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4H-SIC is a promising material for switching high power and keghperature device
applications. The superior properties of SiC, such as wider band-gapgaed Value of
critical electric field allow significant reduction in deei on-resistance compared to Si
power devices of similar voltage ratings. In addition the letmethermal conductivity of
SIiC alleviates the device cooling requirements and allowgynedi smaller and more
efficient systems. Several advantages of the unipolar powerhgwitover the bipolar
switches make them desirable for fast switching applicationstayicontrolled
normally-off devices are particularly attractive for praati@pplications because of
simpler gate-drive circuitry. The advantages of the verE&8T device being free of the
problems related to oxide reliability, as compared to the MOSKFécognize it as an
excellent candidate for high power, high temperature switching applications.

Device designs for normally-off and normally-on unipolar switcheth Wwlocking
voltages from 400V to 11kV are proposed, based on a pure vertical trenctied a

implanted structure. Two different junction termination structur@sc{jon termination



extension and guard rings) are designed and successfully implemé@ntabrication
process is designed to achieve a simple and reliable selédlfgbrication process. The
fabrication challenges are discussed and ways to improve the Ppracesdentified.
Three different devices were designed and fabricated.

The world’s first normally-off 4H-SIiC TIVJFET with a blocking voltage of 11k¥és
demonstrated, showing low specific on-resistance of I24n¥.

Normally-off and normally-on 4H-SiC High Frequency TIVJFETshwiilocking
voltages up to 400V were demonstrated. 3.3A-397V normally-off capahilds
achieved for a single die, corresponding to a high power of 1310 Whigecdrresponds
to a class B operation RF power of 164W for a single die. Cutexifiency f= 0.9 to
1.5 GHz was reached.

In the 1200V class devices a normally-on 4H-SIiC TIVJFET witlard ring
termination and substantially simplified processing was also deratetst The highest
blocking voltage achieved was 1562V with a specific on-resistan&8aiQ.cnt at
Vps=0.5V and \&s=2.5V and a current gain of 1495. The lowest specific on resistance
achieved was 2.2@v.cnt at Vps=0.5V and \&s=2.5V with a current gain of 1454 and a

blocking voltage of 1232V.
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CHAPTER 1. INTRODUCTION

1.1. Silicon Carbide Material Overview for Power Eectronics

Silicon is the main material used in semiconductor industry.rieadlily available, well
studied and its processing technology is mature. However, devices dtras® are not
able to operate at temperatures above’Q0Because of excessive junction leakage
currents. This limitation becomes even more severe when high operating tengsease
combined with high-power, high-frequency and high-radiation environmeigh-H
temperature circuit operation is desired for use in various apphisasuch as aerospace
applications, nuclear power instrumentation, space exploration, and aw®moti
electronics. Wide band-gap materials have to be used in order to build devicbke oépa
operation at higher temperatures. Some of the main materialstasest for such
applications are silicon carbide (SiC), gallium nitride (GaN)mahum nitride (AIN) and
diamond.

SIiC has several advantages over other wide-bandgap semicondudtwspeesent
time. Properties such as large breakdown electric field strength (@$ tivat of Si), large
saturated electron drift velocity, small dielectric constanhseaably high electron
mobility and high thermal conductivity (about 3.3 times that of Si attétian copper)
make SiC an attractive candidate for fabricating power devices with redaeedt losses
and die size. Table 1.1 shows the key physical properties of sompertant

semiconductors.



Table 1.1. Physical properties for selected semiconductor materials [1, 2, 3].

Material Ec N Hn Wp Ec Vsat A
ev) | (cm?® g (em?V-s) | (cm?V-s) | (Mvicm) | (107cmis) | (Wicm-K)
Ge 0.66 | 2.4x18 | 16.0 3900 1900 0.1 0.5 0.6
Si 1.12 1.5x18 | 11.8 1350 450 0.3 1.0 1.5
GaAs 1.42 1.8x10 | 12.8 8500 400 0.4 2.0 0.5
3C-SiC 2.36 6.9 9.6 800 320 2.0 2.0 4.9
6H-SIC 3.0 2.3x18 | 9.7 5?50((1'5) 90 3.0 2.0 4.9
4H-SiC 3.23 8.2x18 | 9.7 890600((J|-|8 120 3.0 2.0 4.9
GaN 3.39 | 1.9x1® | 9.0 900 200 3.3 2.5 1.3
AIN 6.1 ~10°* | 8.7 300 14 1.3-1.8 1.8 2.5
Diamond 55 1.6x18% | 5.5 2200 1800 5.6 2.7 20.0

From a technological point of view there is an advantage for Siihidha similar
chemistry to that of the silicon, which gives immediate actessell-known device
processing techniques. Perhaps the most important technologicaleagyvahSiC is the
ability to grow thermal oxide for use as device passivatioar&ygate dielectrics, and as
mask in processing. Another very important advantage is the conaimavailability of
SiC substrates (currently 4-inch wafers are available).

Various Figure-of-Merit (FOM) coefficients based on matguaiameters have been
introduced to compare different semiconductor materials for high eglbagh frequency
applications (Table 1.2. [3, 4]). Johnson FOM can be used to compare devibaghf
frequency signal amplifiers; Keyes FOM is suitable fohksgeed switches comparison;
Baliga FOM is for unipolar low frequency power devices; andgahigh frequency

FOM is for unipolar high frequency power switches. An important palegice FOM is

2
Ver“/Ron_sp, Which is related with BFOM by, 1 EZ :ih, and is commonly used
0 N_SP

to compare the DC performance of power transistors. Huang F@dvimore useful from



an application point of view. HFOMs include Huang Material FOM (K for
evaluation of both conduction and switching losses, Huang Chip Area FONREIR)
for comparison of chip areas, and Huang Thermal FOM (HTF@W)the junction
temperature variation.

Based on FOMs comparison, 4H-SIC is the best material amongQGhgoftypes
and is expected to outperform silicon substantially for high voltaggéching
applications. GaN shows comparable mobility, breakdown field, and satuv&locity
as SIiC but lower by more than a factor of 3 thermal conductthian SiC, which
corresponds to worse FOMs related with thermal conductivitydtitian, GaN has a
direct bandgap, resulting in a short minority carrier life tinvbich is undesirable for
bipolar device operation. Another disadvantage for GaN compared tat $ir€sent time
is several orders of magnitude higher defect density in @atédrials AIN has one of the
largest bandgaps, however the growth of defect free AIN csys&l seriously
problematic. Diamond has superior physical, chemical and electrical properties,
compared to any other material. However, taking advantage ofoddis excellent
properties is limited by the unavailability of large area highliyjudiamond substrates
and the fact that only p-type diamond is available at preBased on all of the above

considerations 4H-SiC is currently the best choice for power switching afomhs.



Table 1.2. Figures-of-Merit (FOM) normalized to Si [2, 4]

Huang
| | ey | saiga Susanar) tang |ruars | emper
Materal | (Eqv, 12m)7 e ! | BHFFOM | HMFOM | HCAFOM | HTFOM
Ve[ & | EHEC | 2 Ecu | &E2Ju [AI(gEL)

Si 1 1 1 1 1 1 1
Ge 0.028 0.24 0.15 0.32 0.57 0.26 0.9
GaAs 7 0.45 16 11 3.3 4.8 0.2
3C-SiC 178 5.1 143 26 5.1 28 0.6
6H-SIiC 400 5.1 244 30 5.4 45 0.4
4H-SiC 400 5.1 585 71 8.4 69 0.4
GaN 756 1.6 677 81 9.0 75 0.1
Diamond 2540 32 4940 568 23.8 207 1.5

1.2. Power Switching Devices — Alternatives and Crgnt Status

1.2.1. Unipolar vs. Bipolar Power Devices

The main types of power switching devices include Bipolar Junctionsiktar (BJT),
Thyristor, Insulated Gate Bipolar Transistor (IGBT), Mé@alide-Semiconductor Field
Effect Transistor (MOSFET), and Junction Field Effect TraosiGlFET). Based on the
type of current carriers utilized they can be divided into twegyp bipolar and unipolar.
Bipolar devices such as BJT and IGBT employ majority and mynoaitriers. They have
the advantage that due to minority carrier injection during operatiomgductivity
modulation could be realized to reduce the device on-resistance anddforalage
drop. However, the minority carrier charge stored during the eexicstate has to be
removed by recombination during switching to off-state, which |gadsncreased
switching times and switching losses. Furthermore bipolar dewic8gC currently have
the problem of forward voltage shift caused by the stackinigsfanigration in SiC under

high current density operation [14].



Unipolar devices use only majority carriers, so they do not sfifier the problems
related to minority carrier storage and hence offer fastéclswg speeds and reduced
switching losses. Therefore a unipolar switch would be the devicéatec for fast
switching applications. According to a recent detailed modelingys&i€ unipolar
power switches have an advantage in comparison to bipolar powehesvdt voltages
up to 20kV when switching frequency is above 800Hz for a device junctigpetature
of 175C [5]. In silicon over a certain voltage range the IGBT is théemed type of
switching device. If silicon IGBTs can be replaced by unipold€ Switches, the
switching losses could be radically reduced [6]. Due to SiC highigsal electric field
unipolar devices in SIiC have ten times lower resistivity comp#ryeghipolar silicon
devices. For a given on-resistance SiC switching devices atte smaller and offer very
low input and output capacitances. Therefore for application wheMCOSFETS are
used, benefits are possible from using SiC unipolar switchegduction of parasitic
capacitances.

1.2.2. Unipolar Power Devices — MOSFET vs. JFET

Among the unipolar devices there are two types of power devic€SHET and JFET.
MOSFET is the most popular unipolar power switching device. PoweBREDs are
designed to be in normally off, i.e. in the off state with no bmdied to the gate. In a
MOSFET the current flows through a thin surface channel formeépgmpying an
appropriate bias at the gate, which is insulated from the semidonddc critical
characteristic of the device is the quality of the semicondwctioie interface. In silicon
carbide this interface contains high density of carbon relatéalcsustates, which results

in low electron mobility at the channel surface. Substantial pssgnas been made in the



development of SiC MOSFET. 4H-SiC MOSFET with low on-resistarice8 ncn?
and a blocking voltage of 660 V has been reported with very fasthsmgt speed (rise
time of 19 ns and a fall time of 39 ns) [7]. However, the relighdf SIC MOSFETs at
high temperatures and high electric field is a key concern [11AR] intrinsic
disadvantage of SiC is the smaller conduction band discontinuity foSithexide
interface compared to Si-oxide [10]. Moreover if the higherkatean filed of SiC is to
be utilized, the oxide would be subjected to an even larger stresswadhid lead to
threshold voltage instability, due to carrier trapping in the gaide, and premature
oxide breakdown, especially at high temperatures. The use of a BMO&Fhigher
temperature is limited due to the exponential influence of thpasture on the device
life time [8]. A recent work [11] suggest that 4H-SIiC double snptd MOSFETS
(DIMOSFETS) have at least more than two orders of magnitudeMesn Time To
Failure (MTTF) than MOS capacitors on n-type 4H-SiC, which indg#hat reliability
for operation up to 30C will be nearly impossible.

JFETs on the other hand are free of gate oxide and use only p-n junctions in the active
device area where high electric field stress occurs andesooaisubject to oxide related
reliability issues. Therefore JFETs can fully exploit the Higimperature capability of
SIiC in a voltage controlled switching device. Another benefit of #ETJis that the

threshold voltage is practically independent of temperature, (the-pfhebltageV, is

2
q.l;lD.a -V, , whereNp is the
£

S

determined by the channel doping and its geom¥{ry

channel dopingg is the electron charga,is the half of the channel height aads the

SiC permittivity). The change in the built in-voltagé; with temperature can be



neglected folV, >> V. In MOSFETS several temperature dependent factors result in a

decrease of the threshold voltage with temperature

V, :\/455 KT N, -InN, /n )+ 2k T Inﬁ—Q&‘—(r), wherek is the Boltzmann constant,

gox / tox q n

Na is the acceptor concentration in the channel regids,the intrinsic concentratioyy
the permittivity of the oxidelyy is the oxide thicknesf)s is the interface charge af
the oxide capacitance.

1.2.3. JFET — A Better Choice for High Temperature Power Dace

Based on the above comparison at this point the JFET has a d\eatamge over the
MOSFET. As serious work is being done to solve different problemseiMOSFET, it
might be improved in the future, however the JFET will still nentlhe device of choice
for high temperature and harsh environment applications [8]. Expedhrestlts show
that 4H-SiC JFETs have a very wide temperature range of mperdt-SiC JFETs have
been characterized at high temperatures up tdCGlHQ5] and down to cryogenic
temperatures of 30K [16]. 4H-SIiC JFETs have also demonstratadiligasf at least
500h life at 500C [17]. A DC-DC converter using 4H-SiC JFETs and 4H-SiC Schottky
diodes was tested at ambient temperature up toCAGB]

Regarding the device structure, there are two main types af JRk&ateral (LJFET),
where the source, gate and drain terminals are all one side afdfer and Vertical
(VJFET), where the source and gate terminals are on the fdebkihe wafer and the
drain terminal is placed on wafer backside. The VJFET stmicillows higher cell

packing density, and hence can achieve lower on-resistance. Th& kflbEture, even



though offering lower packing density, has a clear advantage &izing power
integrated circuits.

Based on operation JFETs could be classified as normally-on (coridgietslrain
current at zero gate bias) or normally-off (blocks high drain-to-source vataggo gate
bias). Normally-off structure is preferred from application poinwiefv, as it ensures
safe system operation. In a normally-off structure the chdraseto be designed narrow
enough to be pinched off at zero gate bias and at the same timeete heasonable on-
resistance, which requires a precise control of the channdi.Witis leads to relatively
smaller technology process windows and makes the process more challenging.

On the other hand normally-on JFETs can deliver lower on-resistamtare even
desirable in certain applications. The disadvantage of the nororalgevice can be
overcome in applications by using a cascode configuration composddvofvaltage Si
MOSFET and the high voltage SiC JFET [8, 12], however for thisguattion the high
temperature performance of the composed device will be limiteadebi MOSFET. A
more attractive solution is a JFET cascode switch, based oanBiCSuch a switch has
been demonstrated by combining a low-voltage normally-off SiC JEE&d as the
controlling device, in series with a high-voltage normally-on SiETJFcapable of
blocking over 1000V with a specific on-resistance of 3.€cm’, which could be
operated at temperatures over 150°C [17]. Unfortunately for this solint@mprocess
challenges related to realizing high current normally-off SiC JFETstllillbe in effect.

High voltage normally-off SiC JFET can be more easily redliag combining a
lateral, low voltage, normally-off JFET structure with a @it normally-on, high-

voltage structure [19-22]. However, the fabrication of this type FETJis more



complicated and a low specific on-resistance is more diffioustchieve, compared to a
pure lateral or vertical structure. The best results acthiesth this kind of structure are
5.3kV 4H-SiC SEJFET with specific on-resistancess(RY of 69nmcn? [21] and a
4,340V, 40n62cn? normally-off 4H-SiC VIFET [22].

Based on the above considerations a vertical JFET type is\dlse interesting for
power device application, as it offers higher packing denséy the lateral type, has a
potential to achieve very low on-resistance and is simpler tzeethan a combined
lateral plus vertical structure.

Different approaches have been used to realize a vertical stRETure. A SiC static
induction transistors (SITs) was fabricated using e-beam lithbgrand vertical
implantation [23, 24]. One disadvantage of this SIT structure is tlatube of the
implantation scattering effect, the vertical channel does awe la uniform channel
width. Another disadvantage is that longer channel length isudtfto achieve because
it is determined by the implantation depth, which is limited kyitm implanter energy
capability. Typical commercial implanters provide several hundreelkittron-volt ion
implantations, and megaelectron-volt ion implantations, required to &rsasonably
long vertical channel, have a very limited availability.

Another way to realize a vertical JFET structure usesphaxaal regrowth approach
[25, 26]. A very low on-resistance of 1.0men? with a blocking voltage of 700V was
achieved using a buried gate structure [25]. Another device achaed 270V, and
1.21m0.cn?. However, the buried-gate SIT is likely to have issues duringcising
operation because the relatively long p-type buried gate withaal hrees a much larger

resistance and, hence, a much larger gate RC time, compareértecal structure with
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ohmic contact metal close to the p-gate region surrounding thenehaAlso the
fabrication process for this type of JFET is more complicai®dt requires epitaxial
regrowth in the middle of the processing.

The third type of a VJIVET structure is the Trenched and ImplaMéFET
(TIVJFET). It is simple to fabricate, as no epitaxial re-giows needed, and it can
achieve low specific on-resistance [27]. Normally-off perfaroeacan be achieved with
a scalable design from 1.7kV to 14kV [28]. Normally-off 4H-SiC TIVJFET wasnted,
with Rsp onoOf 3.6nm.cnt and blocking voltage of 1726V, corresponding to a figure of-
merit (FOM) (Vs?/Rsp oy of 830 MW/cnf, which is 28 times better than the state-of-the-
art silicon Cool-MOS power devices [29]. The first reported VJFET in the 10kVislass
TIVJFET and the highest blocking voltage reported for a TIVJFETL.1 kV with
Rsp onoOf 124 men? [30, 31]. Therefore the Trenched and Implanted VJFET structure
iSs a very attractive approach to realize low on-resistance hégitdl voltage power
switching devices using a relatively simple fabrication process.

1.3. Objectives of the Proposed Ph.D Thesis Reselarc

The objective of the proposed research is to develop unipolar powehesvitath
blocking voltages from 300V to >10kV and low on-resistance. Normaflyaod
normally-on structures will be designed based on the TIVJFETepdin An 11kV
normally-off TIVIJFET will be designed and fabricated. A normalff and normally-on
400V High Frequency TIVIFET (HF-TIVJFET) will be designed dabricated. A
normally-on 1.2kV TIVJIFET will be designed and fabricated. Two diffejanction
termination approaches (Junction Termination Extension and Guard Ringshe

investigated. Completely self-aligned method for defining sourcegated contacts will
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be pursued. Critical processing issues will be investigated inlsdatad improved. A
main goal of this work is to develop a simple and robust processlyoefploit the

advantages of the TIVJFET structure.
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CHAPTER 2. BASIC TIVJFET STRUCTURE AND PROCESS
DESIGN
2.1. Basic TIVJFET Structure Design

2.1.1. Unit Cell Design

A cross sectional view of a unit cell TIVJFET structure is shown on Figure 2.1.

Source
e e

++

n

+

n

P | Channel | p

WVC

& »
<« > +

n" drift layer

n* substrate

e e G e e
Drain

Figure 2.1. Unit Cell Structure of TIVJFET structure.

The wafer structure consists of three n-doped epitaxial layéwes.upper heavily
doped (>%10cm™) n++ epilayer is used to create the source ohmic-contactn@xte
n+ epilayer is slightly more lightly doped to 280'%m?, It serves to define the vertical
boundary of the gate-source p-n junction and provides a process margthefor

planarization process used to fabricate the device. The third @pitaysed to form the
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vertical channel and to support the voltage. Its thickness and dopidgsageed so that
the device can support the required voltage. A vertical channel idoby etching
source mesas and implanting the gate. Normally-off or normallyoctgres can be
formed by choosing a vertical channel width. For a normally-offcgethe width of the
channel is designed to be completely depleted at zero gatéobemsure normally-off
behavior. For a normally-on device channel is designed to be open aa#eto-gource
bias and its width is chosen so that it can be closed by agpdyneasonable negative
voltage to the gate with respect to the source. The width ofatieetrgnch is chosen to be
the minimum allowed by the fabrication process in order to marisource-to-gate area
ratio and device current density. The device is designed to beoabjperate in a large
temperature range from 70K to 600K. Since the vertical channklbagome more
“open” at higher temperature than at lower temperature due tdettrease of the p-n
junction built-in voltage with temperature, the design should be pertbanthe highest
temperature.

2.1.2. Drift Layer Design

The breakdown voltage of the TIVIFET structure depends on the semitmmchitical
field (electric field at which avalanche multiplication of @mt carriers by impact
ionization will occur), epilayer doping, epilayer thickness, and devdge ¢ermination.
Therefore epilayer doping and thickness can be determined l®mlesired breakdown
voltage under parallel plane avalanche breakdown conditions. The degitagler
doping is the maximum doping that will sustain the specified breakdmltage. The

relationship for the epilayer doping is [34]:
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&.E2

S

N. =
°2qV,

2.1)

whereEc is the semiconductor critical field amg is the breakdown voltage.
The epilayer thickness is the reverse bias depletion region widtie doreakdown

voltage. The relationship for the epilayer thickness is [34]:

t, = (2.2)
For 4H-SiC the critical field dependence on the doping concentratidesisribed by
[35]:
2.49x 10

1-Liog, Mo (2.3)
4 OglO 1016

According to other authors [36] the critical field dependence oddpang concentration

E. =

for 4H-SiC is:

1/7
E. = 164x10*N, (2.4)
Alternative epilayer doping and thickness can be used, based qgounica-
through concept. The punch-through structure has a smaller thickregsport the same
voltage as a non-punch-through structure and thus can provide a lowsistanee and
a reduced wafer cost. The breakdown voltage of a punch-through diode calnuiated

using the expression:

1 gN, t%er
V,, = ECtPT—ED;—t (2.5)

S

whereVpr is the punch-through voltage;r is the punch-through layer thickness.
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The drift layer doping and thickness to support a desired voltagakrdated using
equations (2.1-2.5). Results are shown on Figure 2.2-2.3 and can be used fogaheos
right epilayer thickness and doping concentration. The values of the giaranwill
depend on the critical electric field chosen for the calculatioms.two different models

shown above give different numbers for the breakdown voltage and epilayer thickness.

4H-SiC breakdown voltage for punch through and non-punch-through epi-layer
EC=2.49x106/(1—0.25log(N/1016) - critical electric field - Konstantinov [35]

- punch-through non-punch-through

T —

[45m —————
F40pm o —————

35um
[3%m
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[S0wm
25um :

10um

Breakdown Voltage (V)
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o
w

i S5um

!

i epi-layer thickness
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Figure 2.2. Breakdown voltage vs. doping concentration for non-punch-through and
punch-through 4H-SiC epilayers, based on Konstantinov’s critical electdd3t].
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4H-SiC breakdown voltage for punch through and non-punch-through epi-layer
E_=1.64x10°N"" - critical electric field - Raghunathan [36]
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Figure 2.3. Breakdown voltage vs. doping concentration for non-punch-through and
punch-through 4H-SiC epilayers, based on Raghunathan’s critical electtif3&¢l

2.1.3. Junction Termination Design

In practice it is not possible to achieve the theoreticakylipted avalanche breakdown
voltage, because of two-dimensional and three-dimensional field croadoantact and
junction edges. Edge termination is necessary to reach the palale breakdown
voltage. Many different types of edge terminations have been used for powesd&dl
including beveled edges, field plates, floating metal rings,pp-tfYoating filed rings,
junction termination extension. The most commonly used termination meathedlsese
that use planar junctions, because they are compatible with ther gé&brecation
technology. Up to 80% of the ideal breakdown voltage could be achiesing floating

field rings, and up to 95% using junction termination extension. For \@8t@ its high
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critical field, the last two techniques, which do not rely on dieles, should be the best
choice.
2.1.3.1. Junction Termination Extension (JTE)

Junction termination extension (JTE) technique [33] can give almosligbgylane
breakdown voltage (up to 95%). It is convenient, because no complicated
photolithography steps are needed and the amount of introduced chargepcacisedy
controlled by ion implantation. JTE region should be totally depletetheatrequired
blocking voltage applied. Key parameters of JTE are the ldngththe depthd;e and
the doping concentratioN;re. A schematic view of a p-n junction with JTE region is

shown on Figure 2.4.

A
Y

Lyre | l
|

D<)
/ N e
]

Main junction

n+ ~

Figure 2.4 Schematic cross section of a p-n junction with junction termination extension.

The length should be chosen to be larger than the epilayer thickness in order to reduce
the field at the surface by supporting the same voltage waithel depletion width.
However it should not be much larger than the epilayer thickness im turdeave

valuable wafer space. The implanted dbBse Njedse is determined by the maximum

&E
electric filed and is equal tesq—c. If we express it in terms of the epilayer parameters it



18

is: D= Nt

olei » WhereNp andte, are the epilayer doping and thickness respectively. Once
we choose the dose, we can decide abgatandN;re. Numerical analysis shows that for

a given doping level of the junction extension, the breakdown voltageases and then
decreases, going through a maximum when the depth of the junctersiex increases
[37, 38].

One problem with the JTE structure in SiC is the uncertaintydogants activation,
which can lead to ineffectiveness of the termination. A pralcipproach to realize a
JTE structure is to implant it together with the gate and tbkemve as much of the
implanted thickness as needed to achieve the right charge baldnsereduces the
number of photomasks needed, saves one implantation step and eliminates the
uncertainty in the p-dopant activation efficiency, as the actualcharge can be adjusted
by etching after implantation and dopant activation. A multiple-zarte skructure is
more effective than a single-zone JTE. A three-zone JTE stuatas chosen to be

implemented. Figure 2.5 shows a schematic view of the JTE ws®ucthe different

zones are formed by additional etching steps.

l Etched depth

JTE

]

n+

L N—

|

Figure 2.5. Three-zone JTE structure, realized by implantation and subsequesa# surf
etching.
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There are two additional issues with JTE. First, the presenserfaice charge over
the implanted region can strongly affect the electric field distribution.cémscause high
electric field to arise at the surface and wide variation eflkafown voltage from device
to device. Second, the high electric field near the surface aase excessive leakage
current flow. In order to reduce the surface charge the semiconductace needs to be
properly passivated.
2.1.3.2. Floating Guard Rings
JTE is a very good termination technique as it can achieve breakdutage that is as
close as possible to the theoretical limit. It, however, hagditedvantages of more
complicated practical realization and sensitivity to surface charge. én tmrdimplify the
fabrication process guard ring termination was also designed. Udrel gngs can be
implanted together with the gate and no additional processing iseeqlihe guard ring
structure is shown schematically on Figure 2.6 and Figure 2.8. Tlgndesas 28 rings
with non-uniform spacing. The spacing increases from the main juniheard the
device periphery. Numerical modeling shows that this terminatroctare can achieve
more than 90% of the parallel plane breakdown voltage. By shiftingyuhed ring
spacing proportionally (same amount for all spacings) the structuwrserve for a range
of drift epilayer doping. Figures 2.7 and Figure 2.9 show the maxintectrie field at
breakdown for two different epilayer doping levels.

The actual structure to be fabricated is shown on Figure 2.10. The mugsdare
formed in the same manner and at the same time as the JiETIya spacing between

the individual guard rings are defined with mesas etched togsitiethe source mesas.
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The whole guard ring structure is self aligned and requires naaddiprocessing step,
as it is formed together with the source and gate formation.

20um W, = 3.23um p+: 0.6um, using TI-VJFET gate body

|'—’| il <_’| implantation profile from (b)
e J e U U U U U OO Uy

n- =9.2e15cm-3, 11.4um 4H-SiC
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Figure 2.6. Guard ring structure (a) and Al implantation profile (b).
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Figure 2.7. Maximum field in the device at 1673V.
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Figure 2.8. Guard ring structure (a) and Al implantation profile (b).
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Figure 2.9. Maximum field in the device at 1128V.
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Figure 2.10. Floating guard ring structure, using etched mesas similar tmthe s
mesas.

2.1.4. Vertical Channel Design
The design of the vertical channel is the most critical patieotinit cell design. The gate
is formed by ion implantation. The channel width is defined by tiskhvwof the etched
source mesa and the gate ion implantation depth. Three sets afpkiniation are
applied on the lower half part of the gate trench to form thécaedhannel and to create
gate ohmic contact. The first Al implantation (p+) is applied mainly on the sidefwhe
gate trench with a tilted angle so that a vertical chanrtbl avcertain height and opening
can be established. The second Al implantation (p+ body) is applida drottom of the
gate trench to form the high-voltage blocking junction and the lastoshadll
implantation (p++) on the bottom of the gate trench to form the @amnic contact. The
designed profiles of p+ implantation along a horizontal line actesshannel is shown
in Figure 2.11.

The implantation profile is simulated by ProfileCode™ with Persbulistribution
assumption [39]. It was previously found that the simulation softdaes not accurately

predict the implantation tail [40] and the tail of aluminum is appnately modeled by a
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linear slope of 0.1um per decade. The implantation depth is defirtée Iytersection of
the modeled implantation profile, including the approximated tail, and the channed dopi

concentration.
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Figure 2.11. Gate implantation profile defining the vertical channel width.

2.2. Process Design

2.2.1. Major Fabrication Steps
The major fabrication steps are as follows (Figure 2.12):
* Source mesa formation (Figure 2.12(b)).
+ Gate and termination formation by implantation and dopant activation
annealing (Figure 2.12(c)).
» Surface passivation by Si@nd SiN4 (Figure 2.12(d)).
» Gate contact formation (Figure 2.12(e)).
» Source contact formation (Figure 2.12(e)).

» Drain contact formation (Figure 2.12(e)).
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» Trench filling planarization (Figure 2.12(f).

» Source metal overlay formation (Figure 2.12(f)).

(a) Starting wafer;

(b) Source mesa formation;

| - —

(c) Gate and junction termination formation Byimplantation and dopant activation
annealing;
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(d) Surface passivation by Si@nd SiNy;
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(e) Gate, source and drain contact formation
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() Trench filling planarization and source metal overlay formation

Figure 2.12. (a)-(f): Fabrication steps of TIVJFET structure.

Source mesa formation:The first part of the fabrication is the mesa-etching process

to create the mesas in the 4H-SiC epitaxial wafer piedeseiching is done with an ICP
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etching system; the etching masks are made of AlTi film, wisiglatterned by standard
photolithography with wet chemical etching.

Gate and junction termination formation: Implantation for gate and junction
termination includes three parts: body vertical implantation by-bigergy implanter,
sidewall skew implantation for gate p-type region and verticalantption for p-type
ohmic contact. Since n-type doping is done during epitaxial growthmallantations
required for the device are Aluminum ion implantations. Post implantahnealing at
1550°C for 30 min in Argon is done to activate the implanted Al impwitiad recover
the damaged crystal structuiievo different approaches are considered for the junction
termination — Junction Termination Extension (JTE) and Guard Ring3$. (e JTE is
created by the Aluminum implantation done to form the vertical. gate JTE region
needs to be thinned down by dry etching in order to achieve the ch#ageeothat will
give the desired field suppression at the device periphery. Theusptetching depths of
the JTE steps need to be determined experimentally on a tqdesafter the optimal
etch depth is found the etching of the main sample is done. Guard mmgé&gon is
created by etching ring mesas at the same time with dlbbeces mesas and later
implanting the guard rings together with the gate implantation.

Surface passivation: After thorough cleaning samples are thermally oxidized at
1100°C for 30 min in wet @ ambient to form a sacrificial oxide. The sacrificial oxide i
then removed and another thermal oxidation is done at’@100 3 hours in wet oxygen
ambient to passivate the surface. The oxide is then annealed &€ ¥&0Q hour in Ar.

The thermal oxide is then covered with a PECVENSIayer with thickness of Op2n.
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Gate, source and drain contact formation:For the gate contact two options are
possible — with alignment and with a self-aligned process. Byaligament method
windows are opened in the passivation by photolithography and dry et@atecontact
metal of Ti/TiN with a total thickness of 3000A is deposited bytsping on the sample
surface. The metal is patterned by a lift-off process. Thalngefinally annealed to get
ohmic contact. Self-aligned process uses photoresist planarizatdal. I&yer of Ti/TiW
with a total thickness of 3000A is sputtered over the deviceeactiea. Photoresist
planarization is then performed and the metal is etched frosotiree region surface by
a wet etching process. The metal is annealed together widotinee and drain metals.
For the source ohmic contact a self-aligned lift-off procesautilized. First, the
passivated surface is planarized by photoresist deposition. Secondritaezeld surface
is etched back until all the mesa tops are exposed. Then, Ni/Ti\@ctomrire deposited
by sputtering and lift-off. A contact to the drain is formed dputtering AITi/Ni
(200/3000A) on the wafer back side. High temperature annealing is tlarteraperature
> 950°C to form both source and drain ohmic contacts. Alternative method ifor se
aligned method for source and gate metal definition is possible, basedkel silicides.
After the ohmic contacts are formed the additional gate matabe deposited to reduce
the gate resistance. This is done by photoresist planarization and metalhiveg. et

Trench filling planarization and source metal overlay: This fabrication step
consists of two phases. First, thick dielectric material is depositedhanctched back to
expose the source contacts. Second, thick metal overlay consistiAfToORAuU is
deposited and patterned. There are two choices for the planaridegirite Polyimide is

relatively easier to planarize, but its high temperature chipediare limited. SiQ is
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more difficult to planarize, but it ensures device performancebdd@s at higher
temperatures.
2.2.2. Critical Fabrication Steps — Challenges and Improvenms

Gate trench etching: Channel width, especially for normally-off devices, is very
sensitive to process non-uniformity. To establish a god control of ttieatechannel
width the fabrication process has to ensure line-width uniformapdgvertical mesa
profile and smooth mesa sidewall. Photoresist spinning conditions shoudfjusted to
give maximum thickness uniformity. The metal mask wet etcharglitions should be
optimized to get uniform etching along the sample. Plasma-etchimgjtions should be
refined to provide a vertical mesa sidewall as much as possible.

Gate implantation: Implantation for vertical gate is a critical step in the ifziron,
as it defines the vertical channel width, which determines thecel normally-off
behavior. Aluminum is used to create the p-type regions. The gplenitation consists
of three parts. First, an Aluminum vertical implantation is doneotm fthe blocking
junction. Second, the vertical gate is formed by Al implantation orsittewalls. The
third part of the implantation is shallow implantation with highamnration for the gate
contacts. The most critical part of the design is the védidawall implantation. This Al
implantation needs to be done at a tilted angle so that thegmns are established with
a certain thickness at the sidewalls. The tilt angle is chbased on the consideration
that shadowing from neighboring mesas should not occur. Another concern with the
gate implantation is the masking. The source should be covered wmisislkaduring the
implantation. The mask should be patterned by photoresist planarizatida] me

deposition and lift-off. This method, however, is more time consumidgan achieve a
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limited mask thickness. Another more practical approach is to donghlantation for
gate without covering the source mesa tops with a mask. Aftgatkemplantation the
top of the source mesas is removed by planarization and dry etching process.

Self-aligned Gate and Source ContactOne of the most challenging steps in the
fabrication is to define gate contacts in the gate trenches.gdteetrench is only about
2um-wide and it needs to be covered with metal, while keeping thial mefely away
from the source contact that is on the top of the source mesaniliakself-aligned
process uses the following procedure for metal formation. The gated ® defined by
metal sputtering, photoresist planarization and metal wet etchhmgy.sdurce metal is
defined by photoresist planarization, metal sputtering and métalffliprocess. For
increased area devices the planarization nonuniformity becomes igoifecant and
metal lift-off process becomes less reliable, which mag teapartial gate and source
metal contact shorting.

A second method for source contact metal definition, based on a nealigadfd
approach is possible without using a lift-off step. First, the gatéled with silicon
dioxide deposited by PECVD, prior to source metal deposition. Second, @rgsisit
planarization is performed. Third, a new self aligned method for souetal definition
is applied, based on nickel silicides. The idea utilizes thettiattmetals, such as nickel
(Ni), react with SiC when heated to form silicides, but wilt react with SiO2. Metal is
deposited above the source (free of oxide) and the gate trench (ceitbredide). If the
contact metal (Ni) is annealed at a high enough temperdtwid react with SiC and

form silicide on the source, but will not react with the oxide ingaie trench. Then the
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un-reacted nickel can be removed by wet etching, so only thieeititat is sitting on the
source will remain.
Finally a third method is possible that uses self-aligned nmikeide contacts for

both the gate and the source.

Gate Overlay metal: The device layout is such that the gate is probed at a gate

probing pad, which is located on one side of the device. Gate cuawimd through the
gate metal results in voltage drop along the gate, due tadtee metal resistance.
Because the channel opening is controlled through a change in the depigioonwidth
of the gate-to-source p-n junction by applying forward voltage tqgé#te (in forward
conduction mode), it is sensitive to the applied voltage. The nesesta the gate metal,
even if not very large, may cause a voltage drop enough to cretdeemtifopening
conditions for the channel in different regions of the device. A dewigsists of multiple
channels connected in parallel. When the channels that are clbsegaté probing pad
are open and start conducting high current, other remote chaneelsotaret open
enough. If the gate voltage is increased further more channels déaiyropen, but the
control gate-to-source p-n junctions of the channels closer to the gyatetcpad start
injecting too much gate current. A p-n junction current increasgsnextially with the
applied voltage, so before all the channels get a chance to open tetyrgabene part of
the gate starts conducting too much current and contributes més¢ aflowed gate
current. In order to increase device current density and utilizethd total device active
area the gate metal resistance needs to be decreased. Tiésdm@me by increasing the

gate metal thickness and using metals with lower resistivity.
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CHAPTER 3. NORMALLY-OFF HIGH VOLTAGE (11KV) TIVJFE T
3.1. Device and Process Design

3.1.1. Unit Cell Design
A cross sectional view of a unit cell TIVJFET structurghswn on Figure 3.1 The wafer
structure consists of three n-doped epitaxial layers. The uppelyhéaped (>k10cm
%) n+ epilayer is used to create the source ohmic-contactsdtsarves to define the
vertical boundary of the gate-source p-n junction and provides a proeegs for the
planarization process used to fabricate the device. The secoageemilith a doping of
4.3x10"cm™® and thickness of 3iBn is used to form the vertical channel. The third
epilayer is the drift layer that supports the voltage. The thiskoke$2@m and doping of
4.9x10"cm™ were designed so that the device can support a voltage of more than 10kV
A vertical channel is formed by etching source mesas andntmgiathe gate. The width
of the channel is designed to be completely depleted at zerbigat® ensure normally-
off behavior. The width of the gate trench is chosen to be minimiowead by the
fabrication process in order to maximize source-to-gate at®@ and device current
density. The device is designed to be able to operate in a éangerature range from
70K to 600K. Since the vertical channel will become more “open” at higheperature
than at lower temperature due to the decrease of the p-n junctitinbesltage with
temperature, the design should be performed at the highest temperature.

The gate is formed by ion implantation. The channel width is debgate width of
the etched source mesa and the gate ion implantation depth. ThreeAdetaplantation
are applied on the lower half part of the gate trench to form thigalechannel and to

create gate ohmic contact. The first Al implantation (p+) ppliad mainly on the
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sidewall of the gate trench with a tilted angle so thaemical channel with a certain
height and opening can be established. The second Al implantation (ptibegplied
on the bottom of the gate trench to form the high-voltage blocking junctiotharidst
shallow Al implantation (p++) on the bottom of the gate trench tm fthe gate ohmic
contact. The designed profiles of p+ implantation along a horizéine@lacross the

channel is shown in Figure 3.1(b).
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Figure 3.1. (a) Unit Cell Structure of 10kV 4H-SiC TIVJFET,; (b) Gate implzori
profile.

3.1.2. Device Layout and Photomask Design

The complete device layout design is shown on Figure 3.2. The acd@ecantains a
number of source lines (“fingers”) surrounded by a gate region.té amtact pad was
designed with dimensions large enough to ensure probing and wire bonpatglica
The device active area is surrounded by a three-step Junctionn@gomi Extension

(JTE) area that is used to suppress the high electric filddvice periphery. The width
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of each step is 100mm, forming a total width of 300mm, enough to ensudréhé¢ha
electric filed in the JTE region will be lower than the \eatifiled in the bulk of the
blocking epilayer. Test p-n diodes and TLM structures were also included insiga tte

evaluate the effectiveness of the termination and the quality of the ohmic sontact

3-zone JTE termination

—Gate contact

Figure 3.2. 10kV TIVJFET layout design.

A set of masks suitable for self-aligned processing of SIETNGIFETs has been
designed. This set of masks has been manufactured and used fdoritetifen of the
device. The mask set includes the following masks:

(1) Source Mesas;

(2) JTE-1;

(3) JTE-2;

(4) JTE-3;

(5) JTE-Implant;
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(6) JTE-Mesa,;
(7) Gate Contact;
(8) Gate Pad Window;
(9) Metal Overlayer;
10) Planarization Help;
11) Oxide Etching Active Area.
3. Process Design
major fabrication steps are as follows (Figure 3.3):
Source mesa formation (Figure 3.3(b)).
Gate and termination formation by implantation and dopant activation
annealing (Figure 3.3(c)).
Junction Termination Extension (JTE) formation by ICP etching (Figure 3.3(d)).
Surface passivation by Si@nd SiN4 (Figure 3.3(e)).
Source contact formation (Figure 3.3(f)).
Drain contact formation (Figure 3.3(f)).
Gate contact formation (Figure 3.3(f)).

Trench filling planarization and source metal overlay formation (Figurg)3.3(

N+ source layer

N- = 4.9x10"cm™, 120pm

(a) Starting wafer;



(b) Source mesa formation;

|

(c) Gate formation by pimplantation and dopants activation annealing;

(d) Junction Termination Extension (JTE) formation by ICP etching;

| IS S

(e) Surface passivation by Si@nd SiNy;

35
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P+ Gate
P+ Gate

P’ Body P’ Body P’ Body P Body

N- = 4.9x10"cm™, 120pm
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DRAIN

(f) Source, drain and gate contact formation
SOURCE

N- = 4.9x10"cm™, 120um

FFTFFF T TETFTTTTFFTTTEFFFTFFFFFrrrryi

DRAIN

(9) Trench filling planarization and source metal overlay formation

Figure 3.3. (a)-(g): Fabrication steps of normally-off TIVJFET structure.
3.2. Fabrication

3.2.1. Source Mesa Formation

The device fabrication starts with etching of the deep trenlohaaductively-coupled
plasma (ICP) using GFRand Q gas mixture, forming a source mesa array. The etching
masks are made of AlTi (Ti: 3.5% by weight) film, which istpated by standard
photolithography with wet chemical etching. A 2000-A thick layer HfiAvas deposited

by sputtering on the 4H-SIiC wafer pieces. The deposited fiietalvas then patterned

by the photomask “(1) Source mesa” for mesa definition with nagégen of 2.25um.
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After that the gate trenches were etched in an ICP etel@fi+O, plasma. The etching

was done in several runs and the final etched depth wa 3.2

(b)

Figure 3.4. Optical microphotograph of source mesas: (a) AlTi pattern fort¢GiRge of
source mesas; (b) etched source mesas. Structure period is 5.5um.

3.2.2. Gate and Termination Formation by P+ Implantation ad Dopant
Activation Annealing

Implantation for Gate and JTE include three parts: JTE veitigallantation by high-
energy implanter, sidewall tilted implantation for gate p-tyjegion and vertical

implantation for p-type ohmic contact. Owing to the presence of tee-tlenched
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structures, self-alignment processes become possible based oizjlgrihe coating of
photoresist and etching-back by oxygen plasma to expose the mefar @jpdank metal
sputtering and the subsequent self-aligned metal mask formayiohftioff. The

implementation of the multi-step implantation structure of the @a&tsomes greatly

simplified by the use of self-aligned implantation masks placethe mesa top (Figure

3.5).

(i
'\h (L

Figure 3.5. Optical microphotograph of Mo implantation mask for gate and JTE
implantation (a) complete device view; (b) source mesa only view.

(b)

Once the implantation metal mask is formed on the mesa top, th@esan

subjected to a three-step Al implantation, followed by remowuigitnplantation mask
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and post-implantation annealing at 1%5@or 30 min. In the first set of implantation, the
p* trench bottom regions are created by normal incidence Al ingtiantwhile the mesa
top is protected by an implantation metal mask. The implantatiogieaeand doses are
570KeV 3x10“cm? 345KeV 1.&10%cm® 200KeV 1.%10"cmi’, and 105KeV
8x10*cm™. The second set of Al implantation is applied mainly on the sidefahle
deep trench with a tilted angle so that a vertical chanrtél avlength of 2.dm and an
opening of 0.5em can be formed. For this set of Al implantation, the implantation
energies and doses are 240KeV x3@°cm? 100KeV 1.x10%cm?, and 25KeV
3x10*cm?, and the implantation angle was®38ith respect to the sample normal. The
third set of Al implantation is applied on the bottom of the deephremcreate shallow
p"* regions with a peak concentration of1@°cm™ for gate ohmic contact. After gate
implantation, the sample is annealed at £65fr 30 min in Ar ambient to activate the
implanted Al.

3.2.3. Junction Termination Formation

Three-step junction termination extension (JTE) was employed to redudedtne éeld

at the device periphery. This JTE is created by the Aluminuptamtation done to form
the vertical gate. The JTE region needs to be thinned down bgtciring in order to
achieve the charge balance that will give the desired field esgipn at the device
periphery. The optimum etching depths of the JTE steps need to benideter
experimentally. For this purpose, a 4H-SIiC dummy piece cut fronsdhee wafer, in
which all the implantations and the post-implantation annealing haea performed
together with the device samples, was prepared. The dummy pisdbemaprocessed to

have simple pn diodes with three-step JTE with the step width of 100um. The outer
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steps were etched to 300A. The inner step depth was graduadigsedrby repeated ICP
etching while the reverse I-¥haracteristics were monitored at every etching run. The

results are shown in Figure 3.1.5
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Figure 3.6. 12kV MJTE optimization.

3.2.4. Surface Passivation

After thorough cleaning the samples were then thermally edda 1108C for 30 min

in wet oxygen ambient to form a sacrificial oxide with a thicknet approximately
150A. The sacrificial oxide was then removed by HF and anothenghexidation was
done at 110 for 3 hours in wet oxygen ambient. The oxide was then annealed at
1100°C for 1 hour in Ar. The oxide thickness is estimated to be about 60fé. that a
2000A-thick layer of silicon nitride was deposited by PECVD.

3.2.5. Source and Drain Contact Formation

For source contact formation the passivation dielectric is remfveed only the mesa
tops and the source Ni/TiW contacts are defined by using a self-aligresprd he self-

aligned process consists of photoresist planarization, metal depdsjtisputtering and
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subsequent lift-off. Next, the drain contact was formed on the sani@ck side by
removing the passivation oxide by etching in buffered HF and deposhiifiy
(200/3000A) by sputtering. Annealing of source metal is perform&@5fC for 10min
together with the drain metal to form ohmic contacts. Figure [BWs the device after

the source contact was formed.

Figure 3.7. Optical microphotograph of 11kV TIVJFET after source contact formation.
3.2.6. Gate Contact Formation

Next, the first and only photolithographic critical alignment isienéo open windows in
the passivation for gate contacts. Windows in oxide/nitride were ceichéCP using
Freon and oxygen mixture plasma. Gate contact metal of Ti/TBO0A/1500A) was
deposited by sputtering on the sample surface. The metal wasnpdttby a lift-off
process. The metal was finally annealed at°COfor 10min to get an ohmic contact.

Figure 3.8 shows the device after the gate contact was formed.
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(b)

Figure 3.8. Optical microphotograph of 11kV TIVJFET after gate contact fanmda)
complete view; (b) source and gate close-up.

3.2.7. Trench Filling Planarization and Source Metal Ovday

This fabrication step consists of two phases. First, thick pal@rooating was deposited,
cured at temperature > 3%D and then etched back in oxygen plasma to expose the
source contacts. Second, thick metal overlay consisting of Al/MA#tua total thickness

of 2um was deposited and patterned by lift off. The fabricated @é&vghown on Figure
3.9. Finally the device was packaged in a high-voltage-operation egpadkage (Figure

3.10).
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Figure 3.9. Fabricated 11kV normally—off TIVJFET.

Figure 3.10. Packaged 11kV normally—off TIVIFET.
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3.3. Characterization

Figure 3.11(a) shows the dependence of the drain cugdntirent densitys) on the
drain voltage ¥ of a fabricated TIVJFET. The current density in Figure 3.1brigHe
on-state forward current density normalized to the source arededitege current in the
blocking mode is amplified by 1080n order to show the detail. The blocking voltage is
measured up to 10,400 V with a leakage currgnt.BmA/cnt at Vis=0, which is 67.7%
of the theoretical breakdown voltage of 15,364V for this structure rdstafrom
computer simulation. The leakage current ofyA6at 10.4kV represents a leakage
current density of 0.5mA/ctmwhen normalized to the device blocking junction area
which is responsible for the generation of the leakage current in bdpokode. As can
be seen, the leakage current slightly decreases as the ploaktage is increased
beyond about 7000V. The reason for this anomaly is not clear but couldebéo
trapping effects. Figure 3.11(b) shows another TI-VJFET tested @ifh,@00V without
the anomaly. The higher gate voltage needed for this device islikelg due to the
narrower channel opening, revealing the need to improve process utyfoksican be
seen in Figure 3.11, which shows a high forward current densityAdt®0at \pb=7.2V
and =4V and 22.2A/cm at ¥=3V and \&=3.5V, respectively, the specific on-
resistance B.on Normalized to the source active area of 32@93um is 130n®.cnt

at Vp=3V and \&=3.5V, which is lower than the theoreticalfRy of 166nmQ.cnt of the
120um drift layer, assuming an ideal electron mobility for 4t&-Qif 947cni/Vs. The
observed lower is due to current spreading effect. Testing of peatKdAyJFETS (Figure
3.12) has reconfirmed the blocking voltage up to 11kV and shown a logpesyRf

124nmQ.cnf.
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Figure 3.12. I-V curves of a packaged 11kV TIVJFET.

In the actual device, the active region is rectangular vathdimension of

320.2%293um. The active region is surrounded by a three-step JTE regio) Wasca
width more than 3Q@m. Thus, the electron collecting area at the drain side is
substantially larger than the active area. Three-dimensionaledsimulation has been
performed to investigate the current spreading effect and evdheatbeoretical B.on

of the drift layer of the TI-VJFET when the current spreadffeceis taken into account.
Figure 3.13 presents the simulated electron current density nednathecontact along a
straight line parallel to the longer side of the active regibis $een from Figure 3.13
that there is indeed a large mount of current in the region Jiderlthough the current
density decreases rapidly away from the active region. Becdiuke very nonuniform
and rapidly decreasing current density outside the active remionique device &.on

can not be defined. A useful characterization of the devigeyfRcan be defined as the
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ratio of forward voltage drop p/over the current density, &t drain side. Obviously, this
is position dependent because current density varies with position.splag\Wth such a
definition is also presented in Figure 3.13. It is seen that is appately 170m.cnt
near the center of the active region and increases rapidly feova the active region. If
the TIVJFET were substantially larger in size where cusprg¢ading at device edge can
be neglected, the TIVJFET would have a specific on-resis@int&8nQ.cnt, which is
the sum of the drift layer specific resistance of 1?0on? and the vertical channel

specific resistance of 2mcnt.
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Figure 3.13. Simulated electron current density agiddrnear the drain contact at a
drain voltage of 3 V. The center of the active region is at X = 0.
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CHAPTER 4. NORMALLY-OFF AND NORMALLY-ON HIGH
FREQUENCY TIVIFETS WITH A BLOCKING VOLTAGE OF 400V

4.1. Device and Process design

4.1.1. Unit Cell Design

The cross sectional view of the normally-off unit cell of the-HVJFET device is
shown in Figure 4.1(a). This structure is designed to be able to block400¥ at a
temperature range from RT to 300°C when the gate voltage & kermally-on
structures were also designed, using the same gate width addrachvannel. The device
pitch size was aggressively minimized to get the maximunegudensity. The design
was made possible based on the use of a self-aligned processtgdte and source
contacts.

The wafer structure uses three epilayers. The top layeessas the source contact
layer and has a high doping concentration of n~1%h®® and thickness of 1.6pm,
which allows a good control over various planarization steps used throudieut t
fabrication. The drift layer has a thickness of 3.5um and a dopingentration of

n=2x10° cm?.
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Figure 4.1. (a) Unit Cell Structure of 4H-SiC HF-TIVJFET.

4.1.2. Device Layout and Photomask Design

The complete device layout design includes an active area cogtaimuamber of source
lines fingers surrounded by a gate region, three-step JTE regionngnodds for the
source, gate and drain, and finally wire-bond pads. The smallest sionsrdesigned
were the gate width: 0.5um and 0.75um. Figures 3.2 to 3.4 show design enditielts
realized in the design. The probing pads were designed to be usedtandard
commercially available RF probes. The width of each JTE st&ums with a total width

of 9um. The dimensions of the probing and wire-bonding pad were minimized taereduc
parasitic capacitance. Test p-n diodes, TLM structures and additeonal test structures
were also included in the design to evaluate the effectivarigbe termination and the

guality of the ohmic contacts.
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Figure 4.2: Top view of HF-TIVJFET design showing wafer level probing pads and
bonding pads — small device type.
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Figure 4.3: Top view of HF-TIVJFET design showing wafer level probing pads and
bonding pads — medium device type.
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Figure 4.4: Top view of HF-TIVJFET design showing wire bonding pads — large device

type.

A major effort was put into the design of a set of HF-TIVJRRAsks suitable for

normally—off and normally-on switches. The set of masks include:

(1) Alignment marks

(2) Drain Trench

(3) Source Mesa

(4) JTE-1

(5) JTE-2

(6) JTE-3 (Implantation)
(7-1) G-S-D Contact
(7-2) G Contact

(7-3) D Contact

(8) G-D Window Overlay

(9) G-S-D Metal Overlay
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(10) G-S Wire-bond Windows
4.1.3. Process Design
4.1.3.1. Process Improvement
For increased power handling capabilities a new device destyimgproved processing
technology were implemented. The design uses reduced source atidgd@dimensions
that allow achieving higher power density. A new set of maskusad with gate line
width of 0.50 and 0.45m. A number of improvements to the processing technology were
introduced to improve device performance and increase processing reliability.

The processing technology was substantially improved to use igglé@l gate
contact formation, which reduced the number of critical mask alignment steg®1o z

Gate implantation without source mesa top mask: As the device design uses
increased source line density, it becomes very challengindibte da implantation mask
covering the thin and dense source mesas. A much more simplifiezhapps used, in
which during the implantation for gate the source mesas are notedowgh a mask.
After the implantation the top of the source mesas will be iegéarto p-type and has to
be removed by planarization and dry etching process.

Self-aligned gate contacts: This approach allows the increased source line density
design used. A self-aligned process was used to form thegati@ct. The approach of
photoresist planarization and metal wet etching was used.
4.1.3.2. Fabrication Sequence
The major fabrication steps are as follows (Figure 4.5):

» Wafer cutting, cleaning, and alignment marks formation.

» Top-side drain trench formation (Figure 4.5(b)).
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» Source mesa formation (Figure 4.5(c)).

« Gate formation by pimplantation and dopant activation annealing (Figure
4.5(d)).

* Removing of Al-implanted source mesa top (Figure 4.5(e)).

» Junction Termination Extension (JTE) formation by ICP etching (Figure 4.5(f))

» Surface passivation by Si@nd SiN,4 (Figure 4.5(g).

» Gate contact formation (Figure 4.5(h)).

» Top-side drain contact formation (Figure 4.5(h)).

» Source contact formation (Figure 4.5(h)).

* Ohmic contact metal annealing (Figure 4.5(h)).

» Trench filling planarization (Figure 4.5(i)).

» Metal overlay formation (Figure 4.5(i)).

N

N = 2x10"*cm™ 3.5um

(a) Starting wafer;
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(b) Top-side drain trench formation;

(c) Source mesa formation;

|

(d) Gate formation by pimplantation and dopants activation annealing;



55

| -

(e) Removing of Al-implanted source mesa top;

(f) Junction Termination Extension (JTE) formation by ICP etching;

(9) Surface passivation by Si@nd SiNg;
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(i) Trench filling planarization and metal overlay formation.

Figure 4.5. (a)-(i): Fabrication steps of HF-TIVJFET device

4.2. Fabrication

4.2.1. Alignment Marks Formation

Alignment marks, used only for the purpose of alignment of subsequemnt piasks,
were created by dry etching with inductively coupled plasm®&)IQsing an AlTi (Ti:
3.5% by weight) etching mask. First, a 2000A thick AITi layer waposited on the
samples surface by sputtering. To pattern the metal lithograpkyone using the photo
mask “(1) Alignment marks”. Then the metal layer was pattermg wet etching in

standard Al etching solution. The photoresist was then removed thaheaatignment
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marks were etched by ICP, which used Freon;Y@Rd oxygen (¢ gases as etchants.
The etching depth was Q. After the etching, the mask was removed by using diluted
HF. The alignment marks could be seen on Figure 4.6 together dighiratrench, which

was formed at the next processing step.

4.2.2. Drain Trench Formation

Drain trenches, used for a front-side contact to the drain, weeted by dry etching
with ICP, using an AlTi etching mask. First, a 5000A thick Alidawas deposited on
the samples surface by sputtering. To pattern the metal riéthlbg was done using the
photo mask “(2) Drain trenches”. Then, the metal layer wasrpatteby wet etching in
aluminum etchant. After that the photoresist was removed bpl&ma. Finally, the
drain trenches were etched by ICP iny€B, gas mixture. The etching depth wasr/
After the etching, the mask was removed by using diluted HF. A drain tresblown on

Figure 4.6.

Figure 4.6. Optical microphotograph of a drain trench and alignment mark afier AIT
etching mask has been removed.
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4.2.3. Source Mesa Formation

The next part of the HF-TIVJFET fabrication is the mesaiptg process to create the
mesas in the 4H-SiC epitaxial wafer pieces. The etchirdpige with an ICP etching
system. The etching masks are made of AITi film, which igepzed by standard
photolithography with wet chemical etching. The 4H-SiC wafercggewere first
deposited with 2000-A thick AITi by sputtering. The deposited Allfndi were second
patterned by the photomask “(3) Source mesa” for mesa definitionfedr different
dimensions — 1.50um, 1.75um, 2.00um, and 2.50um wide mesas. Third, the AITi films
were etched by a standard Al etching solution. Fourth, the photonesistemoved by
oxygen plasma, and the line widths of the AITi patterns were coefirunder an optical
microscope. Figure 4.7 shows an optical microscope photo of the Al&érpateated by
the photomask pattern of 1.75-um wide mesa stripes; the periodiditye structure is
2.50um. In the photo, the width of the AITi pattern is measured tb4em, which is
about 0.35um narrower than the corresponding photomask pattern width. FifthCthe S
pieces with the AITi etching masks were etched by ICP iprOf-plasma to a depth of
2.6um. Finally, after the ICP etching, the AITi etching mask rgasoved by diluted HF.
Figure 4.8 shows an optical microphotograph of the SiC mesa pattataccty the ICP

etching. The mesa width measured in Figure 4.8 is 0.85um.
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Figure 4.7. Optical microphotograph of AlTi pattern for ICP etching of mesas. The
periodicity of the structure is 2.5um.

Figure 4.8. Optical microphotograph of SiC mesas. The pattern width is 0.85um when
measured under this microscope. The periodicity of the structure is 2.5um.

4.2.4. Gate Implantation
Gate formation requires aluminum ion implantation into both the souesa sidewall
and the gate trench. Metal mask protects the regions that arepianted. The samples

were implanted with tilt angle of 23rom the direction normal to the sample surface. The
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implantation conditions are shown in Table 4.1. The implantation was dofara
directions perpendicular to the sides of the samples. Each impantdtthe specified
conditions in Table 4.1 was repeated 4 times on each sample atitltifferent rotation

angles and the same tilt angle.

Table 4.1. Energies and doses for HF-TIVJIFET vertical sidewall implantati

lon Energy (KeV) Dose (crif)
1 Al 225 1.84x10"
2 Al 55 3.60x10"

In addition to the vertical sidewall gate implantation, the desgas one more set of
Al implantation at the bottom of the trenches: the p+ body implantatith very high

concentration for the gate contacts (Table 4.2).

Table 4.2. Energies and doses for HF-TIVJFET gate ohmic contact implantation.

lon Energy (KeV) Dose (crif)
1 Al 90 6.20x10*
2 Al 40 3.00x10*

To avoid the process complications related to forming an implantatask on top of
the thin source mesas an improved technique was used. During thetatiptafor gate
the source mesas were not covered with a mask. After the intmantle top of the
source mesas will be inverted into p-type and has to be remov@driarization and dry
etching process. Molybdenum implantation mask was patterned to ttefigate outside
boundary. Figure 4.9 shows the top view of a “medium” device type thfteiormation

of Mo implant mask.
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(@)

(b)
Figure 4.9. Optical microphotograph of Mo implantation mask for gate implantation: (a)

complete device view, (b) one corner of a device, showing part of the source mesas and
the JTE region.

Figure 4.10 shows an optical microphotograph (using back-side illtionhdaken
after gate implantation is completed. The implantation masén®ved. The implanted
region structure has become amorphous, so it looks darker on the photosthéfter
implantation was done the samples were subjected to high-tempegatnealing at

155C°C for 30 minutes in argon to activate the implanted p-type dopantsteFigll
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shows an optical microphotograph (using front-side illumination) takesr @ost-
implantation annealing at 15%D for 30 min in Argon. After annealing the implanted

region has recovered original structure and looks identically to the non-implanted parts

(@)

(b)

Figure 4.10. Optical microphotograph (using back-side illumination) taken afeer ga
implantation was completed: (a) complete device view, (b) one corner ofcedevi
showing part of the source mesas and the JTE region. The implantation mask was
removed. The darker region is implanted.
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Figure 4.11. Optical microphotograph (using front-side illumination) taken after post
implantation annealing.

4.2.5. Removing of Al-implanted Source Mesa Top

During the aluminum implantation for gate the device source mesaveypsnot covered
with mask. Instead, another approach was chosen that makes thetitabnracess
relatively simpler. After the gate implantation the top of tbarse mesas had to be
removed by dry etching.

First, a dry etching mask consisting of 6808ITi metal alloy was deposited by
sputtering. Then, a planarization procedure was performed, so thathentgp of the
source mesa lines would be exposed to the dry etching. This wabydeeosition of
photoresist (PR) and a following etch back by oxygen plasma. The photoresistivess et
back in a barrel type etcher with, @lasma. After etch back only the source mesa tops
were exposed from the photoresist. The metal covering the top obuheedines was
then removed by wet etching in standard aluminum etchant. Afteththaemaining PR
was removed by £plasma. Finally, ICP etching was done to remove only the aluminum-

implanted top of the mesa source lines, thus restoring the n+ tyipe edurce mesa very
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tops. The etched depth was |8 After the ICP etching was finished, the AlTi etching
mask was removed by diluted HF. Figure 4.12 shows a HF-TIVJFETalswurce mesa
lines, ready for the step of removing the implanted source tapsdhe AlTi layer over
the source mesas is etched. The source lines look brighter @hdtee with back-side

illumination.

Figure 4.12. Optical microphotograph (using back-side illumination) showing HF-
TIVJFET device source mesa lines, ready for the step of removing themiegblsource
mesa top. The AlTi layer over the source mesas is etched. The source lines lokek brig
on the photo.

4.2.6. Junction Termination Extension (JTE)

Two-step junction termination extension (JTE) was employed to retiecglectric field

at the device periphery. This JTE is created by the aluminunamgion done to form
the vertical gate. The JTE region needs to be thinned down bgtching in order to
achieve the charge balance that will give the desired field esgipn at the device
periphery. The optimum etching depths of the JTE steps need to benideter

experimentally. For this purpose, a 4H-SiC dummy piece, in whidhealimplantations
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and the post-implantation annealing have been performed together heitdetice
samples, was prepared. The dummy piece was then processed to have simple p+n— diodes
with two-step JTE with the step width of 5 um. The outer stepeiced to 408. The

inner step depth was gradually increased by repeated ICP ethilegthe reverse I-V

characteristics were monitored at every etching run. The results are isheigare 4.13.
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Figure 4.13. Reverse |-V characteristics of p+n— diode with two-step Ja&uneel at
different stages of the JTE determination process.

It is clearly seen in the Figure 4.13 that show the breakdown voitageases,
reaches a maximum, and then decreases as the etching depteased. The maximum
breakdown voltage corresponds to the optimum etching depth, which in gasisca
around 2208.. For both of the JTE steps etchings were done with AlTi etahimks of

600QA in thickness patterned by photolithography and standard Al etchant.
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After the optimal etch depth was found the etching of the maiplsarwas done
using CR+0O, plasma. The etched depth was 1&0@hich is slightly smaller than the
optimum depth, due to correction for the SiC consumption during the following

oxidation. After the etching the AlTi mask was removed by diluted hyrdofluaidc ac

4.2.7. Surface Passivation

Before oxidizing the samples to form the passivation needed, tle¥swaére cleaned
using a thorough cleaning procedure. The cleaned samples wetedheally oxidized
at 1100C for 30 min in wet oxygen ambient to form a sacrificial oxide. $herificial
oxide was then removed by HF and another thermal oxidation was dbheGE for 3
hours in wet oxygen ambient. The oxide was then annealed aiCL1®01 hour in Ar.
The oxide thickness is estimated to be about 600A. The thermal oxdthevacovered
with a PECVD SN4 layer with thickness of Otn. After that a layer of SiOwith
thickness of 0.9um was deposited, covered by anoth#l; $ayer with thickness of

0.25um. Figure 4.14 shows the devices after the final stage of passivation.
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(@)

(b)

Figure 4.14. Optical microphotograph of one HF-TIVJFET device after ther@ab&d
PECVD SgN4/SiO,/SisN,4 deposition (a) complete device view, (b) one corner of a
device, showing part of the source mesas and the JTE region.

4.2.8. Gate Contact Formation

The fist step in the gate contact formation was to open windovikeirpassivation.
Photolithography was done with mask “(7-2) G Contact”, using thiok-fihotoresist.
The passivation was etched by a combination of dry and wet etstapg. First, the top

silicon nitride layer was removed by ICP etching, using @lgsma. Second, the silicon
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dioxide layer was etched by Buffered Oxide Etch (BHF). Third, the lowgbl, &ayer and
the thermal Si@Qwere etched by ICP etching with usingGifasma. And finally, the
remaining thermal Sigbn the SiC surface was cleaned with buffered HF.

The gate contact metal, consisting of a Ti layer followed B\wé layer with a total
thickness of 2308 was deposited by sputtering on the sample surface. The metal was
patterned by a lift-off process in photoresist stripper. After lift-off the remaining
metal covered not only the gate region, but also the source mesasndwee the metal
from the source, wet etching process was used.

Self-aligned process was used to form the gate contact. The epmphotoresist
planarization was used again. Photoresist was deposited on the sarfgde in such a
manner that would maximize the surface flatness. To do thaphatolithography steps
were performed using a designated mask “Planarization Helpinhadé the surface level
as flat as possible before the final PR coating. The photoresist Wwasd @ica barrel type
etcher with Q plasma. The source mesa lines were exposed to a depth, whichws bel
the level of the gate-to-source p-n junction. After that the nvedsl etched from the
source region surface by a wet etching process. Figure 4.15aileuitie process of gate

contact formation.
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Figure 4.15. Optical microphotograph (using front-side illumination) of one corner of a
HF-TIVJFET device after gate contact metal (Ti/TiW) deposition (a)reehe metal
over the source mesas was etched, (b) after the metal over the source redtaketa

4.2.9. Top-side and Bottom-side Drain Contact Formation
For the purpose of convenient on-chip testing a drain contact on thpestm surface
was created in the device design. The contact to the top-sidewdasicreated by a layer

of Ni and another layer of TiW.
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To pattern the top-side drain contact photolithography was done with fbas
Contact”, using thick-film photoresist. Windows in the passivatiorevegrened by the
same process as for the gate contact. The passivation was ete@hedrbbination of dry
and wet etching steps. The contact metal (Ni/TiW) was depobiesputtering and
patterned by lift off in photoresist stripper. The drain contact can be seen oa 4ibor

After that the passivation from the sample back side wamwed by etching in
buffered HF and AITi/Ni with a total thickness of 3000A was depositesputtering for

a bottom-side drain contact.

4.2.10. Source Contact Formation

This step utilized the self-aligned lift-off process. Firdte passivated surface was
planarized by photoresist using the same conditions as in the pre\aoasizdtion steps.
Second, the planarized surface was etched back by a barrattyye with Q plasma.
The etch-back was continued until all the mesa tops were codfiiorge exposed under
an optical microscope. After the PR etch back the samples wefly soaked in BHF to
ensure the surface is clean of any oxide. Fourth, a Ni lajlewked by a TiIW were
deposited by sputtering. During the sputtering deposition, the sampleplaeed so that
the deposition occurred at the normal incidence in order to helpleasellowing lift-
off. Sixth, the deposited Ni/TiW film lying in the gate trenchsaifted off by dissolving
the photoresist in the trenches in the photoresist stripper. Figure hbi6tlse device

after source contact formation was completed.
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Figure 4.16. Optical microphotograph of one HF-TIVJFET device after gate, top-side
drain and source contacts have been deposited (a) complete device view, (b) one corner
of a device, showing part of the source mesas and the JTE region. The top-side drain
contact can also be seen on the figure.

4.2.11. Ohmic Contacts Annealing

After all the contact metal layers were deposited and patteire samples were loaded
in a high temperature furnace to anneal the metals in orderntodhmic contacts to the
device drain, source and gate at the same time. The sampleanmesded at 1050°C in

an Ar-H, (5%) ambient to form the ohmic contacts.
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4.2.12. Trench Filling Planarization and Metal Overlay Fomation
This fabrication step consists of two phases — (a) deposition andipddioa etch-back
of trench-filling material and (b) deposition and patterning @etahoverlay. For the
trench-filling material, a planarizing polyimide (PIl) wasested, because of its excellent
ability to fill deep trenches without cracking, and becausbefelative simplicity of the
planarization etch-back process it uses. The planarizing polyiwadedeposited in a
regular photoresist spinner. The deposition was done in two identipal atel then a
curing was performed at temperature >%50

Next, the gate-pad and drain-pad contact windows were defined in tyienipel
coating. This was done by ICP etching with AITi masks. ABOQOA) mask layer was
deposited by sputtering. The mask was then patterned with thenpdsi “(8) G-D
Window Overlay” and wet chemical etching using aluminum etchant. pohgmide
etching was not completed at this step and a certain thicknesgednan the gate
contact surface that is enough to be completely removed byollosvihg etch-back
process of the polyimide. Figure 4.17 shows a gate contact pad window opened in the PI.

After that, the polyimide planarizing etch-back step was done. Ak was used to
cover the regions around device active area, in order to keep theabpglyimide
thickness. AITi mask layer was deposited by sputtering and theernmdt by
photolithography with photomask “(7-2) G Contact” and wet chemicghireg. The
oxygen plasma etch back was performed in a barrel-type plascher. Several etch-

back runs were repeated until all mesa tops were confirmed to be exposed.
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Figure 4.17. Optical microphotograph of a “Medium” type HF-TIVJFET devie aft
gate/drain pad windows were opened in the polyimide layer and the planarizing
polyimide etch-back was finished. The gate pad is shown together with a peat of t
source mesas.

Finally, the metal overlays for the source and gate padsdepasited on the etched-
back surfaces and patterned by photomask “(9) G-S-D Metal@Veflhe source pad is
directly placed on the active area of each device to connect thee smntacts exposed
by the preceding etch-back process. The Pl remaining in thergatdhés serves as an
insulating layer between the gate and source contact layersv&Hay metal consists of
three layers — Al/Ti/Au with a total thickness of 1.5um. Fitlseé aluminum layer was
deposited by sputtering. Photolithography with mask “(9) G-S-D IMeteerlay” was
done and the Al mask was wet etched with aluminum etchant. NeXt iétals were
deposited by sputtering and patterned by photolithography with the seamsk and a
subsequent lift-off process in photoresist stripper. In addition, a lafy®&i/Au was
deposited on the substrate side. Figures 4.18-4.19 show the optical operosc

photographs of the fabricated devices.
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Figure 4.18. Optical microphotograph of a “Medium” type HF-TIVJIFET devieer #ie
final metal overlay was done.

Figure 4.19. Optical microphotograph of a “Large” type HF-TIVJFET devicdhege
with test structures after the final metal overlay was done.
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4.3. Characterization

4.3.1. Characterization under DC Conditions

4.3.1.1. Medium Type Devices

The on-state and off-state characteristics of fabricated INMBFET devices of type
“Medium” were tested at room temperature under quasi-DC conditivith Tektronix
371A High Power Curve Tracer. For the JuBDsource mesa design a very high current
density of 479A/crhis achieved for normally-off blocking voltage of 434V (I-V shown
on Figure 4.20). This corresponds to a power density of 208k¥Mftmormally-off
mode. The specific on-resistanceé/gt=0.5V andVss=5V is Repon=1.84nm0.cnt.

For the 1.75m design with wider vertical conducting channel, even higher current
density of 717A/crhis achieved for normally-off blocking voltage of 329V (I-V shown
on Figure 4.21). If a small negative voltage is applied to the batédvice can block
458V. This corresponds to a power density of 236kV§/amnormally-off mode and
328kW/cnf in normally-on mode. The specific on-resistanc¥zt0.5V andVes=5V is
Reron=1.84n0.cnt.

For the 2.00m design the devices show lower blocking voltages at zero gate bias
with higher current density, since the vertical channel widthrihiér increased. For this
design the highest current density achieved is 1370A(tvi shown on Figure 4.22).
The specific on-resistance \#s=0.5V andVes=5V is Reon=1.42m0.cnt. The blocking
voltage at zero gate bias for this particular device is 65V, howeean support 420V
with negative gate bias of 10V. This corresponds to a power dens&ys&iV/cnt in

normally-on mode.
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For the 2.2am design the vertical channel width is further increased and theede
are clearly normally-on. For this design the highest current geosi2075A/cnf was
achieved (I-V shown on Figure 4.23). The lowest specific on-resestamic
Reon=1.24m0.cnf (at Vps=0.5V and Ves=5V) was achieved for this design. The
blocking voltage with a gate bias of —25V is 262V, which is lower thanstructure
ultimate blocking capability. Apparently the channel is too widethis case, so a
reasonable reverse gate bias is not enough to fully close tiealvehannel. The power

density obtained for this structure is 544kW/dmnormally-on mode.
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Figure 4.20. I-V curves of HF-TIVJFET with source mesa width of inb@y mask
design, showing 479A/cm2 current density and a blocking voltage (normally-off) of
434V.
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Figure 4.21. 1-V curves of HF-TIVJFET with source mesa width of inYby mask
design, showing 717A/cm2 current density and a blocking voltage (normally-off) of
329V and 458V in normally-on mode.
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Figure 4.22. 1-V curves of HF-TIVJFET with source mesa width of @@y mask
design, showing 1370A/cm2 current density and a blocking voltage (normally-on) of
420V.
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Figure 4.23. 1-V curves of HF-TIVJFET with source mesa width of 2125y mask
design, showing 2075A/chturrent density and a blocking voltage (normally-on) of
262V.

4.3.1.2. Large Type Devices

Large size HF-TIVJFET with 1.%0n mesa design was tested. Figure 4.24 shows |-V
curves for a large size HF-TIVJFET. It is seen that 3.3A-397V altyroff capability
was achieved for a single die, corresponding to a high power of \M8d@. This
corresponds to a class B operation RF power of 164W for a singl€hdiespecific on-
resistance a¥ps=0.5V andVes=5V is Repon=2.44nM0.cnt.

Devices with large size and wider vertical channel width \aé&e tested. Figure 4.25
shows the I-V curves for a large HF-TIVJFET with Jui#b mesa design. The device
conducts a current of 6A at=¥2V and blocks a voltage in normally-off mode of 176V.
If tested in normally-on mode it can block a voltage of 346V (negatoltage at the
gate). The maximum RF power achieved was 155W in normally-offenand 305W in
normally-on mode. The specific on-resistance “s=0.5V and Vgs=5V is

Repon=2.07n02.cn?f.
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Figure 4.26 shows the I-V curves for a large HF-TIVJFEh®@iOQum mesa design.
The device should conduct a current much larger than 6A=dt\Wand blocks a voltage
(normally-on) of 145V. Current is not tested above 6A to prevent burningeaddvice
during testing without proper packaging (probes testing). Thena®td forward current
capability at 2V is 10A. The specific on-resistance Vgt=0.5V and Vgs=5V is

Repon=1.48n0.cn?f.
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Figure 4.24. 1-V curves for a large size HF-TIVIFET with jwh0source mesa width. It
is seen that 3.3A-397V normally-off capability has been achieved for a siegle di
corresponding to a high power of 1310W/die.
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Figure 4.25. 1-V curves for a large size HF-TIVJFET with umSsource mesa width.
The device conducts a current of 7A at forward voltage2V and blocks a voltage
(normally-off) of 176V. If a negative voltage is applied to the gate (as for aedevi
normally-on mode) the blocking is 346V.
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Figure 4.26. I-V curves for a large size HF-TIVJFET with fii0source mesa width.

The device should conduct a current much larger than 6A=dt\Wwith proper

packaging and blocks a voltage (normally-on) of 145V. (Current is not tested above 6A
to prevent burning of the device during testing without proper packaging.)
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4.3.2. RF Small Signal Characterization of FabricatetHF-TIVIJFETSs

The microwave characteristics of fabricated VIJFET devicetyd “Medium” were
tested at room temperature with HP 8722ES Network Analyzer. Ssigalbl RF
measurements were done on wafer level using microwave probeS-gdrameters were
tested and converted to H-parameters and the cut-off frequency waseelifde results
are shown on Figure 4.27-4.29.

Figure 4.27 shows the S-parameters magnitude vs. frequencynfediam size HF-
TIVIJFET mesa design of 1.75um. Figure 4.28 shows the S-paranpgtase vs.
frequency for a medium size HF-TIVJFET mesa design ofpti79-igure 4.29 shows
short circuit current gain vs. frequency for a medium size HRFET with source mesa
design of 1.7gm. The device was tested with drain voltages up to 100V, which is limited
by the testing setup. Linear extrapolation shows a cut-off frequeheypproximately
fr=800MHz. Figure 4.30 shows RF test results of short circuit currémivgafrequency
for another medium size HF-TIVJFET with source mesa desigd.dium. Linear
extrapolation shows a cut-off frequency=900MHz, which is near the theoretically
predicted maximum frequency of ~1-2GHz for the normally-off design.

Figure 4.31 shows the S-parameters magnitude vs. frequencyrfediam size
HF-TIVJFET mesa design of 2.00um. Figure 4.32 shows the S-pararpétess vs.
frequency for a medium size HF-TIVJFET mesa design of@0d-igure 4.33 shows
short circuit current gain vs. frequency for a medium size HRFET with source mesa

design of 2.0Am. Linear extrapolation shows a cut-off frequengylf5GHz.
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Figure 4.27 RF test results: S-parameters magnitude vs. frequency fdiuanseze HF-
TIVJFET mesa design of 1.iBn.
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Figure 4.29. RF test results of short circuit current gain vs. frequency fediammsize

HE-TIVJFET with source mesa design of Ju#h Linear extrapolation shows a cut-off
frequency {=800MHz.
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Figure 4.30. RF test results of short circuit current gain vs. frequency féreamoédium

size HF-TIVJFET with source mesa design of um5Linear extrapolation shows a cut-
off frequency f=900MHz.
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Figure 4.31. RF test results: S-parameters magnitude vs. frequency fdiuarseze
HF-TIVIJFET mesa design of 2.t (normally-on).
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TIVJFET mesa design of 2.0t (normally-on).



85

T T T T I T T T T T T T T I
Device; SIT
Area: 1.2x10° cm’ 3
Source width: 2.00um (mask design)
Temperature: RT ;
w0k . Device ID: HO6
—
o]
L ;
1k
i i
10°

10
Frequency (Hz)

Figure 4.33. RF test results of short circuit current gain vs. frequency fediammsize
HF-TIVJFET with source mesa design of 2180 Linear extrapolation shows a cut-off

frequency f=1.5GHz.
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CHAPTER 5. NORMALLY-ON TIVJFET WITH A BLOCKING
VOLTAGE OF 1200V

5.1. Device and Process design

5.1.1. Unit Cell Design

The cross sectional view of the normally-on unit cell of the TE/DEevice is shown in
Figure. 5.1. This structure is designed to be able to block 2@V at a temperature
range from RT to 300°C when the gate voltage is -30V. The devick pize was
minimized to get the maximum current density. The design isdb@s¢he use of a self-
aligned process to form gate and source contacts. The verticgahethapening was

designed to be \W=2.1um.

| 5um >
Mesa width
ja— MW —]
SOURCE
’Af/ﬁ?Z/
g‘ - ;‘:Il::;eﬂicm-s
GATE | |3 GATE
| B2
P* 1 P*

|‘_ch

N-type epilayer
N-= 8e15cm-3, 14um

N* 4H-SiC Substrate
[ W/?J%’/W&f/

Figure 5.1. Unit Cell Structure of normally-on 4H-SiC TIVJFET.

A single n- epilayer with a thickness ofi and doping concentration okB0"cmi
3was used to form the vertical channel and to support the voltage+Témurce layer at
the top of the structure has two parts — an upper highly doped@tm™) epilayer and

a lower more moderately doped n+ epilayer.
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5.1.2. Floating Guard Ring Termination Design

The three-zone JTE structure proved to be very successful inbitieateon of both the
high-voltage normally-on TIVJFET and the low-voltage HF-TIVJFENMhe main

disadvantage of the JTE technique was its more complicatedcptaetalization, as it
requires three additional photolithography and etching steps. In ordeibstastially

simplify the fabrication process guard ring termination was desidor the normally-on
TIVJFET structure. The guard rings are implanted togethién ¥he gate and no
additional processing is required. The guard ring structure is showigore 5.2. The
guard rings are formed in the same manner and at the sameviimthe device JFET
gate. The design uses 28 rings with non-uniform spacing. The gpbetween the
individual guard rings is defined by the etched mesa width andnplanted sidewall

depth, exactly like the device vertical channel. The spacingases from the main
junction toward the device periphery. Numerical modeling shows thateimsgnation

structure can achieve more than 90% of the parallel plane breakdaagevdy shifting

the guard ring spacing proportionally (same amount for all sgatithe structure can
serve for a range of drift epilayer doping. The whole guarg siructure is self aligned
and requires no additional processing step, as it is formech&rgeith the source and
gate formation. The guard ring spacing is the critical patermk can be controlled very
well by adjusting the implanted sidewall depth and can be magesmall. No mask is
used during the implantation, thus avoiding any concerns related taltigscdefining

narrow and tall implantation mask lines.
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Figure 5.2. Floating guard ring structure, using etched mesas similarsoutite mesas
5.1.3. Device Layout and Photomask Design
The complete device layout design is shown on Figure 5.3. The acd@ecantains a
number of source lines surrounded by a gate region. A gate contactapadesigned
with dimensions large enough to ensure probing and wire bonding cgpalik device
active area is surrounded by a guard ring termination areasthiged to suppress the
high electric filed at device periphery. Devices with two dédfe sizes were designed.
Test p-n diodes and TLM structures were also included in the desigmatuate the
effectiveness of the termination and the quality of the ohmic caenta#ctset of
photomasks was designed and fabricated. Only six masks arethusedghout the
fabrication. The set contains the following maks.

(1) Source Mesa;

(2) Implantation;

(3) Gate Contact;

(4) Windows;

(5) Metal Overlay;

(6) Planarization Help.
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(@)

(b)

Figure 5.3. A 1200V normally-on TIVJFET device layout: (a) Large typev@etiea

3x3mm); (b) Small type (active area 300xpa69).
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5.1.4. Process Design

5.1.4.1. Process Improvement

For increased device performance and decreased processingxitynapld a new device
design and improved processing technology were implemented. Tign deses a
floating guard rings termination to simplify the fabrication. Thenber of photomasks
used throughout the fabrication was reduced to six. A number of improteneethe

processing technology were introduced to improve device performamtancrease
processing reliability.

Source mesa etching: First, the source mesa etching conditions were improved to
achieve a highly vertical sidewall profile. To establish a godtrol of the vertical
channel width the fabrication process has to ensure line-width unijprgaibd vertical
mesa profile and smooth mesa sidewall. To achieve a highlgalesburce mesa profile
an ICP etching conditions based on Bosch process (with alternatiuwagvalleposition
by C4Fs and dry etching by GFO,) were used.

Elimination of a separate junction termination formation step: The previously used
junction termination extension design required an additional fabricagpns adjust the
JTE layer thickness. With this design this step was completehnates, as the guard
ring termination is completely defined during the source mesa fanmand gate
implantation.

Self-aligned nickel silicide gate and source contacts: Second, a new contact
formation approach was implemented that allows self-aligneccsometal definition
without using a lift-off step. The idea utilizes the fact th&tats, such as nickel (Ni),

react with SiC when heated to form silicides, but will not resith Si0O,. Metal is



91

deposited above the source (free of oxide) and the gate trench (Cawtrexide). The

contact metal (Ni) is annealed at relatively low tempgeato form nickel silicide on the
source and the gate. After that annealed metal is wet etcheintve the unreacted
metal, so only the top of the source mesas and the gate trenelesened with silicide.
Finally, a high temperature annealing is done to create atoniacts by further reaction
of the remaining silicide with the SiC surface.

Thick gate metal overlay formation: In order to increase device current density and
switching performance, and utilize fully the total device actwea the gate metal
resistance needs to be decreased. This can be done by increagiatetmetal thickness
and using metals with lower resistivity. In this batch in additoothe metal used to form
the ohmic contact to the gate, a gate metal overlay is useth¢heased the total metal
thickness.

Silicon dioxide trench fill: In order to improve the device high-temperature
capabilities, a trench-fill material based on silicon dioxiges chosen. The dielectric is
deposited by PECVD and then etched back using f@@&ma to expose the source
contact.
5.1.4.2. Fabrication Sequence
The major fabrication steps are as follows (Figure 5.4):

* Source mesa formation (Figure 5.4(b)).

« Gate formation by pimplantation and dopant activation annealing (Figure

5.4(c)).
* Removing of Al-implanted source mesa top (Figure 5.4(d)).

» Surface passivation by Si@nd SiN,4 (Figure 5.4(e)).
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* Gate, source and drain contact formation (Figure 5.4(f)).
» Gate metal overlay formation (Figure 5.4(Q)).

» Trench filling planarization and source metal overlay formation (Figur&}.4(

(a) Starting wafer;

(b) Source mesa formation;

7%

(c) Gate formation by pimplantation and dopants activation annealing;



N- = 8x10"°cm™, 14um

(d) Removing of Al-implanted source mesa top;

P+ Gate
P+ Gate

P Bo P’ Bod P’ Bod

N- = 85x10™°cm™, 14pum

(e) Surface passivation by Si@nd SiNy;
SOURCE

N- = 8x10"°cm™, 14um

DRAIN

(f) Gate, source and drain contact formation
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SOURCE

Frrrl

N- = 8x10"°cm®, 14pm

DRAIN

~

(g) Gate metal overlay formation

SOURCE

N- = 8x10"°cm™®, 14pm

T TEEFFTTEEFSTTFFFTFEFFFrrrrrrrrrrryi

DRAIN

(h) Trench filling planarization and source metal overlay formation

Figure 5.4. Fabrication steps of normally-on TIVJFET structure.

5.2. Fabrication

5.2.1. Source Mesa Formation

The first step of the fabrication is the mesa-etching pot® create mesas in the 4H-SiC
epitaxial wafer pieces. The etching is done with an ICP etcéystem. The etching
masks are made of AlTi film, which is patterned by standard ptiaigtaphy with wet
chemical etching. The 4H-SiC wafer pieces were first degmbsvith 3000-A thick AlTi

by sputtering. Second, the deposited AlTi films were patternethdyhotomask “(1)
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Source mesa” to form an etching mask. Third, the AITi fiimgewetched at room
temperature by a standard Al etching solution. Fourth, the photoresstemoved and
the line widths of the AITi patterns were measured using optnigaioscope. Figure 5.5

shows an optical microphotophotograph of the AlTi pattern created by the photomask.

Figure 5.5. Optical microphotograph of AlTi pattern for ICP etching of mesas. The
periodicity of the structure is 5.2um.

To establish a god control of the vertical channel width the falmicatocess has to
ensure line-width uniformity, good vertical mesa profile and smoahkansidewall. To
achieve a highly vertical source mesa profile an ICP etclonditons based on Bosch
process (with alternative polymer deposition bjr{and dry etching by GFO,) were
used. Figure 5.6 shows SEM microphotographs of etched source mesas randngua
spacing mesas. A SEM photograph of source mesas showing a goodl yedfile and

smooth sidewalls is shown on Figure 5.7.
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Figure 5.6. SEM microphotograph of etched source mesas and ring spacing-mesas
complete device view: (a) large type device, (b) small type device.
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Figure 5.7. SEM microphotograph of etched source mesas. The periodicity of the
structure is 5.2um.

5.2.2. Gate Implantation

Gate formation is done by Aluminum ion implantation into both the souesa isidewall
and the gate trench. Photoresist mask protects the regionshefieeices that are not
implanted. The first part of the implantation is done with tilt angf 26 from the
direction normal to the sample surface. Each implantation at tdisgeconditions at a
tilt angle of 26 was repeated 4 times at the four different rotation angletharshme tilt
angle. The second part of the implantation is done at a zerogdié semthe bottom of the
trenches to form a p+ body and a highly doped surface layer to dogate ohmic
contact. The implantation conditions are shown in Table 5.1 and thantapbn profiles
are shown on Figure 5.8. The implantation was done at four directiopsndecular to
the sides of the samples. During the implantation for gate theesougsas were not
covered with a mask. After the implantation the top of the sourcaswed be inverted

into p-type and has to be removed by planarization and dry etchingsprobo further
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simplify the fabrication a thick-film photoresist implantation kamstead of a metal

one, was patterned to define the gate outside boundary (Figure 5.9).

Table 5.1. Energies and doses for normally-on TIVJFET implantation.

lon Energy | Dose Beam angle
(KeV) | (cm? g

Tilt angle = 26’ from the direction

1 Al 280 | 9.3x10" | normal to the sample surface
Rotation angle= Four (4) directions: )
9(P, 180, 270 with respect to the wafef

2 Al 160 | 4.8x10" | major flat. Each implantation needs to
repeated at the four directions

3 Al 360 2.7x16° | _

2 A 180 9,310 Tilt angle = @ (normal to the sample

5 Al 110 | amio® ] >race)

74'[260

Tilt angle

(2): 90

(3): 180

(4): 270
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Figure 5.8. Gate implantation profile: (a) into mesa side wall, (b) into gatehtr



100

(b)

Figure 5.9. Optical microphotograph of photoresist implantation mask for gate
implantation: (a) complete device view, (b) one corner of a device, showing part of the
source mesas and the guard ring region.

5.2.3. Removing of Al-implanted Source Mesa Top

During the Aluminum implantation for gate the device source mesa vw@ps not
covered with mask. After the gate implantation the top of the souesas had to be
removed by dry etching. A 6086thick AITi dry etching mask was deposited by

sputtering. Then, a planarization step was performed to expose eribptof the source
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mesa lines. Photoresist (PR) was deposited and then etchedybagldgen plasma.
After etch back only the source mesa tops were not covered with @istofdne metal
covering the top of the source lines was then removed by wet @tohialuminum
etchant. After that the remaining PR was removed by photostsigper. Figure 5.10
shows a SEM photograph of source mesas with metal removed froapttertally, ICP
etching in CE+O, plasma was done to remove only the Aluminum-implanted top of the
mesa source lines, thus restoring the n+ type of the sourcevergstops. The etched
depth was 04dm. After the ICP etching was finished, the AlTi etching magks

removed by diluted HF.

Figure 5.10. SEM microphotograph source mesas with metal removed from the top,
before the source mesa top was removed by ICP etching.

5.2.4. Surface Passivation
Before oxidizing the samples to form the passivation needed, tlerswaére cleaned
using a thorough cleaning procedure. The cleaned samples wetbdheally oxidized

at 1100C for 30 min in wet oxygen ambient to form a sacrificial oxidth a thickness
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of approximately 150 A. The sacrificial oxide was then removed ByaHd another
thermal oxidation was done at 12Q0for 2 hours in wet oxygen ambient. The oxide was
then annealed at 11%D for 1 hour in Ar. The thermal oxide was then covered with a

PECVD 1000A-thick Si@layer, followed by a 2000A-thick ..

5.2.5. Gate, Source and Drain Contact Formation
A new approach was implemented that allows self-aligned souetal rdefinition
without using a lift-off step. The idea utilizes the fact th&tats, such as nickel (Ni),
react with SiC when heated to form silicides, but will not reattt SiO,. This process is
commonly used in Si technology and can provide important benefit if inepliea for
SiC devices. The process was developed with the joint efforts fr@mpéople in
SICLAB. Later it was found that a similar process is patented by Dengo@ton [32].
Fist windows were opened in the passivation. Photolithography was ditnmask
“(3) Gate Contact”, using thick-film photoresist. The passivation orotdpe gate and
the source was etched by ICP etching with @l&Bsma, using a high substrate bias. Due
to the anisotropic nature of this etching only the horizontal surfatkeofjate and the
source were etched and the mesa sidewall was not affectddel Miith thickness of

1500A was blanket deposited by sputtering on the sample surface.
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Figure 5.11. Optical microphotograph source and gate nickel silicide contactiformat
(a) sputtered metal before annealing, (b) metal after annealinginfe)cts after non-
reacted metal removed.
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The contact metal was then annealed at relatively low tenoperatound 73T to
form nickel silicide on the source and the gate, but not on the oxwererl mesa
sidewall. This relatively low-temperature annealing is not endéoigbrm ohmic contact,
but is sufficient to ensure that Ni will react with SiC amuini nickel silicide. The
annealed metal was then wet etched until the unreacted metabmaved. The result
was that only the top of the source mesas and the gate tremehescovered with
silicide. Figure 5.11 illustrates the nickel silicide contact formation psoces

After that the passivation from the sample back side wamwed by etching in
buffered HF and AITi/Ni was deposited by sputtering for a drain cantlext, a high
temperature annealing was done RTA system at temperatures Gb6C in Hy/Ar
(5%/95%) gas mixture that would create ohmic contacts on the gateesand drain at

the same time.

5.2.6. Gate Metal Overlay Formation

In order to increase device current density and switching peafarey and utilize fully
the total device active area the gate metal resistance twebdsdecreased. This can be
done by increasing the gate metal thickness and using metaléower resistivity. In
this batch in addition to the metal used to form the ohmic cordatttet gate, we used
gate metal overlay that increased the total metal thickngsteratic experiments were
done to find a process to define copper gate overlay, as Cu has saeestrksistivity
after silver. To improve adhesion and avoid Cu oxidation gate overlaydsbonsist of
thee layers — AITi/Cu/TiW with total thickness of abogirl. Wet etching, which is the
process used to define the overlay, is a challenging taguébr a multiplayer structure.

Multiple etching experiments were done with the above multiplayeuctsre.
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AITI/Cu/TiW layer was sputtered on the sample surface. ThBR lanarization step
was done to expose the source mesa top. The top TiW layer wasl &gthydrogen
peroxide the Cu layer was etched by ammonium persulfate and the bétfimvas
etched by phosphoric acid. The control of this wet etching procesdowad to be
extremely difficult. Due to planarization uniformity limitationSy was over-etched in
one part of the device while still remaining on another. It @eecluded that this process
is not suitable for a reliable fabrication due to the smalbbremargin. Figure 5.12

illustrates the Cu process.

F- 7-"' 0’—.
Figure 5.12. SEM photograph of source mesas and gate trenches after AITW@at€i

metal overlay was etched from the source mesa top and sidewalls. Thedeesd &
not completely cleaned and the trench is already severely attackeddigttaet.

Eventually a layer of AITi/No/AlITi was used to form the gaterlay, as that process
is much more reliable. A thick layer of AITi/Mo/AITi with thickness of im was
deposited on the sample surface to serve as an additional gateoweglay. To remove
the metal from the source and leave it only in the gate regohotresist planarization
process was used. Photoresist was deposited on the surface andhdrbatk by ©
plasma to expose the source mesas. After that the metatchas &y aluminum etchant

until it was removed from the source mesa top and sidewall. FigliBeshows the gate
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metal overlay layer before (a), after it was partidlyand completely (c) removed from

the source mesa top and sidewall.

metal overlay was partially (b) and completely (c) etched from the sows top and
sidewall.
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5.2.7. Trench Filling Planarization and Source Metal Ovday Formation
This fabrication step consists of two phases — (a) deposition andipddioa etch-back
of trench-filling material and (b) deposition and patterning of source metahpver

Trench filling was done using a thick layer of silicon dioxidest-ihe gate trench
was filled with silicon dioxide deposited by PECVD. The depositi@s done in four
steps to get a total thickness of 1.2um. Second, an oxide planarizatiobaek was
done in ICP Freon plasma to expose the source contacts. AAtEtalask was used to
protect the gate trenches. The mask was deposited by spyteand patterned by
planarization etch back with photoresist in @lasma and metal wet etching with
aluminum etchant. Third, the gate-pad contact windows were definbe ioxide film.
This was done by ICP etching with thick-film photoresist as a mask.

Metal overlays for the source and gate contact pads were depositbe etched-
back surfaces and patterned by photomask “(5) Metal Overlay’. sbece pad is
directly placed on the active area of each device to connect thee smmtacts exposed
by the preceding etch-back process. The overlay metal consthte®fiayers — Al/Ti/Au
with a total thickness of 21fn, patterned by photolithography and lift-off. Figure 5.14
shows the optical microscope photographs of the fabricated device and Figure 5.15 shows

a view of a complete 2-inch wafer.
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Figure 5.14. Optical microscope photo of a normally-on TIVJFET device aftandte f
metal overlay was done (a) “small” device, (b) “large” device.
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Figure 5.15. Optical microscope photo of a complete 2-inch wafer with normally-on
TIVJIFET devices after the final metal overlay was done.

5.3. Characterization

5.3.1. TLM Test Pattern Characterization

The quality of the gate ohmic contact reflects on the operatioa BiF-TIVIFET
switching device. Although the gate of a TIVJFET is not conducting laigrrent,
lowering the gate contact resistance is important for reducindetviee switching speed.
The higher the resistance, the slower the device switchind®ilA transmission line
model (TLM) structures were used to evaluate the gate ohmicctoifitae results are
show on Figure 5.16. The contact resistance extracted from thevdatfound to be in
the range 1.8xIf.cn? — 2.2x10°Q.cn?, which although not record low is very

reasonable and completely adequate.
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Figure 5.16. TLM characterization of p-type contacts: (a) TLM contaétsurves, (b)
TLM resistance vs. contact spacing.
5.3.2. Gate-Source Junction Characterization
The quality of the gate-source p-n junction is important for the préfpEM operation.
This junction should be able to block high enough voltage and ensure low deakag

currents in the gate voltage operating range. A typical gateesgunction I-V curve is

shown on Figure 5.17. The gate-source junction breakdown voltage is mor&0W¥an
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(Figure 5.18). The leakage currents observed are low and the devidee csaely

operated with a gate voltage of up to -40V.

10"

—1 T r 1 17
Device: TIVJFjET Small ‘ ‘ : :
- TESt GG JUNCHOoN et

10?

R e S

(@)

E  Test: G-S junction

(b)

-45 -40 -35 -30 -25 -20 -15 -10 -5 0 5

Figure 5.17. Typical gate-source junction |-V characteristics: (aalls type device, (b)
“large” type device.
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Figure 5.18. A gate-source junction I-V characteristics, showing a breakdowagesok
about 50V.

5.3.3. JFET Blocking and Forward Conduction Characterizaton

The reverse blocking characteristics and the forward conductiomotbastics were
tested with a Tektronix 371A curve tracer. The high voltage measmts were done
with the samples immersed in Fluorinert™ electronic liquid.

The |-V characteristics for “small” type devices are shamnFigure 5.19. In all of
the figures the leakage currents are multiplied by factdrO60 to show more detalils.
The gate-source p-n junction currents for the same three deaneeshown on Figure
5.20. The device on Figure 5.19(a) can block 1562V with gate voltag&dfand has a
forward current of §s=0.16A and a specific on resistance;p&F2.8mQ.cnf at
Vps=0.5V and \&s=2.5V and, $s=0.103A and Bron 4.4nQ.cnt at Vps=0.5V and
Ves=0V. The gate current ata¢=2.5V is 107A, which corresponds to a current gain of
1495 at \bs=0.5V, and 3178 at p5=1V. The device on Figure 5.19(b) can block 1492V

with gate voltage of -40V and has a forward currentpgf0.175A and a specific on
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resistance Bo2.4mQ.cn? at Vps=0.5V and \&<=2.5V and, $s=0.125A and
Rspon=3.7mR.cnt at Vps=0.5V and \s=0V. The gate current atdé=2.5V is 114iA,

which corresponds to a current gain of 1543 g§¢=0.5V, and 3026 at ys=1V. The
device on Figure 5.19(c) can block 1232V with gate voltage of -30V and floaward

current of hs=0.208A and a specific on resistance-&=2.2mQ.cnt at Vps=0.5V and
Ves=2.5V and, $s=0.138A and Beon=3.3mQ.cn? at Vps=0.5V and \&s=0V. The gate
current at \bs=2.5V is 1431A, which corresponds to a current gain of 1454 s4=0.5V,

and 2762 at W¥s=1V.

The I-V characteristics for “large” type devices are smam Figure 5.20. In all of
the figures the leakage currents are multiplied by factdrO60 to show more details.
The forward current was measured only on one half of the celbdu®lbing limitations.
The blocking voltage of the large devices is not as high as tiia¢ simall devices. Both
small and large devices have identical vertical channel widthexrmdnation, so ideally
they should have the same performance. The reason for the disgrépdhat large
device performance is limited by both wafer defects and prastesluced localized
defects. Channel width and guard ring spacing nonuniformity could ocking
capabilities. Localized wide channel or wide guard ring spacing spot severely limit a
large device performance. For example such defects may be ir@dbtdycdust during

photolithography of implantation.
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Figure 5.19. I-V characteristics of “small” type normally-on TIVIBE

2.
J,, (Alem’)

2
J;, (Afem’)

(b)

2.
J,, (Alem’)

(©)

114



115

10" T T T T T :
10° k-Device: TIVIFET-Small e .
. F Test G-S junction o E
107 B E
10* d I ]
4 J —esoea 3

5 & = So0324
107 F o Fsos18 E

L(A)
5 5 5
T T
d | l

10-10 L -
- .._- o
10-12 -T -:y " 1 " 1 " 1 n 1 n 1 n
00 05 10 15 20 25 30 35 40
V (V)

Figure 5.20. Forward I-V characteristics of a gate-source p-n junctitve GiYVIFETS
from Figure 5.19.

The device on Figure 5.21(a) can block 816V with gate voltage of -30\hasc
specific on resistance Porgd.3m.cnt at Vps=0.5V and \&<=2.5V and, Rpor=
5.5mQ.cnt at Vps=0.5V and \&s=0V. The device on Figure 5.21(b) can block 604V
with gate voltage of -30V and has a specific on resistangeng.4mQ.cnt at

Vps=0.5V and \&s=2.5V and, Rpon= 4.8nQ.cnt at Vps=0.5V and \&<=0V.
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Figure 5.21. I-V characteristics of “large” type normally-on TIVJFEIse forward
current was measured only for 2 of the area and limited to below 8A due to probing

limitations.

5.3.4. Blocking Voltage Mapping

Mapping of device blocking voltage is shown on Figure 5.22-5.24. A giraydtructure
was used in the design and fabrication of the normally-on TIVJFESt p-n diodes with
identical guard ring termination were included in the desigh@photomask to evaluate

the efficiency of the approach. The test diodes were distributexbsathe sample to
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check the effect of process nonuniformity on the blocking capabilitiehe structure.
The experimental results for the blocking voltage of p-n diodes withnifonon spacing
guard ring termination are shown on Figure 5.22. The wafer strustagsedesigned to
ensure at least 1200V blocking capability. It can be seen thappreazh provides a
good blocking capability and uniformity with the majority of diodeseexiing the design
blocking voltage of 1200V. At the same time the fabrication process lescom
substantially simpler because guard ring formation does not rexjgeparate processing
step as they are formed together with the JFET vertical elarmi maximum blocking
voltage of 1900V was reached, which is close to the theoreticdl Tifmere is some
variation of the blocking voltages across the wafer that is proloigyto local variation
in guard ring spacing and a few wafer defects.

The blocking voltage mapping of small type TIVJFETSs is shown on &ig1a3-5.23.
It can be seen that many of the devices have reached theadebigoking voltage value.
Generally, the blocking capabilities of the JFETs haven’t rehtie values of that for
the p-n diodes and there is a larger variation across the wafelJFH®E blocking is
limited by the vertical channel opening, since the terminasiatientical to that of the p-
n diodes. The larger variation in values is probably also contributéuebyuality of the
gate-source p-n junction.

The blocking voltage mapping of large type TIVJFETSs is shown oar&i§.25. The
blocking voltages reached are substantially smaller than théhdamall type devices.
The reason for this is that large device performance iseldhby both wafer defects and

process-introduced localized defects.
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Figure 5.22. Test p-n diodes reverse blocking voltage.
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Figure 5.23. Small TIVJFET reverse blocking voltage @=v30V.
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Figure 5.24. Small TIVJFET reverse blocking voltage @=v45V.
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Figure 5.25. Large TIVJFET reverse blocking voltage @=V30V.
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5.3.5. Specific On-resistance

The TIVIFET specific on-resistancesfy was extracted from the I-V data for all
measured devices at a drain voltage of 0.5V and a gate voltd@}¢ ahd 2.5V. The
results for small devices are shown on Figure 5.26 and FigureTh27%&mallest B.on
at Vps=0.5V & Vgs=0V is 3.0nf.cn?, and the smallestdr onat Vos=0.5V & Vg=2.5V

is 2.1mD.cnf. The observed variation insRon is due to vertical channel width and
channel doping variation. The specific on-resistance is very unifoitme wafer center
where the channel width is uniform and is noticeably lower for delocased very close
to the wafer edge. The source mesa, and hence the vertical ¢channtblose edge
devices is slightly narrower, so the reason for smallgs.oR has to be a higher

channel/drift epilayer doping concentration close to the wafer edge.

WB-S_Rspon_Vd0-5V_Vg0-0V: Rsp_on(mOhm.cm2)@Vd=0.5V&Vg=0.0V

35 35 34
3.0 34 32
4 5
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TIVJFET-11P-WB, epi: 8 0e15cm-3, 14um

Area: 9.067e-004

Figure 5.26. Small TIVJFET reverse blocking voltage @=20.5V & Vss=0V.
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Figure 5.27. Small TIVJFET reverse blocking voltage @-0.5V & Vgs=2.5V.

Let us consider the values for the specific on-resistance in detad and compare
them to the theoretical expectations. There are several famiotgbuting to Rp.on—
drift layer resistance, channel resistance, substrateamststsource contact resistance
and drain contact resistance.

(i) Drift layer resistance:

d

D

Ry.e =p0d = =108Q.cm?

For the drift layer of d=11jm with doping of N=8x10"cm® a mobility of

p=829cnf/Vs is assumed for the calculations.
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(i) Channel resistance:

Rc = oL WCH _ZVVD — LCH WCH _ZVVD —
H-sP CH
W N, W

= 163Q.cm* (V4 = OV )/078Q.cm* (Vs = 25V),

where Lcy=2.5um is the channel lengthWey=2.0um is the channel width,

W, = /% is the depletion region width, anNgb=5um is the unit cell width.
D

(iif) Substrate resistance:
Rep o = Papldy, = 066Q.cm7,
where pg,=0.0182.cm is the substrate resistivity, amld,,=366um is the substrate
thickness.
(iv) Drain and Source ohmic contact resistance:

Re o =R+ RC_SP% = 002+ 004 = 006mQ [Em?,

s
where a contact specific on resistaies=2x10°Q [em’ is assumed for the nickel
silicide contactWs=2.53um is the source mesa top width, an=5um is the unit cell
period.

(v) Total specific on resistance is:

RSDON = RD—SP + RCH -SP + RSJb—sSP + RDS—SP '

The totalRgon is thus 2.58.cnf for Ves=2.5V, which is in a reasonable agreement

with the experimental data of 2.1-8knt, considering the variation in channel width

and epilayer doping. Table 5.2 shows the expected variatiBg&f and its components
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with a variation of drift/channel doping concentration and channel widtdteAation of

the epilayer doping of 20% from the specification values could be expected.

Table 5.2 Specific on resistance variation with epilayer doping and channel width
variation.

Np WehH Rp-sp Rch-sp Rsub-sp Rpssp Rspron
(cm™) (um) Q.cm) | (Qcm) | (Q.cmd) | (Qcomd) | (Q.cmd)
1.9 1.06 1.33 0.66 0.06 3.12

6.4x10" 2.0 0.99 1.33 0.66 0.06 3.04
2.1 0.93 1.33 0.66 0.06 2.98

1.9 0.83 1.08 0.66 0.06 2.64

8.0x10" 2.0 0.78 1.08 0.66 0.06 2.58
2.1 0.73 1.08 0.66 0.06 2.53

1.9 0.69 0.92 0.66 0.06 2.32

9.6x10" 2.0 0.64 0.92 0.66 0.06 2.28
2.1 0.60 0.92 0.66 0.06 2.24

5.3.6. JFET Threshold Voltage and Vertical Channel Width Urformity

The threshold voltage of a JFET can be extracted from the drarfsfVes)
characteristics. The drain current of a JFET with a unifprddped channel can be

written as [41]:

2 3/2 3/2
lp =G Vbs — [(Vbi +Vps _VGS) _(Vbi _VGS) ]}
D { D 3 /—VP D , (5_1)
2
where G, :M (5.2) is the full channel conductance, am:m;—Da (5.3) is
CH S

the pinch-off voltagen is the channel doping, is the half channel widtlz, is the device

unit cell width, and_cy is the channel length.
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In the linear region, whe, <<VgandVp << Vp EqQ. 5.1 is reduced to

|D=q@f ﬁﬁﬁﬁyg. (5.4)
P

The threshold voltage of a JFET is defined by
V=V, -V, (5.5)
Equation 5.4 can be simplified using Taylor's expansion ardggd Vr to be

G
o :j(ves Vi Nos, for Vs =V (5.6)
P

The threshold voltage can be found by applying a very svigland measuring the
drain current versus the gate voltage. The drain current depeeady onVgs whenVgs
is arounaVr.

The transfer chracteristics of small TIVIFETs were suezd withVps= 0.05V and
the threshold voltage was extracted from the linear portion of uhe @aroundvy. A

typical I-V curve is shown on Figure 5.28
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Figure 5.28. Transfer characteristics of a small type TIVIJFET Wggh= 0.05V. The
threshold voltag&/t was extracetd from the linear part of the curve.
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The JFET threshold voltage depends on the vertical channel doping and channel
width (Eq. 5.3 and Eg. 5.5). If the channel doping concentration is assumed to be
reasonably uniform across the wafer, the threshold voltage variasiorbe a good
measure of the vertical channel width uniformity. Figure 5.29 stewsapping of the
threshold voltage of small TIVIFETs. The vertical channelliwMi¢y derived from the
source mesa width measured at a few spots, is shown in thebakés on Figure 5.29.

The vertical channel width variation is in a good agreement witmtesured threshold
voltage variation. From the values of the threshold voltage it caomsuded thaWey
is reasonably uniform in most of the wafer area. The reasonsdmatiations inNcy, is
wafer thickness and photoresist thickness noniniformity, which créag size

nonuniformity during photolithography.

= N W hHdh OO N

-6.40 -6.59 -6.93
1 2 3 4 5

Figure 5.29 Small TIVJFET threshold voltage extracted from the linear pahs bf
Vs curve, measured withpé=0.05V. The vertical channel width, derived from the
source mesa width measured at a few spots, is shown in the white boxes.
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The values oW for devices located very close to the wafer edge are bbtibagher
thanVr for the rest of the devices. This cannot be explained by a welecal channel
for devices close to the wafer edge. The source line width, an@ Wéng for devices
very close to the edge of the wafer is in fact smallei/;sshould also be smaller. The
reason for this highevy for devices close to the wafer edge has to be a higher channel
doping concentration at the wafer edge, compared to the rest of the wafer.

The variation ofVy is a measure of variation of the TIVIFET vertical channdttwi
and also of the variation of termination guard ring spacing adtessvafer. If we
consider the distribution of the threshold voltage values across the amafégure 5.29
and the distribution of the p-n diode blocking voltAgerom Figure 5.22, we can see no
correlation between them. This shows that the blocking voltage isemsitive to the
guard ring spacing nonuniformity across the wafer, which wi e@ll a global
nonuniformity. This proves the robustness of the termination designzartagion of the
Vg observed for some devices on Figure 5.22 can be explained byfebt céfwafer
defects and by the existence of process related defedte guard ring area that would

create a local guard ring spacing dsitributuoin disruption.
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CHAPTER 6. SUMMARY AND FUTURE WORK SUGGESTIONS

6.1. Summary

The advantages of 4H-SIiC for switching power device applicationgiscassed. The
advantages of unipolar power switches are discussed over the bipileres. The
vertical JFET device was identified as an excellent candiftaténigh power, high
temperature switching applications. Device designs for normdilgod normally-on
unipolar switches with blocking voltages from 400V to 11kV are proposed, loasad
pure vertical trenched and implanted structure. Different juncéomibation structures
are designed and successfully implemented. A fabrication pracdssigned to achieve
a simple and reliable self-aligned fabrication process. Thdctdion challenges are
discussed and ways to improve the process are identified. Threemdiftevices were
designed and fabricated.

The world’s first normally-off high voltage 4H-SiC TIVJFET Wia blocking voltage
of 11kV was demonstrated, showing low specific on-resistance ofQ24m

Normally-off and normally-on 4H-SiC HF-TIVJFET with blocking va&s up to
400V were demonstrated. 3.3A-397V normally-off capability was achieved $&imgle
die, corresponding to a high power of 1310 Wi/die. This corresponds toss Bla
operation RF power of 164W for a single die. Cut-off frequensy0f9 to 1.5 GHz was
reached.

In the 1200V class devices a normally-on 4H-SIiC TIVIJFET witlard ring
termination and substantially simplified processing was also deratetwst The highest
blocking voltage achieved was 1562V with a specific on-resistan@8aiQ.cnt at

Vps=0.5V and \&s=2.5V and a current gain of 1495. The lowest specific on resistance
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achieved was 2.2@v.cnt at Vps=0.5V and \&s=2.5V with a current gain of 1454 and a

blocking voltage of 1232V.

6.2. Future Work Suggestions

In order to improve performance of unipolar switching devices based ORIVJEET
structure a number of design and process improvements and refinements are possible.
6.2.1. Design Improvement

To improve device performance the device specific on-resistamteyaie resistance
need to be decreased.

6.2.1.1. Specific On-resistance Decrease

There are two factors that determine the on-resistance — thiager resistivity and the
channel resistivity. The drift layer parameters are deteaninethe blocking voltage
requirement and its resistivity will be decided by that. In otdedecrease the channel
resistivity the channel doping concentration needs to be increadesbarce line density
needs to be increased at the expense of reduced gate trench width.

Channel doping concentration increaseChannel resistivity can be decreased by
using an additional more highly doped epilayer for the device viecti@anel. This will
lead to some increase of wafer price but is justifiable imgeof gained performance.
With increasing channel doping concentration the channel width will beeang,
which will require a better process control to avoid channel width nonuniformity.

Source line density increaseSource line density can be increased by decreasing the
gate trench width. In the current design the gate trench widthited by the use of wet
etching process to define the source mesa etching metal mastrylfetching process is

used for the mask definition the source line density can be increaseell-controlled
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dry etching process for AlTi etching mask needs to be estathlishg a chlorine based
plasma etching.

6.2.1.1. Gate Resistance Decrease

Using a gate metal overlay is a good way to achieve lowerrgatstance. The process
used to define the gate overlay has a narrow process margroitbpotential problems

with this processing step the device layout may be optimized hAnetay to decrease
the gate resistance is to decrease the gate ohmic contathnes by improving the

process.

Device layout improvement: To avoid potential problems with gate metal overlay
definition the device layout may be optimized to include addition& lyases with thick
metal to interconnect gate regions further away from thepgateng/wire-bonding pads.
The length of the gate trench with relatively thin ohmic contastial needs to be limited
to a certain distance to ensure low total resistance.

6.2.2. Process Improvement

A number of process improvements and refinements can be done to impxise de
performance.

6.2.2.1. Source Mesa Definition

To establish a god control of the vertical channel width the fatiwit process has to
ensure source line-width uniformity, good vertical mesa profile amidboth mesa
sidewall. The best way to achieve this would be to use dry etomitigod to define the
source mesa etching mask. AlTi could still be used as an etetask. The metal can be
patterned by etching in chlorine plasma with a photo resist més&.way the source

line density can be increased by reducing the gate trerdth and also a smooth mesa
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sidewall can be achieved by having smoother etching mask edgemaPéiching
conditions could be further refined to provide a virtually vertical mesa sidewall.
6.2.2.2. Gate Ohmic Contact

To reduce the gate ohmic contact resistance nickel silicideaBmgpeonditions may be
optimized. It is expected that lower annealing temperature we gilower contact
resistance to p-type. Hence the annealing of the gate and shunie contact can be
divided into to separate steps using different temperatures.

6.2.2.2. Gate Trench Dielectric Fill

Gate trench oxide filling process by PECDV Si&position and planarization ecth-back
is a time consuming step that requires a tight control. One possjnievement is to use
a chemical mechanical polishing to planarize the oxide in thehtrekmother way to
improve the process is to use spin-on glass to simplify the deposgitomess and

improve planarization.
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