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4.3 Summary

SiC-based integrated circuits for high temperature sensing applications were
demonstrated across a wide operating temperature range. All logic circuits, including
core inverter, NAND and NOR gates, function with high performance at operating
temperatures from 25 °C to 550 °C. The DC and transient characteristics of JFET-based,
6H-SIC inverters, NAND, and NOR gates have been designed to achieve and maintain a
sharp and stable dc transfer characteristic with large noise margin for operating
temperatures up to 550 °C.

A fully monolithic, single-stage, single-ended transimpedance amplifier was
characterized at operating room temperature to 450 °C. At room temperature, a high gain-
bandwidth of 235 kQ by 0.61 MHz and power consumption of 4.5 mW were measured.
At elevated temperatures, the gain increased as expected (e.g., 774 kQ at 450°C) and
bandwidth remained >0.17 MHz. The capacitive sensing capability was demonstrated

using trimmer capacitors to simulate sensing elements, with the 1C operated to 450 °C.
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5 6H-SiC Device Characterization

5.1 Noise Analysis of Integrated Amplifiers

5.1.1 Sources of noise in semiconductors

Thermal noise

Thermal noise (Johnson noise) occurs in any linear passive resistor. It is generated
by current or voltage fluctuations due to the random thermal motion of the electrons.

Thermal noise is the fundamental noise in electronics and it is determined by

V2 = 4KTRAf (5.1)
12 = 4KkTAf/R (5.2)

Thermal noise is independent to frequency and directly proportional to temperature.
Shot noise
Shot noise is related to direct current flow in diode or p-n junctions and is generated
randomly. It was first introduced by Schottky and is generally defined by

12 = 2qIpAf (5.3)

where I is average current across the device. Shot noise is proportional to the measured
bandwidth.

Flicker noise

The mechanism of flicker noise is not well-understood like other noise sources. It is
associated with capture and release by traps and mostly occurs in low frequency. Flicker

noise is described by

f(x

I
I
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where K; is constant for the particular process or device, and a is usually unity. Therefore
flicker noise is often called 1/f noise.

Generation-recombination noise

This type of noise is caused by the carrier fluctuation during the generation —

recombination process of traps. It is associated with temperature, bias conditions and
frequency. It usually decreases as 1/ 2

Burst noise

Burst noise is also called popcorn noise and it is of similar form as generation-

recombination noise decreasing as 1/f2'

5.1.2 Noise in SiC-based devices

At low frequency, 1/f noise in 6H-SIC JFETSs were reported in [45-46] up to 600 K

(327 °C) and it is also reported in 4H-SiC JFET [47]. 1/f1-5 noise in SiC JFETs was
proved to be associated with surface noise induced by passivation layer [48] as shown in
Figure 5-1. Later, 1/fY noise where y = 1.3 - 1.5 was observed in low frequency on SiC
FET devices at low frequency [49]. 1/ 15 noise at very low frequency was attributed to
be bulk noise in [50-51]. At T > 600 K, the main noise contribution was reported to arise
from generation-recombination noise at the local level. In these cases, Hooge parameter

for SiC JFETs was further determined to be ~10°. At room temperature, 1/fY noise

(where 0.73< y < 0.847) was also found in [52] for 6H-SiC MOSFETSs.
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Figure 5-1 Noise spectra at 25 °C for a 6H-SIC JFET device under different bias
conditions [48].

5.1.3 Test results
In single-stage or two-stage integrated amplifiers, the differential pair is the major
noise contributor. The noise behavior of a differential pair is shown in Figure 5-2. The

output thermal noise of the differential pair is determined by
2 T o 2 2 8
Vriout = (Irzll + Irzlz)rg = 4kT (ggm + ggm) rcz) = ngTgmrg- (5'5)
Since the voltage gain of the differential pair is equal to g,,,r,, the input-referred

noise can be given by

vz =Vr%,out _ Vi out _ ng_T (5.6)
M gain?  (gmlo)? 38m

For the designed parameters: Vg — V¢ = 0.5V and W/L = 252, the input referred noise

level is calculated to be ~ 8.6 nV/vHz.
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Figure 5-2 Differential pair circuit including input-referred noise model.

Noise measurement of integrated amplifiers, including differential pair, single-stage
differential amplifier with resistive loads, and two-stage amplifier with current source
load for 1% stage and resistor load for 2" stage was carried out at room temperature and
elevated temperatures. Amplifiers were packaged for measurement. Figure 5-3 shows a
schematic of the amplifier test setup. Ri, and R: resistors are used to stabilize the
operating point where Rj, =3.48 MQ and R; = 22MQ.

The amplifiers were packaged in a ceramic dual-in-line package using gold bond
wires. A spot infrared heater was used to heat the IC/die; all measurements were

performed in an ambient environment.
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Figure 5-3 Test setup for noise measurement of SiC-based amplifiers.

5.1.3.1 Single stage differential amplifier

At room temperature, 1/f1-5 noise in frequency up to ~20 Hz is observed in one of
our differential pair sample (CR0975-12-R4C6) as shown in Figure 5-4. The 1/f is

dominant between ~20 Hz to ~ 100Hz. A 92 nV/vHz input-referred thermal noise level

presents above 100 Hz which is ~10 times larger than the theoretical value.

1/f1-5 and 1/f noise were consistent for all temperatures up to 500 °C as shown in

Figure 5-5. Thermal noise increased with temperature, being proportional to T/gm where

Jm decreases as temperature increases. At 200 °C, the measurement showed an increase
of 1.7x, which is lower than the expected value of 2.3x. At 500 °C, only flicker noise was

observed.

62



100

10

Output noise voltage (uV/rt(Hz))

0.1

Figure 5-4 Output-referred noise voltage of a differential-pair at

temperature.

\
1/f15 =~
10
Frequency (Hz)

1000

100

room

— ) 3°C

T
- .
=

Output noise voltage (1V/rt(Hz))

0.1

Figure 5-5 Output-referred noise voltage of a differential pair

temperatures.

Frequency (Hz)

63

100°C
w===200°C
e 300°C
e 400°C
e 500°C

at elevated



5.1.3.2 Single-stage amplifier with resistor load

In this sample (CR0975-12-R4C5), only 1/f noise is observed up to 10 kHz as

shown in Figure 5-6. The 1/ f dependence is consistent at every operating temperature up

to 500 °C. Taking this sample as an example, in a frequency bandwidth of interest, the

total output referred noise is given by

fH
7 K (5.7)
Vn,out = 7 af '
fL
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o
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1
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Figure 5-6 Output-referred noise voltage of a single-stage amplifier with resistor
loads at elevated temperatures.

At 1 Hz, the noise spectral density is 438 uV/vHz; therefore, the total equivalent input

referred noise in the 1 to 10 kHz band is
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fu=1kHZ
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S 10000
Vhout = 438uV |In 1 =438 uV X vIn 10000 = 1329.3 pV
Vn,out
Vi = gn‘;; = 23.6 tVips

where gain is 56.2 at room temperature. It was noticeable that the absence of thermal
noise level in the measurement plot was because of the large level of flicker noise. At 500

°C, the input noise voltage was 118.3 puV,s.

5.1.3.3 Two-stage amplifier with current source load in the 1% stage and resistive load in

the 2" stage

1/f2 noise in frequencies up to ~20 Hz was observed in one of the two-stage
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amplifiers (CR0975-12-R4C6) with current source load in the 1% stage and resistive load

in the 2" stage, as shown in Figure 5-7. Above 20 Hz, 1/f2 dependence was reduced to
the power of 1, 1/f was dominant at frequencies above 20 Hz. It was noticeable that

thermal noise was not observed 10 kHz in this sample, perhaps be due to the high 1/fy

noise.

Figure 5-8 shows the input referred noise density at elevated temperatures. 1/f2

dependence was observed for all operating temperatures up to 500 °C. Above ~20 Hz,

1/f dependence was generally observed at each temperature.
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Figure 5-7 Output-referred noise voltage of a two-stage amplifier with current
source load in the 1% stage and resistive load in the 2" stage.
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Figure 5-8 Output-referred noise voltage of a two-stage amplifier with current
source load in the 1% stage and resistive load in the 2" stage.

5.1.4  Discussion

1/fY noise was observed in our 6H-SIC amplifiers, where 1< y < 2. The higher
values of y were observed in the lower frequency range. Above a few tens of Hz, y
decreased to close to unity. The noise behavior observed in our samples implied the
existence of defects in the epitaxial layers and substrate. Although a universal noise
mechanism/model could not be identified here, the noise study provided a better

understanding (i.e., 1/fY noise dependence) of our 6H-SiC technology.
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5.2 P-N Junction Characterization of 6H-SiC JFET

5.2.1 Theory of p-n Junction
In order to understand the physical limitation of our 6H-SiC JFET devices and
circuits behaviors, it is necessary to study the I-V characteristics of p-n junctions in our

devices.

5.2.1.1 Thermal equilibrium
In the absence of external biased, the total charge in the p-region need to be equal to
that in n-region, which is
NoW, = NgW, (5.8)
where W;is the depletion width in the certain region. The total depletion width can be

calculated by

Wd _ ZE(Na+Nd)Vbi (59)

qNaNd

1 1

1 1

1

|

I I

|

[

P~N, : : N ~ Ny
Neutral Space Neutral
region charge region

region

Figure 5-9 P-n junction in thermal equilibrium (without bias).

68



5.2.1.2 Forward bias

Under forward bias, the voltage mainly drops across the depletion region. In other
word, the supply voltage reduces the built-in field by reducing built-in potential. As a
consequence, holes diffuse into the n-region (or electrons into the p-region). The total
excess hole current injected into the n-region is given by

AqDyp
Iiy = L Apn,max
P

v
= ALLID” Pno(e vy 1). (5.10)
P

Similarly, the total electron current injected into the p-region is given by

%4
Ip =29Pny (e “hvr — 1), (5.11)

Ly

The current in p-n diode is the sum of the hole and electron currents

AqD AqD. Vp
I'=Iy+1Ip= (L—ppno + L—nnpo)(e vy — 1) (5.12)
p n

The saturation current I is defined as

I, = qA (DPL n ﬂ) (5.13)

Lp Ly
Therefore, an ideal diode equation can be expressed as

]D _ ]S(eVD/VT _ 1) (514)

This equation is also called the Shockley equation. For a practical diode however, the I-V

behavior must be described in an improved form.

5.2.1.3 Generation-recombination process

We now consider the recombination-generation in the depletion region of a p-n

junction. During forward bias, both holes and electrons exceed their equilibrium
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concentration values. Therefore, the carrier concentrations will try to return to the thermal

equilibrium state by recombination.

Dpn? qv nW, qv
Jr =Jrairr T Jrrec = 4 —PN—leq Ikt + qzl—Deq [2kr (5.15)

where t,. is the effective recombination lifetime.

Under reverse bias conditions, only junction generation currents exist due to the lack
of free carriers in the depletion region, making the capture rates negligible. The total
reverse bias current in a p-n junction is the sum of diffusion current in the neutral region

and the generation current in the depletion region:

Dp 1 qnWp (5.16)

7, Np Ty

Jr =]R,diff +]R,gen =q

where, 7, is the minority carrier lifetime (holes) in n region, z,is the generation lifetime,
and Wp is the depletion width of the p-n junction. Because of the low intrinsic carrier
concentration in SiC, it is the generation current in depletion region that is the dominant

reverse current of the p-n junction.

5.2.1.4 High injection and series resistance

In practice, p-n diodes are also affected by: (1) high injection, which occurs under
forward bias conditions wherein minority carrier density exceeds/ or is comparable with
majority carrier density; and (2) series resistance due to contact resistance between metal
and semiconductor or semiconductor resistance, which at higher bias voltages limits the
current.

Figure 5-10 describes the 1-V characteristics of both ideal and practical p-n diodes.

When the total forward current is dominated by the diffusion current, n is close to unity.
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When the recombination current is dominant, n = 2. If both diffusion and recombination

currents contribute, 1<n < 2.

'(5,’ R (@) generation-recombination
. current
(b) diffusion current

| E—

JUNCTION (c) high-injection
BREAKDOWN . .
(d) series resistance
o (e) reverse current:
_ generation-recombination
= 2

3 Al .
f/ \\‘MADEAL FORFMRD | ‘

IDEAL REVERSE
(o] 1/— ! | | =
10 : — ' —

o L ' ' ' l

10 15 20 25 30
q|v|/ kT

Figure 5-10 I-V characteristics of a silicon diode [10].

5.2.2 1-V characterizations of parasitic p-n diode

All the tested devices were first characterized on a probe station at room temperature.
Selected samples were later wire bonded in a dual-in-line ceramic package and heated by
a spot IR heater for high temperature measurements. The test setup for the p-n junction I-

V characterization is shown in Figure 5-11.
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Figure 5-11 Setup for characterization of the parasitic p-n diode I-V behavior.
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5.2.2.1 Room temperature test results

The measured forward |-V characteristics from three copies of parasitic p-n diode
with junction area of 1x10™ cm? (W/L = 100um/100pum JFET) are shown in Figure 5-12.
Two well-behaved p-n diodes (CR0975-12-R5C4, CR0975-12-R5C5) and a leaky p-n
diode (CR0975-12-R3C4) were seen. The leaky device had higher saturation current, as
well as a high ideality factor » (Table 5-1). The well-behaved devices showed # close to 2
at room temperature, suggesting recombination current as the dominant forward current
in the space charge region [53-54]. (# will be closer to one if the diffusion current
dominates the forward current mechanism.)

Devices with large junction area, 2.5x10° cm? (W/L = 500um/500um JFET), were
tested and the forward-biased |-V characteristics are shown in Figure 5-13. Compared
with small-junction-area devices, all three randomly picked samples were leaky, with
large  (Table 5-2). The tunneling effect may explain such behavior [53, 55-56].

Reverse-biased I-V characteristic of small-junction-area devices and large-junction-
area devices are shown in Figure 5-14(a) and Figure 5-14(b), respectively. Overall, large-
junction-area devices exhibited higher reverse current, likely due to capturing more of the

crystal defects.
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Figure 5-12 Measured forward-bias 1-V characteristics at room temperature for
three copies of devices with junction areas of 1x10* cm?.

Table 5-1 Calculated saturation current (Is) and ideality factor (i) of the devices in
Fig. 5-12.

Saturation current (ls) Ideality factor ()
R3C4 8.1x10™MA 5.2
R5C4 1.2x10%° A 2.1
R5C5 1.2x10%° A 2.1
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Figure 5-13 Measured forward-bias 1-V characteristics at room temperature for
three copies of devices with junction areas of 2.5x10° cm?.

Table 5-2 Calculated saturation current (Is) and ideality factor () of the devices in

Fig. 5-13.
Saturation current (Is) Ideality factor (1)
R3C4 2.3x102 A 5.7
R5C4 1.9x10™ A 5.9
R5C5 8.0x10™ A 4.9
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Figure 5-14 Measured reverse-bias I-V characteristics of the devices of (a) Fig. 5-12

and (b) Fig. 5-13.
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5.2.2.2 High temperature test results

The forward I-V characteristics as a function of temperature are shown for
100um/100 pm devices in Figure 5-15. Since the built-in potential has negative
temperature dependence, the measured results were expected to have decreasing turn-on
voltage with increasing temperature. The activation energy, E,, for the well-behaved
device (n = 2, recombination current dominant in the forward current) is calculated by

fitting the measured data with Arrehenius equation given by
y = Ae i (5.17)

where k is Boltzmann constant. For the recombination current curve fitting, the
alternative form of Arrehenius equation was used:

Is e T5/2e_Ea/kT (518)

The saturation current as a function of temperature is shown in the Arrehenius plot of
Figure 5-16. The calculated activation energy for the well-behaved p-n diode is ~1.21eV,
compared with ideal activation energy of Eg/2 = 3/2 = 1.5 eV for generation-
recombination current in a 6H-SiC diode:. In an ideal p-n junction, the activation energy

of the recombination current is usually close to half of the bandgap.
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Reverse-bias |-V characteristics measured as a function of temperature are shown in
Figure 5-17. Reverse current increases with increasing temperature as expected, due to
the temperature dependence of generation-recombination current. The calculated
generation current component of reverse current density in our 6H-SIiC p-n junctions is
shown in Figure 5-18. For a junction area = 1x10™ cm?, the theoretical reverse leakage
current at 600 °C is only ~3.0 nA. The mechanism of the excessive reverse leakage
current observed needs further studied. At a given temperature, the reverse current is

proportional to the square root of the applied voltage (Jgen~(Vbi + V)?), which also

agrees with our measured characteristic.

1.0E-06 -------- po e . Fomememe- pommeoe- s :
PN S o N S
1.0E-08 3 ! L — 100°C
= : : i : | ——200°C
= e : : e e
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Figure 5-17 Measured reverse-bias I-V characteristics as a function of temperature
for of the device with the junction area of 1x10™* cm?
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Figure 5-18 Calculated generation component of the reverse current of the device in
Fig. 5-17 as function of temperature.

5.2.2.3 Discussion

Parasitic p-n diodes with two different junction-areas, 1x10“cm? and 2.5x10°cm?,
were characterized from three randomly picked dies (i.e., total 6 devices) as a function of
temperature. Two of the small-junction-area devices exhibited an 1-V characteristic close
to a well-behaved diode, having a sharp turn-on. Conversely, the leaky devices conducted
considerable current at lower voltages and had high ideality factors (>2).

The device behavior depended primarily on the active region associated with epi-
layer. The quality of epi-layer is clearly important to the device performance. It has been
proved that the common crystal defects of epi-layers (e.g., micropipes and dislocations)
limit device performance, particularly leakage current [57-60]. The large-junction-area
devices exhibit higher leakage current due to the fact that they are more likely to include
more crystal defects. With wafer and epi-layer quality improvement, more consistent
behavior of p-n junction, as well as improved leakage current, would be expected.
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5.2.3 Parasitic BJT devices

5.2.3.1 Theory

A BJT is usually operated under active mode, which means the B-E junction is
forward-biased, and B-C junction is reverse-biased. In a p-n-p BJT, the largest current
component is due to the holes injected from emitter. Current is induced by minority
carrier concentration gradient, so it is dominated by diffusion current. From junction
theory, the excess minority carrier (hole) charge just outside the emitter junction
depletion region is given by:

eV,
Pn(0) = ppoexp (k—;:B (5.19)

At the collector end, x = Wg, p,,(Wg) =~ 0. The total emitter current is the sum of the

hole current injected from emitter to collector and the electron current injected from base

to emitter terminals.

Ig = IEp + Iy, (5'20)
where qADpn} ¢ avis, qADyn; (5.21)
o =T (¢ |
and
ADgn 4
Iy, = %(eq lir — 1) (5.22)
E

Collector current is defined as the hole current injected into collector from emitter

across the base, given by

qADyn? ;1 qvis qAD,n} 523
ICp:IVB—W(e /KT_1)+1VB—W ( )
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Since only the holes injected into the base terminal contribute to collector current, emitter
injection efficiency is often used to evaluate the performance of a BJT and is given by

Dppno/
Wg

- - (5.24)
IEp + IEn Dppno W + DEnEO/L 1 + DgngoWp
B E

14

DpPnoLE

Figure 5-19 illustrates a parasitic vertical p-n-p BJT structures in our JFET device.
The p* gate, n-type channel, and p-type substrate correspond to the emitter, base and

collector of the BJT structure, respectively.

Drain _Gate ISource

Metal | ! | )

Dielectric =" 3 -

Bulk — '5 * epi ! {
p type lﬁlc su;strato (1-5 ©2-cm)

\

Figure 5-19 A vertical p-n-p BJT structure in our JFET device.
Ideally, in a p-n-p BJT, the largest current component is due to the holes injected from

the emitter. With a well-designed transistor, the emitter injection efficiency should be
high, which means most holes will be injected into the collector and increase the collector
current. The current gain, j, of a p-n-p BJT is given by [10]

gt Do Nelp (5.25)
iy Dp NpWp

where D,, is the diffusion constant of minority carriers, Dg is the diffusion constants in

the emitter, and Lg is the diffusion length in the emitter. Ng and Ng are the impurity
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doping in the emitter and base, respectively. W5g is the width of the base, corresponding
to the thickness of our n-epi layer here.

When We<<Lg (short quasi-neutral region), L is substituted with We. For the
parasitic BJT device in this work, we can calculate the current gain as

_ WppNggWr  75%2x 10" % 0.2

= =25
UnpNggWp 400 % 1 X 1017 % 0.3

B
As long as Ne>>Ng, Le>>Ws, a high B can be achieved.

5.2.3.2 1-V characterization results and discussion

SMU : <
Current bias|l \

Figure 5-20 The test setup for I-V measurements in the BJT mode.

Device (CR0975-12-R5C5) was characterized on a probe station using the test setup
illustrated in Figure 5-20. The base current was stepped from 50 YA to 250 pA, and the
emitter voltage was swept from 0V to 40V. The DC |-V characteristics of two different
sizes of BJT structures are shown in Figure 5-21. All the devices exhibited extremely low

current gain (<1), as shown in Table 5-3.
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Figure 5-21 DC I-V characteristics of BJT mode from (a) a 100um/100um and (b) a
500um/500um device.
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Table5-3 Measured current gain for different device sizes at 15=205 pA and
VEC:40V.

Device Size 10/100 100/100 10/100 100/5 500/500
(MmM/pm)
beta 0.62 0.57 0.62 0.59 0.50

One of the most important limiting factors of BJT current gain is surface-
recombination on the device surface. One aspect of this effect relates to the device
geometry:

(1) Spacing between emitter and base: It has been proved that the spacing
between the heavily implanted base contact region and the edge of the emitter is
critical for achieving high current gain [61-63]. Current gain is improved with
increasing emitter-base spacing.

(2) Emitter width and thickness: There are several studies that show the current
gain to be highly dependent on the emitter periphery-to-area ratio, which is
often referred to as emitter size effect. It is reported that the current gain can be
improved by widening the emitter width [63-64] to minimize the carrier
recombination between the emitter and base. The effect of emitter thickness
and current gain has also been investigated. It is suggested that the thickness of
emitter should be larger than a minority carrier diffusion length and usually at
least ~1um [65].

Another aspect relates to the device geometry:

(3) Surface passivation: It has been demonstrated that the current gain can be
improved by applying surface passivation process to suppress the surface

recombination [66-67].
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(4) Epitaxial growth: Growing the emitter and base epitaxial layers without
interruption is believed to be an important factor for achieving high current gain.
It is thought that doing so may decrease the defects in the emitter-base interface
and decrease the resulting recombination. A five times current gain

improvement with continuous epitaxial growth was reported in [68].

For the parasitic BJT devices, neither geometry nor process related factors was taken
into consideration in our design, since the focus was on JFETSs. The emitter thickness (0.2
pm) is relatively thin compared to the 1 pm thickness guidance in the literature. The
emitter-base gap is not optimized to minimize carrier recombination between the emitter
and base. Moreover, the poor carrier lifetime in p-type SiC may be a critical factor in

limiting the current gain.
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6 4H-SiC JFET-based Integrated Circuit Design

With rapid progress in SiC technology in the past decade, 4H-SiC has become the
preferred substrate material. 4H-SiC exhibits better electrical properties compared to 6H-
SiC, including larger bandgap, lower intrinsic carrier concentration, and higher
electron/hole mobility (see Table 6-1). A conversion of select integrated circuits from
6H-SiC technology to 4H-SiC is presented in this chapter.

Table 6-1 Comparisons of selected electrical properties between 4H- and 6H- SiC at
300K [69].

4H-SiC 6H-SIiC
Bandgap Energy (eV) 3.2 3
Thernzs\l/ /((::(:Tr]lfjlz;:tlwty 3.5 3.5
—
Flcton mobily -a00 a0
H(E';zr\rﬁ?l;? -115 ~90

*at Np = 10 cm™®

87




6.1 Temperature Effect of 4H-SiC Properties

The band-gap energy of 4H-SiC as a function of temperature is given by [70]

E,(T) = 3.266 — 6.5 x 10™* (T + 1300K)eV. (2.1)

Figure 6-1 shows the relationship between calculated bandgap energy and temperature.

3.25E+00
3.20E+00
3.15E+00

3.10E+00

Band-gap Energy (eV)

3.05E+00

3.00E+00
300 400 500 600 700 800 900

Figure 6-1 Temperature dependence of calculated 4H-SiC bandgap energy.

The intrinsic carrier concentration in 4H-SiC is determined by the same equation as

6H-SiC [10]:

kT i (22)

ni(T) - Z(Znhz)s/z(mcmv)BMe 2kT

where k = 8.62 x 1075 eV /K is the Boltzmann constant, & = 4.135 x 10715 eV is the
reduced Plank’s constant, m¢ and my are the effective density-of-state masses for the

conduction and valence band, respectively.
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Considering variations of £25% in the doping concentration and £20% in thickness

of 4H-SiC epitaxial layers [7], the channel epi-layer parameters were re-designed to

accommodate these variations; the resulting electrical parameters are listed in Table 6-2.

Table 6-2 Design parameters of channel epi-layer and its important electrical
properties in 4H- and 6H- SiC technology.

4H-SiC 6H-SiC

Nb (cm™) 1.2x10" 1x10"

Na(cm™) 2x10"° 2x10"°
D (um) 0.25 0.3
V1 (V) -3.9 -5.2
k' (MA/V?) ~7.9 ~1.5
U (cm?vis?) 582 325
Rsh (kQ/o) 4,53 19.6

Figure 6-2 illustrates the mobile carrier concentration versus temperature for a

dopant density of 1.2x10*" cm™. At room temperature, dopant activation (79%) of 4H-

SiC is nearly twice that of 6H-SiC (39%).
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Figure 6-2 Temperature dependence of calculated mobile carrier concentration in
4H-SiC.

The low-field electron mobility (u,) is modeled by the Caughey-Thomas equation

[71] as
, = HTr{lin n Hmax _N.um;n’ 3
1+ ()

Where the temperature dependent parameters are given:

L = 950 X (—) 24
max 300K
= 40 x -05
Nper =2 X% 1017 x

a=0.76

90



=2
3 S
Q_u m
o T —
|||||||||||||||||| ek e o +—
P P v i 1 1) nm m
1 1 1
" " " 1 1 1 " o — e
1 1 1 1 1 1 1 > Fen)
| | | | | | | = S
1 1 1 1 1 1 1 hlU .
1 1 1 1 1 1 1
N I Uy O w o =
1 | 1 | 1 1 1 0 m )
1 1 1 1 1 1 1 N
1 1 1 1 1 1 1
1 1 1 1 1 1 1 m »
1 1 1 1 1 1 1 o 4
1 1 1 1 1 1 1 frar’ I
| | | | | | _ 8 ©
1 1 1 1 1 1 m m o .
it il sl Bl it il At
1 1 1 1 1 1 ~ d w m
1 1 1 1 1 1 i bes) = _.wn
1 1 1
" " " 1 1 1 " m L N
1 1 _— . .
“ “ “ “ 1 1 “ =] m./ o
1 1 1 1 1 1 1 — [S] f 1
1 1 1 1 1 1 1 o v qla N
e Ll L Ll i Rl BE LR O — o — D
1 1 1 1 1 1 1 ) - — - =
1
| | | | | | | o o =
1
S Q = 3
1 1 1 1 1 1 1 c > 172
| | | | | | | o O D
1 1 1 1 1 1 1 o S 5] =
1 1 1 o _L___ I >
[ R 1 1 w c > ..qla.
1 1 1 1 1 5] o] b
1 1 1 1 1 o o5}
1 1 1 1 1 [«5) [ o
1 1 1 1 1 o] (<)
1 1 1 1 1 ® = e
o | | g > £
1 1 1 o o}
".||||_||||+ ||||||||||||||| 1---- O m w c
1 1 1 1 < o = 3+
1 1 1 1 o @
| | | | o L’ Q
I I I I e S S g £ £ & & o O
1 1 1 1 D <54 — o o o o o o o o o
i i ] © 172) + + + + + + + + +
N N f H = c — w w w w wi i w w L
L ! ! ! S P S @\ © n © N © I o 9o o
(2] 1 B S < o o™ (aV] (o] i i n o
S 8 8 8 8 8 8 ©° Py g
~ ) L < ™M ~ — m = 2 AD\GVSmM_
u. + (75}
(5-N/owd) 5 5 2
< (b}
L wn o
2
[}
o]

T (K)

Figure 6-4 Temperature dependence of calculated sheet resistance in 4H-SiC.
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With the given design parameters and material properties of 4H-SiC channel epi-
layer, the transconductance parameter, k', of 4H-SiC JFET is five times higher than that
in 6H-SIC technology. Higher k' leads to higher transconductance, and thus higher

voltage gain and transition frequency.

¢ ~0.2um, N,~2x10%9
| i n epi _ |1 ~0.25um, Np~1.2x10Y

p epi I ~7um, N,~2 x10%

Figure 6-5 Schematic cross-section of the JFET structure in 4H-SiC technology.

6.2 Integrated Circuit Design

In order to convert the circuits from 6H-SiC to 4H-SiC technology, a new model of
4H-SiC JFET has been developed at three different operating temperatures. The circuits
are then simulated with Pspice. The following design rules are applied for the technology
conversion:

(1) The circuit topology is not changed. Main building blocks, such as differential
pairs, cascade stage, current source, and source follower are used in the new
technology design with a few modifications for some circuits.

(2) The devices sizes are unchanged.

(3) The main biasing current is unchanged, where possible. Bias current is given by

Ips = (%) k' (Vgs — VT)Z’
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Given Ky = 5 X KLy , in order to keep the bias current the same, (Vgs — Vp)an® =
%(VGS —Vp)en” . Then, the resistors in current source are chosen to achieve the

desired (Vgs — V1) an-

6.2.1 Logic circuits

6.2.1.1 Logic gates

Figure 6-6 shows the modified logic gates schematics for 4H-SiC technology. The
size of the unity device, 1x JFET, is W/L=160um/10um. The current from current source
device, J2, remains 200 pA/100 pA. The inverter is simulated at three different
temperatures and VTC plot is shown in Figure 6-7. As in 6H-SiC technology, the circuit
exhibits a steep slope, and the transition is well centered in the range of logic swing.

Total power supply requirement, +12 V, decreases to 4V compared with +14 V of the

Vob Voo
J2 J3 J3
1X 1X 1X
3.3Rsh 3.3Rsh 3.3Rsh

6H-SiC inverter.

J1
22Rsh §
g A 2X 22Rsn )
— Out — Out
A —e—': 4X 2
T 2X B ox 2X
J3 2 J4 J4
§ 6.6Rsh § 6.6Rqn § 6.6Rqn
Vss Vss Vss
() (b) (©

Figure 6-6 Schematic of the 4H-SiC JFET-based (a) inverter, (b) NAND, and (c)
NOR gate.
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Figure 6-7 Simulated VTC of the 4H-SIiC inverter at three different operating
temperatures.

6.2.1.2 SR Latch

SR latch, the fundamental building block for sequential logic, is designed using
NAND and NOR gates. Two types of latches, SR NAND latch and SR NOR latch are
constructed from a pair of cross-coupled NAND and NOR gates, respectively. Simulated

transient characteristics at room temperature are illustrated in Figure 6-9.

5 _|
R
p——2a Q

(a) (b)

Figure 6-8 Schematic of (a) NAND and (b) NOR latches.
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Figure 6-9 Simulated transient characteristics from 4H-SiC (a) NAND and (b)
NOR latches at room temperature.
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6.2.2 Analog circuits

In the new design, a consistent and optimized power supply, Vpp=30 V and Vss= -
6V, is chosen to enable design of a two-stage amplifier from a single single-stage
amplifier. As the result, the circuit topology is modified to accommodate the revised

power supply specs.

6.2.2.1 Single-stage differential amplifier with resistive load

The schematic of 4H-SiC single-stage differential amplifier with resistive load is as
shown previously in Figure 2-15 (a). The summary of device sizes and designed biasing
voltage for 4H-SiC technology are listed in Table 6-3. Load resistor and degeneration
resistor values are listed in Table 6-4. At room temperature and 427 °C, symmetric and
linear DC response for both Vo, and Vot are shown in simulation results of Figure 6-10.
Again, the amplifier gain is ~ g, R 1, as in previous design; therefore, temperature
dependence of amplifier gain has been canceled out. Simulated gain change across
temperature range is less than 2% which agrees with design. Figure 6-11 provides the
frequency response across temperature ranges of the differential amplifier. The unity-gain
frequency is 2 MHz at 427 °C. The simulated gain and supply current for each
temperature are listed in Table 6-5. Compared to the original circuit design in 6H-SIC, a
10V reduction has been achieved in power supply and supply current reduces almost 50%

from 1.2mA to ~600uA.
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Table 6-3 JFET sizes and biasing voltage for single-stage amplifier with resistive
load.

Device WI/L (um/ pm) (Ves-V7)
Driver devices J1,J2 320/10 0.62
J3 640/20 0.89
Current source
J6, J7 320/10 0.89
Source follower J4,J5 320/10 0.89

Table 6-4 Resistor values for the single-stage amplifier with resistive load.

Device Value (o)
Riu,RL2 38
RCS1, RCS2, RCS3 6.6

N
g
N

(93]

o

Vout (V)
Vout (V)

RN
oo}

5 27°C_Vout+ 5 e 427°C_Vout+
e 27°C_Vout- e 427°C_Vout-
L 1 1 J L 1 fal 1 J
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
Vin (V) Vin (V)
(a) (b)

Figure 6-10 Simulated DC response of the single-stage differential amplifier with
resistive load at (a) room temperature and (b) 427 °C, with Vpp = 30V, Vss=-6V
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Figure 6-11 Simulated AC response of the single-stage differential amplifier with
resistive load at three operating temperatures, with Vpp =30V, Vss=-6 V.

Table 6-5 Simulated gain and supply current at three different operating

temperatures.

Temp (°C) Gain (V/V) lop (HA)
27 49.01 607.78
227 49.81 275.42
427 50.34 146.89
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6.2.2.2 Transimpedance amplifier

The circuit schematic of the transimpedance amplifier in 4H-SiC technology is
shown in Figure 6-12. The circuit topology has been modified compared with the original
design; a driver device, J6, a current source circuit, J7, and degeneration resistor RCS3
are added to accommodate the power supply change, as well as to maintain the open loop
gain (see Figure 4-7 for the circuit schematic in 6H-SIiC technology). Therefore, an
increasing supply current is expected. Table 6-3 and Table 6-4 list designed device sizes
and resistor values, respectively. Simulated amplifier frequency response at elevated
temperatures is presented in Figure 6-13. Transimpedance amplifier gain, Rs, increases

with temperature as would be expected.

VDD
4 I:|<— 3
RCS1
§Rf S
50 pA l
o——|: J2
. > N
lin » "—
J5 J7 GND
RCS?2 RCS3
l 200 pA

VSS

Figure 6-12 Schematic of the 4H-SiC single-ended, single-stage transimpedance
amplifier.
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Table 6-6 JFET sizes and biasing voltages for the single-ended, single-stage
transimpedance amplifier.

Device WI/L (um/ pm) (Ves-V7)
Driver devices J1,J2,J6 160/10 0.89
J3 160/10 0.89
Current source J5 80/10 0.89
J7 320/10 0.89
Source follower Ja 320/10 0.44

Table 6-7 Resistor values for the single-ended, single-stage transimpedance
amplifier.

Device Value (o)
RCS1 6.6
RCS2 13.2
RCS3 3.3
Rs 68
10000 ¢
S 1000 - —
5 , HHR
8 100 :
c E
3
2 [
3
z 10
=
1

1E+1 1E+2 1E+3 1E+4 1E+45 1E+6 1E+7
Frequency (Hz)

——27°C ——227°C 427°C
Figure 6-13 Simulated AC response of the single-ended, single-stage

transimpedance amplifier with resistive load at three operating temperatures, with
VDD =30 V, Vss =-6V.
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Table 6-8 Simulated gain and supply current at three different operating

temperatures.
Temp (°C) Gain (kQ) Iop (MA)
27 307.64 251.04
227 719.55 114.55
427 1437.99 60.95

6.3 Summary

In this chapter, a technology conversion from 6H- to 4H-SiC has been demonstrated
with selected integrated circuits as design examples. Device model has been converted
into 4H-SiC based on its material electrical properties. Having higher electron mobility
and mobile carrier concentration over 6H-SiC, 4H-SiC results in a ~5x improvement in
transconductance parameter (k’) for the chosen designed parameters.

Most of the circuits have been simulated following the same circuit approach in 6H-
SiC ones. Degenerated resistors in current source are designed based on the desired
overdrive voltage and bias current. Circuits are simulated at three different operating
temperatures up to 427 °C. For the digital circuits, basic logic gates and SR latches have
been designed and simulated. A 20% power supply reduction is achieved in the single-
stage differential amplifier with resistor load compare to the amplifier in 6H-SiC while
maintaining the same amplifier gain. Circuit topology of the single-stage, single-ended
transimpedance amplifier has been modified to accommodate the universal power supply

for all analog circuits.
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7 Conclusion and Future Work

7.1 Conclusion

This thesis provides an extended study on the electrical characteristics of 6H-SiC
JFET-based devices and ICs for high temperature sensing applications. The devices and
circuits were designed and fabricated at CWRU by previous members of Mehregany Lab
and Garverick Lab.

Electrical characteristics of depletion mode n-channel JFETs were measured across a
2 inch-diameter 6H-SiC wafer at elevated temperatures up to 280 °C. Of the 229 tested
devices, 215 were properly operational, resulting in a yield of ~93%. The on-state
parameters showed relatively close values of coefficient of variance across the tested
temperature range. Non-uniformity of the channel epitaxial layer thickness was
identified as the main reason for |Vt4| and Ipss variations across the wafer. Large
variations in lgss and lorr Were observed, which may be attributed to the crystallographic
imperfections in the 6H-SiC epitaxial layers [72]. Across the wafer, the minimum on/off
current ratio was 539 at 25 °C and 182 at 280 °C.

Integrated logic circuits using 6H-SiC JFETs were demonstrated and characterized at
operating temperatures ranging from room temperature to 550 °C [73-74]. The core
inverter has outstanding DC characteristics with a gain of -26 at 25 °C and > -20 up to
500 °C. Dynamic characteristics of NAND and NOR logic circuits were tested and
behaved well at operating temperatures up to 550 °C. These logic building blocks provide
a pathway for high-temperature computation. The measurement results indicate that logic
circuits of moderate complexity are indeed feasible for this temperature range, enabling

simple controllers that are embedded with engines, generators, and so on.
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A single-stage, single-ended transimpedance amplifier for high-temperature
capacitive sensing applications was characterized up to 450 °C [75]. At room temperature,
a high gain-bandwidth of 235 kQ by 0.61 MHz and a power consumption of 4.5 mW
were measured. At elevated temperatures, the gain increased as would be expected (774

kQ at 450°C) and the bandwidth remained > 0.17 MHz. The input-referred noise density

at room temperature and 450°C were 0.8 pA/vHz and 1.2 pA/+/Hz, respectively. A
capacitive sensing system composed of the transimpedance amplifier with trimmer
capacitors (simulating sensing capacitances) was also demonstrated at temperatures up to
450 °C. The gain varied with frequency and temperature as would be expected, providing

evidence that sub-pF values of capacitance are indeed being accurately measured.

IC noise performance was analyzed up to 500 °C. 1/fy noise (where 1< y <2) was

found in our randomly selected circuit samples, including: differential pair; single-stage,
differential amplifier with resistive load; and two-stage, differential amplifier with

current source load in the 1% stage and resistive load in the 2" stage. Overall, there was

not a universal behavior in the amplifier noise; 1/fy (where y>1) was below tens of Hz.

Noise sources (e.g., bulk noise and generation-recombination noise) depend on
fabrication process and temperature, and also suggest the existence of crystal
imperfection.

I-V characteristics of parasitic p-n diodes were studied across operating temperatures
up 600 °C. Same as in practical I-V behavior of Si diode, a non-ideal behavior was found,
with large ideality factor. This behavior may be attributed to tunneling current. Large-
junction-area devices tend to exhibit larger leakage current, which is consistent with the

assumption that larger areas are more likely to contain (more) crystal defects. The small-
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junction-area devices with well-behaved 1-V characteristic showed a n = 2 and a
calculated thermal activation energy of 1.21 eV. Parasitic vertical BJT devices were also
characterized; large unwanted recombination processes stemming from the non-
optimized geometry design of the devices may be the cause of their extremely low
current gain.

Finally, the feasibility of converting from 6H-SIC to 4H-SiC technology was
demonstrated. In addition to basic logic gates, SR latches were designed and simulated at
three different operating temperatures, reaching 427 °C. Due to the superior electrical
characteristics of 4H-SIC, a 20% decrease in power supply voltage was obtained for the
4H-SiC single-stage, differential amplifier with resistive load. Circuit topology of the 4H-
SiC JFET-based single-stage, single-ended transimpedance amplifier was modified to for

this power supply level.

7.2 Future Work

In order to investigate the noise sources in the ICs, a noise analysis of a single JFET
device should be conducted across a range of bias conditions and temperatures. Once the
fundamental noise sources are understood, the noise behavior of the more complex 1Cs
may be estimated more accurately. Transmission electron microscopy (TEM) may be
used to study the type of crystal defects found in the samples to associate the leakage
current and noise mechanism with the defects.

A fully differential transimpedance amplifier present on the wafer has not yet been
characterized. Long-term reliability studies of our ICs and their packaging remain to be

studied across the operating temperature range of interest.
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