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Abstract

Silicon Carbide (SiC) has the advantages of ultraviolet (UV) sensing and
high temperature characteristics because of its wide band gap. Both merits
make SiC photodetectors very attractive in astronomy, oil drilling, combus-
tion detection, biology and medical applications. Driven by the objective of
probing the high temperature surface of Venus (460 °C), this thesis devel-
ops SiC photodetectors and an image sensor for extremely high temperature
functions. The devices and circuits are demonstrated through the procedure
of layout design, in-house processing and characterizations on two batches.

The process flow has been optimized to be suitable for large scale integra-
tion (LSI) of SiC bipolar integrated circuits (IC). The improved processing
steps are SiC dry etching, ohmic contacts and two-level metal interconnect
with chemical-mechanical polishing (CMP). The optimized process flow is ap-
plied in the fabrication of discrete devices, a transistor-transistor logic (TTL)
process design kit (PDK) and LSI circuits.

The photodetectors developed in this thesis, including photodiodes with
various mesa areas, a phototransistor and a phototransistor Darlington pair
have stable characteristics in a wide temperature range (25 °C ∼ 500 °C).
The maximum operational temperature of the p-i-n photodiode (550 °C) is
the highest recorded temperature accomplished ever by a photodiode. The
optical responsivity of the photodetectors covers the spectrum from 220 nm
to 380 nm, which is UV-only.

The SiC pixel sensor and image sensor developed in this thesis are pioneer
works. The pixel sensor overcomes the challenge of monolithic integration
of SiC photodiode and transistors by sharing the same epitaxial layers and
topside contacts. The pixel sensor is characterized from 25 °C to 500 °C.
The whole image sensor circuit has 256 (16×16) pixel sensors and one 8-bit
counter together with two 4-to-16 decoders for row/column selection. The
digital circuits are built by the standard logic gates selected from the TTL
PDK. The image sensor has 1959 transistors in total. The function of the
image sensor up to 400 °C is verified by taking basic photos of nonuniform
UV illumination on the pixel sensor array.

This thesis makes an important attempt on the demonstration of SiC
opto-electronic on-chip integration. The results lay a foundation on the de-
velopment of future high temperature high resolution UV image sensors.

Keywords: Silicon Carbide (SiC), high temperature, photodetector, pho-
todiode, phototransistor, ultraviolet (UV), transistor-transistor logic (TTL),
bipolar junction transistor (BJT), integrated circuit (IC), pixel sensor, image
sensor.
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Sammanfattning

Halvledaren kiselkarbid (SiC) har fördelen att fungera för detektion av
ultraviolett ljus (UV-ljus) och samtidigt att fungera vid höga temperaturer
tack vare det breda bandgapet. Dessa egenskaper gör SiC lämpligt till använd-
ning inom områden som astronomi, oljeborrning, övervakning av förbränning,
biologi och medicinska tillämpningar. Denna avhandling behandlar framtag-
ningen av fotodetektorer och en bildsensor i SiC för extremt höga temperatu-
rer. Avhandlingen visar hur komponenterna och kretsarna designas, processas
lokalt och karaktäriseras i två batcher.

Processningen har optimerats för att även fungera i storskalig produk-
tion (large scale integration - LSI) av integrerade bipolärtransistorkretsar i
SiC. De förbättrade processtegen är: torretsning av SiC, ohmska kontakter
och framställandet av vior (eng: vias) mellan två metallager genom kemisk-
mekanisk putsning (chemical-mechanical polishing - CMP). Det optimerade
processflödet används sedan för att tillverka diskreta komponenter, skapa
ett designregel/flöde (process design kit - PDK) för transistor-transistorlogik
(TTL) och LSI kretsar, som också inkluderar bildsensorn.

De här utvecklade fotosensorerna: fotodioderna med variarande stora mesa-
ytor, en fototransistor och en darlingtonfototransistor har alla stabila egenska-
per i temperaturområdet 25 °C - 500 °C. Den här utvecklade p-i-n fotodioden
innehar världsrekordet genom att ha den högsta fungerande temperaturen
(550 °C). Fotodetektorerna är känsliga i våglängdsområdet 220 nm - 380 nm,
dvs. reagerar endast för UV-ljus.

De framtagna pixel- och bildsensorerna i SiC är banbrytande. Pixelsensorn
tillverkas här genom monolitisk integration av SiC fotodiode och transistorer
genom att dela samma epitaxiella lager och kontakter på ovansidan. Pixelsen-
sorn är karaktäriserad i området 25 °C - 500 °C. Bildsensorn har 256 (16×16)
pixlar. För rad/kolumnval används en 8-bitars räknare tillsammans med två
4-till-16 dekodrar. De digitala kretsarna är byggda med elementära grindar
som ingår i den utvecklade TTL PDKn. Bildsensorn har 1959 transistorer
totalt. Funktionen av bildsensorn upp till 400 °C har verifierats genom att ta
enkla bilder av ickeuniform UV-belysning av pixelsensormatrisen.

Denna avhandling är ett viktigt led i processen att göra en demonstration
av ett chip med integrerad förekomst av optik och elektronik i SiC. Resultaten
lägger grunden för utvecklingen av framtida högtemperatur UV-bildsensorer
med hög upplösning.
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Chapter 1

Introduction

1.1 Thesis Objective and Methodology

The objective of this thesis is to demonstrate a SiC based image sensor circuit that
can withstand high temperature up to 460 °C (surface temperature of Venus). The
expected circuit of the image sensor has a rather complicated architecture which
is composed of an array of pixel sensors and row/column selection logics. From a
primary background to gradually realize the whole image sensor, the research-and-
development in this thesis has been divided into four steps through two batches of
device/circuit design, processing and characterization.

Step 1: Development of 4H-SiC p-i-n photodiodes. Optimizations of the pro-
cessing steps on SiC mesa etching, ohmic contact and two-level metal interconnect.
Testing the high temperature function of the photodiodes. (Batch 1, Paper I, II)

Step 2: Scaling and SPICE modeling of the 4H-SiC p-i-n photodiodes. Testing
the area dependency of the properties of the photodiodes. The SPICE model is
utilized for the circuit simulation of the pixel sensor on the second batch. (Batch
1, Paper III)

Step 3: Development and testing the properties of the SiC BJT as phototran-
sistor, switch and component of pixel sensor and transistor-transistor logic (TTL)
gates (building blocks of the image sensor). Optimization of the two-level metal
interconnect process with chemical-mechanical polishing (CMP). (Batch 2, Paper
I, IV, V, VI)

Step 4: Development and testing the image sensor circuit consists of an array
of 16×16 pixel sensors and row/column selection logics, e.g. two 4-to-16 decoders
and one 8-bit counter. (Batch 2).

The flow chart of the two batches is shown in Fig. 1.1. The development
flow of each batch incorporates device and circuit design, layout design, in-house
processing and wafer-level characterizations. The photos of the processed wafers
from the two batches are also shown in the flow chart. The work of this thesis
has made significant contributions in all the steps in the development flow. The

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Research-and-development flow chart of the two batches that are in-
cluded in this thesis. Each development flow has the chronological steps (arrows
in black) of device/circuit design, layout design, processing and characterization.
The knowledge and experience acquired from batch 1 and collaborators (blocks in
grey) also contribute to (arrows in blue) the development of batch 2. The photos
of the processed wafers from the two batches are shown in each development flow
between the steps of processing and characterization.
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experience and knowledge acquired from batch 1 benefits the development of batch 2
in all the aspects. Moreover, the development of batch 2 has also received external
inputs. The SPICE model of the transistor from a former batch is used for the
circuit simulations. The layout and schematic library of the TTL process design
kit (PDK) is used to build the digital circuits of the image sensor.

1.2 Thesis Structure

The thesis has six chapters in total.
Chapter 2 presents the motivation and background of the thesis. The "Working

on Venus" project, including different working packages, is presented after briefly
introducing the fact and exploration history of Venus. The electronic and optical
properties of SiC are then reviewed. The state-of-art SiC based high temperature
integrated circuits and 4H-SiC based photodetectors are summarized.

Chapter 3 describes the design of the SiC image sensor. The design has mainly
three parts. (1) Design of basic devices, e.g. photodiodes and phototransistors. (2)
Design of a pixel sensor by photodiode and transistor on-chip monolithic integra-
tion. (3) Integration of an array of 16 × 16 pixel sensors with pixel selection digital
circuits (e.g. two 4-to-16 decoders and one 8-bit counter) to realize the whole image
sensor circuit. Device specifications (e.g. doping concentration and epitaxial layer
thickness), mask layout, circuit diagram and simulation results of the devices and
circuits are shown and explained.

Chapter 4 describes the detailed in-house processing techniques used in the fab-
rication of 4H-SiC bipolar devices and ICs for large-scale integration (LSI). Several
processing steps, namely SiC mesa etching, ohmic contacts on both n- and p- type
4H-SiC and two-level metal interconnect with CMP, have been investigated and op-
timized through the processing of the two batches. The microscope or SEM images
are shown and analyzed after each processing step.

Chapter 5 shows the characterization results of the designed and fabricated
devices and circuits. Measurement setups are introduced first. Measurement results
of the photodiodes, transistors and pixel sensors from RT to over 500 °C are shown
and discussed. The photos taken by the image sensor up to 400 °C are shown in
the end.

Chapter 6 summarizes the achievement of the thesis and proposes some sug-
gestions on future work that would optimize the image sensor in both design and
processing aspects.

In the end, the papers related to this thesis are appended after the bibliography.
The figures cited from the appended papers are all replotted to have the similar

template with other figures in the thesis.





Chapter 2

Motivation and Background

2.1 Motivation - Working on Venus

Observing and exploring unknown nature and space are the instincts of human be-
ings. Human’s yearning for the outer space is honored by the time. From naked eye
observations to the invention of telescope, from the argument between Geocentric
model and Heliocentrism to the recognition of the solar system, from the orbiter to
the lander on moon, Mars and more, human being’s study of the outer space has
never been stopped.

Among the planets other than the earth in the solar system, Venus has been
studied the most in history because it is the second brightest natural object in the
night sky. The observation archive of Venus is dated from 1600 BC. Interestingly,
Venus was always named with two names by different ancient civilizations. One
name is for the daytime and the other is for the night because it was thought to
be two separate "stars" at different time of a day. The ancient Chinese named the
morning Venus as "Qi Ming" (the opener of brightness), and the evening Venus as
"Chang Geng" (the excellent west one). Similarly, the morning Venus was called
"Phosphoros" (the bringer of light) by the ancient Greeks and the evening Venus
was called "Hesperos" (the star of the evening).[1]

Explorations in the modern era have found that Venus has the most similar
size and mass with the earth in the solar system. It is always called the "sister"
of the earth and it was once considered as the best candidate planet for human
immigration in the future. However, after years of study, people found that Venus
has a quite harsh surface environment. The atmosphere on Venus is carbon dioxide
rich (96.5%) which generates an extraordinary greenhouse effect. The surface tem-
perature of Venus is around 460 °C from day to night. It is the hottest planet in
the solar system even though it is the second closest to the sun. The thick clouds
of Venus, which reflect most of the light from the sun and space, make Venus the
brightest planet as seen by human eyes from the earth. The clouds also contain
0.015% sulfuric dioxide. The pressure on the surface of Venus is about 92 times of

5



6 CHAPTER 2. MOTIVATION AND BACKGROUND

that on the earth. The rotation of Venus is retrograde and also slow. One Venus
day equals to 243 earth days, which is even slightly longer than one Venus year.
Venus has no magnetic field due to its slow spin.[1]

Table 2.1: Selected representative missions on Venus exploration [2]

Year Spacecraft Operator Mission Discovery

1962 Mariner 2 NASA Flyby Extremely hot surface
was discovered

1967 Venera 4 Soviet
Union Flyby Chemical analysis of

the cloud atmosphere

1970 Venera 7 Soviet
Union

Lander
(first)

Temperature 475±20 °C and
pressure 90±15 atm

were detected

1975 Venera 9 Soviet
Union

Orbiter and
Lander

First image from the
surface of another planet

was obtained

1981 Venera 13 Soviet
Union Lander

First color image from
the surface was taken,
soil characterizations

were made

2004 Messenger NASA Orbiter
Different spectrometry of
the upper atmosphere

was made

2005 Venus
Express ESA Orbiter

Detailed long-term
observation of the

atmosphere
2010 Akatsuki JAXA Orbiter 3-D maps of the atmosphere

The explorations of Venus have been carried out mostly by telescope, but phys-
ical probings by orbiters and rovers have also been attempted. Selected representa-
tive Venus missions are listed in Table.2.1 [2]. The first successful flyby mission on
Venus was "Mariner 2", which was accomplished by NASA in 1962. The extremely
hot surface was discovered. First chemical analysis of the Venusian atmosphere was
carried out in 1967 by a flyby satellite (Venera 4) in 1967 by Soviet Union. There-
after, Soviet Union sent several landers during the 1970s and 1980s. However, the
landers were challenged by the harsh condition of the surface so that only limited
information was collected. The first successful lander on Venus was sent in 1970
(Venera 7) and the temperature of 475±20 °C and pressure of 90±15 atm were
detected. The first image from the surface of Venus was taken in 1975 by Venera
9. The first and only color image from the surface of Venus was taken in 1981 by
Venera 13, as shown in Fig.2.1 [3]. Since then, no landers but only orbiters and
flybys were sent to Venus. ESA has launched a long term orbiter (Venus Express)
and it has continuously monitored Venus for 10 years until 2015 [4]. Japan has an
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active orbiter (Akatsuki) to Venus and it has sent back 3-D maps of the atmosphere
structure [5]. From the 21st century human showed more interests in Mars because
Mars has a better "living condition". However, exploring Venus is still important
because studies have shown that there has been shallow ocean existed on Venus two
billion years ago, but the greenhouse effect vaporized all the water. One argument
believes that the past of Venus is the future of the earth [6].

Figure 2.1: The first and also the only color image of the Venusian surface, taken
by Venera 13 in 1981 [3].

Figure 2.2: Block diagram of the "Working on Venus (WOV)" project at KTH.

The most crucial challenge to explore the surface of Venus is the high temper-
ature (460 °C). Traditional electronics based on Silicon (Si) cannot survive at this
temperature since its intrinsic temperature is ∼ 280 °C. Although a "steampunk"
rover having old-school levers instead of electronics was proposed to probe Venus
[7], a rover using electronics based on some alternatives to Si would be more proper.
SiC, as a wide band gap material, has superior high temperature characteristics.
A number of SiC based ICs and sensors have been demonstrated to operate well
above 500 °C. Therefore, SiC is a promising candidate for a Venus mission. In this
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context, the "Working on Venus (WOV)" project at KTH is established. Its goal
is to demonstrate a 4H-SiC (one of the more than 250 polymorphs of SiC) based
electronic system, including seismic sensor, gas sensor, image sensor, CPU, memory
and radio frequency (RF) components that is able to operate at and even above
the surface temperature of Venus. The block diagram of WOV involving all the
working packages is shown in Fig. 2.2. As one of the working packages, this thesis
is to demonstrate an image sensor that is capable of acquiring pictures at high
temperatures. The imaging spectrum is preferably in the ultraviolet (UV) range
because of the wide band gap of 4H-SiC.

Space research and explorations always have positive impacts on technologies
that are closer to human’s life. The demands of UV photodetectors and high
temperature ICs are not limited to Venus and astronomy, but also combustion
detection, oil drilling, biology, medical and automotive industries [8].

2.2 Silicon Carbide High Temperature Integrated Circuits

Electronic devices and circuits made of wide band gap semiconductors are capable
of enduring operations at high temperatures because a wider band gap leads to a
lower intrinsic carrier concentration. It is more difficult for a carrier to be thermally
excited across a wider band gap. The quantitative relationship between band gap
(Eg) and intrinsic carrier concentration (ni) of a semiconductor is described by
Eq.(2.1) [9].

ni =
√
NC ·NV exp(−

Eg
2kBT

) (2.1)

where NC and NV are the effective electron and hole densities of states, kB is
the Boltzmann constant and T is the absolute temperature. The temperature
dependent models of Eg for Si and 4H-SiC are Eq. (2.2) [10] and Eq. (2.3) [11]
respectively. The temperature dependent models of NC and NV for Si [12] and
4H-SiC [11] are Eq. (2.4) to Eq. (2.7).

EgSi
= 1.17 − 4.73 × 10−4 × T 2/(T + 636) (2.2)

EgSiC
= 3.26 − 6.5 × 10−4 × T 2/(T + 1300) (2.3)

NCSi
= 6.2 × 1015 × T 1.5 (2.4)

NVSi
= 3.5 × 1015 × T 1.5 (2.5)

NCSiC
= 3.25 × 1015 × T 1.5 (2.6)

NVSiC
= 4.8 × 1015 × T 1.5 (2.7)

The calculated intrinsic carrier concentration of Si and 4H-SiC as a function of
temperature is shown in Fig. 2.3. Given the reference value of ni=1 × 1015 cm−3,
Si reaches it at around 280 °C but 4H-SiC does not reach it even at 1000 °C. This
comparison shows that Si naturally cannot find a place as SiC in electronics for
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high temperature (> 300 °C) applications, even though Si based circuits have been
developed concretely as a benchmark in VLSI and ULSI with high performance
and low cost. It is known that some other wide band gap semiconductors, such
as GaN, Ga2O3 and diamond, are also suitable for producing high temperature
electronics. However, SiC is outstanding to other materials because of a rather
maturer processing technology developed over the past three decades. Devices made
of GaN commonly suffer from high leakage current. There are two fundamental
causals. (1) GaN has to be grown on a foreign substrate (e.g. sapphire, SiC
and Si) with few exceptions on bulk GaN wafers [13, 14]. The lattice mismatch
between GaN and the substrate introduces high density of defects. (2) GaN fails
to have a native oxide. Without a high quality passivation oxidation process, the
surface leakage of GaN devices are always high [14, 15]. There are some reports
on GaN lateral devices with reduced leakage current by improving the etching
and passivation process [14] or adding isolation layers between GaN and substrate
[16], however it makes the processing much more complicated. GaN is the second
best developed semiconductor for high temperature applications, however, to my
knowledge, no on-chip IC based on GaN has been reported. Due to its direct band
gap, high electron mobility and high saturation velocity, GaN is better developed
in LEDs [17, 18], high power and high frequency devices [17, 19, 20] instead of high
temperature ICs.

Figure 2.3: Intrinsic carrier concentration of Si and 4H-SiC as a function of tem-
perature, (a) in the scale of centigrade, (b) in the scale of 1000 over absolute
temperature.

SiC based high temperature digital and analog ICs have been reported with a
variety of designs. MOSFET, JFET and BJT are three benchmark components.
6H-SiC was preferred during the early stage (1990s) and then 4H-SiC dominates
till now since the later has a larger band gap, a higher mobility and defect-reduced
wafers produced.
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300 °C 6H-SiC NMOS was first demonstrated for both digital [21] and analog [22]
ICs in the middle 1990s. Since then, both the design and processing technology have
been continuously improved and circuits with higher reliability have been developed
[23, 24]. GE has demonstrated the survivability of their 4H-SiC NMOS based ring
oscillator and operational amplifier (op amp) at 500 °C for 100 hours [25]. CMOS
technology was demonstrated in late 1990s but first at low temperatures [26, 27].
Raytheon has developed a 4H-SiC CMOS processing technology and both analog
and digital circuits based on that have been reported to operate at temperature up
to 400 °C [28, 29]. Raytheon’s processing technology was further approved by the
circuit design from U. Arkansas and Ozark IC [30, 31, 32]. The most complex circuit
has 892 transistors [33]. Unfortunately, Raytheon’s processing line is halted, and no
further improvements have been shown. Quite recently, Fraunhofer demonstrated
a PMOS with reduced threshold voltage by gate implantation. Basic CMOS gates,
such as inverter, have been tested up to 400 °C [34].

GE [35, 36, 37] and NASA have been active in developing SiC JFET based ICs
since late 1990s in both analog and digital. GE and CWRU has demonstrated a
transimpedance amplifier (TIA) that operates at 450 °C [38]. NASA has lately
developed their deep-rooted 4H-SiC JFET technology both in processing and pack-
aging [39]. The discrete JFET is capable of ten-thousand-hour-operation at 500 °C
with Vth and Iss degradation of only 1% and 10% respectively [40]. An operational
amplifier (op amp) operates up to 600 °C is reported in [41]. Basic digital gates have
been reported to operate at 500 °C for up to three thousand hours [42]. The max-
imum operational temperature of 961 °C has been reported in [43] for an 11-stage
ring oscillator. NASA has also tested their circuits for 60 days under a simulated
Venus surface condition (460 °C, 9.3 MPa and chemically reactive environment)
and no obvious degradation is shown [44]. Discrete C-JFET was reported recently
by Kyoto University [45], however no ICs based on C-JFET has been demonstrated.

The common issue for SiC MOSFETs at high temperature is the thermal in-
stability of the gate oxide and threshold voltage shift [46]. Moreover, PMOS has a
much larger threshold voltage compared to NMOS, which is challenging in CMOS
circuit design. JFET has a relatively low gain bandwidth and it is not suitable
for high frequency applications. Compared to JFET and MOSFET, BJT is more
suitable for making analog ICs with high precision and high speed [47]. Moreover,
SiC based TTL gates have shown comparable performance with Si based digital cir-
cuits [48]. Our group started the research-and-development in 4H-SiC bipolar ICs
since the past decade in both digital and analog aspects. With a profound in-house
device modeling and processing background, more than ten batches of devices and
circuits with improved performance have been realized in the process of time. Se-
lected representative works are 500 °C emitter coupled logic (ECL) OR/NOR gate
[49], 500 °C 8-bit digital-to-analog converter [50], 500 °C sigma-delta modulator
[51] and 600 °C 11-stage ring oscillator [52]. Discrete C-BJT has been reported in
[53], however its performance still needs to be improved in order to be applied in
ICs.

The state-of-art SiC based high temperature ICs, including the work in this
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Table 2.2: Representative SiC based high temperature ICs

Device
Component Circuits

Maximum
Operational
Temperature

(°C)

Group Ref.

NMOS Op Amp
Ring Oscillator 450-500 GE [25]

CMOS Digital Gates
Analog 400 Raytheon [28], [29]

CMOS Digital in LSI
Analog 300-540 U. Arkansas

and Ozark IC
[30], [31]
[32], [33]

CMOS Inverter 400 Fraunhofer [34]
JFET TIA 450 GE and CWRU [38]

JFET Digital Gates
Op Amp 500-961 NASA [41], [42]

[43], [44]

BJT Digital Gates
Analog 500-600 KTH [49], [50]

[51], [52]

BJT Digital Gates
Opto-electronics 400-550 KTH This work

thesis, are summarized in Table 2.2. Note that 4H-SiC potentially has the intrinsic
temperature at around 1000 °C as discussed above. The operational temperatures
of the reported circuits are not limited by the intrinsic properties of SiC but mostly
by the fabrication process, especially passivation, contacts, metallization and pack-
aging. It is believed that, driven by the demand of high temperature ICs in auto-
motive, oil and gas drilling and astronomy applications, the processing technology
would be improved in the near future and the operational temperature of the SiC
based ICs would be approaching its intrinsic temperature.

2.3 Silicon Carbide Photodetectors

The wide band gap of SiC is not only an advantage for making high tempera-
ture electronics but also an advantage for making opto-electronic devices for UV
detections [54].

Semiconductor photodetectors work on the general principle of electron-hole
pairs creation under the illumination of photons [9]. The energy of the illuminated
photons needs to be close to or larger than the band gap of the semiconductor so
that the created electrons from the valence band can be excited into the conduction
band and leaves the holes in the valence band. With the intrinsic or applied ex-
ternal electric field, the sweeping of both the electrons and the holes contribute to
electrical conduction. In this way, the separation of electron-hole pairs generated
by the absorption of light gives rise to a photocurrent [55]. Due to the requirement
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that the photon energy should be close to or larger than the band gap, different
semiconductors with different values of band gap have unique optical responsivities.

Figure 2.4: Band gap and lattice constant of a variety of semiconductors [56].

Fig. 2.4 [56] shows the band gap and lattice constant of the well-known semi-
conductors that have been used in the electronic industry. The rainbow-like band
(band gap between 1.8 eV and 3.2 eV) illustrates the visible spectrum (400 nm ∼
760 nm) of human eyes. SiC, especially 4H-SiC, having a band gap of 3.26 eV (cor-
responding to the optical wavelength of 380 nm) at RT, is suitable for detecting UV
radiations from 200 nm to 400 nm. The optical responsivity of a Si photodetector
[57] and a 4H-SiC photodetector [58] is shown and compared in Fig. 2.5. The figure
is produced by combining the data read from [57] and [58]. Photodetectors made of
4H-SiC have high rejection ratio (> 1000) between UV and longer wavelength light
[59] and they are normally regarded with the merit of "solar-blind", "visible-blind"
or "UV-only". The band gap of 4H-SiC lies at the upper edge of the visible range
(see Fig. 2.4). It is naturally transparent to the visible and infrared light. Even
though photodetectors made of Si or some other narrow band gap semiconductors
may also response to the UV light, they need filters to exclude the noises drawn from
longer wavelengths. Moreover, the optical responsivity of 4H-SiC photodetectors
in the UV range, especially at short wavelengths, is higher than Si.

The wide band gap makes 4H-SiC photodetectors possible to operate at high
temperatures because it has super low leakage current [60]. Its large electron satu-
ration velocity also promises 4H-SiC photodetectors a high operational speed [61].
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Figure 2.5: Optical responsivity of a Si photodiode [57] and a 4H-SiC photodiode
[58].

SiC is superior to most other wide band gap materials, such as GaN, in UV de-
tection. III-nitride materials have severe persistent photoconductivity issue. They
need very long decay time to clear the photocurrent after the light is removed [62].

Taking all the advantages mentioned above in account, 4H-SiC based UV detec-
tors have important applications in astronomy, combustion detection, biology and
medical applications [54].

In fact, SiC photodetectors were among the first SiC electronic devices demon-
strated during the 1990s [63] and are already commercially available. However,
due to the requirements of higher performance, for example, higher temperature
operation, smaller/bigger size, narrower/wider detection bandwidth, single-photon
detection, and along with the improvements of the wafer quality and processing
technology, 4H-SiC photodetectors are still popular in research and industry de-
velopment. Table 2.3 summarizes the state-of-art 4H-SiC based photodiodes of
different types (e.g. PN, PIN, Schottky, Avalanche, MSM) during the past decade.
The size and typical responsivity of each reported device is also included in the ta-
ble. Without novel design to get the light absorbed more efficiently, no significant
improvements in the optical responsivity has been shown. Moreover, except for the
work in this thesis, the operational temperatures of these devices are mostly below
200 °C with few exceptions reaching 450 °C [64]. All the reported photodiodes
are demonstrated as discrete devices. Some of them are designed in array forms
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[65, 66], however, each single detector has isolated contacts and wire-bonding metal
pads.

It requires advanced design and processing techniques to bridge the SiC pho-
todiode with ICs to realize a SiC image sensor, which are the main content in the
following chapters.

Table 2.3: State-of-art 4H-SiC based photodiodes during the past decade

Type Size

Highest
Operational
Temperature

(°C)

Typical
Responsivity1 Ref.

APD2

0.5 mm × 0.5 mm
1 mm × 1 mm 230 0.12 A/W

(310 nm) [58]

� 120 µm 175 0.125 A/W
(290 nm, 10 V) [67]

� 150 µm 175 0.174 A/W
(270 nm, 40 V) [68]

� 90-440 µm 175 0.096 A/W
(270 nm, 0 V) [69]

� 100 µm RT 0.09 A/W
(266 nm, 20 V) [65]

� 90 µm RT N/A [70]

MSM3 500 µm × 158 µm 450 0.0305 A/W
(325 nm, 20V) [64]

Schottky 1.2 mm × 1.2 mm 120 0.093 A/W
(270 nm, 15 V) [71]

PN 1 mm × 1 mm 90 0.11 A/W
(280 nm, 0 V) [72]

0.5 mm × 0.5 mm
to 2 mm × 2 mm 300 0.175 A/W

(320 nm, 0 V) [73]

PIN 200 µm × 200 µm RT 0.13 A/W
(270 nm, 5 V) [74]

200 µm × 200 µm 550 0.12 A/W
(275 nm, 1 V)

This
work

1The bracket includes the corresponding wavelength and reverse bias voltage.
2APD: Avalanche Photodiode
3MSM: Metal Semiconductor Metal Photodiode



Chapter 3

Design of a SiC Image Sensor

3.1 Architecture of the Designed Image Sensor

An image sensor is a sensor that detects the light emitted or reflected from an
object, converts the light to electronic information and processes the information
to make an image of the object. Most of the commercial image sensors are based
on either CMOS or charge-coupled device (CCD) technology. Cameras integrated
in portable consumer products mostly use CMOS technology because of the low
cost and low power consumption [75]. An image sensor mainly has a 2-D array
of pixel sensors and row/column selection logics. Each pixel sensor consists of a
photodetector and several transistors for switching and sampling. The read-out
circuit of an image sensor has analog signal processors, amplifiers, analog-to-digital
converters, etc.

Figure 3.1: (a) CMOS 3T pixel sensor circuit [76], (b) designed bipolar 3T pixel
sensor circuit.

15
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Three-transistor (3T) is one of the noble pixel sensor structures. One 3T pixel
sensor contains three transistors and a photodiode, as shown in Fig. 3.1(a) [76].
Mrst acts as a switch controlling the photodiode. Once Mrst is turned on by RST, the
charges from the photodiode is cleared by the reset voltage (VRST). Msf amplifies
the signal generated by the photodiode so that the pixel voltage can be observed
without removing the accumulated charge [76]. VDD is normally shared with VRST.
The selecting transistor, Msel, allows a single row of the pixel array to be read by
the read-out electronics. When it is time to read-out a row, all of the column
transfer transistors in that row are simultaneously turned on by the row selection
logic controlled by a timing clock. The diode voltage is transferred through the
column lines to the storage capacitors at the end of the array. The analog signal
is then converted by a column parallel analog-to-digital converter and results in a
digital signal. The digital signal is finally analyzed by an imaging program to form
an image. The photodiodes will be reset and the next imaging acquisition cycle
begins after transferring the signal of all the pixels [77].

Even though ultra-high resolution (UHD) Si CMOS image sensor has been well
developed and applied into cameras integrated in the commercial devices, SiC based
image sensor is still in its infancy because SiC opto-electronic ICs have not ever been
developed. Since SiC based CMOS in our group is still under development with no
mature processing technology and device model for circuit design and fabrication,
this thesis seeks the possibility of using BJT based ICs instead to establish a SiC
image sensor. The architecture of the designed SiC image sensor circuit is shown in
Fig. 3.2. As a demo, a 16×16 pixel sensor array and two 4-to-16 decoders together
with one 8-bit counter as row/column selection logics are designed to be realized
on-chip. The counter and decoders are connected by an input unit (a 2×4 tri-state
buffer array). The inputs of the decoders can be either controlled directly (static
mode) or by the counter (dynamic mode). The two modes can be switched from
one to the other by changing the enable input of the input unit. The detailed
design of the image sensor is explained in the following sections. It undertakes the
design of the discrete photodetectors, the 3T BJT based pixel sensor, and finally
the integration of the pixel array with digital circuits.

3.2 Design of the SiC Pixel Sensor

The circuit diagram of the designed BJT based 3T pixel sensor is shown in Fig.
3.1(b). The photodiode acts as a photocurrent source (IP) when it is illuminated by
light. The anode of the photodiode is connected to the collector of transistor T3.
T3 acts as a switch controlling the on/off state of the photocurrent. The simulation
result of the circuit in LTSPICE is shown in Fig. 3.3. Note that the simulation uses
a current source set at 2 nA to simulate a photodiode since there is no model for
photodiode in LTSPICE. The SPICE model of the transistor used in the simulation
was extracted from the devices fabricated on a former batch in our group [78]. The
same SPICE parameters of the BJT are also used in the other circuit simulations
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Figure 3.2: Architecture of the designed SiC image sensor circuit. It has 256
(16×16) pixel sensors. The row and column selection logics are two 4-to-16 decoders
and one 8-bit counter. The decoders and counter are connected by an input unit
(2×4 tri-state buffer array). The row/column selection can either be accomplished
by probing the decoder (static mode) or by the counter (dynamic mode).

in this chapter. With both row and column input voltages at high level (10 V), the
transistor T3 has a high base voltage (∼3 V). T3 works in the saturation region
at high base voltage, therefore the photocurrent is switched on. Either Row or Col
has a low input voltage (0 V), the transistor T3 has a low base voltage (∼0 V).
T3 works in the cut-off region at low base voltage, therefore the photocurrent is
switched off. The design of the pixel sensor was inspired by a TTL NAND gate
but the output (OUT) is connected to a photodiode and the output signal is the
photocurrent generated in the photodiode. OUT is biased at VPD = 3 V to make
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sure the photodiode is reverse biased.

Figure 3.3: Simulation result of the BJT based 3T pixel sensor circuit in LTSPICE.
(a) Input waveform at the column terminal. (b) Input waveform at the row ter-
minal. (c) Voltage at the base terminal of T3. (d) Output current of the pixel
sensor.

As required by the circuit design of the pixel sensor, the photodiode and the
transistors should be monolithically integrated on the same chip. Given the default
that the devices have vertical structures sharing the epitaxial layers and topside
contacts on the wafer, thicknesses and doping concentrations of the epitaxial layers
should be decided by considering the design of both the photodiode and the tran-
sistor compromisingly. The effect of the layer thickness and doping concentration
on the performance of the photodiode is investigated first.

3.2.1 Design and Simulation of the SiC Photodiode
The cross-section of a vertical p-i-n photodiode is shown in Fig. 3.4 (a). An
intrinsic1 n- or p- layer is sandwiched by highly doped n+ and p+ layers. Adding
an intrinsic layer between the p-n junction is to increase the depletion depth in
order to enhance the output photocurrent. The photocurrent generated in the
photodiode is the integral of the electron-hole pair generation rate (Ge(x)) over the
depletion region, as described in Eq.(3.1) [9].

Iph = −qA
∫ xn+d

−xp

Ge(x)dx (3.1)

where A is the area of the photodiode, xn and xp are the depletion depth in the n+
and p+ regions respectively, d is the thickness of the i-layer. The integral can be

1intrinsic is used here meaning lowly doped
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written as Eq. (3.2) if the top highly doped layer is ignored and the top contact is
fully transparent.

Iph = −qA(1 −R)Pin
hν

(1 − e−αw) (3.2)

where Pin is the input optical power of the light per unit area, R is the reflection
of the light at the surface, α is the absorption coefficient of the photon in the
semiconductor, w is the total depletion depth.

Figure 3.4: (a) Cross section and (b) mask layout of a p-i-n photodiode.

The carriers generated in the top highly doped layer recombine instead of con-
tributing to the photocurrent. The optical power of the light into the depletion
region is reduced by exp(−α′ × wt) where wt is the thickness of the top highly
doped layer and α′ is the absorption coefficient in that layer. The responsivity of a
photodiode (independent of the area) is then written as Eq.(3.3) [79].

Responsivity = Iph
Pin

= − q

hν
(1 −R) · e−α

′wt(1 − e−αw) (3.3)

The absorption coefficient of 4H-SiC in UV has been measured or modeled by
several groups [80, 81, 82]. The results are plotted in Fig. 3.5. The absorption
coefficient of the semiconductor may vary due to different doping type and con-
centration. Especially, p-type 4H-SiC is normally doped with Aluminum and it
has large absorption in UV. However, the variation of the absorption coefficient
is neglected in the simulations because there is no convincing quantitative models
available. The results in [80] is used in the simulations later in this chapter and it
is assumed to be the same in different epitaxial layers.

The fabricated photodiodes normally has dielectric materials (SiO2) coated on
top of the semiconductor during the processing, e.g. passivation oxide and intercon-
nect oxide. The interference of the light at the air/oxide/semiconductor interfaces
affects the amount of the light that can be collected by the junction of the photodi-
ode. The wavelength dependent transmittance of the light at the interfaces can be
calculated by the transfer matrix method (TMM) considering the refractive index
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Figure 3.5: Absorption coefficient of 4H-SiC in the wavelength ranged from 200 nm
to 400 nm [80, 81, 82].

Figure 3.6: Transmittance of the UV light (200 nm to 400 nm) at Air/SiO2/SiC
interface with SiO2 thickness of 200 nm, 500 nm and 1000 nm.
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of air, SiO2 and SiC. The transmittance unimodular matrix is described by Eq.
(3.4).

M =
(

cos(nk)d sin(nk)d/nk
−nk · sin(nk)d cos(nk)d

)
(3.4)

where nk and d are the refractive index and the thickness respectively of each film.
The calculated transmittance of UV light (normal incidence) in the range of 200
nm to 400 nm at the air/SiO2/SiC interface with various thicknesses of SiO2 is
shown in Fig. 3.6. A thicker layer of SiO2 leads to a greater interference of the
light occurs at the interface so that more peaks are produced.

Taking all the parameters into account, the optical responsivity of the photodi-
ode can be calculated by Eq. (3.3). The optical responsivity of the photodiode with
different thicknesses of the intrinsic layer and top highly doped layer are shown in
Fig. 3.7 (a) and (b) respectively. The top highly doped layer is fixed as 0.2 µm in
Fig. 3.7(a). The intrinsic layer is fixed as 0.8 µm in Fig. 3.7(b). Note that the
calculation assumes that the intrinsic layer is always fully depleted. It is obvious
that the overall responsivity increases as the thickness of intrinsic layer increases or
the thickness of the top layer decreases. The responsivity increases measurably at
longer wavelengths and it has a red shift when the intrinsic layer becomes thicker
because the depletion region is thicker and more photons with lower energy can
be absorbed. The responsivity increases measurably at shorter wavelengths and
the responsivity has a blue shift when the top highly doped layer becomes thinner
because the recombination of the carriers is reduced and more high energy photons
can reach the depletion region of the photodiode.

Figure 3.7: Simulation result of the optical responsivity of 4H-SiC photodiode, (a)
thickness of the intrinsic layer is varied, (b) thickness of the top highly doped layer
is varied.

Fig. 3.4 (b) shows the mask layout of a designed photodiode. The photodiode
has symmetric cathode and anode which allows the current flowing uniformly. The
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top contact is designed to have a square-ring shape with a large open area (200 µm
by side) so that the light could reach the SiC junction instead of being reflected by
the top contact metal.

To characterize and optimize the design of the photodiode, a first batch (batch
1) of photodiodes with different sizes and contact shapes were designed, fabricated
and tested on 100 mm wafers. The top and intrinsic layers are both n doped on this
batch [Paper II]. The microscope image of a whole fabricated die and the floor plan
of the lithography mask-set on batch 1 are shown in Fig.3.8 (a) and (b) respectively.
The mask-set has an area of 7 mm by 7 mm. There are photodiodes of 200 µm, 100
µm, 50 µm, 40 µm and 20 µm by side included in the design. Besides the discrete
photodiodes, 2-D photodiode arrays with 4×4 photodiodes of different sizes are also
designed to test the two-level metal interconnect process.

Figure 3.8: (a) Microscope image of a whole die on batch 1. (b) Floor plan of the
lithography mask-set of batch 1. Black parts are the designed devices. Yellow parts
are the lithography marks and test structures.

3.2.2 Photodiode and Transistor Monolithic Integration
Implied by the simulation results of the photodiode in the last subsection, the
photodiode should have a thick intrinsic layer and a thin top highly doped layer to
be able to generate a large photocurrent. However, to integrate the photodiode with
transistors to form the pixel sensor, the thicknesses of the epitaxial layers have to be
decided considering both the photodiode and the transistor compromisingly. The
benchmark first generation low power n-p-n BJT has been developed and tested in
several former batches in our group [83]. The cross section and microscope image
of the transistor are shown in Fig. 3.9 (a) and (b) respectively. The emitter of the
transistor has two stacks of highly doped layers. The base layer is thin (300 nm) and
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relatively lowly doped to get a high emitter injection efficiency and current gain.
The base terminal has two fingers connected together to reduce the base resistance.
There is a lowly doped drift layer between base and collector. In fact, omitting
the two emitter layers, the transistor is a p-i-n diode with an intrinsic layer of 1
µm, which is initially considered for a photodiode monolithic integration. To make
the BJT more suitable for opto-electronic LSI, the second generation BJT with an
improved design is made, as shown in Fig. 3.10. The thicknesses and mesa areas of
all the terminals are reduced. The emitter finger is 15 µm wide and 40 µm long and
the collector mesa is 55 µm wide and 60.5 µm long. The total area and topography
of the improved transistor are only 31% and 62% respectively of the first generation
one. The first generation and second generation transistors are named as "2-base-
finger transistor" and "circuit transistor" respectively in the following of the thesis.
Both types are included in batch 2 for performance comparison, however, the circuit
transistor is preferred in the circuit layout design because of a smaller size.

Figure 3.9: (a) Cross-section and (b) microscope image of the 2-base-finger tran-
sistor [49].

The cross-section of the monolithic design of the photodiode and transistor is
shown in Fig. 3.11 (a) [Paper V]. The mask layout of the 3T BJT based pixel sensor
is shown in Fig. 3.11 (b). The monolithic design allows the mesas of the circuit
transistor and the photodiode to be etched in the same steps. The emitter layer
on the photodiode should be totally etched. The base, the lowly doped collector
and the highly doped collector regions of the BJT act as the p, i and n regions of
the photodiode respectively. The first etching step should have 10% over-etching so
that a p+ layer of less than 0.2 µm can be achieved to minimize the electron-hole
pair recombination there. The intrinsic layer is 0.8 µm, which can be fully depleted
by a small reverse bias (<3 V). The open area of the photodiode is a 200 µm by
200 µm square to collect enough light.
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Figure 3.10: (a) Cross-section and (b) microscope image of the circuit transistor.

Figure 3.11: (a) Cross-section of the circuit transistor and photodiode monolithi-
cally integrated on the same wafer [Paper V]. (b) Layout of the BJT based 3T pixel
sensor.

3.2.3 Design of the SiC Phototransistor

Phototransistor using the same epitaxial layers as the circuit transistor is also de-
signed as an alternative to the photodiode. SiC photodiodes normally have low
photocurrent especially at near UV region (315 nm to 400 nm) and/or under a low
level illumination. As shown in the responsivity spectrum of the SiC photodiode in
Fig. 2.5, to get a photocurrent more than 1 nA, the optical power collected by the
photodiode should be at least 11 nW at 275 nm or 76 nW at 360 nm. Under a low
level illumination, the small photocurrent can hardly be processed by SiC based
amplifiers because of a high noise level. A phototransistor, however, with a current
gain, can generate more photocurrent compared to a photodiode of the same size
[9].



3.2. DESIGN OF THE SIC PIXEL SENSOR 25

Figure 3.12: (a) Cross-section [Paper IV] and (b) mask layout of the designed
phototransistor.

Figure 3.13: (a) Circuit diagram and (b) mask layout of the designed Darlington
pair consists of a phototransistor and a circuit transistor.

As shown in the cross section and layout of the designed phototransistor in Fig.
3.12, it is in essence a bipolar transistor but the base-collector area is large and
the base contact has an open area so that the light can reach the base-collector
junction. The base-collector junction has the same layout as the photodiode in Fig.
3.4. The phototransistor can be used as a photodiode when the emitter terminal
is left open. Once the emitter is grounded, the electrons that are generated by
absorbing photons in the base-collector junction are injected into the base. The
base current is amplified by the current gain of the transistor, therefore it results in
a higher output current compared to the photodiode [9]. Note that the current gain
is dependent on the value of the base current, so the phototransistor has a non-linear
gain of the photocurrent at different wavelengths or input optical power. Since the
phototransistor has larger contact areas on both collector and base (corresponding
to lower resistances), it should have a slightly higher current gain compared to the
circuit transistor.

To further amplify the photocurrent a Darlington pair consists of a phototran-
sistor and a circuit transistor is also designed, as shown in Fig. 3.13. The emitter
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of the phototransistor is connected to the base of the circuit transistor. The circuit
transistor serves as a second stage amplifier of the photocurrent generated in the
base-collector junction of the phototransistor.

3.3 Design of the Image Sensor Circuit

3.3.1 Transistor-Transistor Logic Gates
Because of an easier design rule and a higher noise margin, TTL is preferred to
ECL for designing high temperature logic gates. Multiple input transistors used in
TTL gates is also beneficial in area saving. A TTL PDK is developed in [Paper
VI]. The circuits in the schematic and layout library of the PDK are picked to
build the digital circuits in the designed image sensor. The basic gates in the PDK
are simulated in both LTSPICE and CADENCE. Most of the transistors used in
the circuit layout are circuit transistors (Fig. 3.10). A half-sized circuit transistor
and a double-emitter transistor with the same dimension as the circuit transistor
(the emitter is split into two isolated mesas) are also applied. The diodes used in
the circuits are circuit transistors with shorted collector and base. The transistors
of different types are supposed to share the same SPICE model from [78]. The
resistors used in the circuits are based on the collector layer.

The inverter is selected as an example from the PDK circuit library to explain
the design, simulation and layout.

Figure 3.14: (a) Circuit diagram and (b) mask layout of the TTL inverter.

The schematic view and layout of the TTL inverter are shown in Fig. 3.14 (a)
and (b) respectively. The metal lines are at least 6 µm wide. The closest distance
between two devices is 4 µm. The resistors have a fixed width of 8 µm. Transistor
T1 is the input stage transistor. T2 is a current switch. T3, T4 and D1 works as a
totem-pole output. T1 can be regarded as two p-n junctions. The anodes of both
of the two junctions are connected to VCC. At low input voltage, T2 is off because
the base current is pulled out by T1. Since T2 is off, no current is conducted from
VCC to GND through T3. The output is pulled up to VCC through R3, T4 and
D1. The output voltage is reduced by the forward voltage drop (VF) of D1 and
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Figure 3.15: (a) Simulated VTC of the TTL inverter from 25 °C to 500 °C. (b)
Input waveform and (c) output waveform of the AC (10 kHz) simulation of the
TTL inverter.

T4. At high input voltage the base-emitter junction of T1 is reverse biased but
the base-collector junction is forward biased. The resulting current at base of T2
turns it on. The current is conducted through T2 and T3 because D1 increases the
effective turn-on voltage of T4 to make sure it is turned off before T3 is turned on.
The output is pulled down to GND since T3 is turned on. D1 also prevents large
surge currents from flowing to the output during transitions between the two logic
states [84]. Resistor R4 is added parallel to T3 to limit the whole current of the
gate.

The inverter operates at a power supply of 15 V, which is determined by consid-
ering the relatively large VF of 4H-SiC p-n junctions. The DC simulation (VTC)
and the AC simulation (10 kHz) results of the inverter from RT to 500 °C are shown
in Fig. 3.15. The logic high voltage is 10.8 V at RT. It increases at higher tem-
peratures because VF of D1 and T4 decreases at higher temperatures. At higher
temperatures, the VTC shifts to the origin so that the noise margin high (NMH)
increases but the noise margin low (NML) decreases. The power consumption of
the inverter is 2 mA × 15 V = 30 mW according to the simulation.

The inverter serves as a benchmark gate from the TTL PDK [Paper VI]. The
design rules on both the circuit diagram and the layout set on the inverter are
obliged by the rest of the circuits in the PDK, such as buffer, AND, NAND, OR,
NOR gates and more complex circuits, including adder, multiplexer, XOR and DFF.
The digital circuits in the image sensor for row and column pixel sensor selection
are built by these basic circuits.

3.3.2 Image Sensor Circuit
The layout of the whole image sensor circuit is shown in Fig. 3.16. The image
sensor has three parts, a 16×16 pixel sensor array, row/column selection logics
(two 4-to-16 decoders and one 8-bit counter) and an input unit (a 2×4 tri-state
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Figure 3.16: Mask layout of the whole image sensor circuit. It has 256 pixel sensors
arranged in a 2-D array. The top and left part of the layout locates the row/column
selection logics.

buffer array). The circuit diagram of the 4-to-16 decoder and the 8-bit counter are
shown in Fig. 3.17 and Fig. 3.18 respectively. The squares are input terminals.
The circles are output terminals. With both the outputs of the row and column
decoders at high voltage, the corresponding pixel sensor is selected for read-out.
The sequence of the counter is arranged to select the pixel sensors from top row
to bottom row and from left to right in each row. The decoders can be controlled
by the counter in dynamic mode or by manual voltage input in static mode. The
two modes can be switched from one to the other by changing the enable input of
the input unit. The whole image sensor circuit has a total area of 68.2 mm2 (8.57
mm × 7.96 mm) and a total number of 1959 transistors. The wide metal lines
(200 µm) surrounding the circuits are connected to power supply and ground. The
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power supply of the pixel array and the row/column selection logics are separated
to divide the high current flow (∼0.5 A from simulation) of the whole circuit. A
thick metal layer (>1.5 µm) is recommended to carry the large current. The image
sensor requires 7 input/output (I/O) terminals for the dynamic mode and 13 I/O
terminals for the static mode.

Figure 3.17: Schematic diagram of the 4-to-16 decoder.

Figure 3.18: Schematic diagram of the 8-bit counter.





Chapter 4

SiC LSI Processing Technology

The processing flow for SiC bipolar devices and small-scale integrated circuits with
up to 104 transistors has been established on a previous batch [51, 83]. To demon-
strate bipolar circuits in LSI with thousands of devices, closer distances between
devices and two-level metal interconnect with narrower metal lines, the processing
techniques and yield should be much more carefully controlled. The work in this
chapter optimizes the processing techniques in several critical steps, including SiC
mesa etching, ohmic contacts and metal interconnect, to increase the yield of the
devices and circuits. The information in this chapter is complementary to [Paper
I]. The whole optimized process flow is verified by the SiC TTL PDK in [Paper VI]
and LSI circuits, including the image sensor, fabricated on batch 2.

4.1 Process Flow

The schematic view of the basic process flow for making the designed SiC devices
and ICs on batch 2 is shown in Fig. 4.1. The processing starts from a 100 mm
4H-SiC substrate with in-situ doped epitaxial layers. The whole process has 10
lithography steps in the order of "emitter mesa", "base mesa", "collector mesa", "n-
type contact hole", "p-type contact hole", "p-type contact metal", "via 1", "metal
1", "via 2" and "metal 2". The whole process flow allows monolithically fabricating
n-p-n transistors, p-n diodes, p-i-n diodes, resistors and metal-oxide-semiconductor
(MOS) capacitors on the same wafer by selecting different epitaxy, dielectric or
metal layers. The cross-section of the devices is shown in Fig. 4.2.

4.2 SiC Mesa Etching

Reactive ion etching (RIE) and inductively coupled plasma (ICP) etching are two
widely used methods for SiC mesa dry etching. RIE is selected here because the
mesa made by RIE normally has a sloped sidewall [83]. The slope makes it easier to

31
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Figure 4.1: Basic process flow of SiC bipolar devices and ICs. The drawings are not
in real scale and the CMP process is not included here but introduced in Section
4.4.

build interconnects on top of the devices. It also reduces the carrier recombination
at the etched corners.
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Figure 4.2: Cross-section of the devices that are monolithically fabricated on the
same wafer following the process flow in Fig. 4.1.

Figure 4.3: SEM images of the etched SiC mesas with SF6 flow of (a) 20 sccm
[Paper I] and (b) 30 sccm.

The gases used for RIE of SiC are HBr, Cl2, SF6 and He2/O2. The etching
mask is photoresist (SPRTM 700-1.2). HBr, Cl2 and SF6 are the main etchants
for SiC. He2/O2 is used to make a uniform pressure in the chamber. SF6 acts
also as a photoresist remover in the process. Previously mentioned sloped mesa
sidewall is created because of the re-deposited photoresist at the edge of the mesa
during etching. The flow of SF6 plays an important role in the etching result. Low
flow (<20 sccm) causes the photoresist to redeposit to open area. The redeposited
photoresist particles act as random masks blocking the etching locally, as shown in
the SEM image in Fig. 4.3 (a) [Paper I]. The etched mesa with 30 sccm of SF6,
in the contrary, does not have any random particles and trench effect in the open
area, as shown in Fig. 4.3 (b). The mesa sidewall is also smoother. 30 sccm is the
optimized flow for SF6 in RIE SiC. The etching rate of SiC is ∼140 nm/min. The
etching selectivity between SiC and photoresist is ∼1:1.2. Higher flow of SF6 leads
to a lower etching selectivity between SiC and the photoresist so that it limits the
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maximum etching depth.
The etching uniformity is examined by measuring the sheet resistance (Rsh) of

the remaining collector layer by transfer length measurement (TLM) after the three
etching steps. The etching depth/speed has the same variation as the thickness of
the remaining collector layer, supposing the thickness of each initial epitaxial layer
is the same over the wafer. The cumulative frequency of Rsh of the collector layer
in the center of each die on the two processed wafers of batch 2 is shown in Fig. 4.4.
The etching rate/depth has a variation of ∼5% over the wafers. The etching rate of
SiC at the edge of the wafer is slightly slower than at the center which is probably
due to the non-uniform distribution of plasma power in our etching machine [Paper
I].

Figure 4.4: Cumulative frequency of the sheet resistance (Rsh) of the collector layer
after the three etching steps.

Surface treatment is applied after SiC dry etching to remove the etching damages
and to reduce the surface and perimeter roughness. A sacrificial oxide (<20 nm)
is thermally grown in dry O2 at 1100 °C for 1 hour and then totally etched in
5% HF for 5 min. Thereafter, a passivation PECVD oxide of 100 nm is deposited
and thermally annealed in N2O at 1250 °C for 1 hour. The N atoms from N2O
penetrate through the PECVD oxide and passivate the Si dangling bonds at the
SiC/SiO2 interface to reduce the surface roughness [85]. The passivation process
reduces the surface recombination of the carriers in order to enhance the current
gain of the transistors [86]. A special PECVD machine (Plasmalab80Plus, Oxford
RIE System) is used for depositing the passivation oxide at 300 °C. As shown in



4.3. OHMIC CONTACT FORMATION 35

the SEM image in Fig.4.5(a), the deposited oxide has a rougher surface with small
pinholes, compared to the PECVD oxide deposited by another machine (Applied
Precision 5000) at 400 °C on a monitor wafer (see Fig.4.5(b)). Earlier study showed
that the interface passivated with the oxide with pinholes has a lower interface trap
density (Dit) [87]. One explanation could be that the pinholes help the N atoms to
penetrate uniformly through the oxide and reach the SiO2/SiC interface.

Figure 4.5: SEM images of the passivation PECVD oxide on the SiC mesa deposited
by (a) Plasmalab80Plus and (b) Applied Precision 5000.

4.3 Ohmic Contact Formation

Due to the different Schottky barrier height of n-type and p-type 4H-SiC, the ma-
terials and annealing temperatures for them are normally different to make ohmic
contacts. The material used for n-type ohmic contact is normally Ni and the an-
nealing temperature is over 950 °C [88, 89, 90]. The material used for p-type ohmic
contact is normally Ni/Ti/Al or Ni/Al annealed at 820 °C [90] or over 950 °C [91]
respectively. The old but widely used processing technique for making ohmic con-
tact on SiC is lift-off. Lift-off is not a suitable process for industrial production
because it is a wet process and it is difficult to be controlled. It requires ultrasoni-
cation but metal retention and redeposition may still occur, so it normally leads to
a low yield of the fabricated devices and circuits. It is also time-consuming. The
following two subsections describe the new lift-off-free processes used on the two
batches for both n-type and p-type ohmic contacts on 4H-SiC.

4.3.1 N-type Ohmic Contact
Two processes have been tested on the n-type ohmic contact on the two batches.
The first process is named as "IBE (ion beam etching)+annealing" and the second
is named as "salicide" [92]. The performance of the contacts made by the two
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Figure 4.6: IBE+annealing processing procedure of n-type ohmic contact on 4H-
SiC.

Figure 4.7: Salicide processing procedure of n-type ohmic contact on 4H-SiC.

processes are compared on the epitaxial layers with the same doping concentration
of ND=1×1019 cm−3 on two batches.

The schematic view of the IBE+annealing process is shown in Fig. 4.6. The
process starts from opening the contact hole by dry etching. 110 nm Ni is then
deposited by sputtering. The contact area is defined by patterning (1 µm wider
than the contact hole) and IBE before rapid thermal annealing (RTA) at 950 °C
for 1 minute [93] [Paper I]. This process was applied on batch 1.

The schematic view of the salicide process is shown in Fig. 4.7. After opening
the contact hole by dry etching, 100 nm Ni is then deposited by sputtering, same
as the IBE+annealing process. Instead of patterning and etching Ni, the salicide
process employs two annealing steps. The first step annealing is at low temperature
(600 °C). Ni and 4H-SiC form one phase of Ni silicide (mostly NiSi2, not an ohmic
contact) and the unreacted Ni on SiO2 can be removed the by the Piranha solution
(H2SO4:H2O2=3:1). The second annealing step is at high temperature (950 °C). It
produces a low resistance ohmic contact alloy (Ni2Si) [92]. This process was applied
on batch 2.

The contact resistivity are extracted from the TLM structures on the wafers
and the results are compared in the cumulative plot in Fig. 4.8. The contact re-
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Figure 4.8: Cumulative frequency of the contact resistivity made by the
IBE+annealing process (black) and salicide process (red).

Figure 4.9: SEM images of n-type ohmic contact made by (a) IBE+annealing
process and (b) salicide process.
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sistivity made by the IBE+annealing process is overall lower than the ones made
by salicide process and also lift-off process in [90]. The average contact resistivity
made by the IBE+annealing process is 1.15 × 10−6 Ohm·cm2 and the lowest re-
sistivity achieved is 5.97 × 10−7 Ohm·cm2. The average contact resistivity made
by salicide process is 5.86 × 10−6 Ohm·cm2 and the lowest resistivity achieved is
2.31 × 10−6 Ohm·cm2. Both IBE+annealing process and salicide process are less
time-consuming compared to the lift-off process. IBE+annealing process needs only
one-step annealing but it needs an extra lithography and IBE step compared to sali-
cide process. IBE+annealing process also has a fatal problem for large topography
structures. There are Ni residues stay at the sidewalls of the mesas, as shown in
Fig. 4.9 (a), even after long over-etching in IBE. The Ni residues may cause an
unstable interconnect dielectric in the following processing steps because Ni has a
bad adhesion to dielectrics [93]. The SEM image of the contact made by salicide
process is shown in Fig. 4.9 (b). Ni has been cleared around the mesa and only
stays in the contact hole. The comparisons between the three processing techniques
of n-type ohmic contact on 4H-SiC are summarized in Table 1. Considering all the
factors, especially the yield, the salicide process is preferred in making the n-type
ohmic contact for LSI ICs.

Table 4.1: Comparisons between the three n-type Ohmic contact process techniques

Process Lift-off [90] Salicide [92] IBE+annealing
[Paper I]

Time Long Short Short
Thermal
Budget

950 °C
1 min

600 °C 1 min
+ 950 °C 1 min

950 °C
1 min

No. of
Lithography

Masks
1 1 2

Topography
Requirement No No Yes

RT Contact
Resistivity
Ohm·cm2

6 × 10−6 6 × 10−6 1 × 10−6

4.3.2 P-type Ohmic Contact
The IBE+annealing and salicide process on n-type 4H-SiC ohmic contact inspire
also the process on p-type contact. A lift-off free semi-salicide process on p-type
is developed with a lower thermal budget [94]. The schematic view of the process
is shown in Fig. 4.10. The Ni silicide is first made by sputtering a 10 nm Ni film
and RTA at 600 °C for 1 minute in N2. The unreacted metal can be stripped by
the Piranha solution, same as the salicide process on n-type contact. A 90 nm Al
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film is sputtered on top of the silicide thereafter. The thicknesses of Ni and Al are
selected to have a Al/Ni ratio larger than 80% atomic concentration of aluminum
[94] to help on the formation of Al4C3, which is believed to be the main alloy serves
as the ohmic contact [94, 95]. The film is then patterned by lithography, same as
the IBE+annealing process on the n-type contact but Al is etched by RIE with the
gases of Cl2 and BCl3. Al at the sidewalls of the mesa can be totally etched after
20% over-etching because RIE is not as anisotropic as IBE. Finally, the silicide/Al
stack is alloyed and the ohmic contact is formed by a second step annealing.

Figure 4.10: Semi-salicide processing procedure of p-type ohmic contact on 4H-SiC.

Different annealing temperatures have been tested on the second RTA step on
small SiC pieces on top of which are p-doped epitaxial layers (doping concentration
NA=5×1018 cm−3). Unlike the old Ni/Al one-time annealing process that requires
a high temperature (>950 °C) [91], the contact becomes ohmic at a much lower
temperature (∼500 °C) during the second step annealing. The contact resistivity
reduces if the temperature of the second step annealing increases, as shown in the
I-V curve in Fig. 4.11 measured on a reference resistor. The microscope images of
the contacts made by different annealing temperatures are shown in Fig. 4.12. It is
recognized that the reaction in the contact hole is more adequate at higher annealing
temperatures. The contact resistivity on the p-type contact is applied on wafer
level on batch 2 (doping concentration of NA=8×1017 cm−3). The typical contact
resistivity on the test pieces and batch 2 are in the range of 10−4 ∼ 10−3Ω · cm2

and 10−2 ∼ 10−1Ω · cm2 respectively. It is understood that the contact resistivity
is lower on an epitaxial layer with a higher doping concentration. However, no
statistical comparison is made here between the contacts on the pieces and batch
2 because of 2 considerations. (1) The RTA system has been upgraded and the
temperature calibration has been changed between the processing of the pieces and
batch 2. (2) The TLM measurement results on most of the dies of batch 2 fail
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Figure 4.11: I-V characterizations of the p-type 4H-SiC resistor with the contact
annealed at different temperatures.

Figure 4.12: Microscope images of the p-type contact annealed at different tem-
peratures - (a) 400 °C, (b) 450 °C, (c) 500 °C, (d) 600 °C, (e) 650 °C and (f) 700
°C.
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Figure 4.13: Transfer length measurement results of the p-type ohmic contact on
(a) pieces and (b) batch 2.

to have perfect linear behavior (see Fig. 4.13 (b)), in the contrary to the results
achieved from pieces (see Fig. 4.13 (a)). The reason is probably a slight connection
issue between the contact and the metal interconnect. This process requires further
improvements.

4.4 Two-Level Metal Interconnect

Since the designed circuits in Chapter 3 require thick (Al>1500 nm and TiW=100
nm) but narrow metal lines (6 µm), dry etching of the metals is preferred to
wet etching. The processing issue of making metal interconnects by dry etch-
ing comes from the large topography of the devices, which has been found in the
IBE+annealing n-type contact process. Taking the transistor in Fig. 4.2 as an ex-
ample, its mesa structure has a topography of more than 2.5 µm. If two-layer metal
interconnect is needed with each metal layer more than 1.5 µm thick, the total to-
pography after making metal 1 will exceed the depth of focus of the lithography
machine (∼4 µm). The photoresist cannot be fully developed after lithography in
the processing steps "via 2" and "metal 2" because of under-exposure. Moreover,
due to the good step coverage of the sputtered metal, metal 2 cannot be totally
etched even after a long-time over-etching in RIE. Metal residues will be left at the
sidewall of the devices and possibly at the open areas after etching, even though
RIE on Al and TiW is not totally anisotropic. To make multi-level interconnect
possible, chemical-mechanical polishing (CMP) process must be employed to pla-
narize the topography. The schematic view of the metal interconnect process with
CMP is shown in Fig. 4.14. A thick layer (>4.5 µm) of SiO2 is deposited on the
wafer after making metal 1. The SiO2 is then polished by CMP with the help of a
slurry (25-E, Semi-SperseTM). The planarization rate varies on the structures with
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different sizes [Paper I]. The microscope images of the monitor structure after CMP,
via 2 opening and metal 2 deposition is shown in Fig. 4.15. The small squares with
thick outlines are via holes. The oxide on top of small structures (Fig. 4.15 (a)) is
totally flat while the topography still partially remains above large structures (Fig.
4.15 (b)). The thickness of the deposited SiO2 and the polishing time should be
carefully adjusted according to the mask design or vice versa in order to shape a
flat surface and also avoid etching into the metal 1 layer underneath. To make a
clearly opened via between metal 2 and metal 1, the depth to length ratio of the
via is kept no more than 3:4. If more layers of metal interconnect is needed, the
same process can be applied after metal 2 is defined.

Figure 4.14: Processing procedure of two-level metal interconnect with CMP. After
defining metal 1 and depositing a thick oxide layer on top, CMP is applied to
planarize the topography.

The CMP process was added on wafer 2 but not on wafer 1 of batch 2. The
microscope image of "reference circuit 1" on wafer 1 is shown in Fig. 4.16 (a)
[Paper I]. Metal residues are found between the metal lines as expected above. This
phenomenon is more serious near the large structures, as shown by the microscope
image of "reference circuit 2" on wafer 1 in Fig.4.17 (a). In the contrary, in Fig. 4.16
(b) [Paper I] and Fig. 4.17 (b), the circuits fabricated on wafer 2 have clearer metal
lines without metal residues. The CMP process reduces the risk of short circuit
between different metal lines and increases the yield of the circuits dramatically
[Paper I].
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Figure 4.15: Microscope images of the monitor areas on the wafer after CMP, via 2
opening and metal 2 deposition. (a) Above small-dimension structures. (b) Above
large-dimension structures.

Figure 4.16: Reference circuit 1 (small dimension) with two-layer metal interconnect
on batch 2. (a) Wafer 1 without CMP process. (b) Wafer 2 with CMP process.
[Paper I]

Figure 4.17: Reference circuit 2 (large dimension) with two-layer metal interconnect
on batch 2. (a) Wafer 1 without CMP process. (b) Wafer 2 with CMP process.
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4.5 Images of the Fabricated Chips

The full image of one whole die fabricated on batch 1 has been shown in Fig. 3.8.
The one on batch 2 is shown in Fig. 4.18 (a). The corresponding floor plan of the
lithography mask-set is shown in Fig. 4.18 (b). The mask-set has an area of 21
mm × 21 mm. Besides the discrete test devices, basic logic gates in the TTL PDK
and an image sensor, there are also amplifiers, analog-to-digital converters and a
CPU with memory cells included in the same mask-set for other working packages
of the WOV project.

Figure 4.18: (a) Microscope image of a full fabricated die on batch 2. (b) Floor
plan of the lithography mask-set of batch 2. The black parts are the LSI circuits.
The yellow parts are the TTL PDK circuits. The part "P" is a 2×2 pixel sensor ar-
ray. The blue parts are lithography monitor structures, including alignment marks,
resolution marks, etc.



Chapter 5

Characterization Results

5.1 Characterization Setups

There are two probe stations used for characterizing the fabricated devices and
circuits. Each probe station is equipped with a parameter analyzer (Keithley 4200
SCS) for I-V and C-V measurements. The first probe station (see Fig. 5.1) has an
automatic control of the chuck and it is used for screening the devices and circuits
on wafer level. It can only be used for measuring the devices and circuits with no
more than 4 I/Os since it has 4 probes. The chuck of the automatic probe station
can be heated up to 200 °C.

Figure 5.1: Image of the automatic probe station.

The second probe station (see Fig. 5.2) is for higher temperature measurements
up to 600 °C. The hot chuck is fixed at the center of the probe station surrounded
by up to 16 probes. The probe station is flexible in combination with other test

45
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setups. An illumination source is placed above the probe station on an external
frame. Three UV LEDs have been used as illumination sources. Two of them have
low optical power and wide emission angle (120°). LED 1 (LED275W, Thorlabs,
Inc) has its emission peak at 275 nm, FWHM of 10 nm, and optical power of 0.8 mW.
LED 2 (P8D1, Seoul Semiconductors) has its emission peak at 365 nm, FWHM of 18
nm, and optical power of 70 mW. LED 3 (SOLIS-365C, Thorlabs) has a collimated
emission with a higher optical power. It has its aperture diameter of 48.3 mm,
wavelength of 365 nm, FWHM of 10 nm and optical power of 4 W. LED 1 and 2 have
to be placed close (∼1 cm) to the sample during the measurements to inject enough
light. Their illuminations are not stable at high ambient temperatures. In the
contrary, LED 3 can be placed higher up from the sample and it is integrated with
a cooling fan to ensure a thermal-stable illumination. Both parameter analyzer and
oscilloscope are used to characterize the devices and circuits. Field-programmable
gate array (FPGA) and printed circuit board (PCB) are also used for characterizing
the digital circuits.

Figure 5.2: Image of the high temperature probe station. LED, as an illumina-
tion source, is placed above the probe station. FPGA, PCB, voltage supply and
oscilloscope are placed beside the probe station.

The measurement setup for testing optical responsivity of the photodetectors is
shown in Fig. 5.3. The light source is a wide spectrum Xenon arc lamp (UXL-151H,
USHIO). The output light is dispersed through a monochromator and focused onto
the measured sample by a lens. The monochromator has a spectral bandwidth
of 1 nm. The samples are biased at a voltage and the current is measured by a
Keithley 2400 multimeter. The whole setup is controlled by a Labview program.
The responsivity of the tested sample is calibrated to a reference Si photodiode.
The setup can be used only for RT measurement since the tested sample has to be
wire-bonded on a PCB and placed vertically.



5.2. PHOTODIODES 47

Figure 5.3: Image of the optical responsivity measurement setup.

5.2 Photodiodes

5.2.1 Leakage (Dark) Current of the Photodiodes
The J (current density)-V characteristics of the 40000 µm2 p-i-n photodiode in
dark and at temperatures from RT to 550 °C is shown in Fig. 5.4 [Paper II]. The
dark current at reverse bias is the leakage current of the junction due to minority
carriers pushed by the barrier potential through the depletion region. The lowest
measurement limit of the parameter analyzer is 10 fA. The leakage current of the
photodiode at temperatures below 400 °C is well below this limit, therefore it
cannot be accurately measured. The leakage current of the photodiode is described
by Eq.(5.1) [9].

JS = q

√
Dp

τp

n2
i

ND
+ qniW

τe
(5.1)

where Dp is the diffusion coefficient, τp is the minority carrier lifetime, ND is
the donor concentration, W is the depletion depth and τe is the effective carrier
lifetime. The leakage current increases at higher temperatures because the intrinsic
carrier concentration increases (see Fig. 2.3), more minority carriers are created
and contributes in the leakage current. The leakage current is also bias dependent
at each temperature since the depletion depth increases at a higher bias.

The J-V curves of the photodiodes with various mesa areas in dark at different
temperatures are measured and the result at 500 °C is shown in Fig. 5.5 [Paper
III]. The symbols are from measurement and the lines are from SPICE modeling.
The current density, in both reverse and forward bias region, is smaller for larger
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Figure 5.4: Leakage (dark) current density of the 40000 µm2 photodiode from RT
to 550 °C [Paper II].

devices. Even though the leakage current cannot be accurately measured at lower
temperatures, it can be extracted from the current in the forward bias region. The
forward current of the photodiode has an exponential relationship to the forward
voltage as described by Eq. (5.2) (Shockley Equation)

J = JS(exp( qV
nkT

) − 1) (5.2)

where JS is the saturation current density (leakage current density at zero bias), n
is the ideality factor, T is the absolute temperature. The ideality factor and satu-
ration current density of the photodiodes can be extracted by fitting the measured
J-V curves at the forward bias region to Eq. (5.2). The ideality factor of the pho-
todiode is area independent but decreases as the temperature increases because the
diffusion current in the neutral region dominates over the recombination current
in the depletion region at higher temperatures [Paper III]. The saturation current
density of the photodiode at different temperatures increases as the temperature is
elevated and it is smaller for larger devices at each temperature [Paper III].

The area dependency of the saturation current density of the photodiodes is due
to the perimeter surface recombination effect [96]. As described in Eq. (5.1), the
saturation current density is the sum of diffusion current (first term) and generation
current (second term) [9]. The generation current dominates the saturation current
in the diode because ni of 4H-SiC is low even at 500 °C (∼1010 cm−3, as shown
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Figure 5.5: Measured (symbols) and modeled (lines) dark current density of the
photodiodes with various mesa areas at 500 °C [Paper III].

in Fig. 2.3). The diffusion current component in Eq. (5.1) can be ignored. The
inverse of τe has a linear relationship to the perimeter to area ratio (PAR) of the
photodiode at different temperatures, as shown in Fig. 5.6 [Paper III]. The results
are divided into two plots with adjusted scales. The linear relationship indicates
that the perimeter surface recombination dominates over the bulk recombination,
which is in accordance to former studies [96, 97].

5.2.2 Optical Response of the Photodiodes
The optical responsivity of the 40000 µm2 photodiode is measured at RT after wire
bonding. The photodiode is reverse biased at 1 V. The normalized responsivity
spectrum of the photodiode is shown in Fig. 5.7 (red) [Paper II]. It covers the near
to middle UV range, from 220 nm to 380 nm. The spectrum contains multiple peaks
due to the interference of the light at the Air/SiO2/4H-SiC interfaces, as explained
in the design in Section 3.2.1. The total thickness of SiO2 on the photodiode is 2.2
µm. The simulated optical responsivity is also shown in Fig. 5.7 (black) [Paper
II]. There is a little mismatch between the simulation and measurement probably
because the referenced absorption coefficient is different from the real value.

The photocurrent of the photodiode (at -1 V) was also measured under the il-
luminations of both LED 1 and LED 2 from RT to 550 °C. The photocurrents at
275 nm and 365 nm as a function of temperature are plotted in Fig. 5.8. The error
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Figure 5.6: Inverse of the effective carrier lifetime (τe) as a function of the device
perimeter-to-area ratio at (a) RT and 200 °C, (b) 400 °C and 500 °C [Paper III].

Figure 5.7: Normalized optical responsivity of the photodiode at RT from measure-
ment and simulation [Paper II].

bar is from repeated measurements. The photocurrent at 275 nm decreases by 2.6
times from 4.29 nA at RT to 1.64 nA at 550 °C, corresponding to a responsivity
drop from 0.12 A/W to 0.046 A/W. The photocurrent at 365 nm has an oppo-
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site temperature trend compared to that at 275 nm. It increases by 9 times from
1.1 nA at RT to 9.88 nA at 550 °C.[Paper II] Two mechanisms contribute to the
change of the photocurrent at higher temperatures. One is thermally induced band
gap narrowing and the other is thermally induced increase of carrier lifetime. The
band gap narrowing effect increases the absorption coefficients of 4H-SiC. The in-
creased carrier lifetime reduces the recombination of generated electron-hole pairs.
At 365 nm, the absorption of photons in the depletion region becomes higher. More
electron-hole pairs are created and contribute to the photocurrent. However, at 275
nm, more photons are absorbed by the top highly doped layer without reaching the
depletion region. The electron-hole pairs recombine instead of contributing to the
photocurrent.[Paper II]

Figure 5.8: Photocurrent of the photodiode from RT to 550 °C at 275 nm and 365
nm respectively at -1 V [Paper II].

At each temperature the photocurrent is directly proportional to the detection
area [Paper III]. However, as described above, the dark current density of the photo-
diode increases as the mesa area scales down. Therefore, the photo to dark current
ratio (PDCR) of the photodiode at each temperature decreases as the photodiode
is scaled down, as shown in Fig. 5.9 [Paper III]. Note that the photo to saturation
current ratios (PSCR) are calculated instead of PDCR at temperatures below 400
°C. When the temperature is below 400 °C, the decrease of PDCR due to device
scaling can be ignored since the PDCRs are larger than 3 orders of magnitude.
However, this phenomenon affects the scaled photodiodes at higher temperatures
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or under weak illuminations. At 500 °C, the PDCR of the photodiode decreases
∼7 times (from 185 to 28) as the size is scaled down 100 times, which means the
smaller photodiode degrades ∼7 times in low light detection [Paper III].

Figure 5.9: Photo to dark (or saturation) current ratio of the photodiodes at -2.7
V at (a) RT, (b) 200 °C, (c) 400 °C and (d) 500 °C [Paper III].

5.3 Transistors

Three types of transistors are fabricated on the same wafers in batch 2 with the same
vertical design but different mesa and contact dimensions, as previously explained
in Section 3.2.2 and 3.2.3. The same DC measurements are applied to them to
compare the performance. Optical measurement is applied on the phototransistor
and the Darlington pair consists of a phototransistor and a circuit transistor. Their
optical characteristics are compared with those of the photodiode.
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5.3.1 DC Characteristics of the Transistors
The output characteristics (IC-VCE) of the transistors at RT are shown in Fig. 5.10
(a), (b) and (c) respectively. The base current is stepped from 0 mA to 0.1 mA
(0.02 mA per step). Apparently, the load resistance of the phototransistor (112 Ω)
is lower than the 2-base-finger transistor (306 Ω) and the circuit transistor (350 Ω)
because the phototransistor has a larger collector contact area (3894 µm2) than the
other two (1679 µm2 and 516 µm2). The Gummel plots (VBC = 0 V) of the three
transistors are shown in Fig. 5.11 (a), (b) and (c) respectively. The compliances of
IC and IB are both set at 0.1 A.

Figure 5.10: Output characteristics (IC-VCE) of the (a) circuit transistor, (b) 2-
base-finger transistor and (c) phototransistor at RT. The step of input base current
is 20 µA.

Fourteen discrete transistors for each type are fabricated on each wafer of batch
2. The forward current gain (βF) as a function of the collector current of all the
transistors on two wafers are plotted in Fig. 5.12 (a), (b) and (c) respectively. The
cumulative frequencies of βFmax of the three types of transistors are plotted in Fig.
5.12 (d). Comparing the same type of transistor, current gain on wafer 1 is higher
than that on wafer 2 on average. Comparing the different types of transistors,
the average current gain of phototransistor is higher than the other two types. 2-
base-finger transistor has no obvious enhancement in current gain compared to the
circuit transistor.

The reason of a higher current gain on wafer 1 is probably due to a thinner base
layer with a lower doping concentration [Paper I, IV]. As required by the design
of a BJT, the base should be thin and lightly doped compared to the emitter to
minimize the fraction of carriers that recombine before reaching the collector-base
junction. More carriers diffuse across the base region means a higher emitter effi-
ciency. However, the required doping concentration of 8×1017 cm−3 and thickness
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Figure 5.11: Gummel plot (VBC = 0 V, current compliance 0.1 A) of the (a) circuit
transistor, (b) 2-base-finger transistor and (c) phototransistor at RT.

Figure 5.12: Forward current gain (βF) as a function of collector current of the (a)
circuit transistor, (b) 2-base-finger transistor and (c) phototransistor. (d) Cumula-
tive frequency of the maximum forward current gain (βFmax) of the three types of
transistors at RT.
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of 250 nm of the base layer is difficult to precisely achieve during epitaxial growth.
Secondary ion mass spectrometry (SIMS) result on wafer 1 shows -26% off-target on
the doping concentration and -4% off-target on the thickness. Moreover, the thick-
ness and doping concentration of the supplied epitaxial layers can have a variation
of 10% from wafer to wafer.

The reason of a higher current gain for the phototransistor is probably due
to smaller collector and base resistances. Collector resistance is also a key factor
on the value of bias voltage and collector current that is corresponding to βFmax.
As indicated by the dashed line placed at 0.01 A in 5.12 (a), (b) and (c), βFmax
is reached at a higher collector current for the phototransistor (∼40 mA) than
the 2-base-finger transistor (∼15 mA) and the circuit transistor (∼13 mA). The
current gain drops at a higher collector current after reaching βFmax because of
the high injection in the lowly doped collector region and forward biasing of the
base-collector junction at higher biasing voltages [49]. It is clearly shown in Fig.
5.11 (a) and (b) that the base current is slightly higher than the collector current
at high bias when reaching the current compliance.

Figure 5.13: Forward voltage drop (VF) of base-emitter junction (or p-n junction)
at 1 µA of the circuit transistor, 2-base-finger transistor, phototransistor and the
40000 µm2 photodiode.

The Gummel plots of the transistors at higher temperatures are also measured.
Forward voltage drop (VF) of the base-emitter junction of the three transistors
and the 40000 µm2 photodiode at the forward current of 1 µA as a function of
temperature are shown in Fig. 5.13. VF decreases as the temperature increases
following a linear relationship (∼2 mV/°C).

The extracted βFmax as a function of temperature is shown in Fig. 5.14. βFmax
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of the transistors decreases as the temperature increases from RT to 300 °C because
the ionization ratio of the base dopants increases at higher temperatures and it
reduces the emitter injection efficiency [49]. Moreover, this effect dominates over
the effect of carrier lifetime increase. At higher temperatures the two effects are
comparable, therefore βFmax keeps almost constant.

Figure 5.14: Maximum forward current gain (βFmax) of the three types of transistors
as a function of temperature.

The current gain as a function of the collector current of the Darlington pair
from RT to 500 °C is shown in Fig. 5.15 (a). βFmax of the Darlington pair as a
function of temperature is shown in Fig. 5.15 (b). βFmax of the Darlington pair is
only ∼ 32 % of the product of the βFmax of the two transistors. The transistors fail
to reach their maximum current gain together at the same bias voltage because of
a mismatch in optimal area.

5.3.2 Optical Characteristics of the Phototransistor
The normalized optical responsivity of the phototransistor with the base contact
left open at RT is shown in Fig. 5.16 [Paper IV]. It covers the near to middle UV
range from 220 nm to 380 nm, which is similar to the photodiode in Fig. 5.7, The
responsivity of the phototransistor has less number of peaks compared to that of the
photodiode because the thickness of the SiO2 on the phototransistor is 1 µm less.
The responsivity has also a small red shift, compared to the photodiode, because
the phototransistor has a current gain and it enhances the optical responsivity at
longer wavelengths.
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Figure 5.15: (a) βF of the phototransistor - circuit transistor Darlington pair as a
function of the collector current from RT to 500 °C. (b) maximum forward current
gain (βFmax) of the Darlington pair as a function of temperature.

Figure 5.16: Optical responsivity of the phototransistor at RT [Paper IV].
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LED 3 was used for high temperature measurements up to 500 °C. To increase
the photocurrent generated in the base-collector junction of the phototransistor and
to achieve a higher photocurrent gain, the light from the LED is focused by a lens
to increase the optical power of the light that incidents on the phototransistor. The
optical power is ∼0.31 mW. The phototransistor is firstly characterized as a p-i-n
photodiode with the emitter contact open and then as an n-p-n phototransistor
with the base contact open [Paper IV]. The Darlington pair is also characterized
under illumination by measuring the current through the common collector to the
emitter of the circuit transistor.

Figure 5.17: Photocurrent of (a) the photodiode (IPD, base-collector junction of the
phototransistor), (b) the phototransistor (IPT) and (c) the Darlington pair (IDP)
at 365 nm from 25 °C to 500 °C.

Under the same illumination circumstance, the photocurrents of the photodiode
(IPD), phototransistor (IPT) and Darlington pair (IDP) from RT to 500 °C are shown
in Fig.5.17 (a), (b) and (c) respectively. IPD is almost bias independent but IPT
and IDP increase at higher VCE, similarly to an output-characteristics plot. The
turn-on voltage of the Darlington pair is the sum of the two transistors because it
has two base-emitter junctions. Since the base drive of the phototransistor at each
temperature equals to IPD, the photocurrent gain of the phototransistor (βPT) and
Darlington pair (βDP) can be calculated by Eq. (5.3) and Eq. (5.4) respectively
[Paper IV]. To evaluate the current gain on the circuit transistor (βCT), Eq. (5.5)
is also used.

βPT = IPT /IPD (5.3)
βDP = IDP /IPD (5.4)
βCT = IDP /IPT (5.5)

βPT, βDP and βCT as a function of temperature at VCE=5 V is shown in Fig.
5.18. They increases at higher temperatures because the photocurrent in the base-
collector junction (e.g. IPD) increases at higher temperatures and corresponds to a
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Figure 5.18: Photocurrent gain of the phototransistor, circuit transistor and Dar-
lington pair at VCE=5 V from 25 °C to 500 °C.

higher forward current gain. The photocurrent gain of the phototransistor at each
temperature is smaller than βFmax because the base drive is lower than the value (∼
40 mA) that corresponds to βFmax. More detailed analysis of the phototransistor is
reported in [Paper IV]. It is difficult to achieve a higher photocurrent gain by either a
phototransistor or a Darlington pair if the optical power of the light collected by the
phototransistor is lower. There are several ways to achieve a higher photocurrent
gain. (1) Increasing the area and the thickness of the base-collector junction of
the phototransistor to generate a larger photocurrent. However, it is not feasible
for on-chip IC integration. (2) Adding more transistors to further amplify the
photocurrent. However, the turn-on voltage would be too high. (3) Replacing the
n-p-n transistor with a p-n-p transistor since a p-n-p transistor has a higher current
gain at a lower base drive current [53]. However, it is also not feasible for on-chip
IC integration.

5.4 Pixel Sensor

The test structure of the transistor as a switch controlling a photodiode is shown in
Fig. 5.19 (a) [Paper V]. The photodiode in the circuit is always biased by VPD=3
V. The output current is measured with the UV light (LED 3) injected continuously
on the circuit at VIN swept from 0 V to 4 V and subtracting the leakage current
[Paper V].

The switching curve of the circuit is shown in Fig. 5.20 (a) [Paper V]. The
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Figure 5.19: Microscope images of the fabricated pixel sensor test circuits. (a)
Circuit transistor as a switch connected to a photodiode [Paper V]. (b) Single pixel
sensor. (c) Pixel sensor 2×2 array.

Figure 5.20: (a) Switching curve of the circuit transistor as a switch controlling the
photocurrent of the photodiode from RT to 400 °C. (b) Transfer voltage (VT) of
the switch as a function of temperature. [Paper V]

photodiode acts as a current source. At low VIN the BJT works in the cut-off
region and the current is switched off, while at high VIN the BJT works in the
saturation region and the current is switched on. The transfer voltage (VT, the
voltage that has the maximum slope in the switching curve) of the circuit is 2.55
V at RT. As shown in Fig. 5.20 (b), VT has a negative linear dependency on
temperature (2 mV/°C), which is in accordance with the VF shift of the transistor
(see Fig. 5.13).

The DC characteristics of the fabricated pixel sensor (Fig. 5.19 (b)) is shown in
Fig. 5.21 (a). The row input is biased at 10 V and the column input is swept from
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Figure 5.21: DC characterization of the pixel from RT to 500 °C. One input (row)
is biased at 10 V and the second input (column) is swept from 0 V to 10 V (a) in
UV light and (b) in dark.

Figure 5.22: Time-domain characterization of the pixel sensor from RT to 500 °C.
The off-state current is subtracted.
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0 V to 10 V. The pixel is switched on when both inputs are at high voltage. The
transfer voltage is around 5.5 V at RT and it has a temperature dependency of 5
mV/°C due to the VF shift of the input stage transistor. The off-state current of
the pixel is much higher than the design. It is also higher than the results from the
circuit with only one switching transistor in [Paper V]. The off-state current is not
the leakage current from the circuit, which is much lower, as shown in Fig. 5.21
(b). The source of the off-state current is a hidden photodiode under the designed
photodiode. As shown in Fig. 3.11, the output of the pixel sensor is not only
connected to the p-n junction of the photodiode but also a p-n junction formed
by the collector and isolation layer. The collector-isolation p-n junction can also
generate a photocurrent once the isolation layer is biased. With either one of the

Figure 5.23: Time-domain characterization of the 2×2 pixel sensor array from RT to
500 °C. The off-state current is subtracted. The signal variation of the pixel sensors
at 500 °C is not consistent to that at lower temperature because the leakage current
of the circuit is high and exceeds the photocurrent.
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two inputs of the pixel sensor set at low voltage, the photodiode is switched off, but
the collector-isolation diode is always on at the output terminal. The value of the
photocurrent from collector-isolation diode is similar to that from the photodiode
because of a similar depletion depth.

The time-domain characterization of the pixel sensor is shown in Fig. 5.22. The
waveform of the row and column inputs (Low=0 V and High=10 V) are set at
1 Hz and 2 Hz. The frequency is set at such a low value because the parameter
analyzer has a slow speed on reading the output photocurrent. The off-state current
is subtracted from the total current in the figure. With both inputs are at high
voltage, the pixel is switched on and the photocurrent is read-out.

The time-domain characterization of the 2×2 pixel sensor array (Fig. 5.19 (c))
with 2 row inputs and 2 column inputs separated by two-level metal interconnect
is shown in Fig. 5.23. The waveforms of the four inputs (see Fig. 5.23 (a)) are
programmed to switch on the four pixel sensors one after another with a totally off-
state in between. The off-state current is subtracted in the figure, but it is in fact
four times of a single pixel sensor because there are four "normally-on photodiodes"
under the four pixel sensors connected to the output. The non-identical signals
from different pixels can be noticed by comparing the level of output current in the
same cycle. The differences between the pixels are consistence from RT to 460 °C,
but not at 500 °C because the leakage current in the transistors is increased to be
comparable to the photocurrent (see Fig. 5.21 (b) in orange) and it is added into
the output. This behavior limits the highest operation temperature of the pixel
sensor under weak illuminations.

5.5 Transistor-Transistor Logic Gates

Fig. 5.24 shows the VTC of all the TTL inverters and buffers fabricated on the
two wafers of batch 2 at RT [Paper I]. The power supply of the gates are VCC = 15
V and the input voltage is swept from 0 V to 15 V. The noise margin is extracted
as the voltage difference between the stable operating point and the knee of the
VTC [Paper VI]. The cumulative frequencies of both the high-level noise margin
(NMH) and low-level noise margin (NML) of the inverter and buffer are shown in
Fig. 5.25 (a) and (b) respectively. The average NMH and NML of the inverter
are 2.2 V (SD 0.56 V) and 2.1 V (SD 0.25 V) respectively. The average NMH and
NML of the buffer are 3.0 V (SD 0.32 V) and 6.0 V (SD 0.28 V) respectively. The
circuits have a uniform behavior over the wafer thanks to the high standard design
and processing.

The VTC from RT to 500 °C of the inverter and buffer are shown in Fig.
5.26 (a) and (b) respectively. The output high voltage (VOH) increases at higher
temperatures and the VTC shifts towards the origin due to the decrease of VF in
the junctions of the output transistors/diodes at higher temperatures and a phase
splitter gain around -1 [Paper VI]. As shown in Fig. 5.27 (a) and (b), NMH increases
and NML decreases at higher temperatures for both the inverter and the buffer.
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Figure 5.24: VTC of (a) the TTL inverters and (b) the TTL buffers at RT on wafer
1 (black) and wafer 2 (red) of batch 2 [Paper I].

Figure 5.25: Cumulative frequency of the noise margin of (a) the TTL inverter and
(b) the TTL buffer at RT.

Figure 5.26: VTC of (a) the TTL inverter [paper VI] and (b) the TTL buffer from
RT to 500 °C.
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Figure 5.27: Noise margin of (a) the TTL inverter [Paper VI] and (b) the TTL
buffer as a function of temperature.

Table 5.1: Yield analysis of the circuits fabricated on the two wafers of batch 2

Circuit No. of
transistors

No. of
on-chip
devices

No. of
metal
layers

No. of
metal
lines on
metal 2

Yield
(Wafer
No.1)

Yield
(Wafer
No.2)

Inverter 5 9 1 0 13/13 13/13
Buffer 8 14 2 2 13/13 13/13
11-stage
Ring

Oscillator
63 113 2 4 13/13 13/13

D Flip-Flop 65 114 2 24 1/13 13/13
Adder 44 78 2 17 0/13 13/13

Besides the inverter and buffer, the circuits in the TTL PDK library fabricated
at the top right corner of each die on batch 2 (see Fig. 4.18) are all tested from RT
to 500 °C in [Paper VI]. The standard cells include AND, OR, NAND, AND-OR-
Invert (AOI) besides the inverter and buffer. More complex circuits built by the
standard cells include 2-to-4 decoder, XOR, 2-to-1 multiplexer, adder, 4-bit counter
and arithmetic logic unit (ALU). All the circuits show stable functions within the
wide temperature range. The detailed results are referred to the appended paper
[Paper VI]. It is needed to mention that the yield of the circuits on wafer 2 is much
higher than wafer 1 of batch 2 because CMP was added to the two-level metal
interconnect process on wafer 2 [Paper I]. Most of the complex circuits with more
than 4 metal lines using metal 2 have short circuit issue on wafer 1. Several circuits,
namely, a 11-stage ring oscillator, a D Flip-Flop (DFF) and an adder in the PDK
are checked if short circuit occurs on metal 2. The yield 1 of the circuits on the two

1Yield is defined as the number of circuits without short circuit issue out of the total number
of fabricated circuits.
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wafers are summarized in Table. 5.1. Both the multi-emitter transistor and circuit
diode are counted as one single transistor. Full characterizations of all the circuits
for yield analysis is not accomplished because of lacking of time and automatic
measurement setup for ICs with more than 4 I/Os.

The circuits collected by the TTL PDK library serve as the building blocks for
area efficient SiC bipolar digital application-specific integrated circuits (ASIC) at
LSI and VLSI level [Paper VI]. Two demonstrated LSI circuits based on the ASIC
are the image sensor in the next section and a microprocessor in another working
package of the WOV project.

5.6 Image Sensor

The image sensor is tested in dynamic mode with the clock input of the 8-bit counter
at 2 Hz. The output current is read-out by the parameter analyzer through a pre-
amplifier (Keithley 4200-PA). The sampling frequency of the current measurement
at the parameter analyzer is around 10 Hz. The total current at the ground terminal
is ∼ 0.5 A (corresponds to a power consumption of 7.5 W) read by the regulated
power supply.

The spatial response of the pixel sensor array is tested by illuminating with
geometrical patterns and recording the output signal in time domain. The light from
LED 3 is shaded into a rectangle. The image sensor is tested in two illumination
conditions. For the first illumination condition the rectangle light pattern is injected
onto the top half of the pixel sensor array (see Fig. 5.28 (a)), while for the second
illumination condition the rectangle light pattern is injected onto the right half of
the pixel sensor array (see Fig. 5.28 (b)). Since the rectangle is not strictly shaded,
the light pattern arrives at the pixel sensor array has a fading effect. The light
intensity decreases gradually from top to bottom for condition 1 and from right to
left for condition 2. The read-out sequence (controlled by the counter and decoders)
of the pixel sensor array is from the top row to the bottom row and from the left
to the right for each row. The raw signal achieved by the image sensor at RT for
condition 1 and at 400 °C for condition 2 are shown in black in Fig. 5.29 (a) and
Fig. 5.29 (b) respectively. The signal for condition 1 decreases gradually in a full
read-out cycle (128 s) of all the pixel sensors and then repeats in the second cycle.
The signal for condition 2 increases gradually in the read-out cycle for each row (8
s). The shape of the signal is temperature independent within the range from RT
to 400 °C. However, the image sensor fails to work properly at higher temperatures
under the same illumination conditions because the leakage current from the circuit
exceeds the photocurrent generated in the pixel sensor array.

The read-out signal has a fairly high noise even though the signal acquisition
time is long. The noise is basically due to a small signal to noise ratio (SNR), 2:1, of
each pixel, which has been found from the measurement results of the isolated pixel
sensor in section 5.4. Supposing half (128) of all the pixel sensors are illuminated
by the light with the same intensity, the SNR of each pixel sensor in the whole array
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Figure 5.28: Schematic view of the spatial test of the image sensor. (a) The top
half of the pixel sensor array is illuminated (condition 1). (b) The right half of the
pixel sensor array is illuminated (condition 2). The light pattern has a fading effect
on the pixel sensor array because the light is not perfectly shaded.

is only 129:128=1.008. Any small fluctuations in the measurement would cause a
significant noise.

The noise in the raw signals could be smoothed by the method of Savitzky-
Golay (S-G) filtering. The S-G filter is a weighted moving average filter that fits
a polynomial at a certain order over a segment of adjacent data points by the
method of linear least squares [98]. The "sgolayfilt" function in MATLAB [99]
is used to compute the polynomial coefficients, perform the delay alignment and
transient data replot between the start and the end of each data segment. The
smoothed and normalized signals of the two illumination conditions are shown in
red in Fig. 5.29 (a) and Fig. 5.29 (b). The length of data segment in the S-G filter
for condition 1 and condition 2 are 31 and 5 respectively. The signals are converted
to grey-scale (1=white, 0=black) images in Fig. 5.30 (a) and (b). The two images
are able to display the different illumination conditions. However, the signals from
the adjacent pixels are intermixed when the signal amplitude has an obvious shift.
For condition 1, the signals from the last three pixels in the first cycle and the ones
from the first three pixels in the second cycle are merged. There are two reasons
for the signal intermix. (1) There is a delay at the read-out (parameter analyzer)
when the current has a large change in amplitude. (2) Noise reduction by the S-G
filter smooths the signal where there is a large shift in the amplitude. A shorter
length of data segment in S-G filter can reduce the signal intermix issue however
it will lead to a signal with more ripples. A longer length of data segment in S-G
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filter can make the signal smoother but it will lead to a more intermixed signal.
The signal read-out and noise reduction algorithm need to be further improved in
the future work to process clearer images.

Figure 5.29: Raw signal (black) and noise-reduced and normalized signal (red) of
the image sensor. (a) At RT, light is illuminated on the top half (condition 1). (b)
At 400 °C, light is illuminated on the right half (condition 2).

Figure 5.30: Grey scale image taken by the image sensor. (a) At RT, light is
illuminated on the top half (condition 1). (b) At 400 °C, light is illuminated on the
right half (condition 2).



Chapter 6

Conclusion and Future Work

In this thesis, UV photodetectors and an UV image sensor based on SiC are demon-
strated for high temperature applications. More specifically, the photodetectors and
image sensor are demos for potential probes sent to Venus for surface explorations.
The research-and-development of this thesis is accomplished through two batches,
each of which incorporates the design, fabrication and characterization from device
level to circuit level. On the way to realize the final objective of the thesis, there
are both rewarding achievements and defects that would be optimized.

Achievements

1. Process techniques developed for SiC bipolar LSI ICs
The critical processing steps, namely SiC mesa etching, lift-off-free n- and p- type
ohmic contacts and two-level metal interconnect with CMP have been either created
or optimized from former experience in order to realize SiC ICs in LSI. The yield of
devices and circuits has been seriously analyzed and improved over the processing
of two batches. The optimized process flow has been verified by the fabrications of
a TTL PDK and LSI circuits built by the gates from the PDK circuit library.

2. High temperature SiC UV photodetectors
The SiC photodetectors, including photodiodes with various mesa areas, a pho-
totransistor and a phototransistor Darlington pair are designed, fabricated and
characterized. The demonstrated photodetectors are UV-only and fully functional
from RT to 500 °C. The maximum functional temperature of the p-i-n photodiode
(550 °C) is the record highest temperature accomplished ever by a photodiode.

3. SiC opto-electronic on-chip integration
Monolithic integration of SiC photodetectors and transistors in this thesis is the
first demonstration of SiC opto-electronic on-chip integration. Different epitaxial
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layers are selected to form p-i-n and n-p-n vertical devices. The transistor, as a
switch that controls the photodiode, bridges an opto-electronic device with circuits.
The monolithic design is the key step to realize an imaging pixel sensor.

4. SiC pixel sensor and image sensor
SiC based pixel sensor and image sensor in this thesis are pioneer demonstrations.
The pixel sensor has been characterized up to 500 °C. The image sensor has 256
pixel sensors. Its row and column selection logics are two 4-to-16 decoders and one
8-bit counter based on TTL technology. The total number of transistors in the
image sensor circuit is 1959. The function of the image sensor up to 400 °C has
been verified by taking basic photos of nonuniform UV illuminations on its pixel
sensor array.

Future Work

1. Processing of the devices
The high leakage current of the transistor at 500 °C and the degradation of the
scaled photodiode is due to the surface leakage or recombination at the sidewall sur-
rounding the mesa. The passivation process should be further improved. Phospho-
rous based gases may serve as an alternative to Nitrogen based gases on passivating
the interface. It may give rise to a lower number of surface traps [100, 101, 102].

P-type ohmic contact processing on SiC is always challenging because it is dif-
ficult to find metals with an appropriate work function giving a low barrier height
on p-type SiC. There is no stable process that can be generally accepted by the
SiC industry. It is important for the whole SiC device and circuit field to find a
suitable material and develop a corresponding process to achieve high yield and low
resistivity contact on p-type SiC.

2. Optimizations in circuit design
There are mainly four issues that limit the performance of the image sensor, namely,
large power consumption, high off-state current at the output, large sizing and slow
speed of signal read-out.

A large power consumption is a well-known issue for TTL. The designed circuits
in this thesis have some space for improvement in power consumption but not much.
A thick metal is required to carry the high current through the circuit. It makes
the processing complicated. Moreover, a high current causes self-heating on the
devices, especially in the small contact areas. It limits the stability and lifetime
of the circuits. CMOS technology is an essential in the future development of SiC
image sensors because of its low power consumption and potential smaller sizing.
It is significant to develop a PMOS with a low and stable threshold voltage. It
is also important to solve the issue of gate oxide instability of MOSFET at high
temperatures.
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The large off-state current of the image sensor is from the junction diode under
the designed circuit when exposed to light. The issue can hardly be solved if the
devices in the image sensor keep using vertical design unless there would be SiC-
on-insulator wafers available. In this aspect, SiC CMOS image sensor is also a
direction of development, in which each pixel sensor has a pinned photodiode made
by implantation.

The large sizing of the photodiode and transistor could be in principle further
reduced with current techniques. The photodiode and transistor with smaller di-
mensions have no major degradation at least in micrometer technology. To further
scale down the devices to achieve UHD image sensor, CMOS is essential. One issue
resulted from scaling the photodiode would be a lower signal (photocurrent) per
pixel which is much more difficult to be read-out.

The read-out speed of the image sensor signal in this thesis is limited by the
parameter analyzer. High speed read-out can be accomplished by an oscilloscope.
However, it needs the current signal to be amplified and converted to a voltage.
Directly connecting the image sensor output with a BNC cable to an off-chip TIA
has been tested, however, the noise is very high. More tests should be done after
packaging the image sensor with a low-noise TIA. Additionally, on-chip SiC TIA
and ADC are development plans for future SiC image sensor to realize the full ar-
chitecture incorporating both digital and analog circuits.

3. Packaging and reliability test
The circuits and devices developed in our group have seldom been packaged and
applied with reliability test. Packaging of high temperature ICs is a challenging
work. Contact material, metals pad, bonding wire, epoxy and substrate should all
withstand high temperatures and be compatible to each other. Changing one of
the elements may lead to a big shift in the process flow. JFET circuits developed
by NASA has passed long-term high temperature reliability test. They use TaSi2
for the metal interconnect and a corresponding Hf based contact technology [39].
Recent work in our group for RF applications has been packaged on low temperature
co-fired ceramic (LTCC) [103]. The packaged circuits are able to survive within
short-term (3 hours) at 500 °C, however the long-term reliability still needs to be
verified later.
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