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Introduction

The fast growth of modern societies entails a quick devetagrof electronic tech-
nologies with the aim to improve comfort, transportationl &ealthcare. These tech-
nological improvements require great advances in powdrilolision, power genera-
tion and power management technologies.

After the initial replacement of vacuum tubes by solid-estivices in the 1950s,
the related electronic market grew up rapidly. Among all semductor, the preferred
for industrial mass production of these devices was Sil{&)1 However, the steadily
increasing request of devices with higher performancesaatidsmaller dimensions
have led the research efforts in studying new semiconduntterials suitable for
the production of a new class of devices for high power eb@itrand high tempera-
ture applications. Thanks to the superior physical pragewith respect to Silicon in
terms of critical electric field and thermal conductivitywas, Silicon Carbide (SiC)
has attracted the attention of many researchers as a saildidate for the fabrica-
tion of this new generation of devices with high performaand small dimensions.

Silicon Carbide is as old as Silicon, it was discovered mbemtlikely by J. J.
Berzelius in the far 1824. After the first synthesis of thisnpmund material, which
occured in the early 1890 by Ancheson, in 1907 its electrproperties were further
investigated. The basic requirement for a mass industréyzction is the growth of
large wafers with electronic grade. Unfortunately, SiCéhawcomplex structure, the
Ancheson was a cumbersome process that required patiedastan the purity of
crystals was not controllable. For this reason, the intdreSilicon Carbide as an
electronic material waned up to late 1970s when, thankseanrtbdified Lely pro-
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cess, high quality 6H polytype large wafer were manufactufdter years of further
developments CREE Research was the first company to selicenigh quality
6H-SIiC wafers and in the 1990s SiC devices entered the etéctmarket. Since the
mid of 1990s the 4H became the favourite polytype for high groglectronic device
production for the higher mobility and higher band—gap vifith respect to the 6H—
SiC. As a result of the rapid progress in SiC wafers growth @emce fabrication
technologies in the last decade, SiC devices are commoallahie in the electronic
market to date.

In this thesis work 4H—SiC ion implanted PiN diodes are stddand charac-
terised in detail. Electrical measurements (currentaggtcurves and lifetime mea-
surements) and Numerical simulations are performed withaim to better under-
stand physical phenomena which arises from the periphethasfe diodes. This
analysis is relevant as it is well known that perimeter autgeaffect performances
of SiC devices. This thesis is structured as follows:

» Chapter 1 reports the material properties of the most us€dp8lytype for
electronic applications together with a brief historicackground of growth
processes of SiC wafers.

« Chapter 2 describes the ion implatation and post—impliamtannealing pro-
cesses for selective area doping of SiC material. Furtherntioe issue related
to the ohmic contacts on SiC are also discussed. Finallpriheessing steps of
the studied devices are listed and their experimental fahaad reverse curves
are shown. In this chapter, the experimental set—up usegkeféorming these
latter measurements is described in detail.

» Chapter 3 describes the analysis methodologies for abtpthe experimental
perimeter and area current density curves. The range dfityabf the sim-
ple abrupt—junction model is also analysed before appl{tiegmethod to ex-
perimental area and perimeter curves. From this detailatysis, important
information are extracted, in particular: defect actimatenergies responsible
of current transport, the recombination lifetime withiretBpace Charge Re-
gion and information about the surface quality. Numerigalgations are per-
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formed in order to study the origin of periphery currentsn@ations, which
combines detailed experimental data analysis with apaeptiterature re-
sults, are proposed and validated.

» Chapter 4 provides a brief explanation of generation andmdination life-
times. The main lifetime measurement techniques used ioake of Silicon
Carbide devices are reported with particular attentioméoQ@pen Circuit Volt-
age Decay (OCVD) which is the method used for this study. Aibket char-
acterization of the experimental measurement set—up 8rshod a schematic
circuital model is provided. Comparison between expertaleand theoretical
calculations are performed in order to validate the progpasedel. Finally,
the experimental OCVD curves of diodes are shown and studiddtail and
an explanation about the volume and surface lifetimes afetluvices is pro-
vided.






Chapter 1

Single Crystal Silicon Carbide

1.1 Material Properties

Silicon Carbide (SiC) is a semiconductor which thanks tghgsical properties is
widely used for fabrication of devices for high temperatinigh power and high fre-
quency applications. The outstanding physical proped@s/e from its crystalline
structure, the SiC is a IV-IV compound material with a te¢idtic structure in which
Silicon atoms form almost covalent bondings with the neab@a atoms (Fig. 1.1,
[1]). The stacking sequence of this elementary cell givagroto different SiC poly-

types.

a) b)
C
— 4

1.89A i
b

* S %
3.08 A

Figure 1.1: (a) Elementary structural unit of SiC materih). A second type rotated
of 180° around the stacking direction, with respect to (a).
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The strong chemical bondings together with a particulackitg sequence pro-
vide each polytype with unique electrical and optical prtips. Even within a given
polytype, some important electrical properties are nasirépic, indeed they are a
functions of crystallographic direction of current flow aayblied electric field. Fur-
thermore, SiC is able to form silicon dioxid§Q,) as a native stable oxide, like
Silicon, and this is an important advantage for device &aion such as MOSFETs
[2][3][4]-

For use as an electronic semiconductor, among all SiC pudgty5], the ma-
jor efforts of research and development have been contedtom 3C, 6H, and 4H
polytypes [6]. 3C-SiC, also referred to AsSiC, is the only form of SiC with a cu-
bic crystal lattice structure. 4H-SiC and 6H-SIC are onlg tffmany possible SiC
polytypes with hexagonal crystal structure [7].

Fig. 1.2 reports the main physical properties of these thodgtypes compared
to those of the most employed material for electronic defabeications, the Silicon.

Property Silicon GaAs 4H-SiC 6H-SiC 3C-SiC
Bandgap (eV) 1K 1.42 372 3.0 2.3
Relative Dielectric 11.9 13.1 97 <X 9.7
Constant
Breakdown Field 0.6 0.6 /lc-axis: 3.0 | //c-axis: 3.2 > 15
Ny = 10" em” (MV/em) Lc-axis: > 1
Thermal Conductivity 15 0.5 3-5 3-5 3-35
(W/em-K)
Intrinsic Carrier o™ 1.8x 10 ~ 107 ~ 10 ~ 10
Concentration (cm™)
Electron Mobility 1200 6500 /lc-axis: 800 /fc-axis: 60 750
@ Ny =10" em? (em™/V-s) L c-axis: 800 | | c-axis: 400
Hole Mobility 420 320 115 90 40
@ N, =10" cm?® (cm*/V-3)
Saturated Electron 1.0 1.2 2 2 2.5
Velocity (107 cm/s)
Donor Dopants P: 45 St 5.8 N: 45 N: 85 N: 50
& Shallowest Ionization As: 54 P: 80 P: 80
Energy (meV)
Acceptor Dopants B: 45 Be, Mg, C: Al: 200 Al: 200 Al: 270
& Shallowest Tonization 28 B: 300 B: 300
Energy (meV)
1998 Commercial 30 15 5 5 None
‘Wafer Diameter (cm)

Figure 1.2: Table reporting the main physical propertiethefmost used SiC poly-
types for electronic application.
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More detailed electrical and optical properties can be doar{8][9].

SiC polytypes exhibit advantages and disadvantages if acedpto Silicon. The
most beneficial properties of SiC over Silicon are: highexakdown electric field,
wider band—gap energy, higher thermal conductivity andhdrigcarrier saturation
velocity (very important for high frequency application§ompared to the others
two politypes, 4H-SiC is nowadays the preferred for produadf electronic devices,
thanks to the superior band—-gap and mobility values.

1.2 SiC Wafers

1.2.1 Early history

Most of Silicon Carbide’s superior intrinsic electricabperties with respect to other
semiconductor have been knowing for decades. Neverthétessommercial mass—
production of semiconductor electronic devices, largé lajgality wafers are needed.

SiC sublimes instead of melting and therefore cannot be miwyvwconventional
techniques such as Czochralski method employed in the metowiihg of almost
all high—quality Silicon large wafers. This prevented tkalization of SiC crystals
suitable for electronic device mass—productions untillaibe 1980s.

Despite the absence of SiC substrates, the potential leokétSiC—-based elec-
tronic, for realising devices working in harsh—environmdras led research efforts
to obtain SiC manufacturable wafer.

In the late 1970s, Tairov and Tsvetkov invented a reprodeaitethod for SiC
ingots growth [10][11]. They introduced a 6H-SIiC seed intsullimation growth
furnace and designed an appropriate temperature gradieontrol mass transport
from the SiC source onto the seed crystal, based on thermaaadgrand kinetic con-
siderations. This growth method is called modified Lely ardal sublimation pro-
cess (and also Physical Vapor Transport, PVT) and it wasaktirmugh for SiC as
it offered the first possibility of growing relatively highuality large—area substrates
of SiC that could be cut and polished into mass-produced Sifens.

After years of further development of the sublimation grioptocess [12], CREE
Research became the first company to séitrd—diameter semiconductor wafers of
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6H-SIC in 1989 [13] (Fig. 1.3).

Figure 1.3: On the left Bcm 6H-SiC manufactured wafer by CREE by using seeded
sublimation technique, on the right single—crystal SiCssttes available prior to
1989.

Thanks to the development of the modified Lely technique tmitniprovements
in reducing micropipe densities (Fig. 1.4b) [14], largergie—crystal SiC wafers of
electronic quality have became commercially availablestasvn in Fig. 1.4a. As a
consequence, the vast majority of silicon carbide semigotad electronics develop-
ment has taken place since the early 1990s.

PVT method has evolved from both commercial production rerwnents and
research laboratories up to date and it has became the tstesrdard industrial
process. High quality SiC wafers are routinely producedhwie current PVT method
(for the reason above it is called the standard PVT methoalre@tly 100nm 4H-
and 6H-SiC wafers are commercially produced by standard #8\dT150nm wafers
are expected in the near future [15].

Since the mid 1990s, other companies, besides CREE, haseaugntly entered
the SiC wafer market as reported in Fig. 1.5.
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o~ 90
E a0
)
z 70 -\h 2inch
5 E ol
a
50
8 Y
‘s 40
> g 30 N 1375
f 20 \
) g 10 \ 1.375” Projected
5 mm o \
2 O drmrmmmE—————— ™ 2cm?
v | 533553888833882838
= O 8 > £ L =k £ = 4 » O 4 =
1992 1993 1994 1995 1996 1997 3383885858333 2828¢8
CY (b)

Figure 1.4: (a) Increase of wafer size demonstrated by CREpany. (b) Reduction
of micropipes densities in SiC Substrates of different digien.

Vendor Year Product Water Micropipes  Price
Diameter (# -'cm% (US$)
Cree 1993 6H n-type. Si-tace. R-Grade 3.0cm 200 - 1000 1000

6H n-type. Si-face. P-Grade 30cm 200 - 1000 2900
6H n-type. C-face, P-Grade 3.0cm 200 - 1000 3000
6H p-type. Si-face. P-Grade 3.0em 200 - 1000 3300
4H n-type. Si-face. R-Grade 30cm 200 - 1000 3800

Cree 1997  4H n-type. Si-face. R-Grade 35em 100 - 200 750

4H n-type. Si-face, P-Grade 3.5em 100 - 200 1300

4H n-type. Si-face. P-Grade 3.5cm <30 2300

1998  4H n-type. Si-face, R-Grade 51cm <200 2100

4H n-type, Si-face, P-Grade 5.1em <200 3100

1997  4H p-type. Si-face. R-Grade 35cm <200 1900

4H Senu-Insulating. R-Grade 35em <200 4800

6H n-type. Si-face. P-Grade 3.5cm <200 1000

6H p-type. Si-face. P-Grade 35em <200 2200

Nippon Steel 1997 4H n-type 25em NA NA
SiCrystal 1997 4H n-type. Quality I 35em <200 1200
4H n-type, Quality IIT 35cm 400 - 1000 200

4H n-type. Quality I 25cm <200 600

6H n-type. Quality I 35em <200 1200

Sterling and 1998 6H n-type 35cm <100 800
ATMIEpitronics 4H n-type 35em < 100 800

Figure 1.5: List of single—crystal SiC wafer providers sir@arly 1990s.
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1.2.2 SiC Epitaxial Growth

Although sublimation—growth techniques are relativelgyet® implement, these pro-
cesses are difficult to control, particularly over largestdte areas [1]. SiC is a ma-
terial having more than 170 polytypes and each polytype stdifferent properties
(as reported in Fig. 1.2 for the most common polytypes) ssctlifferent band—gap
which can range from.2eV to 3.3eV [4]. Therefore, a key issue during the growth
of SiC bulk material for electronic applications is the cohbf polytype. If special
precautions are not taken, during SiC crystals grown byisaion technique, the
bulk material will contain inclusions of undesirable pgiyes. Several technological
parameters impact the final polytype structure of SiC clysta particular: super-
saturation of the vapor above growing surface, growth teatpee, growth pressure,
seed surface orientation and polarity and presence of itigsirAnother important
technological improvement for the realization of SiC alewic devices with complex
structures is the accurate control and type of doping inipsraind the thickness of
grown materials [15].

For these reasons, for improving the quality of bulk SiC mateand realis-
ing complicated device structures, epitaxial growth meéthogies such as liquid—
phase epitaxy (LPE), molecular beam epitaxy (MBE), and éta&naapor deposition
(CVD) have been also investigated.

In 1983 [16][17], the hetero—epitaxial growth of singleystal SiC layers on top
of large—area silicon substrates was firstly carried oufotfunately, hetero—epitaxy
of SiC using Silicon as a substrate always results in grofBCeSiC with a very high
density of defects, because of differences in lattice @msind thermal expansion
coefficient between these two materials. For this reasorSBChas been commonly
used for manufacturing Micro—Electro—Mechanical systéiiEMS)—based sensors
(see as an example [18]), since the performance of electdmviices (Schottky bar-
rier diodes (SBDs), pn diodes, MOSFETSs) was far below thpeeted.

However, strong economic motivation still encourages tariowe hetero—epitaxial
growth of SiC on large—area Silicon substrates as this wonadide cheap wafers for
productions of SiC electronic devices that would be immietifecompatible with sil-
icon integrated circuit.
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In 1987, Matsunami et al. [19] discovered that high—quai-SiC can be homo—
epitaxially grown by CVD at relatively low growth temperadywhen a several de-
gree off-angle, with respect to the c—axis substrates if@ataby Acheson [20] or
modified Lely processes), is introduced into the 6H-SiC {@01) orientation, this
technique was called step—controlled epitaxy [21].

Step controlled epitaxy is based upon growing epilayers @iGwafer pol-
ished at an angle (called the tilt—angle or off—axis angfdymically 3° to 8 off the
(0001) basal plane, resulting in a surface with atomic séesflat terraces between
steps as schematically depicted in Fig.1.4. When growtditions are properly con-
trolled and there is a sufficiently short distance betweepsstordered lateral step
flow growth takes place which enables the stacking sequeiites substrate to be
exactly mirrored in the growing epilayer.

(0001)
Growth step f Basal Plane
Direction of Lateral
Step Flow Growth

Terrace

c-axis

Tilt angle

Figure 1.6: Schematic view of a step—controlled epitaxiaivgh.

Homo-epitaxial growth of 6H-SiC on off—axis 6H-SiC (000&chme a standard
technique in the SiC community because it yielded high pugibod in—situ doping
control [22] and uniformity.

In 1993, a high mobility of over 7a@r?V 1s* was first reported for 4H-SiC grown
using this technique [23]. The combination of this resudjetier with the superior
physical properties of 4H-SiC, the commercial release ofpdlytype wafers, and
demonstration of excellent devices realised with this ne{enade 4H-SiC the pre-
ferred choice for electronic device fabrication in the m@9@s.

In 1995, a hot—wall CVD reactor was proposed by Kordina 424l. This reactor
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design is currently the standard, because it allows supedntrol of temperature
distribution, has a much longer susceptor life and bettawtr efficiency.

1.3 Technological improvements in SiC Growth substrates

SiC devices realised since the 1990s, when the first highitgsalbstrate was man-
ifacured by CREE, began to show performances that in somes aaceeded those
of GaAs or Si devices in high—power and high—-temperaturdicgtipns. As a conse-

guence, physical properties and defects of SiC materiaks een extensively inves-
tigated. At the same time, other grown techniques were dersil in order to obtain

wafers of higher quality, since substrates are the key ei&sre the development of
electronic devices with high performances. Fig. 1.7 shdvesdurrent status about
the knowledge of processing technologies for SiC substrate
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Technology Readiness for SiC Substrate Production

Figure 1.7: Current knowledge status of SiC process teolies for electronic grade
substrates.

The above figure illustrates that the two most mature teckasigcurrently used
in commercial environments, are the PVT process, discaviar¢he late 1970s and
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the HT-CVD proposed more recently, as discussed in thequs\gection.

Other promising techniques are the Continuous Feed PVTRRF}[25], Halide
CVD (H-CVD) [26], and Modified PVT (M—PVT) [27]. Although tise latter growth
techniques might have some technological edges over tteglepessors, they are still
at the research stage.

Solution phase growth has yet to prove its capability of poitlg large area
substrates. Nonetheless, promising initial results apdattvantages of this method
will certainly draw more attention from the research andistdal community.






Chapter 2

lon Implanted vertical 4H-SIC PIN
diodes

2.1 lon Implantation

Diffusion and lon implantation are fundamental processedtroducing impurities
in a semiconductor wafer through windows that are openeélected regions of a
mask film that is deposied, or grown, on the surface of thesmmductor wafer itself.

In the case of Silicon Carbide, because of its very strongnite bonding, diffu-
sion constants of impurities are extremely small. For théson, a significant diffused
dopant—depth profile requires both very high temperatleeggr than 2000C) and
relatively long times. Under these conditions, it is haréirid a good material for the
fabrication of a sufficiently resistant diffusion mask, maver, the decomposition
of SiC at such high temperatures, as well as the formationtdhsic and extended
defects, are strongly favoured. The development of ion amiaition processing for
the selected area doping of SiC wafers is of major importdoicebtaining: source
or drain regions, junction termination, channel dopindyqaly of FET devicesp™
contact and p-n junction [2][28][29].

The most common dopants for SiC are Aluminum (Al) and Boroh f(B ob-
taining p-type doped regions, whereas Nitrogen (N) and phmsis (P) are used
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for n-type doped regions. Implant profiles can be schedukbareby Monte Carlo
simulations of the ion implantation process in softwarensae SRIM (Stopping and
Range of lons in Matter) [30], or, much better, by Pearsonltédthms [31] which
take into accounts experimental database for the differammhenta of the ion depth
distribution such as those in [32]. In both the cases, sitimlautputs concern ion
implantation processes along a random direction. The intplion geometry into
a crystal is defined as random when the incidence ions experias many energy
losses and collisions as they would have in the same materialith amorphous
structure [3].

The convention for identifying implantation geometriedinged to tilt and twist
angles with respect to the wafer normal and the wafer flgpaes/ely. The tilt angle
can be defined as the rotation angle in the direction of themadrmal with respect
to the ion beam incidence, whereas the twist angle is théontangle of the wafer
around its normal, as shown in Fig. 2.1. The tilt and twistlanvglues depend on the
relative position of the semiconductor lattice structurthwespect to the wafer plane
and on the ion species, ion energy, and ion beam direction.

T

1on beam

Figure 2.1: lllustration of tilt and twist angles for defiginmplantation geometry.
See text for further details.
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Fig. 2.2 depicts, as an example, a typical Nitrogen imptaoraprofiles in SiC
<0001> for different tilt anglef. The symbols represent the SRIM simulation. In
random implantation geometries, implanted ions followsaémost Gaussian-like
distribution (this is the case of solid black line curve igF.2). The choice of tilt and
twist angles in order to obtain random implantation geoiegtdoes not guarantee
that ions might be scattered along major crystallograpivection giving origin to
undesired channeled trajectories [33][34][35] (dotteathlline in Fig. 2.2).
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Figure 2.2: Depth profiles of Nitrogen implantation into SiQ001> with various tilt
angles.

In the case of SiC crystal the attempt to obtain random intptam is not trivial
because of the poor knowledge about channelling phenomedi&erent SiC poly-
types and because of the lack of a convention among mateppliers to provide the
crystal orientation (e.g. [36], [37], [38]). For this reas@ontrol and reproducibility
of the implantation geometry in the case of SiC wafers is rergle task.

For the realization of doping profiles which differ from thenple Gaussian dis-
tribution (shown in Fig. 2.2, symbols or solid black liné)ettechnique of multiple
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implantations is needed. In particular this procedure istmén a series of ion im-
plants with different energies and doses. This technigumismonly used for ob-
taining flat profiles (like box) to form anodes region in p—ngtion, an example is
shown in Fig. 2.3. The sum of multiple energy ion implantajiwocesses can be used
for obtaining dopant depth profiles not obtainable by difingrocesses.
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10" | \ 006
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0 0.2 0.4 0.6 0.8 1.0

Distance (um)
Figure 2.3: Example of multiple ion implantetion proces®esbtain a flat box doping
profile.

2.2 Postimplantation annealing

The drawback of an implantation process is the damagingeofitystalline structure
of materials due to the bombardment by ions. The generai@agka can range from
point defects to amorphization depending on the ion eng@iel implanted doses.
Recent studies have shown that the damage due to high iraptantoses can be
reduced by increasing the substrate temperature durinigirtgtion processes. This
method, called dynamic annealing, allows the annihilabbrefects and, for low
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ion fluxes, defect densities can never reach the criticalevédr having the material
amorphization. The schematic representation in Fig. 2odshhe effect of dynamic
annealing: in particular by increasing the substrate teatipee, higher implanted
doses can be tolerated before material reaches the amatiphiz

Flux effect for different
implant temperatures: schematic
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Figure 2.4: Schematic example of dynamic annealing. Isinmgathe substrate tem-
perature a higher ion flux is tolerated during ion implaiagprocesses.

However, for recovering the damaged lattice and for elealgi activating the
implanted dopants, post implantation annealing procesges appropriate combi-
nation of time and temperature, are mandatory after the rigplantation [39]. In
the case of SiC, the understanding and accurate controlobf &yprocess is still a
scientific challenge [3].

As an example, Fig. 2.5 depicts the resistivity as a functibAl concentration
in a 4H-SiC sample [40] for different post implantation aaliveg temperatures. This
figure illustrates that the higher the annealing tempeeatue lower the resistivity of
the material. In particular, the resistivity of a materslthe inverse of conductivity

which, in turn, is directly proportional to the free carr@ancentration. Therefore, the
lower the resistivity the higher the free carrier conceigraand, besides the dopant
partial ionization, the higher the electrical activatiéior this reason, in the case of
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SiC, the post implantation annealing processes are uquatfgrmed at temperatures
higher than 160CC.
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Figure 2.5: Resistivity versus Aluminum implanted concatibn in a 4H-SiC sample
for different annealing temperatures, see text for furthetails.

At such high annealing temperature surface degradatiom®isSobserved with
a subsequent lost of the typical mirror-like surface. THiisat is shown in Fig. 2.6a
where Atomic Force Microscope (AFM) image of a 4H-SiC sanipleported. Two
are the mechanisms which contribute to surface degradation

1. migration of Silicon atoms from SiC lattice to surfaceisTbhenomena is en-
hanced if the sample is annealed in vacuum. Therefore, twove this mi-
gration, annealing in Silane overpressure can be perfofjed

2. migration or out—diffusion of dopant atoms to surfacesBecond mechanism
cannot be avoided by using a simple Silane overpressuragianinealing pro-
cess, but a protective capping layer is needed. Among thgir@amaterials
the best results were given by a carbon cap which so far is aiynused in
industrial device fabrications. Fig. 2.6b shows the s@famwrphology of the
sample processes with a carbon cap layer.

During ion implantation processes, displacement of Si atado@s occurs, gen-
erating point defects such as vacancies, interstitialsaantig-sites. When post im-
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without a carbon cap with a carbon cap

10 pm 10 pm
(a) (b)

Figure 2.6: Surface morphology of SiC samples after anmgadrocess (a) without
protective carbon cap and (b) with protective carbon cap.

plantation annealing is performed, the generated poiriestmay also combine with
implanted impurities giving rise to localized levels (dbal or deep) in the band—gap.

In literature (see as example [41][42][43]), the commonthgerved deep levels
in 4H-SIC are: Z1/2 with position ofEc — 0.63eV) and EH6/7 positioned dEc —
1.55eV). These levels are observed in 4H-SiC after ion implantategardless of
dopant ions.

2.3 Ohmic Contacts

In general, an ohmic contact can be defined as a metal-seduictum not rectifying
junction which is able to supply the necessary device ctiraed provides a very
low voltage across its junction without injection of mirtgrcarriers [44], or, in other
words, provides a very low resistance junction value coempao that of the semi-
conductor device [45]. In addition, in the case of Silicorrtiide, thermal stability
is also required, since thanks to its properties SiC-basgites can operate at very
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high-temperature.

Fig. 2.7 shows the 4H-SiC band diagram referring to the vaclavel. Ideally,
for having an ohmic contact, a metal with work functig#,, lower thanqys for n—
type material or higher thagys + Eg for p—type material is required. In these cases,
the carriers can flow in both directions without encountpimy Schottky barrier.
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Figure 2.7: Band diagram of 4H-SiC.

However, almost all metals have a work functidp, between 5- 6eV and there-
fore, as shown in Fig. 2.7, in 4H-SiC ideal ohmic contactshcaie realized espe-
cially on p—type material [46]. To overcome this problemhe tase of wide band—
gap materials, the common strategies to form low resigtolimic contacts is by
using the tunnelling current phenomena [2].

In general, the as-deposited Metal-SiC contacts are noicdiutwith rectifying
properties because of the high value of the Schottky baifrf@refore, besides to the
creation of highly doped layers for tunnelling phenomend téve accurate choice of
a metal which may form a low barrier height, a post depositionealing process at
temperature in the range 9601000 C is required. As an example, Fig. 2.8 shows
electrical Trasmission Line Model (TLM) measurements oflaposited and after
annealing process of Ni on n—type 6H-SiC (2.8a) and ofTAbn p—type 6H-SiC
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Figure 2.8: (a) Ni deposition on n-type 6H-SiC (b)/Al deposition on p-type 6H-
SiC, before and after annealing process.

This figure clearly illustrates that rectifying propert@sMetal-SiC junction oc-
curs if annealing processe temperatures lower thah®@de performed. For higher
temperature reactions at the interface Metal-SiC with #diram of Silicides, Carbides
or ternary phase occurs with subsequent reduction of Ipdreight and formation of
ohmic contacts.

Among the metals, the most suitable for creating ohmic atstan n—-type SiC
is Nichel (Ni). Specific contact resistance valuepets 10-°Qcn? were measured,
furthermore Ni offers long term stability at high temperat{46].

For the reason discussed earlier, ohmic contacts on p-ty¥parg not simple
to realize. Nevertheless, thanks to the low Schottky batreéght and because it
is commonly used for p—type doping, Al is the most suitabldai® form ohmic
contacts on p—-type SiC. Unfortunately, its low melting pdabout 600C) cannot
allow to form a pure Al metal on SiC. To overcome this probleitrbAsed alloys
are commonly used to realize ohmic contacts on p—type Si@aiiticular, the most
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employed are AlTi alloys and its modification (e.g. ATi/Ni) [2].

The sintering process for obtaining good ohmic contacts-apge SiC is still a
scientific challenge, in particular the conservation ofrfdactor and thickness of the
chemically reacted layer at the interface Metal-SiC atkagien issues (e.g. [47]).

2.4 Process steps

A <0001> 8 off-axis 4H-SiC n—type homo—epitaxial commercial wafdi3] jwas
used to fabricate vertical'p-i—n~ diodes.

The nm epi-layer thickness and doping arg2Band 3x 10°cm™3, respectively.
The n—type bulk wafer is 318mthick and has a resistivity of.021Qcm.

The p" anodes are circular with different diameters in the rang®-:1500Qum
and have been obtained by multiple-energies idh implantation processes at 4@
on selected areas. The implantation schedule has been fixhd base of SRIM2008
simulation outputs [30] for obtaining an almost flab 10°%m~2 Al depth box
profile thick about G7um.

Post—implantation annealing process has been perfornsatkian inductively—
heated graphite crucible in a high—purity Ar atmosphere9&01C for 5 min. The
heating rate was 4C/s and the cooling rate was exponential with a charadterist
time of about 3 min.

A resist film pyrolyzed in a forming gas ambient (C-cap) [48Ftprotected the
wafer surface during post—-implantation annealing and atas femoved by 85 /15
min dry oxidation.

Ohmic contacts on the'p-implanted anodes and on thé bulk cathode have
been formed with TAAI (80 nm/350 nm) and Ni (150 nm), respectively. Contacts
were alloyed at 100@/2min in vacuum. After alloying, the anode contacts were
covered by a sputtered 350 nm Al(2%S:i) film. The contacts omane circular, con-
centric with the anodes and 40{of smaller in diameter than the anode. The Ni
cathode contact extends all over the wafer back surface.

Previous studies on the electrical activation [49] and thitase roughness [50] of
Al implanted 4H-SiC specimens have shown a root mean squdsesuoughness
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< 2nm and an Al electrical activation of about 80% with a compensabf about
20% for 4H-SiC samples doped as the diode’s emitters of thidys

2.5 Static electrical measurements

2.5.1 Device schematic cross—sections and selection arde

The studied diodes were placed, together with other tasttsires such as TLM for
specific contact resistance measurements and VdP (Van de Ra electrical acti-
vation measurements, on chips with dimension efBnm. The image representing
the elementary cell which repeats over all the wafer is shimmthe bottom of Fig.
2.9. Table 2.1 summarize anode (diameter) and metal dimessif on—chip diodes.
In this Table, the column labelled — M)/2 (whereD is the Diameter, ani¥l the
Metal) reports the distance between metal edge and the afiddd anodes. For all
diodes, besides D7, this distance i3 while for the 15@m diameter diode D7 is
20um.

Devices have been fabricated in the clean—room facility afidhal Research
Council, Institute of Micro—electronics and Micro—systenBologna Unit (CNR—
IMM UOS Bologna) [51], by using processes described in thevipus section. A
schematic cross—section of processed diodes is shown foghaf Fig. 2.9.

2.5.2 Experimental Setup description

Static forward and reverse current-voltage charactesistiere measured by using
a home assembled wafer—level parametric characterizatistem. Measurements
were performed in air at different temperatures. The mimmtemperature was 3G
whereas the maximum 290, the other measurement temperatures range between
50--250°C with a step of 50C. All the measurement instruments were remote con-
trolled by GPIB 488 protocol and a Keithley 707a switchingtrixaand configured
by using the commercial software ICS (Integrated ContrgHit&m).

Forward current measurements were performed by using twihl&g SMUs
(SourcgMeasure Units) model 238 in particular: the first connectethé thermo—
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DIMENSION OF PROCESSED DIODES

Label  Diameter Metal (D—M)/2 number
- [pml  [pm] [pm] -

D7 150 110 20 4
D1 250 200 25 4
D2, D6 400 350 25 8
D3 600 550 25 4
D4 800 750 25 3
D5 1000 950 25 3

Table 2.1: Labels and dimensions of processed diodes.

Figure 2.9: In the top a schematic cross section of the sludiales and in the bottom
a processed chip containing the studied devices are shown.
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chuck for fixing the reference voltage & Othe second to the probe tip placed on
device anodes. The maximum applied voltage w&¥ &nd the minimum step for
performing the voltage sweep wasm. This latter values ensured a stable output
of the SMU. A study on delay time between the voltage apptoaand the current
reading was performed and an optimum delayofvds found. This time is sufficient
to avoid apparent leakage currents due to transients ofiiareonnection elements.
By using the described measurement configuration a curaortdf 5x 10-1*Awas
measured at Room Temperature (RT).

Since very low reverse currents are expected in the cas€al&iices, the Keith-
ley Sub—femto—amperometer model 6430 was used for revezasurements on the
studied diodes. In this case for minimizing the influence afagitic leakage cur-
rents, the instrument was directly connected to the thecmaek avoiding switching
matrix connections. The maximum reverse bias voltage - wE30)V and sweep step
was —10V. A study on the delay time, similar to that of forward curreméasure-
ments, was performed and a delay time of 8@@&s applied for this measurements
with a current reading eacts t order to observe the trend of experimental data as a
function of time. In this case a current floor=sf5 x 10~°A was measured at RT.

2.5.3 Diode selection criteria

Among all devices on wafer, only few diodes with precise prtips were measured
at different temperatures. In particular, the followingemnia was adopted for select-
ing the good devices:

« forward characteristic study: only diodes with no shuntent at low voltages
and with higher current in ohmic region at the minimum measwent temper-
ature (i.e. 30C) were selected,;

* reverse characteristic study: only diodes with the loveerse current at the
maximum bias voltage (180 and with no evidence of break—down trend at
the maximum measurement temperature (i.e°*290vere selected.

By adopting the above selection criteria, after a first sureg one diode for each
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dimension among those listed in 2.1, were considered. licp&r, diodes D7, D2,
D3 and D5 were characterized at all temperatures for forstardy, whereas diodes
D7, D2 ad D3 for reverse study.

2.5.4 Experimental measurements

Fig. 2.10 shows a typical current—voltage curves of dio@scsed by using the cri-
teria described earlier, in particular: Fig. 2.10a showes frward current—voltage
curves in the case of linear scale, whereas Fig. 2.10b inithg#c scale, for 40Qm
diameter diode for some measurement temperatures. Infigese the instrumental
current floor of 5< 10~1%A at RT is represented by the grey dashed region.

In the case of linear scale, it is worthwhile pointing outttti@e diode enters
the high—injection regime. In particular, after switchiog, a typical exponential—
like trend of the current—voltage curve for each tempeeatan be observed. This
trend indicates that the resistance of the diode base isrilogvbecause of typical
modulation of the PiN diode base [52][53].
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Figure 2.10: (a) Linear scale and (b) log scale currentageltcharacteristic of a
400um diameter diode of this study, for varying temperatures.

In the case of logarithmic scale, the curves have no evidehs@unt currents
at low voltages and, after switching on, clearly show twdeddnt exponential trend
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before entering the ohmic region. Under the assumptiontitieafiorward current can
be modelled by using the following equation:

qv
[V, T)=lp- |&Xxp| == | —1 2.1
V) =to oo b 1)
wherelg is the saturation current (or zero voltage curregtis the electron charge,
V the applied voltagek the Boltzmann constant, the absolute temperature and
the ideality factor. The estimation ofas a function of voltage and temperature is
straightforward, in particular, considering Eq. (2.4)an be expressed as:

n\V,T)= (2.2)

P IVAD]
q dv
By using Eq. 2.2, the trend of the ideality factor, of forwaurent—voltage curves
showed in Fig. 2.9, is obtained as a function of the applidthge and for each mea-
surement temperature. This plot illustrates that the atircarves show a trait with
ideality factorn equal 2 for almost all temperatures at low voltages, nevssipg
through 1 before entering the ohmic region. This trend has lebserved for all the
studied diodes.

As an example, Fig. 2.12 illustrates the data analysis nddfibrathe reverse cur-
rent in the case of 4Q0m diameter diode for two fixed voltages:\20rig. 2.12a and
180V Fig. 2.12b at the fixed temperature of 2B0(the same analysis was performed
for all diodes at all temperatures and for all bias voltages)

In particular, static current values have been obtainedtbgygg the current
as a function of time. It has been observed that the thermmardic equilibrium of
devices in the case of low bias voltage (for all temperajuieseached after 360
(Fig. 2.12a), whereas for higher bias voltages and high ézatpre the the thermo—
dynamic equilibrium is reached almost immediately (Fig2d). This means that for
low voltages and low temperatures the current measurenaeatsainly influenced
by the parasitic transients due to connections. The infeiefitransients become less
important when the measured current signal increasesZHigb), therefore devices
reach the equilibrium faster with the increasing currents.
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Figure 2.12: Example of data analysis for two different regebias voltage (a) 20
and (b) 18¥ for the fixed temperature of 135G for a 40Qum diameter diode.
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For a more accurate estimation of the reverse current, iedigest low voltages,
the value of the current measured & Bias voltage, which takes into account for
the noise current due to the instrumental offset voltage besn subtracted from all
currents obtained at other bias voltages at all tempegturgarticular:

eV, T) = Irev_meas(V; T) = Irev_meas(0,T) (2.3)

where in Eq. (2.3)re;_ meas(V, T) is the measured reverse current at the bias voltage
V and at the temperatuie.

Fig. 2.13 depicts a typical reverse current characteristia 40Qum diameter
diode at different temperatures. The characteristics lafiatles have similar trend
and have been obtained by using the method described abloeayréy dashed box
points out the region above which the measured current hafiable values (i.e.
above the instrumental current floor). Data within the boxabits boundary have
been obtained as a consequence of the operation by usin@.By.for this reason
these experimental data were excluded for data analysis.
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Figure 2.13: Typical reverse characteristic of a diode «f #tudy for all the mea-
surement temperatures.






Chapter 3

Analysis of Static current—voltage
curves

3.1 Motivations

The common way for obtaining the area current density fromvéod or reverse
current—voltage characteristics of devices is to divide tieasured current by the
active area of device itself:

JV,T) =lmeas(V, T) /A (3.1)

Nevertheless, the above relationship has validity onhyhé measured current
originates from the device volume, in other words only ifipkery effects are in-
significant.

It is well-known that, in the case of Silicon Carbide devjadbe periphery con-
tribution to the total measured current is not negligibld ameed its importance has
been claimed several times (see as an example [54][55][B@}vever, few are the
studies which shows the separation and the accurate anafysriphery and volume
current components in forward and reverse bias in the caSeCoflevices.

The aim of this thesis work is to provide a methodology forphgetudying the
current—voltage characteristics of SiC devices in ordabiain a better comprehen-
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sion of such a device performances and reliable estimatibe gthysical parameters
which can help to improve the device fabrication processing

In the following sections area and volume currents havedheesmeaning, as the
device volume is the volume which lies below the device adirea, in particular: for
the diodes of this study is the volume which lies under thelglianodes. Therefore,
the area or volume current is the current which flows throbgharea which defines
the volume or which flows in the volume with a section equahmactive area.

3.2 Extraction of Area and Periphery current densities

3.2.1 Theoretical background |

The measured current of a planar diotliges(V, T), which is voltage(V) and tem-
perature(T) dependent, can be written as a sum of several contributiopsyticular
[57]:

Imeas(Vs T) = Adarea(V, T) + PJper (V, T) +Cleor (V, T) 4+ lpar (V, T) (3.2
where;

« AandP are Area and Perimeter of the planar junction interface Atea and
Perimeter of the anode, respectively;

e Cis the number of corners &

* Jaea(V,T) andJpe (V, T) are the current densities per unit afeand per unit
length of the perimetelP, respectively. More preciselylyea(V, T) is the cur-
rent which flows in the volume defined by the junction area oficks and
Jper (V, T) is the current which flows in the periphery of devices;

* leor (V, T) is the current value per corner;

* lpar (V, T) is a contribution that takes into account parasitic cugefithe mea-
surement system.
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leor (V, T) depends on the device geometry apg(V, T) depends on the used instru-
mental set-up.

In this study, vertical planar 4H-SiC p-i-n diodes with cilar emitters of differ-
ent diameters (see Chapter 2, Table 2.1) were charactefitésl geometry allows
to neglect theCl (V,T) term in Eq. (3.2). Moreover, forward and reverse current-
voltage measurements were performed with two instrumesggtup with current
floors of 5x 10~1#A and 5x 10~1°A, respectively, in the whole voltage and temper-
ature ranges of measurements (see Chapter 2, section. Z.be2¢fore, in the case
of forward bias,| par (V, T) term in Eq. (3.2) was neglected as its value is very small
compared to that of the measured current (see Fig. 2.10b).

In conclusion, considering that= mr?2 andP = 27, wherer is the anode radius,
Eg. (3.2) can be written as:

Imeas(V, T) ~ 1% 3area(V, T) + 27 Jper (V, T) (3.3)

When all terms of Eq. (3.3) are divided by the junction afea rr?, the following
equation is obtained:
Imeas(V, T)

T — V. T) +Jper(v,T)§ (3.4)
Making a plot of the measured current divided by the emittexadfmr?) versus the
Perimeter—Area ratio (2) for each voltage and at a fixed temperature, the separation
of Area and Perimeter current densities is obtained. Inquéar, by using a linear
fitting on the so obtained curves, the intercept of the ditalime gives the Area
current density and its slope the Perimeter current desityn Eq. (3.4) it is evident

that:

lmeas(V, T N
W > 3k/T, %EJW(V,T) = Jpue(V,T)=OVA>>P

In other words, the measured current divided by the diodétengirea (Eg. 3.1) well
approximates the area current density only in case of:

- straight line with negligible slope (i.8per ~ 0);
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- large area diodes, this latter condition (ife>> P) is not fulfilled by the SiC
diodes of this study.

For the identification of the current type, the model propdseSah et al. [58][59]
for planar diodes with cylindrical symmetry (this suits tbase of ion implanted
diodes, Fig. 2.9) is considered. In this model, the diodal totirrent is the sum of
four contributions:

i) a bulk recombination-generation current in the space eheegion (SCR) of
the p-n junction that extends at the interface between enatid base regions
(Fig. 3.1, SCR Il, segment e—f—g). This interface is the sfith@emitter area
plus the emitter lateral surface (Fig. 3.1, SCR Il, polygea-+d—e—f—q);

ii) a bulk diffusion current in the quasi neutral regions of thateer volume and
surrounding diode base (Fig. 3.1, region V);

iii) asurface recombination-generation current in the regioerevthe p-n junction
intercepts the wafer surface (Fig. 3.1, region Ill, regiein)y

iv) a bulk recombination-generation current in a channel ttegt form at the sam-
ple surface next to the Space Charge Region (SCR I, Fig.b&dause of the
native oxide/SiC interface charges (Fig. 3.1, SCR |V, diéchby the polygon
a—b-h).

The first two currents depend on the volume of devices, thexdfom the area cur-
rent densityyea(V, T) in Eq. (3.3). The other two depend on the periphery of devices
and may be linked to the perimeter current dendjty(V, T) in Eq. (3.3). All these
current components have an exponential dependence onhatstotV greater than
few KT /q can be written as:

ov

IV, T)=lo- <expﬁ> (3.5)

wherelg is the saturation or zero-voltage current that is depenafettie current type,
gis the electron elementary char§ethe applied voltages the Boltzmann constant,
T the absolute temperature anthe ideality factor.
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The value o determines the type and the nature of the current, moresgigci
for current typd) n= 2, for current typei) n = 1, for current typeii) 1 < n< 2 and
for currentiv) 1 < n < 4.

[ e [ ] Native Oxide
p*- Anode | .
§lo H \Vetal
) SRR e FZZSCRII
L A SCR IV
. ’
v
n~ - Base
Vi
n*- Cathode

Figure 3.1: Two—dimensional schematic representatiom®ha model for diodes
of this study (see Chapter 2, Fig. 2.9).

3.2.2 Experimental Area and Perimeter current density cunes

Fig. 3.2a shows the set of current—voltage curves at RT iarithgnic scale of the
diodes selected for this study. Fig. 3.2b plots the curremssiy versus the applied
voltage obtained dividing the current—voltage curves of Fig. 3.2a to the area of
diodes. The plotted current density curves differs eachrotieriphery effects might
affect the diode characteristics. Starting from the fodmelnaracteristics showed in
Fig. 3.2a, the algorithm described in the previous sectias applied in order to
obtain the Area and Perimeter current densities. Figursi3o®s, as an example, a
typical plot in linear (a) and logarithmic (b) scale constad by Eq. (3.4) at a fixed
temperature of 3@ and for different values of forward bias voltage (the saroé p
was constructed in the case of reverse bias).



38 Chapter 3. Analysis of Static current—voltage curves

10" T T T 10? T T
E @RT gl
] ot et
10*F i Bt T
— E ] ~ b 150um T ]

< i
< = gle
: 7 i i = 4 i l" i
S 10 E g 107k lls' E
s { & ot ;
3 E ] o E 2215; 1000um ]
c 2
107 F i g0t Ly :
: {8 bl :
Lyt

» atls ‘

10 PP o L L 1010 loaXx¥ L

1.2 1.6 2.0 24 2.8 1.6 2.0 24 2.8
voltage (V) voltage (V)
CY (b)

Figure 3.2: (a) Current—voltage characteristics at RT flodiades of this study. (b)
The curves showed in (a) are divided by the anode area fomnatgathe correspond-
ing current densities.
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Figure 3.3: Experimental current data divided by the emétea of the studied diodes
and plotted versus the ratigi2by using Eq. (3.4) at 3@ in linear (a) and logarithmic
scale (b).
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For each studied temperature, the starting voltage for ke ahalysis (Z1V at
30°C, in Fig.3.3) is determined from the lowest common voltageiag the whole
set of diodes which ensures a conduction current highertti@imstrumental current
floor.

As clearly shown in Fig. 3.3(b) the slope of the curves dessavith increasing
voltages, meaning that the perimeter current is highervatfitages and decreases
for increasing voltages.

Figure 3.4 features the core data of this study in the casmwéfd bias. In partic-
ular, (a) the perimetetd per) and (b) the arealfyo ) current density, obtained from
the intercept and the slope of curves in Fig. 3.3, respdygtiaee plotted as a function
of the applied voltage for different temperatures of measuent in logarithmic scale.

O
)
<
290°C <&
0 1 2 3 4
forward voltage (V)
Figure 3.4: Experimental perimeter (a) and area (b) cumensities plotted versus

the applied voltage for several temperatures.

In Figure 3.5 the trend of the ideality factor, computed bing<qg. (2.2), of the
perimeter (a) and area (b) current densities is illustrated function of forward bias.
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These figures show that at low voltages and at all tempesahgth the area and
perimeter current densities have an exponential trendavwthlue ofn around 2 and
that for increasing voltages h<2 never passing through 1 before entering the ohmic
region.

Ideality Factor
Ideality Factor

forward voltage (V) forward voltage (V)

@ (b)

Figure 3.5: Trend of the ideality factorfor the perimeter (a) and the area (b) current
density.

A check like that for forward characteristics (Fig. 3.2),symrformed for the re-
verse curves of the selected diodes. In particular, Figa 8t®ws the reverse current
curves at RT in logarithmic scale of the diodes and Fig. 3t&msthe correspond-
ing reverse current densities. This might mean that penjpbffect might affect the
measured reverse diode characteristics.

In Figure 3.7 are displayed (a) the Perimetiisy) and (b) Areadrvo) current
densities, in the case of reverse bias: they are extractedibhyg the same algorithm
used for forward bias (see, as an example Fig. 3.3) and bescin the previous
section.

For small diameter diodes and for lower bias voltages, thesured reverse cur-
rent was comparable with the instrumental detection list detailed in Chapter 2,
Section 2.5.2, Fig. 2.13). Therefore, in the temperatungedrom 24C up to 150C,
the obtained Area and Perimeter current density curvesgind4 start at the reverse
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Figure 3.6: (a) Reverse current-voltage curves at RT fadiatles of this study. (b)
The curves showed in (a) were divided to the anode area fairihg reverse current
densities.

voltage of 5. For higher temperatures, over X8 the value of reverse current was
sufficiently high to be detected even at low voltages.

The reverse perimeter current density is scattered anddhaswell defined trend
dependence on the temperature and voltage and its valweaigsalower than the area
current density. Therefore, it was assumed that the rewensent of these devices
can mainly linked to their volume. For this reason the fittofgcurves like those
showed in Fig. 3.3 was performed by assuming null slope: thaimed results are
shown in Fig. 3.8. The Affinity between absolute current galin the latter figure and
those showed in Fig. 3.7b, confirm that the contribution efrpeter reverse current
density can be neglected and therefore the reverse cureesityl of these devices
can be linked to their volume.
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Figure 3.7: (a) Perimeter (in linear scale) and (b) Areadgarithmic scale) reverse

current densities
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Figure 3.8: Reverse area current densl) for increasing voltage and tempera-
ture is shown. This current was obtained by using algoritestdbed in the previous
section, assuming negligible perimeter current (null sjop



3.3. Current temperature dependences and Arrhenius plot 43

3.3 Current temperature dependences and Arrhenius plot

3.3.1 Theoretical background Ii
Area current density

The forward area current densily area (Jarea in EQ. 3.3), in the ideal case of a semi—
infinite bipolar junction, is the sum of a recombinatiol frea_rec) and diffusion
(Jrarea_diff) CUrrents, as described in the Sah model, in particular:

Jrarea(V,T) = Jrarea rec(VsT) +Jrarea diff(V,T) (3.6)

The two terms of Eqg. (3.6) can be expressed as [45]:

JF,Area_rec(VaT) = % -exXp (%) (3.7
2
Jrarea diff(V,T)=q % : %:-) -exp (%) (3.8)

whereq is the electron chargdy is the depletion region widthy; is the intrinsic
carrier concentratiort, is the effective carrier recombination lifetime in the Spac
Charge Region (SCRy,is the Boltzmann constarlD, andt, are the minority carrier
diffusion coefficient and lifetime, respectively, aNg is the ionized donor concen-
tration in the diffusion region. Dependences on the absdietnperaturd and on
the applied voltag® of all variables in Egs. (3.7) and (3.8) are specified insiue t
round brackets.

An accurate study of pre—exponential factors, or saturaéro-voltage currents,
in Egs. (3.7) and (3.8) is remarkable since these curreptéirdeed to the material
parameters, in particular; and the ratid /1.

The temperature dependences of the pre—exponential Samfttihe above equa-
tions can be studied by extrapolating to zero—voltage tlaive current component,
therefore:

W (0, T)mi(T)

JF O,Area_rec(ov T ) 21 (T)
r

(3.9)
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Dp(T)  1E(T)

Jroarea aiff(0,T) ™) No
p

(3.10)

where in above equations the intrinsic carrier density Gaaxpressed as [45]:

Ty Eq(T)
V() = VR M) -0 (- ) (3.11)
In Eq. (3.11)Nc(T) andNy (T) are the temperauture—dependent effective density of
state in the conduction and valence band, respectivelyEg(il) is the temperature

dependent band—gap. These quantities can be expressdi:as [4

3/2

Ne(T) = 2(271";]‘7;H> ‘Me (3.12)
3/2

N(T) = 2. (2"”:7;“"T> (3.13)
2

E(T) = Eg(4K)—(BLIT) (3.14)

where in Egs. (3.12) and (3.18)}e andmy, are the density of state effective mass
for electrons and holes, respectivethyis the Planck constant, in Eq. (3.1}, is the
number of equivalent minima in the conduction band. In EqL4BEy(4K) is the
value of the energy gap at 4k, and are two fitting parameters.

Under the hypothesis of abrupt junction, assuniiag>> Np (with Na andNp
are the net acceptors and donors densities, respectitied/epletion layer width
W(V,T) in Eq. (3.7) can be expressed as [45]:

W(V,T) = \/2‘50Sr (Vi (T) = V) (3.15)

wheregg is the vacuum dielectric constamt, is the relative material dielectric con-
stant,V the applied voltage and, is the temperature dependent built—in potential

given by [45]:
Voi = %r In <%> (3.16)
i
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whereq, k, T, Np andn; were defined earlier, anda is the temperature dependent
acceptors density in the anode equal to the activated ingal#h density.

Assuming a weak temperature dependence of theV(® T)/1,(T) it follows
that the main temperature dependencér@farea rec Of EQ. (3.9) is:

JFO,Area_rec(oaT) u ni(T)
0 VT¥2.T32.exp (_ Eg(T)>

2kT
Eq(T)
3/2 _ B
o T exp< 2kT>

hence:

Eq(T
JFO7Area_rec(O7T)/T3/2 0 exp <_ ZgliT)>
1

~ 5 EalT) (3.17)

In (JFO,Area_rec(OaT) /T3/2> O

Therefore in the frame of this ideal abrupt junction model thtee recombination
current, making a plot of the natural logarithm of the ratieo area_rec(0,T) / T3/ 2)
versus ¥2KT and fitting the curve with a straight line, its slope gives thaterial
energy gap. It means that to apply this model and to extraetiabte value of the
recombination lifetime; within the Space Charge Region (SCR), the slope obtained
by linear fitting the plot of experimental data constructgddy. (3.17), must verify
the above described condition, that is, must give the nadtenergy gap.

The same reasoning appliesk® area_diff (0, T). In particular, starting from Eq.
(3.10), assuming tha\g/?j; is proportional taT /2 wherey is constant [45], the tem-
perature dependence do area diff (0, T) can be written as:

2kT
O TV2.T3.exp <_ Eg(T)>

Eg(T)\ 12
Jroarea ditf(0,T) O TV/Z-[T?’/Z-exp(_ o ))}

KT

Eqo(T
Jroprea airf(0,T) /T3 O Ty/zﬁXp(—%)) (3.18)
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Since the terml'¥/2 is weak compared to the exponential one, Eq. (3.18) can be
rewritten as:

Eo(T
JFO,Area_diff(QT) /T3 0 exp <_ ?((-I_ )>

and hence;:

I (Jroaren_aitf(0,T) /T%) O —% -Ey(T) (3.19)

As discussed earlier fal-oarea_rec, before applying this model to the diffusion
current, the Arrhenius plot of experimental data must retbe material energy gap.

Perimeter current density

As the diode emitters of this study have been doped by a selerea ion implanta-
tion process (see Chapter 2 for further details), a latepallér junction surrounding
the emitter over its thickness is present. This junction matribute to the perimeter
current component with a recombination and a diffusionenirgoverned by Eqgs.
(3.7) and (3.8).

At the same time, this p—n junction crosses orthogonallyvthéer surface (as
shown in Fig. 3.1, region g-h), therefore perimeter currgaterned by surface cur-
rent, may be expected. This latter have an exponentialdidm@endence which can be
modelled as [54][60]:

Jrper (V,T) =0sp(T)Ls(T)ni(T) - exp <—%> (3.20)

wheresy(T) is the surface recombination velocity abg(T) is the surface diffusion
length, both of these variables are dependent on the tetope(a). Extrapolating
to zero-voltage the previous equation it follows:

Jroper (0,T) = asp(T)Ls(T)ni(T) (3.21)

A weak temperature dependence of the pro@pCl )Ls(T) is expected, therefore the
temperature dependence of the perimeter saturation ¢usrdatermined by that of
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the intrinsic carrier density:

J|:07per(O,T) Ul N; (T)

2kT
and hence:
Ey(T)
T)/T¥% O -3
Jroper (0,T) / eXIO( 2kT>
In(JFoper(OT)/T?’/Z) 0 T (3.22)
T kT ¢

As discussed earlier for the area current density, makinéramenius plot of ex-
perimental data by using Eq. (3.22) if the resulting curva istraight line with a
slope equal to the material energy gap, reliable valueseoptbducts,Ls, which is

considered as a quality factor of surface passivation, easbbained from Eq. (3.21).

Reverse area current

The reverse area current densliyarea(V, T), as in the forward case, can be expressed
as a sum of generation and diffusion currents [45]:

JR,Area(V7 T) = JRArea_gen + JR,Area_di ff (3-23)
where in Eqg. (3.23):
V, T)ni(T
JR7Area_gen(V7T) = q\N(Tg(—.IE)I() (3.24)
Dp(T) nf(T)

JRarea_diff(V,T) =

U™ (3.25)

in Eq. (3.24)14(T) is the generation lifetime of carriers within the SCR, thkeot
variables in Egs. (3.24) and (3.25) were previously defined.

In the case of semiconductor with small values of intringicrier densityn;(T)
(such as Silicon Carbide) the diffusion current componeilitbe necessarily negli-
gible compared to the generation one, therefore:
oW (V, T)r(T)

JR,Area(Va T)~ JR,Area_gen V,T) =~ 7o(T)
g

(3.26)
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Under the hypothesis of abrupt junction (as supposed so tfag)depletion layer
widthW(V, T) can be expressed by using Eq. (3.15) obtaining:

oo gen.T) ~ T \/ EWMM-V) @)

This equation shows that this ideal model can be used foesepting the experi-
mental data only if:

JRarea_gen(V,T) OV 12 (3.28)

3.3.2 Calculated constant values

The constant values, used for the calculation of descrilagilsles in the previous
section, are reported in Table 3.1.

In this studyNp is equal to theN~ donor density of the epitaxial layer, as this
concentration is low (% 10'°cm~3) even at Room Temperature all donors are fully
ionized, as shown, as an example, in Fig. 3.9 for 6H-SIC.
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Figure 3.9: Example of dopants partial ionization at défgrtemperatures in the case
of 6H-SiC material.
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The hole densit\Na(T) in the anode is a function of temperature and is plotted in
Fig. 3.10. This latter figure was obtained from literaturéadzf Hall-effect measure-
ments for the same implantation process and electricaladicih thermal treatment
of the studied diodes [49].
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Figure 3.10: Experimental hole density as a function of terafure.

3.3.3 Data analysis and experimental results

Figure 3.11 depicts, as an example, the area (black squatg)esimeter (red circle)
current densities at a fixed temperature of Z50The black and red dashed lines
represent the extrapolation to zero—voltage of the aregaritheter current density
curves, respectively, with ideality factar= 2.

This extrapolation procedure was applied to all curvesl&aiperatures. The so
obtained set of recombination saturation curredis Area rec(0, T) andJroper (0,T))
were studied following the methodology discussed in Sacsi@.1 for the area and
perimeter currents. In particular, for applying the abrupiction model, the Arrhe-
nius plot of the saturation currents of the curve trait with 2 must give the energy
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PHYSICAL CONSTANTS

Parameter Symbol Value Ref.

Electron charge q 1.602x 107 1° [C] [45]

Electron rest mass My 9.1095x 1031 [kg]

Boltzmann constant k 1.381x 1072 [J/K]
8.617x10° [eVIK]

Permittivity in vacuum £ 8.854x 107  [F/cm]

Plank constant h 6.626x 10734  [J 9]
4.136x10°%° [eV ]

PROPERTIES OHMH-SIC

Conduction Band Minima M 3 - [61]

Energy Gap (4K) Eq(4K) 3.265 K]

a a 65x10%  [eV/K]

B B 1.3x10° [K]

Dielectric constant &/&o 9.66 —

epos Mass Mye/Mo 0.42 - [62]

hpos Mass Mgh/Mo 2.6 -

Table 3.1: Physical constant and 4H-SiC material propets®d in calculations.
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Figure 3.11: Area (black square) and perimeter (red ciaelent densities at 25C.
The dashed curves shows the extraction procedure for atngaine saturation cur-
rents.

gap of the 4H-SiC.

Fig. 3.12 depicts the Arrhenius plot of Area and Perimetéuraéion currents.
The obtained activation energy.65+ 0.03¢V), for both perimeter and area currents,
is very close to the half energy band—gap of 4H-SiC. In the cdishe Area current
density this result allows to use the ideal abrupt junctiadet for representing the
experimental data with = 2.

This latter result is relevant because an ion implanted ptemfaice, such as that of
the studied diodes, is never abrupt overall in SiC devic8k [f the case of perimeter
current this result may have two different interpretatiomsparticular, Je per (V, T)
might be treated either as an area or as a surface currenscasskd earlier.

Area current density

For studying the recombination area current density, thalidbrupt junction model
of Eq. (3.9) was used. Fig. 3.13a shows the Arrhenius pldiefatioV(0,T) /1, (T).
As expected, this latter ratio has a weak temperature deperdThis result together
with that showed in Fig. 3.12 support the hypothesis thafea rec(V,T) can be
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Figure 3.12: Arrhenius plot of Area (black triangles) andifeter (red circle) satu-

ration current densities.
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Figure 3.13: (a) Temperature dependence of the ratio battfeespace charge re-
gion at zero saturation voltag@/(0, T ))and the recombination lifetimer(T)). (b)
Recombination lifetime vs temperature.
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modelled as a recombination current.

Fig. 3.13b shows the estimated recombination lifetimeithin the SCR versus
the temperature. The computed values are of the order ot dtiqus.

A curve trait withn = 1 may be found before ohmic regime, if the bulk diffu-
sion current becomes dominant on the recombination one.nWhis condition in
not fulfilled the ideality facton has a value between 1 and 2 [45]. In this latter case,

J

FO0,Area_rec (T)

R . F,Area_rec

- Ay -
Seomenan MF - 107
0.0 0.5 1.0 1.5 2.0
voltage (V)

Figure 3.14: Graphical procedure for obtaining the ditffmsturrent. The area recom-
bination current desnity (red circle) is subtracted from thtal area current density
(black square) and the diffusion current density (bluenggia) is obtained.

diffusion and recombination currents might be comparabtethe trait of curve with

n = 1 might be recognized by using a graphical approach. Figi, & an exam-
ple, shows the graphical procedure for isolating the diffusurrent component. In
particular, by extrapolating the recombination currenhigher voltages (red open
circles in Fig. 3.14), by using Eq. (3.7), and subtractinfgain the total Area current
density (black open squares in Fig. 3.14), the diffusion ponentr area_diff(V, T)
was obtained (blue open triangles in Fig. 3.14). As showménfigure, at low volt-
ages the current with = 2 due to the recombination within the SCR controls the
curve. At higher voltages the diffusion current is significdor a limited voltage
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ranges before the ohmic conduction starts dominating stepkrt of the curve. By
this procedure a set of diffusion saturation curr@area aiff(0,T) was obtained
for each temperature.

In figure 3.15, the Arrhenius plot of the so obtained diffsaturation currents,
is depicted. The extracted activation energy af72t 0.04eV is too far from the en-

-40 — T T T T ) T
. : A (2.77 +0.04 ) eV
— -60f .
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| ~ ~
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o ~
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Figure 3.15: Arrhenius plot of the diffusion current compoh

ergy band—gap of 4H-SiC to conclude that the exponentiabidgnce in Eq. (3.17)
is dominant. This rules out the possibility to use Eqg. (3fbB)an estimation of the
minority carrier lifetimerty in the drift layer. Even if the ideal abrupt junction model
cannot be applied to all current components, the separafigerimeter and area
current densities has allowed to observe that traits oféheerd current of 4H-SiC
pt —i—n" diodes can be described as the sum of two exponential cuwetribu-
tions with ideality factom = 2 andn = 1, plus the ohmic region contribution.

Perimeter current density

As observed earlier, the result shown in Fig. 3.12 may haweimterpretations. In
particular the perimeter component may be treated as:
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e an area current and studied by using the equations Eq$.a(3d7(3.8);
* a perimeter current and studied by using Eq. (3.20).

In the first case the evaluation of(T) requires the knowledge of the lateral exten-
sion width of the SCR region adjacent to the emitter perimgte. the length of the
segment a—h relative to SCR IV in Fig. 3.1). Since it was nasfiile to estimate
it, the hypothesis of modelling the perimeter current bynggtg. (3.7) was not con-
sidered. Moreover, applying the graphical procedure sdowwe-ig. 3.14, the trait
with ideality factorn = 1 was not observed. For this two reasalige (V, T) in this
study was treated as a surface current and the surfaceygiaalior (i.e. the product
Sp(T)Ls(T)) was calculated.

Fig. 3.16 represents the produsgtT)Ls(T) as a function of temperature. It can be

25
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L 10] 4
o u

0.5+
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0.0 T T T
0 100 200 300

Figure 3.165,(T)Ls(T) quality factor vs temperature. The dashed line represkats t
average value.

state that, as expected, the temperature dependence ishvheakalue of the product
Sp(T)Ls(T) is often used for qualifying the surface passivation, moeeisely lower

values of this product imply better surface passivatioinesthe diodes of this study
have no intentional surface passivation, the curve of Fi qualifies the passivation
due to the native oxide, or oxy-carbide, that spontanedostys on the 4H-SiC wafer
surface when it is exposed to air. These values are two ofeheagnitude lower than
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those published for mesa 4H-SiC p—i—n diodes [54]. Thisd@sing for the use of
selected area ion implantation technology for the fahidoabf SiC bipolar junctions.

Reverse current density

Unfortunately, the reverse area current densities showi 3.8 have & —dependence
steeper than th¥1/2 expected in case of a pure generation current and therefore
the simple model of abrupt junction cannot be used for remtasy the experimen-

tal data. Nevertheless, under the hypothesis that thigmumight be dominated by
carrier emission from traps within the depleted region,tdmperature dependence
might be determined by the trap emission rate [64]:

—E
Jrarea(V,T) O T2exp ( ana> (3.29)

whereEn, is a trap signature. Passing through the natural logarittiolléws that:

—Ena
KT

In (Jrarea(V, T)/T2) O (3.30)

Fig. 3.17 shows the Arrhenius plot 8 area(V, T)/T2 for V = —100, —190V.
Within errors, the two curves can be fitted by activation giesrof 020+ 0.02eV at
low T and of 049+ 0.06eV at highT.

As the two reverse bias values show identical trap signsattine hypothesis that
trap distribution over the depleted depth is uniform maydhdlhe trap signature of
Eq. 3.29 is connected with but does not exactly correspomdiset trap energy po-
sition in the band gap. In order to validate this extractioocpdureE,, has been
compared with the trap signature obtained by other elettdearacterization tech-
niques, such as deep level transient spectroscopy (DLTS).

The electrically active defects in diodes of this study hbaeen identified by
DLTS and the results are reported in [43]. Three electrgostreere found, in partic-
ular:EH6/7 at(Ec—1.5)eV, Z1/2 at(Ec— 0.67)eV, andX1 at(Ec— 0.16)eV, plus
a hole trapx2 at(Ev—0.35)eV.

Z1/2 andEH6/7 are traps associated with the presence of carbon vacafgcies
while X1 is systematically present in n—type 4H-SiC and may be dogetal impuri-
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Figure 3.17: Arrhenius plot of the reverse area currentiteas two different bias
voltage:—100v (black full circle) and—190v (black open circle).

ties [65]. The high density ofc defects in the drift layer of diodes of this study is due
to the very high temperature of the post—implantation alimgarocess [43][66][67].

The trap signatures showed in Fig. 3.17 and thos&lgP andX1 defects iden-
tified by DLTS are in good agreement, while the very deep tesponsible of the
recombination current is likely to be tieH6/7 trap [68][69], and it was observed in
forward study (Fig. 3.12).

3.4 Numerical simulations

3.4.1 Motivations

Numerical simulation of forward characteristics of thedéua diodes has been per-
formed by using Synopsys Sentaurus TCAD [70] with the aimxaaén the origin
of perimeter current.

The experimental activation energies, obtained from fotmand reverse curve
analysis (see Section 3.3), were used and their effect caréaeand perimeter current
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components was also studied.

Since, the previous performed analysis of experimentaleotirvoltage curves
gives only the distance of defects within the band—gap from af the edge band,
for classifying defects in terms of capture cross sectiefect densities and type, the
support of other measurement techniques is needed. TherBfeep Level Transient
Spectroscopy (DLTS) measurements [43] were also perfoondte studied diodes
as already reported at the end of the previous Section. Thealis are in agreement
with those present in literature for other ion implanted &H&-devices. Therefore,
the available capture cross sections and defect densitl@kTs study were used as
input parameters within Sentaurus TCAD. The missing infaion can be consid-
ered as an original results used for fitting the area and jpéeinforward curves of
the studied 4H-SiC devices.

This procedure, which involves detailed electrical measients and data analy-
sis, combined with appropriate literature results (foradtihg the missing informa-
tion from the electrical curves analysis), allows, in firgpeoximation, the creation
of models which may be used to explain not considered effg#eding up and im-
proving design and fabrication of new devices.

3.4.2 Used models and simulation parameters

Simulations are based on the solution of well-known statipdlrift—diffusion equa-
tions including models for incomplete ionization of domaftl] and band—gap nar-
rowing [72]. Physically based models for Shockley-Read-f&RH) and Auger [73]
recombination are used as well, even if, under the operatimglitions of interest,
SRH recombination is dominant and Auger recombinationigig.

Electron and holes mobilities are modelled by the empiriekition of Caughey—
Thomas with the fitting parameters for SiC taken from [74]l gimulations have
been performed at Room Temperature (RT). The fundamentaSdE parameters
used in all simulations are listed in Table 3.2.

The cylindrical symmetry of the diodes (see Fig. 3.18) afidimiting the sim-
ulated area to half of the cross—section on a symmetry pladecalculating the 3D
current in a post—processing step thanks to the cylinddpéibn available in Syn-
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opsys tool [70]. The modelled structure is the section msite black frame in Fig.
3.18.

Figure 3.18: 3D cross—section of simulated diodes.

While then— andn* regions have a constant doping ok 30°cm2 (see Chap-
ters 2 and 3 for details) and>710*¥cm 3 (corresponding to 021Qcm resistivity)
respectively, the anode acceptor doping is variable withttda=ig. 3.19 shows the
Alt acceptor depth profile with the corresponding hole distidouat RT; the former
has been computed taking into account the implanted Al detfile simulated by
SRIM2008 [30] and an electrical activation of 80%, the lialttg Synopsys-Sentaurus
TCAD, which accounts for the temperature dependence of dinéiapionization of
the Al acceptors in 4H-SIC. In the light of the net donor dignii the n—epilayer,
the metallurgic p—n junction of diodes of this study fallaatepth of about 0.8am.

3.4.3 Simulation results
Area current density

In order to obtain the area current density, the ideal dewitie L, + Linga S€cCtion
(Fig. 3.18) was simulated and the effect of single traps eretbctrical characteristics
were studied. As explained in the introduction, type andsdgrof defects used in
the SRH model are based on DLTS study, while the used traa#ioth energie&as,
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4H-SIC SIMULATION PARAMETERS AT T = 300K

Parameter Symbol Value Ref.
Energy gap Eg 3.2 [eV] [45]
Electron affinity X 4.1 [eV]

Dielectric constant & /& 9.66 —

epos Mass Mge/Mp  0.42 - [62]
hpos Mass Mgh/Mo 2.6 -

DOPANT INCOMPLETE IONIZATION: MAXIMUM IONIZATION ENETRGY

Aluminum Al 0.265 [eV] [71]
Nitrogen N 0.05 [eV] [75]

CAUGHEY-—THOMAS MODEL FOR MOBILITY DOPING DEPENDENCE

electron hole

Unmax 954 120 [cm/Vs] [74]
Unin 0 159 [cnP/Vs]

Nret x 107 1.28 18 [cnT 3]

a 061 065 -

Table 3.2: Simulation parameters used for modelling 4H+8#Zerial.
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Figure 3.19: Active implanted Aluminum density versus tiepbtained as the 80%
of SRIM2008 simulated profile (dark solid line), emitter daoncentration versus
depth simulated by Synopsys-Sentaurus TCAD (dashed red lin

Ea2 andEaz were those extracted from the experimental data analysiseshin the
previous chapter. Table 3.3 summarize trap properties insgthulations.

DEFECT PROPERTIES

Defect  Position type Te Ty
[eV] [ns] [ns]
L1 Ec—-1.65 donor 12 20
L2 Ec—0.2 acceptor 420 10
L3 Ec—05 acceptor 8 100

thermal velocity, v, - eectrons: 1.9 x 10°cm/s, holes: 1.2 x 10’cm/s

Table 3.3: Defect properties used in simulations.

Fig. 3.20 shows simulation results, in particular: theddhe is the simulation
which takes into account all traps, the dotted line is theutition without traps
and the other dashed lines are simulations with single .tfEips experimental area
current density (see section 3.2) is represented with ogmbals. This graph shows
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the effect on the total current of each single trap.
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Figure 3.20: Open black squares represent the experimeata) black solid line
show the simulated area current density taking into accallitiaps, while the black
dot line show the ideal area current density (no traps). Theracurves represent the
contribution to the total simulated area current densityhef single traps listed in
table 3.3.

The level L1 can be identified witkEH6/7 defect that originates from a car-
bon vacancy [76][77]. In the proposed model this defect im@od, uniformly dis-
tributed in the diode’s volume and positionedE = 1.656V under the conduc-
tion band edge [68][43]. Its concentration, taken from DL8asurements [43], is
Nr1 = 2.4 x 10"cm~3. TheEH®6/7 level controls the carrier lifetime in p—type 4H—
SiC [78] and therefore doping—concentration—dependemt &Rrier lifetime for this
defect is considered, which is calculated as:

= — 10 (3.31)

N V
1+ ()

whereNges = 5x 108cm 3, y = 1.2 andNy is the implanted Aluminum concentra-
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tion. Asin [78] and [43]1o = 20nsis assumed for holes, while for electrargs= 12ns
is based on DLTS data [43].

Level L2 has been tentatively attributed to a residual intpuwf a transition
metal like Ti or Cr, commonly observed in 4H-SiC [65]. Trapsdted aEc —0.16eV
andEc — 0.18¢eV are assigned to Ti [65][69], while a trap locatedgat— 0.17eV is
attributed to Ti or Cr [79]. However, this trap has an accegiike behaviour. The trap
concentration and electron capture cross section lie imahges 18 — 10Mcm—3
and 8x 10716 — 2 x 10~ 14cn¥ [69][80][81], respectively. Referring to the DLTS data
[43], concentratiorNr, = 4.2 x 10'3cm™2 and electron capture cross section=
3x 10~ 15cm? were fixed, while hole capture cross—sectimyn= 2 x 10~ 13cn? values
gave the best match between measurements and simulations.

The Level L3 located around at3DeV above the valence band maximum has
been observed by several groups and usually is identifiedeaBaoron—related D—
center [82][83][84][85]. However, considering that therBo-related D—center has
been mainly detected in p—type—grown or Boron—implantedcds, in this study it
has been attributed to tfZd /2 centre as commonly observed by DLTS measurement
on ion implanted diodes [2][3][43]. Therefore, the energsifion of L3 is 05eV
below the conduction band. Its concentration and electamtuce cross section are:
Nr3 = 4.2 x 10"cm 2 and g, = 1.8 x 10~ 4cm?, respectively [43]. The correspond-
ing hole capture cross—section was fixed atZ015cm?.

Perimeter current density

Taking into account all defects used in the previous sedlisted in Table 3.3) for re-
producing the area current density, simulations on diod#sdifferent diameter (as
listed in Table 3.4) were performed in order to explain thigiorof the experimental
perimeter current density.

For taking into account the periphery of diodes, With respethe previous ideal
simulation, the_ s + Limga + Lga Section (Fig. 3.18) was considered.

Fig. 3.21 shows the simulated current of the Diode labelfeB &0Qum diame-
ter, see Table 2.1), in particular, as already seen for & @urrent density, the solid
line is the simulation of the total current taking into aceball traps, the dotted line
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is the simulation without traps and the other dashed linesianulations with single
traps, while the experimental data are represented by gpebds.

SIMULATED DIODE CHARACTERISTICS

Diode Lma Lida Lda RD_anode RD_ca.thode

[um]  [pm]  [pm] [Q] [Q]
A 55 20 50 19x10°3 104
B 175 25 50 A&10°° 104
C 475 25 50 4&x102 104

Table 3.4: Geometrical characteristics of the simulatedies and distributed resis-

tanceRp_anode/cathode USEM for each diode.

10°
10°F
10 7" Diode B
R O Measurement
o ;. Simulations:
10 L - - -no traps (ideal)
-7 N
1072 ’,' -l
s L,
/,’ L —all traps
10-15 S0 | 1 1
1.8 21 2.4 2.7 3.0
voltage (V)

3.3

Figure 3.21: Simulation of the total current (black soliaklj of the 40@¢m diameter
diode (Diode B). The black open symbols are the experimeiatial.

In the case of diode B (Fig. 3.21) the simulation match thesdrpental data.
Figs. 3.22 show the simulated total current for diodes A, B & No adjustment
of simulation parameters was made from sample to samplg:tbalgeometry was
changed (see Tabele 3.4). The black dashed lines repriesssitrtulated area current
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considering the sectiobny + Lmga, the red dot—dashed lines are the total current
without hypothesis on the surface next to the diode anodecansidering the diode
periphery (sectiof.; g + Linda+ Lda, Fig. 3.18). Finally, the blue solid lines represents
the total simulated current obtained by using a model whaddoants for periphery
effects. This model will be detailed later on.

In Figs. 3.22 two different regions, divided by the dashad,lican be recognized:
the region | at low voltages and the region Il at high voltages

In the case of larger diode C, the region Il is completely wulgd by the area
current. In particular, as shown in Fig. 3.22c, the areactbtiashed line) and total
(red dot—dashed line) simulated currents overlap and biafieon match the exper-
imental data (open black triangles). Always consideringji®e Il, in the case of
diodes A and B, the only simulated area current (black dasheyl do not match
the experimental data, as shown in Fig. 3.22a and Fig. 3. presence of diode
periphery is necessary to reproduce the experimental iakaed the total current,
represented by the red dot—dashed line, match the expdehdmta (open black
squares and circles). Furthermore, it is worth to highlipat the difference between
the area simulated current (black dashed line) and the $otallated current (red
dot—dashed line) decreases with the increasing of dioderians.

Observing region |, the simulated area current (black dhdhe) fits the total
simulated current (red dot—dashed line) for all diodes. &dwer, in diodes B and C
the simulated area current also reproduces the measuredic(symbols) quite well,
whereas in diode A there are some discrepancies.

The fact that the simulated current at low voltages (regjafoks not scale with
the diode dimension suggests that some effects on the peyi diodes are not
accounted for in the simulation model. These effects arégielg in larger diameter
devices and are more relevant for smaller diodes, indeetbtirevoltage recombi-
nation current in the simulation for diode A is underesti@datThis underestimation
may be due to some inaccuracy of the surface modelling. Thiest diodes have no
intentional surface passivation but the presence of natiide may be expected, as
supposed in the previous Section 3.3.

The presence of a native oxide was taken into account byngachegative fixed
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Figure 3.22: Simulation results for different diameterddis, in particular: (a) small
diameter diode A, (b) medium diameter diode B, (c) large ditemdiode C. This
figure shows that for smaller dimension diode the periphenecessary to reproduce
the experimental data (blue solid line).
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charge of densityQyix on the diode surface [86][87] that extends over the distance
Linda + Lda (Fig. 3.18 and Fig. 3.1 for comparison with the model of SHde in-
sertion ofQyix/q = —5 x 10'%cm~? increases the recombination current of diode A
at low voltages and the simulation match the experimentalec(as shown in Fig.
3.22a, solid blue line). On the other hand, the insertiorhisf tharge has negligible
effects on the 1-V characteristics of diodes B and C.

Figs. 3.23 shows the effect of negative fixed charge on theedsarface. In partic-
ular: the presence @+jx modifies the potential under the surface, attracting miyori
carriers (holes) towards the n—region and enlarging theespharge region over the
Lg4a distance close to diode surface as shown in Fig. 3.23b (stemsly with the Sha
model explained in the previous section). The extensiorGR 8creases the recom-
bination current at low voltages with respect to the casbauit surface fixed charge
(Fig. 3.23a) where SCR surrounds the diode anode. As repor{Bable 3.4, the re-
gion delimited by the distandega where the SCR extends, is comparable in size to
the junction area only for the small diode A, while for thegkarr B and C diodes its
contribution to recombination current is negligible. Thkplains why the effect of
Qjsix vanishes when the diode diameter increases.

Recombination

Recombination
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M 15101

SRH (cm?-s')
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I <1510
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Figure 3.23: SRH recombination rate within the Space Ch&egion (SCR), (a)
without any surface fixed charge and (b) with presence oésarfixed charge.
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Finally, Fig. 3.24 shows the simulated perimeter curremsidg component, ob-
tained by subtracting the area current (black dashed lirge,322) from the total
current of smaller diode and divided for its area, both witbt{-dashed red line, Fig.
3.22) and without negative surface charge (blue solid kig, 3.22): the simulated
perimeter current is far from matching the experimentahdetd open symbols) if
the fixed negative charge is not considered (red dashed line)

10°

10724

O Experimental

Perimeter Current Density ( A/lcm )

10
4 Ji e Simulations:
10-12 - L .
— — no surface fixed charge
10 negative surface fixed charge F
1.8 21 2.4 27 3.0 3.3
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Figure 3.24: Simulation of the perimeter current densityhwsolid red line) and
without (red dashed line) surface fixed charge (see textdtailg).



Chapter 4

Lifetime measurements in SIC
devices

4.1 Motivations

Carrier lifetimes appear in all equations which model theent transport in bipolar
semiconductor devices (see as an example Egs. (3.7)823)) and heavily af-
fect their performances. They are strictly connected tgtiesence of defects in the
material and can give information about their densitied.[##%erefore, an accurate
estimation of this parameter can help designers to impraveufacturing processes
of devices and bulk materials.

4.2 Lifetime definition

Let consider a semiconductor in thermal equilibrium [88jdar this hypothesis the

action mass law holds:
np = n? (4.1)

wheren and p are the free electron and hole concentrations, respegtaetin? is
the intrinsic carrier concentration. When either injectar extraction of carriers oc-
curs within semiconductor, the thermal equilibrium stateidlated and the product
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in Eq. (4.1) deviates its value frong. In particular:np > n? in case of injection and
np < n? in case of extraction of carriers. The time period neede@store the ther-
mal equilibrium state of the semiconductor can be definefesntie. This temporal
parameter falls in two different categories: recombimatimd generation lifetimes.
The former takes place when electron—hole pair annihiledegstore the thermal
equilibrium after an injection of excess carrierp(> n?). The latter takes place in
the opposite case, that is, when electron—hole pair gessedaie to a paucity of carri-
ers Qip < n?). When the recombination and generation mechanisms take pi the
bulk of semiconductor the parametgy indicates either recombination or generation
lifetimes, whereas if these processes take place at thacsutie quantity 4 is used
to indicate either surface recombination velocity or gatien velocity.

4.2.1 Recombination lifetime

The recombination lifetime; is a temporal parameter which is used to measure the
amount of time necessary to restore the thermal equilibstate when excess carri-
ers are introduced by light or by forward biasing in a semittarior or a p—n junc-
tion. Its estimation passes through the recombinationRatdnich has a non—linear
dependence on the carrier concentrations, in particular:

R= AAp(t) +BAp(t)? +CAp(t)® (4.2)

whereA, B andC are three proportionality constants afif(t) is the excess carrier
density which can be define Ap(t) = p(t) — pp wherepy is the carrier concentration
density at equilibrium. Dividing Eq. (4.2) b&p(t) it follows:

—— = A+BAp(t) +CAp(t)?
Ap(D P(t) +CAp(t)
S SO
TsrH  Trad  TAuger
1
_ 4.
= (4.3)

Hence, the lifetimer; in Eq. (4.3) depends on three different mechanisms [89],
schematically illustrated in Fig. 4.1 and described below:
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1. the well-known Shockely-Read-Hall (SRH) recombinafiéig. 4.1a) [90][91]
defined bytszy Which is independent from the carrier concentration and is
dominant in indirect band—gap semiconductor;

2. the radiative or band—to—band recombination (Fig. 4d&fined byt which
is inversely dependent on the carrier concentration anansirmant in direct
band—gap semiconductors;

3. the Auger or three—carrier recombination (Fig. 4.1c)raefiby Tauger Which
is inversely dependent on the square of carrier concemtratnd therefore is
dominant in case of high doping or high injection condition.

] & o .
Phonon
—_
ET_X_ Photon
ERAVAVAV::
—_
—_—
Y A E\’
OO0 0O0O0O00 OO0
Excited
Carrier
(a) (b) (c)

Figure 4.1: (a) SRH, (b) radiative, (c) Auger recombinatimachanisms.

4.2.2 Generation lifetime

The generation lifetimey is the counterpart of recombination one. In particular is a
temporal parameter which is used to measure the amount ef@oessary to gener-
ate an electron—hole pair (ehp) in case of paucity of carfer example within the
SCRin a reverse biased junction. Its estimation passesghrthe generation rate
which is the opposite of recombination rate:

G=-R
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In particular, the inverse process of:

1. SRHrecombination is the thermal generation. This meéshadepends on the
sample temperature and is due to the breaking of chemicdshwhich liberate
electrons generating an ehp.

2. Auger recombination is the impact ionization generatormvalanche multi-
plication. This process occurs if the electric field in a reeebiased junction
is high enough for accelerating carriers such that they ifaar electron by
impact from valence into the conduction band.

3. Radiative recombination is the optical generation. i pinocess a photon with
an energ\E = hf, whereh is the Plank constant arfdis the frequency, can be
absorbed within the SCR generating an ehp.

4.2.3 Continuity equation for Generation/Recombination pocesses

In a semiconductor at thermal equilibrium, electron—ha@i&gpcontinuously generate
and recombine with the same rate. It means that in a timevaitdr the net recombi-
nation rate given by the difference between thermal geioer&;, and recombination
Ris null. In the macroscopic case it means that the variati@xcess carriers is null,
more precisely that the carrier concentrations is constsuat function of time:

dAp(t)
dt

= Gph-R=0 (4.4)

Eqg. (4.4) define the steady-state condition of semicondsicito particular when gen-
eration and recombination processes are balanced theiah&den the steady-state
condition. By rearranging and substituting Eq. (4.3) in Eq. (4.4), it yields:

daplt) _ 4 - Ap(t)
dt t T

=0 (4.5)

The general equations described above are valid for efecfngt)) and holes f(t)).
Let consider an n-type semiconductor at thermal equilibnivithout external stimuli,
Egs. (4.1) and (4.5) hold. If excess concentrations of nitynaarriers p, << ng
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(low level injection) is produced by lighting the semicowthr, the new steady-state
condition is given by:
dAp(t) _ . Ap()
dt T
where in this cas& = Gip + Gjigne andApn(t) = pn(t) — Pro = Giight - Tr + Pno . If the
light is suddenly turned-off at= 0 Eq. (4.6) is modified as:
dApn(t) _ Apn(t)

T T 4.7)

=0 (4.6)

Considering the boundary conditiqu(t — o) = ppo and Ap,(0) = pn(t) — pro =
Giigt - Tr + Pno the solution which gives the decay of excess carrier conaton as
a function of time is:

Pn(t) = Apn(0) .exp*rtT (4.8)

4.2.4 Surface recombination velocity and surface recombation life-
time

Recombinations can occur at the surface of semiconductioexample because of
the presence of dangling bonds [88]. For this reason, thesuned lifetime depends
on both the bulk recombination lifetimg and the surface recombination lifetinig
and its expression is given by:

1 1 1
= +— (4.9)
Treff Trouk Ts

wherert, e+ is the effective (as—measured) carrier lifetimgk is the bulk recom-
bination lifetime given by Eq. (4.3) armd is the surface recombination lifetime.

4.3 Lifetime measurements

Several optical and electrical techniques can by used fasoréng the carrier life-
times in semiconductor devices [44]. However, becausesofditical structure of the
studied devices, shown in Fig. 2.9, the optical techniquesevexcluded as the ex-
cess of carriers cannot be directly generated by lightiedotise of diodes, where the
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main recombination mechanisms take place. Among the elacimethods, the two
most used are the Current Recovery Time (CRT or Reverse Begand the Open
Circuit Voltage Decay. Since, the reverse current of thesuesl diodes at RT is very
low (see fig. 2.13) and even at high reverse voltage for smgilbeles might be lower
than the detection limit of the measurement instrumerriatigee as an example Fig.
3.6a), the OCVD technique was adopted for performing lifietimeasurements on
the PiN diodes of this study. Furthermore, in the case of Siicgs, this technique
in more suitable and allows to extract reliable values ofdhgier lifetime in the
base of PiN diodes [92]. Compared to the well-known CRT ordRev Recovery
technique:

« all the generated excess carriers recombine spontagewitsiin the base;
none are swept out by the applied reverse voltage;

« the experimental set—up is of easy implementation andseuaias is not re-
quired.

4.3.1 Open Circuit Voltage Decay

The Open Circuit Voltage Decay working principle is very pim carrier lifetimes
can be evaluated by observing the open circuit voltage daftelysuddenly switching
off the forward diode current [44][93].

Fig. 4.2a depicts a schematic circuit for implementing tle&MD technique and
Fig. 4.2b illustrates the possible voltage decays afteniogethe circuit.

This electrical method was firstly proposed for measurirgy rthinority carrier
lifetime in p—n junction [94]. In particular in [94] the efféve minority carrier life-
time was linked to the voltage decay by the following equatio

kT 1
Tp7eff = —E X dV—(t) (410)

Tdt
where in Eg. (4.10k is the Blotzmann constant, is the absolute temperaturgjs
the electron elementary charge al\(t)/dt is the slope of the linear part of voltage
decay (Fig. 4.2b, ideal decay).
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Junction
Capacitance

(a) (b)

Figure 4.2: (a) Ideal schematic circuit for implementing 8@CVD measurement
technique, in this case the diode is forward biased with &gelsource. (b) Different
voltage decays after switching off the diode.

The theory initially developed for measuring the minorigrrier lifetime in a
p-n junction, was later extended to the case of p—i—n deYardsigh injection level
condition [95][96][97][98] for obtaining the effective arpolar carrier lifetime. In
this case Eg. (4.10) is modified as:

2KT 1

Tambeff = ———— X VO (4.12)

9 Tdt

In both Egs. (4.10) and (4.11) the extracted value &f an effective recombination
lifetime which follows the expression shown in Eq. (4.9).

Besides being used to estimate carrier lifetimes, thistigcie can also be used to
approximatively evaluate the series resistance of junalievices. Indeed, the initial
voltage drop £Vy in Fig. 4.2b) is proportional to the series resistance ohtieasure
junction devices [44][99].

4.3.2 Experimental setup

Fig. 4.3 depicts the block diagram of the experimental sesgd in this work for
performing OCVD measurements.

The Source Monitor Unit (SMU) Keithley 2400 was used to pdavihe bias
current to the DUT (Device Under Test).
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N e e il -~ Probes
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Figure 4.3: Schematic block diagram of the experimentatugetused for OCVD
measurements. The central square block represents the PCB.

To separate the biasing unit from the DUT, the PCB (Printedu@ti Board) was
equipped with a mercury wetted relay, as suggested firs§96ij100] and later in
[101], in particular with the model 200—-1-A-5/6 of Pickerift02]. This kind of
relay provides very low on-state resistariRg ~ 0.0752, an open circuit resistance
greater than 1¥Q and a parasitic capacitance of abopEXas reported in the data—
sheet).

For opening the contact within the relay the arbitrary puds@erator Philips
PM5781 was used. The characteristics of the pulsed squaral siere: amplitude 4
V, rise and fall time 2 ns (leading and trailing edges, respely), duty cycle 50%
and period 50 ms (20 Hz).

For reading the open circuit voltage decay, Tektronix pasg?6139A) and active
(TAP2500) probes connected to the Tektronix Phosphorudll@sope DPO7254
were used [103]. For minimizing parasitic contribution®da connections, the PCB
is made on an Arlon board [104] and devices are placed vesedat@ach other on
the board. Furthermore, SMA (SubMiniature version A) cartoes are used to carry
electrical signals from generator to the PCB.
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4.3.3 Experimental set—up characterization

The first measurements were carried out with the aim to etaline parasitic el-

ements of the circuit which might affect the OCVD measures. this reason, a

schematic model of the experimental set—up was developédaromparison be-
tween theoretical calculation of the time constagt and its experimental evaluation
was performed.

Fig. 4.4 shows the schematic circuit used for modelling ttpeamental set—up.
The right hand side of this figure shows the subsystem fornygardibes plus oscil-
loscope, in particular these two elements, used for reatfiegopen circuit signal,
were modelled by an input resistand®,] in parallel with an input capacitoCyy).
The values of these two parts depend on the properties ofsénd probes. The left
hand side of Fig. 4.4 shows the subsystem formed by the ngtehement (labelled
as relay), the DUT (Device Under Test) and the current soumndg(l ). The relay’s
resistance is neglected because so high that, in first aippaiign, it cannot affect the
circuit time constant, whereas its capacitarGg4y) was taken into account because
the value is comparable with that Gf;.

Probe + Scope

LRin _|Sin

Figure 4.4: Schematic model of the experimental set—up fweslaluating the par-
asitic elements of the circuit.

The time constantgc of the circuit, shown in Fig. 4.4, can be easily obtained as:

Tre = (Rin || RouT) - (Gin || Crelay) = Req-Ceq (4.12)
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As described in the previous Subsection, two different kihdrobes were used
to read the voltage signal on tRgy T, in particular:

« Tektronix passive (P6139A): characterized by an inpustasceR, ~ 10MQ
and by an input capacit@;, ~ 8pF. Since this probe is made by passive ele-
ments is called passive probe.

» Tektronix active (TAP2500): characterized by an inpuistasiceRj, ~ 33kQ
and by an input capacitdCi, ~ 0.8pF. Since this probe is made by active
elements (i.e. semiconductors devices) is called activbepr

In this experiment in order to evaluate thg of the circuit, resistances of known
values in the range 47 10kQ were placed as a Device Under TeRp( 7). Bias
currents were chosen for keeping a voltage drop of almdsb® the Rpyt. The
time constantrrc was estimated as the time needed to pass from 90% to 10% of
the voltage signal amplitude. Fig. 4.5 illustrates the meadvoltage transient in the
case of passive (Fig. 4.5a) and active probes (Fig. 4.5t8) lifitits mentioned above
for estimating the 90% and 10% of the voltage amplitude ase shown by black
arrows. In the case of active probes (Fig. 4.5b), the voltgde was normalized to
5V, while the different time scale with the respect to the cdgessive probes (Fig.
4.5a) is due to the different characteristic between theprwbes as discussed earlier.

In Figs. 4.5a and 4.5b, for high current, a typical under—ukedanresponse of an
RLC circuit is observed in the voltage transient. Oscitlati are due to parasitic in-
ductances of connections. However this undesired effelictwis always present
in real circuit, does not compromise the estimatiorrgf. Table 4.1 reports the ex-
tracted value ofgc for the different values dRpy 1 in both cases of active and passive
probes. The used bias current values are also reportied as

Taking into account thal,qay = 5pF, in the frame of the hypothesized model of
Fig. 4.4, the expected value Gfy should be about I and about §F, for passive
and active probes, respectively.

Fig. 4.6a plots the experimental valuestgg versus the parallel betwedétpyt
andRi, (i.e. Reg), in the case of active (red full circle) and passive probmack
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EXPERIMENTAL Trc VALUES

PAassIVE PROBE

RouT[Q] Rout || Rn[Q] Ipal [MA]  Tre [NS]

10000 9990 0.5 146.8
6740 6735 0.742 96.6
3260 3258 1.534 47.0
805 804.94 6.211 11.6
217 216.99 23.742 2.9
46.6 46.6 111 1.0

ACTIVE PROBE

RouT[Q] Rout || Rn[Q] Ipal [MA]  Tre [NS]

10000 8000 0.6 41.3
6740 5768 0.9 28.6
3260 3014 1.84 18.5
2174 2062 3 10.6
1184 1150 6.07 5.44
996 972 6.03 5.44
805 789 7.5 3.90
671 660 9 2.47
333 330 18.02 2.24
217 215 30 0.62
46.6 46.55 130 0.36

Table 4.1: Time constant values for differdR$yT in the case of passive and active
probes. The bias current is also reported.
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Figure 4.5: Voltage transient measured (a) with passiveg(b) with active probe
by using differenRpyT.

full squares). The slope of the straight line with null icept which fits the exper-
imental data, returns the value of equivalent capacitaBggy || Cin = Ceq of the
circuit. In particular,Ce ~ 14.6pF andCq ~ 5.2pF was extracted for passive and
active probes, respectively. These values are very clodosz expected following
the model of Fig. 4.4.

Fig. 4.6b shows a cross—check between experimental dattheocktical calcu-
lations. With respect to the previous experiment, the expartal data (black solid
square of passive probes and red solid circle for activegeplvere fitted by using the
expected values @, (13pF and F for passive and active probes, respectively) in
Eq. (4.12). In this plot the theoretical curves match theegxpental data validating
the hypothesized model.

The extracted values afc, reported in Table 4.1 and showed in Fig. 4.6, confirm
that active probes may be suitable for detecting very quinksient.

However, with respect to passive probes, in addition to ¢heet input capaci-
tance, the active probes feature a lower input resistarigedF plots the computed
Req Versus the DUT resistance in the range=480'Q, by using theR, of either
passive (black full squares) or active (red full circlesplpgs. The DUT resistance
ranges from a minimum value that allowed to use each prohts higher sensitiv-
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Figure 4.6: Experimental time constapt versusRe = RpuT || Rin, (2) experimental
data are fitted for extracting the value@f;, (b) the experimental data are fitted by
using Eq. (4.12) with expected values@y,.

ity and a maximum value that emulates the high increasingteexe of a p-n diode
approaching the off-state.

In the case of passive probRg; is equal to the DUT resistance for a wider range
of RpyT Vvalues. In the case of active probes Ry T values higher than @, Reg IS
lower than the corresponding DUT resistance andrffr = 10°Q Req = Rin. Figure
4.7 shows that, depending on the used probes, there is atwiagi DUT resistance
value so thaRy is almost equal to the DUT resistance which ensures to parfor
reliable measurements.

The characterization of the measurement circuit which émgnts the OCVD
method pointed out that:

1. the parasitic capacitance of the rel@yay is always present and cannot be
avoided;

2. the large resistance of the relay does not affect the measunt;

3. parasitic inductances due to connections are presenthairdeffect can be
observed at very high current. However, these elementayalpresent in real
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Figure 4.7:Req = RouT || Rin VersusRpyt by usingRi, of either passive (black full
squares) or active (red full circles) probes.

circuits, does not affect the measurement even if they caargée fluctuation
of the voltage signal;

4. the choice of the probe for reading the voltage signal nd@pen the features
of DUT and on the speed of transients.

4.3.4 Measured devices

Devices measured by using OCVD technique are vertical 4Hf3N implanted
diodes manufactured at CNR-IMM of Bologha on n-type 4H-Sjiitaxial wafers
targeted for 3000 V blocking voltage. In particular, degid®longing to the chip
labelled L5 from diodes family SIC0303b were used. The msiog steps of these
devices were described earlier in Chapter 2. The selectitaria of diodes used for
OCVD measurements were the same adopted for the choice ioedder studying
forward and reverse characteristics (Chapter 2).

Since these diodes were on a chip, like that showed in therbatf Fig. 2.9, for
connecting the sample on the PCB used in the OCVD measugs4(B), Transistor
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Outline packages model TO8-12 were used [105]. More prgcide back of chip

L5 was mounted on a TO package by using a conductive pastdarmtidde anodes
were wire—bonded to its headers by using the digital wiredieo model K&S 4523a
[106].

Diodes with different anode dimensions were used for tifietimeasurements, in
particular, referring to Table 2.1, devices D1,D3,D6,D fewaounted on TO package
and wire—bonded. As an example, Fig. 4.8 illustrates a casgpabetween forward
current—voltage curves before (black solid line) and afted dashed line) wire—

bonding process on a 2htnh diameter diode (D1) in linear scale (Fig. 4.8a) and
logarithmic scale (Fig. 4.8b).

50 T T T T T 10-1 . .
@RT 10°F @RT
__ 40} 250 pm 1 ] 250 um
< — on wil)ferd g —~ 10° on wafer
IS a0k wire-bonde | < [ - — wire-bonded
= = 107
= c
S ol 1 2 10
5 =
5 © 10" -
10 . -mT T T
10"
L — A
0 A 1 1 - 1 1 10-15 1 1 1 1 1 1
00 05 10 15 20 25 3.0 35 40 00 05 10 15 20 25 30 35
voltage (V) voltage (V)

(a) (b)

Figure 4.8: Experimental forward current—voltage curves 25Qum diameter diode
before (red solid line) and after (red dashed line) the wineding process.

These figures show that in the region of interest, where #raltis exponential,
the electric characteristics, before and after the wiredbanprocess, overlap each
other. In the very low voltage region the gap is due to theediffit experimental
setup and therefore the instrumental current floor plays jmnale. While in the
linear part of the characteristic (ohmic region) the bondiede offer a slightly lower
series resistance. This check is necessary since wromggsett ultrasonic bonding
processes might damage the crystalline structure of nada@renerating undesidered



84 Chapter 4. Lifetime measurements in SiC devices

defects.

For checking whether the presence of the package mightiserhe parasitic ca-
pacitance of the measurement circuit, diodes capacitaottage (C—V) and capacitance—
frequency (C—f) measurements under reverse voltdge {0kHz and maximum
View = —10V) and at ¥ at RT, respectively, were performed before and after mount-
ing the sample by using an HP4284A LCR meter with a test signgblitude of
15mV. No relevant differences of capacitance values wesenvid.

Referring to the schematic model of Fig. 4.4, when the DU Llsssituted with a
p—n junction, its resistance and capacitance vary, as didmnof the voltage, during
the transient subsequent to the opening of the circuit.4&shows a new schematic
representation of the experimental set—up which takesaictount these capacitance
and resistance variations by using a simple circuital mofi¢he diode represented
by the parallel between the differential resistaRgeand diffusion capacitand@y;+.

i . s ———— G ——— — o, - [ e i I
I Riiay : Voc !Probe + Scope;
| 1 |
] 1
IR anmn
Crelay 1 .
I ke |
 Lpa T Rd | Caiff ! i ARl L !
1/ = | ,
1 ! I I
I | I :
[ I . I
! <7 | : !
b i i i o i v 4

Figure 4.9: Schematic model of the experimental set—upiderisg a p—n junction
as a DUT.

For SiC diodes of this studfg is of the order of fewQ2 before the opening of the
circuit and increases during the voltage transient up toeslarger than 18Q. At
the same timeCqit¢ is larger than any other capacitance in the system when sliode
are in the on—state and decreases to values ofpiewvhen the diodes are in the
off-state. In the following section, the OCVD curves takgruising either passive or
active probes for the above described SiC diodes will be shamd discussed. All
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these measurements were performed at RT.

4.3.5 OCVD measurements and ambipolar lifetime extraction

Fig. 4.10a represents OCVD measurements on addiameter diode forward bi-
ased with a current of 30A. The measures were performed in two different condi-
tions, in particular: by using passive probes (red solid)liand active probes (black
solid line). In this figure (as also showed in Fig. 4.2b), tvféedent trends can be rec-
ognized:i) the junction capacitance trend aimgthe shunt resistance trend. By using
the configuration with passive probes for reading the veltagnsient, the junction
capacitance trend is evident and the decay is never linddle W the case of active
probes the shunt resistance trend is dominant meaninghaatiunt resistor of the
active probes is over—compensating the diode junctioncitmee [107]. However,
in this latter case, even if the voltage transient decay&llisg@ linear traits of the
curve (which might approximate the ideal decay for few timestants) is present,
as shown in the enlargement in Fig. 4.10b, and can be usedtfactng the slope
which can be used for computing the carrier lifetime by udtog (4.11).
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Figure 4.10: Experimental OCVD curves of a 400 diameter diode measured by
using either passive (red solid line) and active (blackdsliie) probes, the blues slid
line represents the ideal trend by using a manual fitting.
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For this reason, all OCVD measurements of this study wer®imaed by using
the configuration with active probes.

Fig. 4.11a depicts the OCVD measurements of ai@b@liameter diode per-
formed by using active probes for different bias currentse €nlargement of Fig.
4.11b points out that:

« the higher the bias currents, the larger and less steemitie linear traits
before the shunt-resistance trend starts dominating.eTWaagations indicate
that the slope (and therefore lifetime for Eq. (4.11)) oflihear trait changes
as a function of the injection level;

« the voltage after the switch opening (i.e. the voltage eaifter the voltage
drop) saturates as explained in [108];

« as expected for increasing currents, the voltage ddpncreases being pro-
portional to the series resistance of diode [99][44].
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——1,=20mA]

1.2 1.4 1.6 18 20

time (pus)
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Figure 4.11: Experimental OCVD curves of a 2668 diameter diodes measured by
using active probes for different bias currents.

The voltage limit after which the shunt-resistance trenchidates the transient
decay may be evaluated starting from the model shown in F8y. 14 particular,
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considering thaReq = Ry || Rin andCeq = Cyif || Cin = Cuit + Cin, it can be stated
that 1grciit may be modelled by the following simple equation:

Tairauit = (Ra(V) || Rin) - (Catit£ (V) +Cin) (4.13)

At the beginning of the transie®y(V) << R, and the time constant of the decay,
showed in Eq. (4.13), becomes:

Teiruit = Ra(V) - (Cait (V) +Cin) (4.14)

During the voltage transient the value Rf(V) increases and becomes higher than
Rin = Rawnt- ThereforeR,, dominates the parallel betweBg(V) andRi,, originating
the shunt—resistance trend and the time constant of Ect)(4ill be:

Taircuit = Rin+ (Cait (V) +Cin) (4.15)
Fig. 4.12a shows the percentage variation of the parallehection betwee®;, and
Rq4(V) with the respect tdRy(V) as a function of the applied voltage considering a
250um diameter diode. For plotting this figurBg(V) was easily obtained differen-
tiating the forward curve of Fig. 4.8a by using [44]:

Ra(V) = <%—Y>l (4.16)

andA% = [(R(V) — Req) /Ry (V)] - 100,

Referring to Fig. 4.12a, if a maximum deviation of 20% fr&nis tolerated, Eq.
(4.14) is valid as long as the voltage decay approach&®/2and this value may be
set as a voltage limit after which the shunt—trend domindas 4.12b shows that
after the voltage limit of 26V, the parallel betweeRy(V) andR;, saturates td,
therefore Eqg. (4.15) will model the voltage transient.

Fig. 4.13 shows, as an example, the procedure adopted factry the ambipo-
lar carrier lifetimera: the dashed black line represents the linear fitting of thege
decay after the voltage—drop and before the inflection pdime lifetime is extracted
from the linear trait slope by using Eq. (4.11) for high injen level. The voltage
limit of 2.46V is also plotted (red dashed—dot line) and it points out thatlinear
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Figure 4.12: (a) Percentage variation of the parallel cotioie betweenR;, and
Rq(V) with the respect t&?4(V) as a function of the applied voltage in the case of
a 25Qum diameter diode. (b) The parallel connection between tHerdiftial diode
resistancdzy and the input resistand®, (blue dashed line) and the diode differential
resistancdRy (red solid line) are compared, as a function of the applidthge.

Figure 4.13: As an example, the procedure for extractingcthvder lifetime in the
case of a 250m diameter diode is shown. The magenta solid line represéets t
voltage decay of the diode, the black dashed line the linéamdiof the voltage
decay, the red dashed—dot line represents the voltage 8endttext for further detail.
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part ofVoc belongs to the diode. After this voltage limit the inflectipoint is due to
the shunt resistoR;, which clearly dominates the remaining part of the transient

Following the procedure described above, the ambipolaiecdifetimes were
extracted and plotted as a function of the bias current, asrshin Fig. 4.14. This
figure highlights a dependence of from the current injection level as observed in
the trends of Fig. 4.11. In particulam, increases up to reach a saturation vaings.

Since Eq. (4.11) is only valid for the high injection regintee trend ofta in
Fig. 4.14 might suggest that the diode works in high injettievel only whenta
saturates taa s For this reason, the hypothesis of high injection regin®j[E3]
must be verified.
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Figure 4.14: Typical trend of the extractegas a function of the applied bias current
Ig for a diode of this study.

If the forward characteristic of the diode is studied, forifygng the high injec-
tion regime the following condition must be satisfied:

Ra(V) <<Rs (4.17)
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whereRy(V) represents the differential resistance computed by Ef6)4ndRs is
a sum of total resistance contributions of the diode given by

Rs= 2Rc+ Ryt + Ry + Ry (4.18)

where Rc represents the anode plus cathode contact resistaRgess the anode
resistanceR,+ is the bulk resistance arl@,- is the intrinsic layer resistance. It is
evident that for satisfying the relationship of Eq. (4.1tAg only term of Eq. (4.18)
which may change its value R~ thanks to the effect of the modulation of the base
in a PiN diode [52]. For the 250m diameter diode, considering the geometry showed
in Fig. 2.9:

Rs = ZRc—l—Rp++Rn—+Rn+
= <2pc,sp + Rpﬂsheti : L[2)+ + Pn-- I—n* + Pn+ - Ln—i—) /A (4-19)

in Eq. (4.19),0csp is the specific contact resistance equal td@ >Qem?, Rp+ sheat
is the anode sheet resistance equal to 2200, p,+ is the bulk resistance per unit
length defined in the process steps, while can be estimated by the following

equation [45]:
1

gunND
whereq is the elementary electron charge, is the electron mobility andllp is the
intrinsic region doping.

The anode length ,+ ~ 600m, L,- = 25um and L+ = 372um (intrinsic and
bulk length respectively). Finally, considering an eleatmobility (i, = 800cm?V ~1s1
[61][92], the value ofRs for a 25Qum diameter diode of this study iRs ~ 15Q and
the higher resistance contribute in Eq. (4.19) is giveiRpy~ 13Q which is the un—
modulated base resistance. In this calculation the assomgttan electron mobility
valid for low electric field and low doping was taken into agnt

Fig. 4.15 shows on the left axis the forward current as a fanaif the applied
voltage for a 25m diameter diode (black solid line) and on the right axis the co
responding differential resistance values (red solid)lileaddition, the red dashed
line represents thBs value calculated earlier by Eq. (4.19).

Pn- (4.20)
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Observing the above described figure, it can be state thatlitiie enters the
high injection regime when the bias current is greater thémAas the differential
resistance satisfied the condition expressed by Eq. (4Th# value is highlighted in
the figure by the black dashed line.

2.0 25 . 3.0 . 3.5 . 4.
voltage (V)

Figure 4.15: On the left axis the forward current (blackabiie) and on the right axis
the differential resistance (red solid line) of a 288 diameter diode are reported. The
Rs value plotted (red dashed lines) and the current level afteéch the diode enters
high injection level (black dashed—dot line) are also plbit

A cross-check was performed for verifying the high injestlevel condition by
computing the minority carrier injected in the diode baseibiyng the following sim-
plified model [53]:

JBT(JB)
2qd
whereJg is the bias current density(Jg) is the current—dependent carrier lifetime,

gis the elementary electron charge ahid the half base width.

In Fig. 4.16, the plot ofpa,g, obtained by Eq. (4.21), is overlapped to that of
Fig. 4.14 on the right axis (red open circle). The blue dastetlline represent the
intrinsic base dopinglp = 3-10"%cm3.

This figure points out that:

Pavg ~ Navg = (4.22)
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1. the diode starts entering in the high injection level fdria@s current of 1A
for which the condition of high injection regim@4,q ~ Np) is satisfied.

2. For current values lower than md, the model expressed by Eq. (4.11) is not
valid: this is the case of extractag values which fall within the shaded grey
region in the graph.

3. For current values larger thanr@h, the average minority carrier density is
about one order greater than the base doping mnshturates taa . The
saturation value of the carrier lifetime can be assumetd asnd in the case
of a 25Qum diameter diode is 8&.
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Figure 4.16: On the left axis the trendxfis reported as a function of the applied bias
current. On the right axis the average injected carrieditieissplotted by using Eq.
(4.21). The data within the shaded region are not valid (@eefor further details).
The base dopindlp = 3 x 10'%cm~2 is highlighted with the blue dashed—dot line.
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4.3.6 Volume and Surface lifetime

Fig. 4.17 shows the OCVD measurement results on diodes Vffigheht diameter, in
particular, referring to Table 2.1, on diodes D1,D2,D3 arfd Beasure configuration
was discussed in the previous section.

Fig. 4.17a depicts the trend of for all diodes as a function of the applied bias
current density. As explained in the previous section, tfegled area represents the
region for which Eq. (4.11) is not valid, while the saturatialue ofta is labelled as
Ty.. Table 4.2 summarizes the obtained results.

Fig. 4.17b illustrates, for all diodes, the trend mf4, computed by using Eq.
(4.21), as a function of the applied injection current digndihe green dashed—dot
line represents, for all diodes, the average concentrémiowhich 1y is reached.
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Figure 4.17: (a) Trend ofa for all diodes versus the applied bias current density.
(b) Computedpayg versus the bias current density, the dashed—dot line emsethe
average carrier concentration for having .

For all diodes of this study, a dependenceofrom the bias current (i.e. injection
level) is evident. This trend, depicted in Fig. 4.17, may kel@ned considering Eq.
(4.3), where all its terms depend on the injected minorityieaconcentratiorAp.
Analysing this equation in the frame of SiC material, therer,y can be neglected
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THL MEASUREMENT RESULTS

Diode Area[cn?] Jgu [A/cn?]  Thi [ns]

D7 02x10* 113 36
D1 05x10* 51 88
D2 13x10°3 32 142
D3 28x10° 25 218

Table 4.2:14. measurement results.

as SiC is an indirect band—gap material (like Silicon), ¢fiere radiative recombina-
tion are highly improbable. In the case of Auger recomboratind carrier—carrier
scattering phenomena, which take place for very high iigadevels, carrier life-
times are expected to reduce [96][88]. Observing the trdrgh i Fig. 4.17a, after
the saturation value ofyy, the lifetimes never decreases, meaning that very high
injection condition is never reached as shown in Fig. 4.1 laoth Auger recom-
bination and carrier—carrier scattering phenomena areilndmimportance. There-
fore the only term which might dominate the recombinatioe ia Eq. (4.3) is due
to Shockley—Read—Hall generation—recombination meshanthis suggests that a
dominant recombination center might be present in these@®vSuch a hypothesis
is congruent with the study carried out in the previous oeaphd with the literature
results for ion implanted SiC diodes (see Chapter 2). Iniqaar it is well-known
in the literature that the positions occupied by the lifetikiller defects are those of
Z1/2 andEH6/7 in the SiC bandgap [67][68][76] and with the fact that thegity
of such defects significantly increases with the increaséngperature for treatments
above 1500C [109][110].

The extractedy, exhibits a dependence on diode dimensions, in particular am
bipolar carrier lifetimes increase with increasing diodmehsions as clearly shown
in Fig. 4.17. This behaviour suggests that recombinatioighihalso occur at the
diode periphery and the measureg might be an effective lifetime. More precisely,
as shown in EqQ. 4.9ty might be a sum of volume and surface lifetime. This hy-
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pothesis is reasonable since in the previous chapter wasrddrated that the studied
diodes have a non—negligible periphery current compoméoteover, other authors
have observed the above described dependence by usimguiiffeeasurement tech-
niques (e.g. [111]).

The excess carriers generated, either optically or ebadlyj in a semiconductor
region tend to reach the equilibrium value through recormam either in the bulk or
at the surface, following the continuity equation (Eq. {#tBat can be solved under
appropriate boundary conditions; in the case of surfacembmation its solution,
which yields tots, is usually described in term of a surface recombinatioaitt
s [112]. Relatingts to the diode geometry and surface recombination velagitis
not trivial: simple expressions of/1s can be found in two limiting cases, for cylin-
drical geometry, of small and large, respectively, corresponding to a surface— or
diffusion—limited t.

In the case of lovs [112][113]:

1 1 2 1
- = +S |-+ 4.22
THL  THLvol (r h> ( )

wherer is the anode radius, andh 5 the cylinder thickness that equals the drift layer
thickness @ = 25um.
In the opposite case of high [114]:

S +@<9+1> (4.23)

THL  THLol 4 \4r2 K

whereD is the carrier diffusion coefficient within the bulk, the etlguantities were
previously defined.

Figs. 4.18 illustrate the fitting of the experimental dataubing either Eq. (4.22)
(Fig. 4.18a) or Eq. (4.23) (Fig. 4.18b). By interpolating texperimental data by
using these expression, it can be concluded that:

« in the case of surface limited lifetime (Eq. (4.22)), théregted volume life-
time is negative and the surface recombination velocitpdastigh. In contra-
diction to the hypothesis of low (Fig. 4.18a).
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« in the case of diffusion limited lifetime (Eq. (4.23)), aptonum correlation
between data is verified and a valuerpf = 320hswas extracted (Fig. 4.18b).
Unfortunately, the obtained value of the diffusion coeéidiD is higher than
that expecteds 5cn? /s for pin(pp) = 800(120)cm?V ~1s1,
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Figure 4.18: Separation of volume and surface lifetime i thse of (a) surface
limited lifetime and (b) diffusion limited lifetime.

The excess carrier decay is mathematically described asfihitee summation of
exponential terms called modes, each having differentirifes 7; [113][114][115].
The higher order modes have shortgrtherefore after a sufficient long time the
excitation stops and the decay is dominated by the fundaherdery.

The assumption of a decay dominated by the fundamental mpideoften not
fulfilled in OCVD measurements. However, as proved by aiwl/simulations, the
complete model of decay shows that the measured lifetinmssakstimating the vol-
ume lifetime, with an uncertainty lower than 10% also for sw@aments with < 1o,
provided that different diode diameters are used. Thezafan be conclude that the
observed variation of lifetime with diode dimension is ntgidue to recombination
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on the lateral cylindrical surface of the recombinationuwoé formed by the anode
and the underneath SiC material.






Summary

since the 1990s, thanks to the quick advances in manufagtprocesses, 4H poly-
type Silicon Carbide devices have became the preferredelioi applications in the
field of high power systems. In the last decade researchiefiawe led to additional
improvements regarding the wafer qualities and deviceopaidinces.

In this thesis work 4H-SiC PiN ion—-implanted vertical disdier high power
applications, manufactured at the Microsystem and Miewtebnic Institute of Re-
search National Council (CNR—-IMM) of Bologna, were deeghaacterised.

The studied diodes have a circular anodes with differenindiar dimensions
ranging from 15@mto 100Qum. The pt type anodes have a®x 10?°cm~2 doping
and are obtained by ion implantation processes on an eglitentrinsic N~ region
(the PiN base region) with a doping 0£310*°cm~23. Thisn~ region lies on a bulk
materialn® with resistivity of 0021Qcm. The cathode contact extends all over the
back of wafer, while the front contacts are circulars, comde with anodes and have
dimensions smaller than 2025um with the respect to anodes.

Forward electrical current—voltage curves were measure@dvioltage range &
3.9V with 30mV voltage step and asdelay time in a temperature range of°30
290°C. Reverse curves were measured in the same temperatuees betgeen 0
and —190v with a delay of 308. The measured curves were used for extracting
the area and perimeter current current densities. The®se tairves were analysed
by using the Sha model, valid for planar diodes with cylindrisymmetry. For the
forward recombination area current density was demoestriiat the simple model
of the abrupt junction can be used to model the experimemti. d herefore, the
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position of the recombination centre within the materialdsegap was obtained with
avalue ofEx &~ 1.65¢V . Furthermore, the recombination lifetime in the Space Ghar
Region was extracted, in particular; =~ 1us. The perimeter current density was
analysed as due to surface recombination and the surfatitydaetor was obtained:
Sp-Ls~ 1.5cm?s L. This value qualifies the native oxide which spontaneousigns
on the sample surface when it is exposed to air. For comparisth the literature
data this value is two order of magnitude smaller than th#ioed for Mesa PiN
diodes. This result is promising for the use of ion implaptatechnology for the
fabrication of SiC bipolar devices.

Unfortunately, reverse current—voltage curves cannonldyaed in the frame of
the simple abrupt junction model as th voltage dependenteeakverse area current
density was steeper than the expec#ed. However, the value oE,,, Which can
be considered a trap signature, were extracted. Two differglues were obtained:
Enar = 0.2eV andEno =~ 0.5eV. The set of trap activation energies deriving from
reverse and forward currents were compared with thoserdatdiom a DLTS study
performed on the same diodes finding a good agreement betive®in In particular
the trap positioned at@5eV was associated to theH 6/7 defect, the trap positioned
at ~ 0.5eV was associated to thé&l/2 defect. In the literature, it is demonstrated
that these two traps are associated to the presence of cealbancies in 4H-SiC
samples. The.QeV traps, instead, may be due to metal impurities.

Numerical simulations by using the commercial softward d&pgys Sentaurus
TCAD were performed in order to understand the origin of giegry current which
affects the forward characteristics of these diodes. Tihiglation study also demon-
strates that a detailed (but simple) electrical charama#dn, like that performed
on these diodes, combined with appropriate literatureltsesan be used, in first
approximation, for explaining unexpected physical phemoanwithout using other
more complicated measurement techniques, like DLTS I¥ziestieep literature study
pointed out that the energy level of traps and capture csession obtained by the
area and perimeter current components and by DLTS measnteme the diodes
were in agreement. Therefore, the hypotheses made on tapsted by electrical
measurements were kept and their values were used as inpuhgtar within the
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simulator. Capture cross—sections available from DLTSi¢whvere in agreement
with literature results) were also used. The missing data \fiting parameters and
can be considered as original result of this simulation ystlithe first simulations
were performed on an ideal structure for fitting the expentalearea current density
component the following value of lifetime were usegd;, = 12/20ns for 1.6%V,
Te/n = 420/10ns for 0.2eV and 1/, = 8/100ns for 0.5eV. For the three traps: elec-
tron lifetimes were obtained by DLTS study whereas the hitdérmes are the fitting
parameters. Once fitted the area current density, the dthelaions were performed
on a real structure, that is, considering the periphery ode$ made by the intrinsic
material next to the anode having a fixed length ofiB0 In this real case for fit-
ting the total curves of the whole set of diodes with difféardiameter dimensions
by using the trap levels and lifetimes used for the ideal casegative fixed charge
on the surface of diodes were taken into account. This negaliarge extends the
space charge region in the base region of diodes next to tfeceuncreasing the
recombination current. For a fixed periphery length, thifeatfis more visible in
small-diameter diodes.

Finally, lifetime measurements were performed on the saoded by using the
electrical technique of Open Circuit Voltage decay (OCVABiter a detailed char-
acterization of the experimental set—up for evaluatingpasitic quantities which
could affect lifetime measurements, the ambipolar lifetiof diodes was extracted.
Since increasing lifetimes with increasing diode dimensiwere obtained, the anal-
ysis of bulk and surface lifetimes were performed. It wasfibthat high recombina-
tion occurs on the side of the intrinsic material which sunds the volume defined
by the diode anodes. The extracted recombination ambifitééime related to the
device volume was about 328
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