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Abstract

This chapter reviews the status of SiC Schottky barrier diode development.
The fundamental of Schottky barrier diodes 1s first provided, followed by
the review of high-voltage SiC Schottky bamer diedes, junction-barrier
Schottky diodes, and merged-pin-Schottky diodes. The development
history is reviewed and the key performance parameters are discussed.
Applications of SiC SBDs in power electronic circuits as well as other
areas such as gas sensors, microwave and UV detections are also
presented, followed by discussion of remaining challenges.
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1. Inmtroduction

Silicon Carbide was one of the earliest semiconductor materials discovered. However,
due to the difficultics of growing good quality crystals, the progress of SiC devices has
lagged behind those of its counterpart materials. In recent years, SiC devices development
have enjoyed remarkable progress and demonstrated significant advantages over Si
devices in the area of high power electronics due to its superior physical and electrical
properties,

With a significantly wider band gap (2.3eV for 3C-SiC, 2.9eV for 6H-SiC and
3.3eV for 4H-SiC) than silicon, the critical field of SiC is approximately eight to ten
times higher than that of the latter. As a result, SiC high voltage devices can be realized
on much thinner drift layers with higher doping, leading to orders-of-magnitude lower
device on-state resistance.

Silicon Carbide (SiC) Schottky Barrier Diode (SBD) was the first SiC power device
demonstrated. Tt was studied as early as 1974 [1]. Throughout the years, as single-
crystalline $iC material became commercially available and its quality improved steadily,
substantial amount of work and study has becn donc on 5iC SBDs as well as Merged P-i-
N Schottky diodes (MPS) and Junction Bartier Schottky (JBS) diodes. Schottky contacts
on 3C, 6H and 4H SiC with a large variety of metals were madc and their performance
studied. Device designs on SBD, MPS and JBS diodes were also extensively investigated.
Impressive progresses and developments have been made. Recently, SiC SBDs with
breakdown voltage higher than 10kV has been reported [2]. SiC MPS diodes capable of
77KV were also reported [3]. SiC SBD has proved itself to be an important device as it
became the first commercially available 8iC power device. It is poised to replace existing
Si power fast recovery diode in most power electronics applications because of their
orders-of-magnitude faster speed, substantially reduce system losses and improve system
cfficiency.

In this chapter, recent developments on physics of Schottky contact study, the
design and development of power and high voltage SiC SBD, MPS and JBS diodes and
their applications in power electronics will be reviewed and summarized.

2. 5iC Schotiky Contacts
2.1 Theory of SiC Schottky contact

When & metal is making intimate contact with SiC material, the Fermi levels in the two
materials must be coincident at thermal equilibrium and the vacuum level must be
continuous across the interface. In addition, the metal work function is different from that
of the semiconductor. These two requirements determing a unique energy band diagram
for an ideal metal-semiconductor contact where surface states are absent, as shown in
figure 1 [4]. (In this discussion we will refer principally to n-type semiconductors. Similar
arguments apply for p-type semiconductors). For this ideal case, the potential barricr at
the metal-scmiconductor interface is simply the difference between the metal work
function dyy and the clectron affinity of the semiconductor g
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Fig. 1 Encrgy band diagram of metal-semiconductor contact. a) n-type SiC contact, b} ptype 5iC contact
without interface states, ¢ n-type $iC contact and d) p-type SiC contact with a large amount of interface states.

If the semiconductor material is p-type, the barrier height can be determined using a

similar procedure:
q¢3p =Eg _Q(éﬂ‘f _Zs) 2}

In these equations, q is the electron charge and E, is the band gap energy. The
barrier potcntial determines the characteristics of a metal-semiconductor contact. Note
that these equations apply to the ideal MS contact where the interface states have been
neglected (parts a and b of Fig. 1).

The other extreme case would be that when the interface state density is large, the
position of thc Fermi level is pinned down to a certain level within the forbidden gap of
the semiconductor, In this case, the barricr height

¢Bﬂ =Eg_EF @

will be independent of the metal work function. This case is often referred to as Bardeen’s
limit. Most metal-semiconductor contacts in reality do have interface states but they arc
typically not large enough to pin down the Schottky contact barrier height. Therefore,
their barrier heights will be affected by both the metal work function as well as the
interface statc density. In practice, the barrier heights are found to be dependent on the



8iC poly-type, the metal, the surface condition before contact formatien and the
interfacial chemistry.

[f the presence of a thin layer of insulator between the metal and the SiC material is
taken into account, the barvier height can be given as follows.
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Where ¢B” denotes the barrier height at flat band condition, Ady is the image force
lowering of the potential barrier, and

= m (5

Where & is the thickness of the insulating laycr, E,, is the field intensity at the surface of
the semiconducter, €; and g, are the absolute dielectric constants of the insulator and the
scmiconductor, respectively, and Dy is the density of the interface statcs.

There are four mechanisms that contribute to the current density of current transport
across a metal-semiconductor intcrface: i} thermionic emission over the potential barrier,
(ii) guantum-mcchanical tunneling of the carriers through the potential barrier, (iii),
carmier recombination in the depletion region and (iv) carricr recombination in the neutral
region of the scmiconductor [5]. For wide band gap semiconductor materials such as SiC,
the dominant contribution to the current transport comes from the thermionic emission
(TE) of ¢lectron over the barrier and the tunneling of the clectron through the barrier, If
the SiC material of Schottky contacts is not heavily doped and the operating temperature
is not very low, the thermionic emission {TE) term will be dominant. The tunneling term
will only be significant if the SiC is heavily doped, the device is opcrating under low
temperatures or is blocking high reverse voltage. The thermionic emission current can be
expressed as:

J, = AT expl- L exp(L- 1)
(6)
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The tunneling current can be written as:
J = J[explgV [ nkT)—1] @



where J s is the saturation current density obtained by extrapolating the current density
from the log-linear region to V=0 and n is the ideality factor defined as

w4 v
kT 8(InJ)

In silicon, thermiotiic emission is typically the dominating mechanism for forward current
flow (semiconductor-to-metal clectron transport) and carrier generation-recombination
also contributcs to the reverse leakage current. For 8iC Schottky contact, because of a ten
times higher critical clectric field, the likelihood of quantum-mechanical tunneling of the
carriers through the potential barrier is much higher, At high reverse bias voltage, electron
tunneling current can also contribute significantly to the reverse current of the contact.

{8

2.2 Schottky barrier height of different metal contacts to SiC

Extensive work has been carried out in investigating the Schottky contact of different
metals to the SiC [6-42]. As pointed out in the previcus section, the behavior of the
Schottky contact is dependent on the contacting metal, the poly type of SiC, surface
condition as well as the interfacial chemistry.

Somec basic material properties of the three main poly-types of SiC and Silicon are
listed in table 1 and the work functions of some metals arc shown in tablc 2.

Table 1 Matcrial property comparison of Silicon and SiC with different poly-types

| | Silicon | 3C-SiC [ 6H-SiC 4H-SiIC ]
Bandgap (cV} 1.1 2.3 29 3.3
Relative dielectric 11.9 97 97 9.7
Constant
Breakdown field at 0.3 1.5 22 23
(Np=5el5cm™) (MV/em)
Electron mobility 1350 900 370 SO0
{en*/V/s)
Hole mobility (em?*/V/s} 480 40 80 120
Saturated electron velocity | 1.0 2.0 2.0 2.0
(107cm/s)
Electron affinity (eV) 4.05 38 3.3 31
Table 2 Work functions of various metals being investigated for Schoettky contact to 8iC.
Metal [Mg |[Mn |In |Ag |Al |Ti |Mo [Cu |Au [Pd [Ni [Pt
dulev) |3.65 [4.15 |4.20 |4.25 [428 433 |46 |465 |51 |5.12 [5.15 |5.65

The electron affinities of the 3C, 6H and 4H SiC (0001) are 3.8eV, 3.3eV and 3.1eV,
respectively. As mentioned above, the Schottky barrier height will alsoe be dependent on
the work function of the metal. In table one, the work functions of various metals are
shown. In the ideal contact case described by equation 1, as the metal work function
increases, the barrier height for a certain SiC poly-type will increase with thc same
amount. In practice, the dependence of the barrier height on the metal work function is
weaker, as can be seen in equation 4.



The barrier height of a specific Schottky contact can be extracted from either
current-voltage curves or the capacitance-voltage curves.

For moderately doped semiconductors, according to the thermionic-emission theory
[5], the current density {J} versus forward voltage (V) characteristics direction with
V=3kT/q can be given by:

% ,
J= J{exp[;?%} - 1}  Jo = A*T? cxp[——f?(gﬁg — A.;é,,)} ©

where Jg is the saturation current density, 1 is the ideality factor, A* is cffective
Richardson’s constant (for 4H-SiC 146Acm?K?) [43)], ¢n is the barrier height, and Ady, is
the image force lowering, From equation 9, the barrier height (¢y3) and the idcality factor
(n) can bc obtained.
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The Saturation current density (J5), and the barrier height ($») can be extracted in a plot of
LnJ versus forward voltage V.

The ideality factor is a good indication of contribution different current mechanisms.
As can be scen in cquation 6, the thermionic emission current components has an ideality
factor of 1 while that of the tunneling current component will be higher than 1. In practice,
an ideality factor cxtracted to be very close to 1 {s an indication that current is dominated
by thermionic ernission,

The barrier height can also be cxtracted from the C-V curves [5].

kT, (N &T 2
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where Ne is the conduction band density
of states for SiC (1.66e19em™ for 4H-SiC) 4 1/C?
[44], V] is the intercepting voltage of the
1/C* versus voltage curve, as seen from
figure 2, and A is the area of the diode. In
addition to the two mcthods described
above, the x-ray photoemission
spectroscopy (XPS) can also be used to
extract the barrier height.

A list of Schottky barrier height

from n-type SiC Schotiky contact studics \
reported in the literature for the recent N >
years have been shown in table 3. Only vV, V

the most commonly used 3C, 6H and 4H
SiC poly-types are included. In the table, Fig. ’.1_'1Extraction of Scll::ttky ba"iert:eigmt t'rom:hc

. . . capacilance versus voltage curve, e ntercepting
:hc SiC fposly(-jty[::? the tfirrntl.natlng iulrfaie voltage (V) is used in equation 11 for SBH calculation
ayer o 1, C contacting metal, 1ts
resultant barrier height extracted from the I-V and/or C-V method and the ideality factor



arc shown. For the same SiC poly-type, the entries are listed with increasing metal work
function, While the p-type SiC Schottky contacts arc of less interest, there are also some
reported works in the literature. Table 4 listed the SBH of these reported p-typc Schottky
contacts.

As explained in the previous paragraphs, the barrier height is dependent on various
conditions and therefore does not simply increasc with increasing metal work function,
mainly duc to the highly process dependent interface state density. Table 3 shows that, a
fairly wide range of SBH (0.3¢V to 2.0cV) can be achieved with different metals and
processing conditions for the three SiC poly-types shown.

In the following paragraphs, SBH as a function of the influencing fuctors such as
metallization choice, SiC poly-type, face polarity, surface treatment, post deposition
annealing and SiC material doping will be discussed.

Table 3 Barrier height of n-type Schottky contact to different SiC poly-types for various
metals (300K unless otherwise stated

Poly- |face |Metal |Barricr Ideality |Comments Refs
type Height (eV) [Facter (1)
1-v |C-¥
3C Au 1.15 [45]
Al 12 |L5 [46]
Au 0.4- 1.6-2.3 (28]
0.7
Pt 095 |15 Increase to 1.35eV after|[47]
800°C, 20min annealing
6H |Si- |Mg 0.34 1.22 Measured at 175K [14]
Mg 0.69 1.3 [18]
Si- |Mn__ |0.79 |[0.96 |1.05 [14]
In 0.84 1.3 [18]
C-  |Ag 1.1 |1.21 |1.08 [14]
Si-  |Agz 0.83 1097 [1.07 [14]
C- |al 0.89 [0.96 [1.06 [14]
Si- _ |Al 0.26 1.72 Measurcd at 150K [14]
Al 0.92 1.3 [18]
C- Al 0.25 1.6 [20]
8i-  [Al 0.25 1.6 120]
Ti 0.85 [0.85 [<l.1 N=2-6el6cm™ [15]
C- |Ti 1.03 ;1.09 [1.08 [48]
Si- |Ti 0.73 1075 [L.05 (48]
Ti 03 |10 HF treatment + hoiling water |[22]
Ti/Pt 0.8 [49]
C-  [Mo 0.5 1.8 [20]
Si- |Mo 0.3 1.6 [20]
Mo 07 |10 HF treatment + boiling water [[22]
C-  |Au 119 |13 [1.08 [14]
Si-  JAu 137 |1.48 [1.07 [14]
Au 112 115 [50]




C- Pd 162 |1.58 [L1.05 [14]
Si- |Pd 1.1l |1.26 |1.09 [14]
Pd 1.01 1.3 [18]
C- Ni 168 |1.76 |1.04 [48]
Si-  |Ni 1.29 |1.29 |1.03 [48]
Si- |Ni 141 [211
C- Ni 1.30 [21]
Ni 1.19 1.0 HF treatment + boiling water |[22]
Ni 1.39 1.02 [51]
Pt 1.04 [t [52]
Pt 1.05 [1.05 |<l.1 N=2-6e16cm™ [15]
NiSi;  |0.40 [53]
4H Si- |Ti 095 |1.17 |1.02-0.2 [23]
C- Ti 1.16 (1.3 [1.02~0.2 [23]
Si- |Ti 0.8 1.15 1V, As deposited, measurcd |[54]
20°C

Si- |Ti 0.85 1.1 [-V, measured 122°C [54]
Ti/AuwP|1.17 1.09 [55]

t/Ti
Ti 117 1.06 [56]
Si-  |Tiw 1.22 {1.23 [1.05 As deposited [57]
Tiw 1.18 |1.19 |1.1 500°C, 30min [57]
Ni;Si 1.4 <].1 After defect-removal|[3§]

treatments

Cu 1.6 <l.1 As deposited 58]
Cu 1.8 <1.1 After 500°C, Smin [58]
Si-  |Au 1.73 |1.85 |1.02-0.2 [23]
C- Au 18 (2.1 1.02~0.2 [23]
Au 1.59 [59]
Si-  |Ni §1.62 |1.75 |1.02~0.2 [23]
C- Ni 1.6 |19 }1.02-0.2 23]
Ni 1.67 [60]
Ni 1.64 [61]
Si- |Ni 13 1.21 -V, measured 20°C [54]
Si-  |Ni 1.4 112 I-V, measured 122°C [54]
Si- |N1 1.5 1.12 -V, measured 255°C [54]
Si-  [Ni 1.59 1.05 [63]
Ni 1.35 1.05 [63]
Ni 1.7 1.07 [64]
Ni 1.63 1.1 [65]
Ni 1.63 [66]
Si- Pt 1.39 1.01 [63]

Table 4 Barrier height of p-typc Schottky contact to different SiC poly-types for various
metals (300K unlcss otherwise stated)



face |Metal Barrier Height|ldeality |Comments Refls

{eV) Factor

v [C-V M)

3C Au 112 |L11 1~5e16cm” [67]
6H Ti/Al 1.95 Seléem™ [25]
Al 123 [2.87 [2.8 2-9el5cm” [37]
Mo 1.6 [19]
Cu 122 139 [1.01 2~9¢l5cm™ [37]
Au 118|145 [1.51 2~9¢l5cm” [37]
4H Ti/Al 1.5 lel6 {25]
Ti 194 207 [1.07 1.2e16 [35]
Au 1.35 [149 [1.08 1.2¢16 [35]
Au 1.57 [19]
Ni 131 [1.56 1,29 1.2¢16 [35]
Ni 1.43 1.26 3cls [68]

As shown in figure 1, the cncrgy band structurc of the SiC is very important in
determining the nature of Schottky contact. For SiC, the energy bandgap value increases
with the degree of hexagonality in the polytype. Among the three poly-type listed, 3C-
SiC (pure cubic structure) has the narrowest and 4H-SiC (4H has 50% hcxagonality and
6H has 33.3% haxagonality) has the widest bandgap [69].

While limited reports are available for 3C-SiC Schottky contact, it is still chservable
from the table that, for thc samc metal, the paly-type with a wider bandgap and hence
lower electron affinity (i.e., 4H-SiC} has a higher SBH than that for the poly-type with
narrower bandgap (3C-8iC). For Au, the barrier height is ~1.15eV, ~1.4eV and ~1.8eV
for 3C, 6H and 4H SiC, respectively. Similar trend can be seen for Pt. This agrees with
the analysis provided above and with equation 4.

In addition to the poly-type bandgap dependence, it has been established previously
that the SBH is also dependent on the interface state density which in turn depends
heavily on the poly-type and the process conditions for surfacc treatments. In an attempt
to quantify the degree of dependence of the interface state density on SiC poly-type,
Jacob and coworkers [70] performed a detailed analysis of the interface slope parameters
for various metallization on 6H and 3C-8iC. The interface slopc parameter is defined as
S=dgulddry or S=dgy/dyyn, depending on whether the work function ddy or
electronegativity z,, of the metal is used. For most Schottky contacts under investigation
with doping <lel8em™, the interface slope parameter S is almost the same as parameter
¢; in equation 4 [5]. Plots of the n-type contact SBH versus different metal work functions
of 6H and 4H-SIC are shown in figure 3. While the SBH of different reports can vary in a
wide range, there is a general trend of an incrcasing SBH with increusing metal work
function. A few observations can be made from figure 3. Firstly, SBH of the Schottky
contact is dependent on the SiC surface polarity, i.c., C-facc of Si-face. It can be clearly
seen that SBH of the same metal is significantly higher when making contact to a C-facc
SiC when compared to Si-face SiC. This dependence of SiC SBH on the SiC surface
polarity was extensively investigated in [14, 48, 71, 72]. Secondly, the SBH data
extracted from measurement is also slightly dependent on the cxtraction methods. The
SBH extracted with the C-V methed is generally higher than that extracted with the [-V
mcthod by 0.05~0.15¢V. Thirdly, the SBH is generally higher for 4H-SiC than for 6H-
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Fig. 4 The dependence of p-type Schattky barrier height on metal work functiens, {2}, 6H-8iC and (b), 4H-
SiC. The limited data show that 4H-3{C has more severe interface Fermi-fevel pinning

SiC, as cxplained previously. Lastly,

due to the interface state density, the overall
interface slope parameter shown in figure 3 is found to be around 0.6 for 6H-SiC and 0.9
for 4H-SiC, indicating a stronger Fermi-level pinning for 6H-SiC. The interface state
density was estimated to be in the range of 10"~10"*cm?e V™! for 6H-SiC [73].

A similar plot for p-type SiC Schottky contact can be seen in figure 4. The intcrface
slope parameter 8 can be extracted to be around 0.85 for 6H-8iC and 0.65 for 4H-8iC.
The Schottky contact interface property is strongly influenced by the surfacc
condition prior to metal deposition as well as the post deposition annealing. Therefore,
contaminations and interfacial oxide layers before metal deposition can significantly alter
the SBH as well as junction electrical characteristics. This can be seen from the variation
in SBH for the same metal for a specific 8iC material.
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There have been reports on
surface treatment methods that
will allow the Fermi-level to be
un-pinncd, i.c., virtually
gliminates the interface state
density. It has bcen reported in
[22] that by a sequence of
sacrificial oxidation, 5% HF
etching and dipping into boiling
water for 10min, the surface
interface states can be reduced
drastically. As a result, the
contact approaches the ideal
Schottky contact described in
Fig. l.a and the intcrface slope
parameter (S or C, in equation 4)
can approach unity. Plots of
SBH  versus metal work
functions arc shown in Fig. 5.
Another report [38] reported
that by annealing the Ni-SiC
Schottky contact at 600-800°C

Schottky barrier height [eV]

e
- in

=
i

metal/6H-SIC(0001)
Mp=5x1d om?

4 4.5 3
metal work function {eV]

5.5

Fig. 5§ Schoiky bartier heighis as a function of metad work
funictions. No treatment (short dashed line), oxidation [ollowed by
HF etching treaument (long dashed line), and dipping treatment in
boiling water (straight ling) are indicated. [22]

in N; ambient, a layer of Ni;Si will be formed, which consumes a layer of SiC on the
surfacc and hence eliminates the material damage caused by preceding process steps. This
gives rise to a silicide-SiC interface that is relatively independent of surface treatment and
obtain a reproducible, close-to-ideal Schottky contact.

Schottky intcrfacc property is also strongly influenced by the post deposition
annealing process. With high temperature annealing, chemical reaction takes place on the
interface of SiC and the Schottky metal. A silicide can develop on the interface and hence
change the band diagram and hence the barrier height of the whole contact. It was
reported that the SBH Pt Schottky contact on 8H-SiC will increase significantly after post
deposition annealing at temperatures of 600°C and above [47, 15, 74]. As shown in figure
6, SBH of the Pt-5iC contact increased from 0.45¢V to 1,35¢V after annealing at 900°C.

This wus attributed to the
formation of Platinum silicide at
temperatures above 600°C, which
forms a contact with higher
Schottky barrier with 6H-SiC.
Dependent on the metal and hence
the  silicide  formed, post
deposition annealing can also
cause a barrier height to decrease
[75]. Similarly, the SBH of a Ny
contact to SiC with Si-face
polarity is also found to decrease
with the substrate temperature
during metal sputtering [21].

In [21], Ni barrier height is

Shattky barrier height (eV)

-
o
L

1.4
1.24
1.0
0.87

o
o
M
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w1

806 700 800 900

Annealing tamperatire {T)
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Fig. 6 Variation of PI-SiC Schottky barrier height (SBH)
as a function of annealing temperature [74]
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found to decrease with substrate temperature heforc metal sputtering for Si-facc but
increase for C-face 6H-SiC.

The SBH is also found to be dependent on the doping of the semiconductor for
relatively highly doped materials. As shown in figure 7, the SBH tends to decrease as the
donor concentration increases above the 2e17em™ level und the acceptor concentration
increases above lel8em™. The barrier reduction is more significant than that caused by
the image force lowering effect, as cvident from figure 7. A calculation based on equation
4 taking into account the total surface charge balance gives a reasonable fit to the
experimental data.

There have been some reports on the temperature dependence of the SBH [16, 76,
77, 78]. It was reported in [76] that, as the temperature increases, both the conduction
band and valence band move downward relative to the semiconductor Fermi-level. As a
resuits, thc n-type SBH decreases and the p-type SBH increases with increasing
temperature. Variation of the intercepting voltage of the 1/C? versus voltage curve (V) in
equation 11, also numed as the diffusion potential) against temperature for Ag contacts on
n-type 6H-S{C is plotted in figurc 8. A clear reduction in V;, and hence the SBH can be
seen. On the other hand, the SBH of a p-type contact on 6H-SiC demonstrated positive
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Fig. § Vanution of the diffusion potential (V) against Fig. 9 Schotq(y barriet hcightlof ,i_\] contacts on
temperature for Ag contacts on n-type 6H-8iC | 76] p-type B6H-SIiC. A substantial increase with

temperature is observed [76]
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temperature coefficient, indicating a shift of valcnee band away from the Fermi-level as
temperature increases. The rate of change against temperature was found to be
significantly higher for the p-type contacts when compared to the n-type contacts. While
the bandgap is expected to narrow as temperature increases, which will lcad to n-type
SBH reduction, the magnitudc of variation on the SBH reported is 10 to 20 times higher
than that predicted by the bandgap narrowing. For Ag contacts on n-type 6H-SiC,
temperature cocfficient of the intercepting voltage (Vi) is 2.8meV/K. This V| temperature
coefficient was alse found te be dependent on the electronegativity of type of metal being
used. A mctal with higher clectronegativity will give a stronger SBH dependence on
temperature.

Electronegativity describes the ability of an atom to attract an electron to itself in a
molecule. As the temperature of a
mctal-semiconductor  contact  is
increased, more carriers are freed in
semiconductor. The Fermi level
moves toward midgap. The barrier
creatcd at the interface initially
separated carriers to achieve charge
neutrality; as the temperature is
increased, cxcess carricrs will be
drawn into the metal in order to
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b I

£
T

Temp, Coefficient ¢VK™)
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& !

maintain this charge neutrality at the Au
interface and hence lowering the 4.5 Ebird : e i
barrier height. The better the metal’s 14 16 18 2 22 4 26
ability of attracting these carriers, the Electronegativity (eV)

more barrier lowering occurs. Fig- 10 Schottky bamier height temperature coefficient (in

The temperature cocfficients of  melX Y versus electronegativity for different metals [76]
the intercepting voltage (Vy} for n-
type 6H SiC contacts of four different metals are plotted in figure 10 against their
electronegativity and a linear relation can be observed [76]. For metals with low
electronegativity such as Al and Ti, the temperature coefficicnt of the intereepting voltage
(V1) and henee the Schottky barrier height is smali and insignificant.

A similar SBH reduction with incrcasing temperature was also reported in [77]. No
clear physical mechanism was suggested to account for the magnitude of SBH change. It
is also recognized in [16, 78] that the temperature dependence of thc SBH become
significantly weaker at temperaturcs less than 300K,

3. High Voltage SiC SBD, JBS and MPS diodes

For high power applications, it is well known that the specific on-resistance {defined as
product of device resistance and active device arca) of unipolar semiconductor device is a
function of both thc doping and thickness of the voltage-blocking layer (commonly
referred to as the drift layer). Such specific on-resistance is limited by the following
equation [79]:

t, 4,

- (2)
3
quN,  pesE:

gon
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Due to its superior elcctrical material property, SiC as a semiconductor material has a
unique advantage in high power and high temperature applications. According to equation
12, when compared to silicon, the roughly ten times higher critical ¢lectric field of 5iC
{4H) material will give approximately three orders of magnitude improvement over the
specific on-resistance for a given blocking voltage requirement. For this reason, extcnsive
amount of effort has been invested in demonstrating and commercializing SiC unipolar
device for power applications. Schotiky Barricr Diode {SBD) is the simplest unipolar
device to fabricate and hence has been the first SiC power device commercialized. SiC
SBD also has its unique advantage over SiC P-i-N diodes because of the high build-in
voltage of the latter.

In this section, the development of SiC SBD will be discussed together with a few
close variants such as SiC Junction Barrier Schottky (JBS) diode, Mergicd P-i-N Schottky
{MPS) diode, Dual Metal Trench (DMT) diode and Trench MOS Barrier Schottky
{TMBS) diode. Termination techniques used to achieve a high blocking voltage; device
structurcs used to minimize reverse leakage current; design approaches taken to obtain
low on-state voltage/resistance and device performance under different temperatures will
be discussed.

3.1 SiC SBD development

One of the earliest high voltage SBD was fabricated in 1975 [6] on 6H-8iC with an
avalanche breakdown voltage of around 200V. More SiC devices were fabricated as high
quality SiC become available in early 1990s and both the voltage and current capabilities
of these SiC SBDs increases quickly in the years followed [54, 64, 66, 80-94]. Recently, a
4H-SiC SBD with a breakdown voltage of 10.8kV was reported with a specific on-
resistance of 187mQcem’ {2].

In table 5, some of the SBD reported in the literature is listed. They represent one of
the highest veltage or current capability of SiC SBD at the time of the report. The
progressive increase of voltage and current rating of SiC SBD can be clearly seen in the
table. 8IC SBDs with breakdown voltage of close to 1000V was first reported in [80] on
10pm, 1x16'%cm™ Nitrogen deped 6H-SiC by using Pd in 1993. In mid-1990, as 4H-SiC
material become available, it attracted most interests for SiC SBDs from 6H-SiC. This is
because of its higher electron mobility and critical electric field resulted from its wider
bandgap. 4H-SiC SBDs up to 1000 V wcre reported using a drift layer of 10um,
1x10"em™ Nitrogen doped 4H-8iC in 1995 {82]. The 1000-V 4H-SiC SBDs were later
reported by using higher barrier metals of Ni and Pt, again based on a 10um thick drift
tayer doped in the range of cm to cm in 1998 with improved current density [26, 54].
Breakdown voltage of 4H-SiC SBD reached 2.5kV in 1998 and 4kV in 1999. In 2002,
SiC SBD with a breakdown voltage of 4.9kV was demonstrated on 7el7cm” doped,
100pum thick 4H-SIiC [94]. In the same paper, a 1.7kV, 0.64cm’, 130A SBD was also
reported

Table 5 High voltage Schottky barrier diodes reported in the literature. Work listed here
has cne of the highest voltage or current at the time when the work was reported. (300K
unless otherwise stated

Poly- | Device | Mctal | Vi, (V)| Vi(V) | vear Comments Ref
type /Ripon
(Qem?)
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6H [SBD [Pt 205 1975 [lel6em™, {6]

6H |[SBD |[pt 400 |11V 1992 [3.6el6cm™, 100A/cm” [95]

6H |SBD |Ti [s00 [1av 1992 [2-6el6em”, 100A/cm” [15]

6H {SBD |[pd  [1000 1993 [1el6em™, 10um [80]

6H [SBD [Au [1100 [8e-3 1993 |5.8e15¢m™, 9.6um [81]

6H |SBD |[Ti 1000 1994 |2el6em”, 10um, argon [96]
impl.

4H [SBD [Au [800 11.de-3 [1995 [SelScm™, 10um [83]

6H |SBD [AITi [600 1995 |1.3el6em™, 4.7um, guard [[97]
ring

4H [SBD |[Ti 1000 |2e-3 1995 |lel6em™, 10um [82]

4H |SBD 1750 |5e-3 1995 [7ei5cm” [98]

4H |SBD |[Ti 1100 1996 |0.7~2el6cm™, 10um, B*  [[99]
impl.

4H ISBD |[Ti 1300 1996 |8e15¢m™, 10um, argon [100]
impl.

4H [SBD 1400 [15¢-3 1996 [lel6em™, 10pm [84]

4H |SBD >1000 1998 |Large area, 7mm?, [101]
30A/pulsc

4H [SBD 2500 1998 [86]_

4H [SBD |Ti 600  [7c-2 1998 |tel6 cm™, 2um, P-type  |[25]

4H [SBD [Ni  [3000 [34e-2 [1998 [0.7~2e15em™, 42~47um |[61]

4H SBD 4000 1999 [93]

4k SBD 3850 2000 [66]

4H SBD 1700 2001 |Large area, 25A [102]

4H |SBD 1700 2002 {5e15cm™, 15um, 0.64cm?, [[94]

130A

4H |SBD 4900 [1.7e-2  |2002 {7eld4em”, 100pm, B impl. [[94]

4H  |SBD 10800 |1.87c-1 (2003 [5.6el4em™, 115um, MITE |[2]

The increase of SiC SBD breakdown 12 — : -

voltage from the beginning of the TY b [2_8|1__] S

1990s is plotted in figurc 11. SiC SBD B | | | | |

with the highest breakdown voltage I ) SR ' 1

reported so far was rcported with a % . | | | : :

5.6cl4em™ doped, 115um thick drift g L1 TTTrTT [

region on 4H-SiC {2]. While further & 4 | ! Lo (215]

improvements on the SiC SBD g . [s10] | |

breakdown voltage are still possible, 0 zr El; Tlm'] . rcorT Ty

the rapidly incrcasing speeific on- o . ! ! ! ! ! !

resistance at higher voltages makes 199¢ 1902 1994 1996 190 2000 2002 2004 2006

unipolar devices like SBD  less Year

attractive. Fig. 11 The increase of SiC SBD breakdown voltage since
1992

3.2 Termination techniques
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With appropriately selected drift region and thickness, the most important factor in
achieving a high blocking voltage for SiC SBD is the edge termination technique used to
reduce cleetric field crowding at the periphery of the power device. Many works were
reported on cdge termination of SiC $BD to achieve high breakdown voltages [2, 15, 51,
63, 95-100, 103-119].

Sevcral techniques of edge terminations have been used to reduce the electric field
crowding and to achieve a breakdown voltage close to the ideal parallel-plane avalanche
breakdown voltage. These techniques include floating metal rings, metal ficld plating,
argon/B* implantation termination, RESURF assisted ficld plate, and modified field plate
and multi-step junction termination extension (MJTE), etc.

The schematic structures of these termination techniques are plotted in figure 12

Floating metal ring method (Fig. 12.a) was used in [103] on 6H-SiC SBDs. A
breakdown voltage of 600V was obtained with three rings. Similar approach was used in
[114, 115] with multiple implanted P and V' (Vanadium ion) regions as floating guard
rings. Breakdown voltages of 1300V and 1630V were achieved on 4H-SiC wafers with
drift regions of 10um, Sel5em™ and 10pm, lel6em™, respectively. A p-cpi guard ring
termination approach was taken in [104, 97] on 6H-8iC where 600V was achieved. The
shape of the p-cpi {Fig. 12.b) was created by using a field oxidation process. [t also gives
rise to a smooth metal step over the p-epi, avoiding ficld crowding at the comner. In [108],
a field plating tcchniques was proposed and demonstrated in [51] on a ramped oxide (Fig.
12.d) to achieve a device breakdown voltage {800V) close to its idcal value. However, it
was suggested in [119] that the method is only efficient at relatively low voltage and
could also give rise to electric field crowding in thc passivation oxide at the edge of the
field plate, raising concern of oxide reliability at high temperatures. The method of
implanting a high dose of argon into the surface of the SiC area at the periphery of the
device has been used and voltages closc to ideal breakdown were also achieved [95, 15,
103, 96, 84]. By implanting a high dose of inert specie into SiC, the exposed SiC will be
damaged and turn into a high resistive region, which effectively reduces the field
crowding at the device periphery (Fig. 12.¢). The method was proven to be effective at
voltage levels like 1kV [96] and 1.4kV [84] but was not verified for higher voltages. An
approach was used in [98] by similarly implanting B” to the deviec periphery and
achieved a blocking voltage of 1.75kV. In [117], a method combining the floating guard
ring and the RESURF effect was adopted (Fig. 12.¢) and found to bc able to achieve a
good breakdown voltage (~1.2kV) for a wide range of implantation doses. On the other
hand, the multi-step JTE (MJTE) approach was used in [116] and [2], achieving
breakdown voltages of 1kV and 10.8kV, respectively. The MITE structure shown in Fig.
12.f uses the multiple p-extension zoncs to gradually reduce the electric field toward the
edge of the SBD. Each step can be obtained through inductively coupled plasma (ICF)
etching which can provide very accurate etching control. [t was demonstrated that close to
idcal breakdown voltage can be achieved for both very high and medium voltage devices.
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3.3 Reverse lcakage current

Reverse lcakage current is an important parameter for a diode used in power electronics
systems. When blocking rcverse voltage, a high leakage current can cause significantly
amount of heat dissipation. Because the reverse leakage current of a SBD is typically very
sensitive to the junction tcmperature, if the leakage-current-caused heat dissipation
reaches certain level, the resultant temperature increase can initiate a positive feedback in
the thermal system and a thermal run-away will take place. The damage caused by a
thermal run-away is normally permanent. Therefore, minimizing the rcverse leakage
current is always an important consideration for the device designers.

Two compencnts out of the four listed in section 2.1 will contribute significantly to
the reverse leakage current of a SiC SBD. The first is the thermionic emission current
which is the dominating component for SBDs on silicon. The thermionic emission currcnt
can be calculated according to equation 6. It is worth noting that as the reverse bias
voltage increase, the image forcc lowcring effect described in equation 5 will
continuously decrease the Schottky barrier {(¢g) and hence cause the reverse leakage
currcnt to increase. For a one-dimensional Schottky junction, the surface clectric field (E)
in equation 5 can be written as:

Em = ZQND (VR +Vbi) 43
Es

where Vy is the reverse bias voltage and Vy; is the built-in voltage for the Schottky
junction. The amount of Schottky barrier lowering resulted from the increusing reverse
bias voltage can bc calculated as shown in figure 13, Because of the exponential
dependence of the reverse leakage current on the Schottky barrier height, the barrier
lowering can have significant effect on the increase of leakage current with increasing
reverse bias voltage.

The second compoenent that will also contribute to the reverse leakage will be the
tunncling current. Because of the wide bandgap and hence high critical clectric field of
the SiC material, as the reversc bias voltage of the diode increases, the Schottky junction
can expericnee electric field as high as >2MViem. This can contribute to the reverse
leakage significantly.

Figure 14 shows the reverse leakage of the 10.8kV 4H-SiC SBD in [2], which can
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Fig. 13 Caleulated Schottky barrier height reduction  ¥ig. 14 Reverse and forward I-V and J-V curves for
at room temperalure due 1o the image force 1he 10.8KV Schotky barrier diode, afier |2)
lowering versus reverse hias voltage [92].
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be seen to increase over almost six orders of magnitude. Although the device has not
reached avalanche, measurement of the device was stopped at 10.8kV because of the
concerns on the device self-heating. It is common for SiC SBDs that the avalanche
breakdown can not be safely measured because of the excessive reverse leakage current at
high reverse blocking voltage, prompting serious self-heating problems.

Barrier height inhomogeneous has also been investigated as a possiblc rcason of a
much larger reverse leakage current than predicted by the thermionic emission current in
the SiC SBD [120-123]. It was suggested in [120] that there are localized regions at the
SiC/metal interface where Schottky barrier height is lowered due to the presence of
epitaxial layer defects at the interface. Material inhomogeneous has also been suggested
as possiblc causes.

3.3.2 Hybrid structures for leakage current reduction

1n order to reducc the amount of reverse lcakage current of SiC SBDs, various methods
have been proposed through the years [116, 124-141]. These include the Junction Barricr
Schottky {(JBS) diodc, Mcrgicd P-i-N Schotiky (MPS8) diode, Dual Metal Trench Schottky
{DMTS) diode, Dual Metal Planar (DMP) diode, Trench MOS Barrier Schottky (TMBS)
diode.

In Table 6, various structurcs rcported to reduce the reverse leakage current and
increase on-off current ratio of the SBD are listed through recently years.

Table 6 High voltage JBS/MPS/DMT/TMBS diodes reported in the literature. (300K
unless otherwise stated

Poly- | Device | Metal |V, (V) VE(V) | year Comments Ref
ty'pf! "IrRsp,un

(Qem?)
4H  |DMTS 300 |thd 1998 |3e15e¢m™, 13um, 2pm deep {[124]

trench

4H |JBS tbd  [tbd 1998 |Thd, ICSCRM proceedings {[136]
4H |IBS Tbd |Tbd 1998 |Tbd ICSCRM proceedings {[137]
4H JBS Thd |Thd 1998 | Thd ICSCRM procecedings {[138]
4H |JBS Tbd {Thd 2000 |Tbd ICSCRM proceedings {[139]
4H |JBS Thd |thd 2000 |Thd ICSCRM proceedings |[140]
4H |IBS Thd  |Thd 2000 |Tbd ICSCRM proceedings [[141]
AH  |[MPS 800 [Thd 2001 [140A [135]
4H |IBS >1000 |Tbd 2001 |9.7el5em™, 13um [116]
4H |DMP 1250 |Thd 2002 [129]
4 |JBS 1500 |Tbd 2002 |6.4el5em™, 10.5um [1301]
4H [JBS 3000 |Thd 2002 [1.5~3.0el5cm™, 30um (1313

The structurcs of these various structures are plotted in figure 15.

The common idea behind the IBS, MPS, DMTS and TMDBS structures is to protect
the Schottky barricr from high electric field when the device is blocking reverse voltage.
Beoth the image foree lowering and electron tunneling effects mentioned above ure caused
by an increasingly high electric field on the Schottky contact as reverse bias voltage
increases. As can be seen in figure 15, IBS and MPS bagically have the samc structure
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Fig. 15 1ybrid diode structures based on Schottky contact, (a), Junction Barrier Schottky (JBS) dinde, (b)),
Merged P-i-N Schottky (MPS) diode, (¢}, Dual Metal Trench Schottky (DMTS) diode and Trench MOS
Barvier Schottky {TMBS) diode. All structure utilize the common principle of electric figld shielding to reduce
the field at the Schottky contacts.
except that the P” regions of these twe devices are designed differently. In both structures,
the P* regions are closely spaced so that when the device block reverse voltage, the
depletion regions of two adjacent intruding P* regions overlap each other and shield the
Schottky contact arca between them from high electric field [79]. However, in the IBS,
depth, width and spacing of the P* rcgions are designed such at the P*-n junctions will not
be forward biased in under normal operating conditions of the device. P* regions of the
MPS, on the other hand, are designed differently so that when the device forward current
density is high enough, the P*-N junction can be forward biased, injecting minority
carricrs into the drift region and reduce the device forward conduction voltage drop. Tn
order to forward bias the MPS P -n junctiens, the voltage difference across the junction,
which is caused by lateral current flow under the P+ rcgions, need to be close to the
junction build-in potential. Because of the significantly higher build-in potential of SiC
P"-n junction, it will take a higher current density than its silicon counterpart to turn these
junctions on.

The principle of clectric ficld shielding also applies to the DMTS and TMBS diodes.
In the DMTS, closely located trenches are filled with metals with higher barrier heights
while for TMBS, similar trenches are oxidized before they are filled with mctals. In both

21



cases, the trenches play the role of protecting the Schottky contact in between from high
electric field, and hence reducing dicde reverse leakage current.

Similar principle was proposcd for a lateral SiC Schottky buscd diode named Lateral
Merged Double Schottky (LMDS)
diode in [128]. i T : ' '

On the other hand, the dual metal
planar (DMP) structure works with a
different principle [129]. Tt was
suggested that reverse leakage current
of a SiC SBD is mainly atiributed by
those at the edge of the device because
of the higher electric field there caused
by imperfect field termination. The
DMP diode was therefore proposed
whereby 2 sccond Schottky metal with
higher SBH is deposited at the
periphery of the min Schottky mctal.
Since the reverse leakage current of a

Schottky' contact dep.erlds Fig. 16 Dependence of reverse leakage current density on
exponentially on the SBH, the higher temperature for Ti and Ni Schotiky barricr diode on

SBH of the second metal drastically | gelem™ doped 10um thick n-type Si-face 4H-SiC [54]
reduces the reverse leakage current at

the device edge where electric field are the highest. The majority of active device area are
still covered by the main Schottky contact mctal with a lower SBH, cnsuring a low
forward voltage drop. In contrast to the four other structure discussed above, the DMP
diode structure remains planar and no region protrusion occurs.

Crmrent Density {Afer®)

Valtape (V)

3.3.3 Temperature dependence of reverse leakage current

The two major leakage current components representing the thermionic emission and
tunneling currents are given by equations 6 and 7, respectively. It can be scen that both
are highly sensitive to temperature. Figure 16 shows the reverse leakage currents density
of Ti and Ni Schottky barrier diode on 1.6e16em™ doped 10pum thick n-type Si-face 4H-
SiC at temperaturcs of 20°C, 122°C and 255°C. It is clear that the leakage current
increases quickly with increasing temperature and decreasing Schottky barricr height,
which agrees well with equations 6 and 7, The figure also shows a stronger dependence
on temperature at lower voltage when compared to the higher voltage portion of the [-V
curves.

3.4 Forward voltage drop
34.1 Forward voltage drop optimization

The forward voltage drop of a SiC diode with Schottky contact can be written as
following.

VF - Ejf{ ln[ JF j + ]?¢B + Rsp,anJF a9
q

AXT?
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Ve=Vgu+I:. (R, /A+R (1%)

B on contirct )

While for n-type Schottky diode, the contact resistance can be generally neglected. An
important parameter for a SBD is therefore its specific on-resistance. A lower specific on-
resistance is desirable since a smaller chip size will be needed to handle a given amount
of current. The specific on-resistance is normally calculated as the diffcrential resistance
of the SBD forward J-V curve and its componcnts comprises the resistance of the
electrodes, the back-side ohmic contact, the substrate and the drift regien. For high
voltage n-type SiC SBD, electrode, ohmic contact and substrate resistances are typically
negligible and the drift region resistance is the dominating factor.

Optimizing the drift region resistance is thercfore critical in minimizing the forward
voltage drop of a high voltage SiC SBD. Two critical parameters, namely the doping and
thickness of the drift layer, determine both the voltage blocking capability and the
specific on-resistance of the device. There is a clear trade-off hetween these two targeting
performance parameters. Whilc high voltage blocking capability requires a thick and
lightly doped drift laycr, a low specific on-resistance demands exactly the opposite.
Detailed analysis can be found in [79] on this trade-off. Usually, the targeted blocking
voltage rating and the effectivencss of the edge termination employed determines the
minimum thickness and the maximum doping used for the design of drift Jayer propertics.
The specific on-resistance of the drift layer used for an n-type $iC SBD can be written as:

W

G4, Np
where Wy, is the drift layer thickness, Np is the drift layer doping, q is the electronic
charge and y, is the electron mobility which is itself dependent on Np. A non-punch-
through {(NPT) design of the drift layer corresponds to the case where drift layer thickness
is equal or larger than the parallel planc avalanche breakdown width. Similarly, a punch-
through {PT) design corresponds to a drift layer thinner than the parallel plane avalanche
breakdown width. Design rules on the doping and thickness of the drift layer for NPT
structures have been explained in [79]. However, it has been demonstrated that an
optimized PT design can give a minimum specific drift layer resistance for a given
targeting breakdown voltage [94].
For a punch through structure, the drift region thickness can be derived as:

2
ek, [EEC il |:2€V3j| umn
W, = - -
GNp  YL9N»p aNp

where Vi, is the targcting breakdown veltage of the diode, € is the dielectric constant of
SiC and Ec is the critical electric field of the drift layer, which is dependent on drift layer
doping (and is weakly dependent on drift layer thickness when the thickness is very low).

Ry; = (16)

2.49x10°

E.=

B (18
lﬂilog(ND /10')
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With the equations above, the optimization of drift laycr doping and thickness can be
performed to achieve the lowest possible specific on-resistance of a unipolar device for
targeting breakdown voltage.

In figure 17, the drift layer thicknesses and specific on-resistances are plotted
against the drift layer doping for a targeting voltage blocking capability of 1200V. In this
figure, it is assumed that the SBD edge tcrmination can obtain 80% of the ideal parallel
breakdown voltage of the drift layer, The result shows that the optimum design is a
punch-through {PT) structure with approximatcly 90% of the NPT doping and 87% of the
drift layer thickness, giving 7% lower specific on-resistance than the NPT dcsign.

As has been described in equation 12, the theoretical limit of the specific on-
resistunce of a SiC unipolar power device is around two to three orders of magnitude
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assuming an 30% edge termination efficiency. The Blocking Valtage (V)

result shows that the optimum design can be Fig. 18 Specific on-resistance versus  breakdown
achieved at approximately 90% of the NPT doping  voltage plot for Schottky barrier diodes

and 87% of the drift layer thickness [GG].

lower than that is silicon. In figure 18, experimentally reported SiC diodes with one of the
lowest specific on-rcsistances are plotted versus the device breakdown voltage.

The forward voltage drops of the IBS, MPS, DMTS, TMDBS structurcs described in
the previous section can all be written as the sum of the Schottky barrier voltage {(Vsp)
and the voltage drop en the channel/grid resistance (Rgyq) between field-shielding regions,
the drift region resistance (Ry,), the substrate resistance (R,,,) and thc backside ohmie
contact resistance (Rgp}.

Veo=Vg+I. (R, +R, +R , +R (19)

For all four above structures, the forward conduction voltage will be somehow
sacrificed because of the reduction in Schottky contact area through which current needs
to flow. (The only exception is if the MPS diode has its P'-n junction forward biased,
injecting minority carriers and modulating the drift layer conductivity.) The amount of
increase in forward voltage drop is a function of relative area of the P' regions to the total
active device area [124 116]. The smaller the relative area of the P* regions, the less
penalty on the forward voeltage drop will incur. For devices with high bilocking voitage,
the drift region resistance component in equation 16 normally dominates. The increase of
forward voltage, which arises from Ry, will only be a small percentage of the total
forward voltage drop [124, 116].

grid sub contact )
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3.4.2 Temperature coefficient of the forward voltage drop

The variation of the forward drop of a SBD {or JBS, MPS) at diffcrent temperature can be
determined by its three components given in equation 14. For a given current density
within the range of practical intcrest, the first term in the cquation is negative and is

proportional to T In{T) . There fore, it decreases with increasing temperature. This is

also evident from figure 16 where the reverse leakage currcents are shown for different
temperatures. The second term in equation 11, i.e., the barrier height, also decreases with
increasing temperature, as have been discussed in scction 2.2, The third term in the
forward drop equation accounts for the contributions of resistances of drift region,
substrate region and the ohmic contact region. For SBD with a low substrate resistancc
and a good ohmic contact on the cathode (anode for p-type SBD), the resistance is
dominated by that of the drift region resistance, which increases substantially beecause of
mobility degradation as temperature increases.

As a result, the temperature coefficient of the total SBD forward voltage drop
depends on the relative magnitude of the thrce terms in equation 11 against tcmperature.
When the current density is low, the first two components in the equation dominate
against the resistive component and the temperature coefficient of Vg is negative. For the
range of current density of practical interest (e.g, 1~500A/cm®), because of the
exponential dependence of current on the voltage for the first two components, they
remain relatively constant. On the other hand, the resistive component will increase
linearly and start to dominate. The temperature coefficient of the total device forward
voltagc will thercfore change from 40

negative to positive as the current density = as '_“'WF*]@ A As-[:liuﬁosit;d [ ]
increases above certain level. Figure 19§ 30 L T Annedled h
shows the forward voltage drop of a SBD % 25 [ w. : o geeaka ]
with rclatively low voltage blocking N S o]
capability (1.2~1.4el6cm™, 4um) against f 2r demtanasent
temperature  for  different  current B V8 [T ]
densities. It can be seen that at around § 1.8 - b= ST 1OA ¥
300A/cm?, the temperature coefficient of £ o5 - E— ]
Vr becomes positive. For a SiC SBD with oo ln ou o ydemipe L]
thicker and more lightly doped drift . 0 B0 1me 150 200 250 00 380
region, hence a higher blocking voltage, Temperature (°C)

the contribution of the resistive term will
be morc significant and the Vg Fig. 19 Forward voltage drops of a Schouky barrier

t at tricient will b it t diode as a function of wemperawe for different
crmperature coc ICI_GI’I wl € POSIIVE & curent densities [92].
a lower current density.

4. Applications in Power Electronies Circuits

4.1 lmportance of power diodes and Silicon limitation

A major application of SiC Schottky barrier diodes is in power clectronics systems.
Performance of a power electronics system is largely determined by thosc of the power

semiconductor devices, namely, the power switches and the fast diodes. During recent
years, there have been substantial improvements on the development of Si power
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semicenductor three terminal switches. These include thc commercialization and
optlimization of the Insulated Gate Bipolar Transistor (IGBT) in the last 10 to 15 years.
IGBTs now dominate the power semiconductor device market in the range of 600V to
3.3kV for most power electronics applications. Fast IGBTs have a switching speed of less
than 100ns while still having conductivity modulation. The commercialization of
CoolMOS™[142] device offers 600V to 800V rated power MOSFETs with specific on-
resistance {(Ry o, 5 times lower than the best traditional pewer MOSFETs and that break
the theoretical Ry 0 limit of Si unipolar devices. Unipolar devices like CoclMQSs can be
switched with a switching speed of less than 10ns.

The improvements on the Si fast power diodes have been limited. In the range of
600V to 1.5kV, which represents the most commercially fucrative market portion, $i
Schottky diodes are known as unsuitable for practical use because of their excessive on-
state resistances and high leakage currents. Si P-i-N diodes are therefore invariably used.
When conducting forward current, a P-i-N power diode structure features strong minority
carrigr injection which modulates the conductivity of the device drift region and hence
drastically reducing its resistance. The injected carriers have to be removed from the drift
region of the P-i-N diode when the diode enters reverse blocking mode. This charge-
removal procedure significantly slows down the transition of the diede from forward
conduction mode to reverse blocking mode when compared to that of a Schottky diode
which is a unipolar device. The fastest Si power diodes available in the range of 600V to
1200V have reverse recovery times of around 50ns to 100ns. The slow recovery time of
the diode results in a substantial amount of switching losses in both the power switch and
the diode itself. The speed of the diode is slower than most power switches used in the
circuit and has become the limiting factor preventing further improvements in many
power electronics systems [143].

As mentioned in previous sections, a two to three orders of magnitude advantage in
specific on-resistance is expected for Schottky-bascd diodes in SiC over those in Si. It is
therefore possible to develop SiC Schotiky-based unipolar diodes for voltages up to 2-
3kV with a reasonably low on-state resistance. Unipolar diodcs in the range of 600V to
3kV, when available, are very attractive for power electronics applications.

As described in sections 2 and 3, substantiai efforts have invested on developing
high voltage 8iC SBDs for power electronics applications. While high voltage (~1000V)
SiC Schottky-based diodes have been made as early as 1993, most diodes reported in
early to mid-90's arc of small device sizes and therefore are unable to conduct sufficient
amount of current to be practically useful in a power electronics circuit. As the defect
density of high quality SiC wafers decreases, SiC Schottky barrier diodes able to conduct
significant amount of current (>a few amperes) where first reported in 1998 [101] and
later in 2001 [102, 135]. It was followed quickly by the successful commercialization of
SiC SBDs by powcr scmiconductor device companies including Infineon AG, Microsemi
Inc. and Cree Inc. Currently, Silicon Carbide SBDs from Infincon are available for
voltage ratings of 300V and 600V with currant capability of 20A and 12A, respectively.
SiC SBDs from Microsemi are available in 100V, 200V, 400V and 600V with a current
capability of up to 4A. Cree currently offers SiC SBDs of 300V, 600V and 1200V with
currcnt capability of up to 20A. The commercial availability of these SiC SBDs provide a
new opportunity of development for power clectronics applications including high
frequency switch modc power supply, power factor correction as well as low to medium
power motor drive applications.
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There have alsc been reports in the literature studying the circuit performances of
commercial SIC SBDs as well as those fabricated in research labs, which demonstrated
largely consistent results [131, 144-154]. In this section, performances of the SiC
Schottky barrier diodes (or large area hybrid Schottky diodes) will be compared to silicon
power diodes. The advantage and disadvantage of the SiC diodes will be discussed.

4.2 Semiconductor device losses in a power electronics circuit

In a power electronics circuit, power semiconductor devices (diedes and switches) largely
dominate the whole circuit performunce. A majority part of the circuit arises from the
losses of these semiconductor devices. These include the losses of the power diodes and
the switches:

P= Pﬂx'ode +F

Switch (20)

= PDHC‘(),N’ + ED_rrfsw + P.S'_CON + (ES_on + ES_aﬁ' 2 o

where Pp cox 18 the diode conduction loss, By . is the dicde reverse recovery energy,
Ps coy is the switch conduction loss, Es o, is the switch turn-on energy, Es o is the switch
turn-off energy and f;, is the switching frequency. Losses caused by the leakage current
of both the diodes and the switches can normally be neglected unless the devices are
operating at the upper limit of their temperature capability {~175°C for 8i and =300°C for
Sich.

Switching frequency of a power clectronics cireuit is an important parameter which
dominates the value as well as physical size and weight of energy-storage passive
components, namely, power inductors and capacitors. The size and weight of these
passive components, which dominate the size and weight of the system, arc known to be
inversely proportional to the device switching frequency. While a higher switching
frequency is therefore desirable, a trade-off exists between the switching frequency and
the switching losses (second and fourth terms in equation 20) which nced to be kept
below a certain level for system efficiency and thermal management considerations.
Switches and diodes with low switching losses are therefore the key for size and weight
reduction of power electronics systems.

4.3 Static characteristics comparison of commercial SiC and Si diodes
A
In this scction, the static characteristics of some commercial $iC power diodes are
compared to those of silicon power diodes with similar voltage and current ratings. The
commercial SiC diodes measured include SDT10S30 (300V, 10A) and SDT06560 (600V,
6A) from I[nfineon and CSD20060 (600V, 10A) and CSD1020 (1200V, 5A) from Cree.
Silicon devices used for comparison are some of the best fast recovery diodes availablc in
the market: DSEP8-03 (300V, 10A) and DSEP30-12A (1200V, 30A) from TXYS [150].
The forward voltage drop of the diode accounts for the diode conduction less, the
first term in cquation 16. The forward 1-V characteristics of the Infineon SDT10830 and
IXYS DSPS-03 are plotted in figure 20 for different temperatures. Both devices, rated at
300V and 10A, are measured at 25°C, 100°C and 200°C up to 10A. As 300V silicon
Schottky diodes arc not commercially available for their excessive specific resistance, the
[XYS device chosen is a P-i-N device.
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Fig. 20 Comparison of forward 1-V characteristic at 25°C, 100°C and 200°C for SiC Schottky diode and Si P-i-N
diode, (), Infineon SO110830 and IXYS DSEP$-03, both rated at 300V, (b), Cree CSD1020 and IXYS
DSEP20-12, both rated 1200V, Solid lines: SiC SBD. Dashed lines: silicon diede. Direction of the amows
indicates the increase of temperature

It can be seen that at room temperaturc, the SiC devices has a forward drop of
approximately 1.5V and the silicon device has 1.1V. A clear different can be seen in
figure 2(.a between the two devices. As a bipolar power diode with high-level minority
carrier injection in the cpi basc region, forward voltage drop of device DSEP 8-03
decreases significantly with increasing temperature. On the other hand, forward voltage
drop of the 8iC Schottky diede demonstrates a negative temperature coefficient at
currcnts below 5A and a positive temperature coefficient at currents above 5A. The
mechanism behind the variations of forward drop temperature cocfficient has been
discusscd and agrees well with the analysis in section 3.4.2.

Tthe silicon device has a lower on-state voltage drop for all operation current levels
and temperatures. A lower voltage drop will give less power loss and therefore is
advantageous in the circuit. However, the negative forward voltage tcmperature
coefficient of the silicon power diede is undesirable for connecting multiple devices in
parallel when handling large load current. It is understood that when devices are
connected in parallel, such a negative cocfficient will more likely result in uneven current
sharing among different devices. When such unbalance reaches a certain level, the whole
system can become thermally unstable. The SiC deviee has a positive forward voltage
temperature coefficient for the current levels above 50% of the rating where the devices is
tmiost likely to be used. It will therefore be more stable in case of parallel connection.

A similar comparison can be found in figure 20.b where the forward 1-V curves of
CSD1620 (1200V, 5A SiC diode from Cree) and DSEP30-12A (1200V, 30A silicen
diede from IXYS) are shown. Temperature coefficients of the forward voltage have
shown similar trend for both devices with the silicon bipelar device demonstrating
negative value and the SiC diode showing different polarity at different current levels.

It is worth noting that since the silicon devices is rated at a higher current, its
forward voltage drop at its rated current level (30A) is slightly higher than that of the SiC
device at room tcmperature. It can also be seen that for the SiC dcvice, temperature
coefficient for the forward voltage becomes positive at a lower current when compared to
the 300V SiC device. The reason is explained as follows. While the knee voltage (first
term in equation 15) remains thc samc for the 300V and 1200V SiC devices, the drift
region resistance becomcs more dominant for the device with a higher voltage rating
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Fig. 21 Reverse I-V characieristic of SiC Schoutky diede and Si P-i-N diode at different temperatures, {a),
Infineon 517710830 and IXYS DSEP8-03, both devices are rated al 300V, and (b} Cree CSD1020 and TXYS
DSEP20-12, both rated at 1200V, Solid lines: SiC SBD. Dashed lines: silicon diode. Direction of the arrows
indicates the increase of temperature [or the SiC SBD.

becausc of a thick and more lightly doped drift layer needed to block the required voltage.
The temperature coefficient of the resistive component of the voltage drop will therefore
also bccome more dominant. As explained in section 3.4.2, sincc the knee voltage
decreases with increasing temperaturc and the drift layer resistance increases with
temperature, the overall forward voltage temperature coefficient of the 1200V SiC diode
is more positive than a 300V SiC diode,

While an increasing forward voltage is beneficial for device parallel connection, it
does incrcase the conduction loss of the diode at high temperaturcs. The conduction
losses of the SiC diodes are therefore generally higher than those of their silicon counter
parts.

Anather important static paramcter of a diode is its reverse-blocking characterisiics.
In figures 21, variations of the reverse-blocking I-V curves at diffcrent temperatures are
plotted for the 300V devices and 1200V devices, respectively.

The reverse leakage currents of the SiC Schottky devices are in sub-pA level for
most part of reverse blocking characteristics. It can be seen that, for both 300V and
1200V comparisens, the SiC Schottky diodes have lower lezkage current except when the
voltage incrcases to a level close to or exceeding the voltage rating. In practical
applications, devices are not normally stressed with such voltages. Both figures also show
that the leakage currents of the silicon P-i-N diodes are orders of magnitude higher than
their SiC counterparts at 200°C. The excessive amount of leakage current for the silicon
devices prevents them from being reliable at this high tempcrature.

Comparisons of forward and rcverse 1-V curves of SiC SBDs from different
manufacturers with similar voltage and current ratings show that differences are
insignificant. The small differences can be accounted for by different manufacturing
process and die sizes.

4.4 Dynamic characteristics comparison of commercial SiC and Si diodes

Dynamic characteristics of the diode are important for power electronics applications that
require high frequency switching such as switch mode power supply, power factor
correction, power inverter for induction heating and some motor drives. Low switching
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energies (Ep i, Es o and Bg o7 in equation 20} are the key for high frequency switching
which will enable a small system size and high efficiency.

Typical building block of a power
electronics system is shown in figure 22. V
This circuit is also known as the ‘clamped DC
inductive load switching circuit’.

When the switch tuns on, the load  Djode I
current diverts from the diode (normally LOAD
named a freewhecling diode) to the switch.
During the transient of switch turning on,
the diode changes from forward conduction
to the reverse blocking status. Reverse
recovery time of the diode is the most
important parameter for this transition since —
it determines the peak currents of diode and I"‘ Switch
switch as well as the amount of losses incur -
on these two devices during this transition
(Ep i, Eg_on in equation 20) [151].

Reverse recovery transients of the
following three SiC diodes were evaluated = o .
at 25°C, 75°C and 150°C: UPSC200 (200v, %22 Iypica! building block ofa power electionics
IA from Microsemi), SDTOGSﬁO (GOOV, ¥5Leml comprises @ switch, a ree-wheeling drode.
6A from Infinecn) and CSD10120 (1200V, 5A from Cree) [150].

The reverse recovery current waveforms arc shown figures 23, 24 and 26. To leave
some margin for salety, the DC voltage used in for these groups of measurements are
126V, 400V and 1000V, respectively.

In figure 23, the silicon device used is a 150V, 5A Schottky diodc and both devices
are tested at 1A forward current, Tt is clear that both reverse recovery time and peak
current for the Si diode increascs considerably with incrcasing temperature. On the other
hand, reverse recovery time and peak current of the SiC Schottky diode showed no
noticeable change as the temperature was increased from 25C to 150C, as seen by the
reverse recovery curves lying on top of each other. Also, the reversc recovery current of
the SiC Schottky diode is considerably lower than that of the Si Schottky diode.

The silicon diode used in to compare with SDTG6860 was DSEIS-06A (600V, 8A)
from IXYS. Both devices were tested at 400V and 3A. It can be seen that the peak reverse
recovery current of this silicon device increases from 4A at room temperature to over 8A
at 150°C. It reverse recovery time also incrcasc substantially. The reversc rccovery
current waveforms of the SiC SBD remain almost unchanged for the different
temperatures with a peak reverse current well below 2A. Similar comparison can be scen
in figure 25 where the 1200V SIC diode was compared to a 1200V ultra-fast silicon diode
{DSEP30-12A from IXYS).
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Fig. 23 Reverse recovery current waveforms at 25°C, 75°C and 150°C for the R 10CTQUA0 (150V/5A) Si
Schottky diode and the Microsemi UPSC200 (200V/1 A) $iC Schottky diode with Vi..=126V. Direction of the
arrow indicates the increase of temperature.
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Fig. 24 Reverse recovery current waveforms at 25°C, 73°C and 150°C for Infineon SDTO6S6{ (000V/GA) SiC
Schottky diode and the IXYS DSEI 8-06A (600V/8A) ulra fast Si diode with Vpc=400V. Direction of the
arrow indicates the increase of temperature.
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Fig. 25 Reverse recovery cwirent waveforms at 25°C, 75°C and 150°C for Cree CSD10120 (1200V/5A} SiC
Schottky diode and the IXYS SEP30-12A (1200V/30A) ulira-fast silicon diode with Vpc=1000V. Direction
of the arrow indicates the increase of temperature.
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Fig. 26 Tum-on wavelorms of a clamped inductive load circuit, comparing a 3iC SBD with a commereial
silicon P-i-N (RHRGG() diode. From top 10 bottom, power, voltage and current wavelorms of the switch [145).

It is noticeable that for SiC SBDs with these three blocking voltage, the reverse
recovery current wavceforms do not increase with increasing temperature. Similar findings
have been reported in [145, 149, 152, 153]. This is due to the fact that as a unipolar, the
reverse recovery currcnts arc mainly caused by internal device junction capacitance and,
to a certain extend, some packaging capacitances. In contrast, there is a substantial
increase of reverse recovery time and peak current at higher temperature in the silicon
devices. This can be explained by the incrcascd minerity carrier injection and hence
storage charge at higher temperatures. The storage charge of a silicon power diede also
increases with device voltage rating because of a thicker charge storage layer. This can be
used to explain the difference between the SiC SBD and silicon diode is also found to be
dramatic for devices with higher voltage rating.

The drastically reduced reverse recovery current and charge virtually efiminated the
dynamic losses of the diode. In addition, the close-to-zero recovery time of the SiC SBDs
can also reduce the turn-on energy (Es o in equation 20} of the corresponding switch
substantially. Because the turn-on energy of the switch is typically larger than the
dynamic loss of the diodc itsclf, more loss reduction can actually be obtained on the
switch than on the diode itself. Figure 26 shows the voltage, cuirent and power
waveforms of such a switch during turn-on with a SiC SBD and a normal silicon power
diode. The SiC device used was a 1200V, 6A Schottky diede. Tt is evident that the fast
speed of the SiC diode resulted in significant reduction in turn-on energy. It was reported
that the turn-on energy of the switch can be reduced by a factor 2-6 [145, 149].

Many high frequency power clectronics circuit uses power MOSFETS as the switch.
In these circuits, when silicon P-i-N diodes are used, switching speed is typically limited
by that of thc diodes. By replacing the bipolar silicon P-i-N diode with a unipolar SiC
diode, the whole power electronics comprises of only unipolar semiconductor devices and
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the switching speed can bo substantially increased. Power factor correction circuit nsing a
combination of SiC Schottky diode and superior 600V CoclMOS has been reported to
opetate at close 400kHz without significant amount of switching losses [154], as shown
in figure 27, From the figure, it is reasonable to project that such combination can switch
at frequencies above 1MHz. SiC

SBDs as the zero-recovery diode
will have grcat impacts on high 9
- — T,

frequency  power  electronics £ e
applications. ) L

The unique high temperature  § » o =Bt
capability of the SiC diode also é‘ $PP2ONEOCZ
offers potential 'applic_ation _for w o | [~ dote
power clectronics  in high 2% 300V 5i diodes in serial
temperature environments. - L “adva fosd S diode .

However,. becausej of the'lack of 50 100 150 200 250 300 350 400
commercially available SiC three )
terminal  switches, the high Switching frequency [kHz]

tempcrature  capability of the Fig. 27 Efficiency compatison of a power factor correction circuit
commercial SiC diodes has so far with a 600V MOSFET and SiC diode or silicon diodes. With
superior unipolar switch and SiC diode, the switching losses arc
kept low and efficiency rtemains almost unchanged for
frequencics up to 400kHz. [154]

not been fully taken advantage of.
5. Other Application of SiC SBD

In addition to their application in high frequency power electronics applications, SiC
Schottky barrier diode structure can also be used in other applications such as gas sensors,
microwave circuits and UV detcctors. [n this scction, these applications of SiC SBDs will
be briefly introduced.

5.1 SiC SBD as gas sensor

Increasing regulations on the release of gases or other chemicals into the environment
have led to the increased attention on development of advanced sensors. There is a strong
interest in SiC-based gas sensors for applications including fuel leak detection in
automobiles and aircraft, fire detectors, cxhaust diagnosis and emissions from industrial
processcs. Because of its wide bandgap, SiC is capable of operating and remain stable at
much higher temperatures than many of the conventional semicenductors such as Si.
Simplc Schottky diode or field-effect transistor structures fabricated in SiC are sensitive
to a number of gases, including hydrogen, hydrocarbons and oxygen [155-168]. Gus
sensitive SiC SBDs with palladium gates were reported in 1992 [169]. Operation of SiC
SBDs as a gas sensor has been reported at above 550°C.,

Hydrogen atems can be dissociated from hydrogen molecules and diffuse through
the thin metal layer and form a polarized layer on the metal-semiconductor interface. This
polarized layer changes the barrier height of the Schottky contact and shifts the I-V curve
of the diode, typically toward lower voltage. A typical response in the I-V curve to the
ambient gas is shown in figurc 28. A significant shift in the I-V curve can be seen, which
can be easily detected by an electronics cireuit. Such SiC SBD gas scnsors can also be
used to sensc carbon monoxide {CO). The response time of the sensor is in the order of
milliseconds [157].
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One  additional  attractive
attribute of SiC is the fact thut gas
sensors based on this material could
be integrated with high temperature
electronic devices on the same chip.

5.2 SiC SBD
applications

in  microwave

The application of SiC SBD in
microwave are mainly related to
those requirc high voltage or high
power, for example in limiters and
high level mixers. There have been
some limited works reported for such
applications of 8iC SBDs [170-173].
The cut-off frequency of the
SiC SBD used as & varistor in a
mixer circuit can be defined as:

1
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Fig. 28 Typical -V curve for a Schottky diode at 530°C.
The sensor response 15 indicated by an arrow. Composition
of the device: Pt (150 nm); TaSix (15 nm); 6H SiC. [157]

3y

where Cy is the junction capacitance at zero bias and Rg is the series resistance of the
device. The cut-off frequency is regarded as the figure-of-merit for such applications. For
similar reasons as have becn mentioned in cguation 12 of section 3, when a relatively
high voltage is needed, SiC SBDs can offer significant advantage over conventional

materials such as Si and GaAs.

A theoretical calculation based on physical parameters of 4H-SiC gave an
optimization curve set for circle-shaped 411-8iC SBDs, as shown in figure 29.
The first SiC SBD mixer was published in [170] on a 0.4um, 4e17cm” doped 4H-
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Fig. 29 Cut-off frequency versus drift layer doping of a circular 4H-SiC SBD diode for microwave mixer
application. Resulls for different radius are plotted. [173]
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SiC. The device uses AwTi as Schottky contact metal and has an area of 40*40um’. The
same group reported a similar SiC SBD on a 0.38um, 2.8el Fem™ drift layer, a 0.5um,
8el8cm” buffer and a 340pum, 1.1c19cm™ substrate [173]. Limited by large chmic contact
resistance and designed for relatively low frequency application, these fabricatcd diodes
has the lowest conversion loss of 5.2dB at a frequency of 800MHz.

5.3 SiC SBD as UY detector

SiC SBDs have also been used as detectors for radiations such as UV light [174-177],
neutrons [178] and others [179-183].

The accurate measurcment of UV radiation exposure has become increasingly
important as a result of increasing environmental pollution. The main problem with UV
silicon detectors occurs as a result of the supplementary radiation filtering required in
order to eliminate the visible and infra-red part of the light, which blinds the detector. The
3.3eV bandgap of 4H-SiC means & SiC detector respond to light only in the 210-380nm
UV range. The longer wavelength from visible and infra-red radiation can not bridge the
wide bandgap, and hence the SiC detector is insensitive to these wavelengths and
conscquently does not necessitate supplementary radiation filtering. This is a great
advantage in detecting UV in the presence of the substantial visiblc and infra-red
background which generally is the case. Furthermore, as a wide bandgap material, SBDs
made on SiC can have extremely low leakage current, substantially enhancing the
sensitivity of the device.

Silicon Carbide UV detectors were fabricated on Schottky barrier structurcs by
depositing a semitransparent (75A) layer of Pt on top of a 3.7um N- 4H-SiC epi layer
{3cl4~3e15¢m-3) [177]. Schottky photodiodes with the device area of 0.25mmx0.50 mm,
2mmx2mm, Smmx3mm, and lemxlem were fabricated. The photediodes demonstrated
cxtremely low leakage current. The leakage current of a Smmx5mm device is less than
1.2¢-14A at a voltage bias of -1V. The quantum efficiency of the SiC Schettky
photodiodes is shown in figure 30 for the spectra between 200nm and 400nm. Unlike
GaN, 41-SiC is indirect semiconductor, and does not have a sharp cutoff cdge at the band
edge. The absorption cocfficient increases slowly from 385 nm as the wavelength
dcereases. As a result, the quantum efficiency of 4H-SiC Shcottky diedes increases
gradually from less than 0.1% at 380 nm to 37% at 300 nm. The maximum quantum
efficiency is around 37% and nearly constant from 240 to 300 nm.

The sensitivity of the SiC SBD UV detector was also evaluated. For a detector at
zero hias, the noise of the detector is dominated by the Johnson noise. D* is onc of the
mast frequently used figure of merits to evaluate the sensitivity of photodetectors and is

defined as [177]
142
f.=91] Rd
“ hv|4k,T

when the Johnsen noise dominates, where is the quantum cfficicncy, # is the Planck
constant, v is the radiation frequency, R, is the dynamic resistance at zero bias, and A is
the detector area.

The of 4H-SiC Schottky photodiodes is calculated based on the directly measured
results of our 5 mm $ mm photediodes and compared with other common photo dctectors
in figure 31. The maximum sensitivity of 4H-SiC Schottky is 3.6x10'°emHz"/W at
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300nm and the scnsitivity is above 10" emHz"*/W from 210 to 350nm. This sensitivity is
two orders of magnitude higher than that of Si photediodes and three orders of magnitude
higher than the of Si CCD.

Sensitivity of the SiC SBD is limited by many different types of defects on the
surface of the material [184] that will cause inhomogenecous barrier height across the
device. The effective SBH of the device fabricated is expected to be significantly lower
than the theoretical value of 2.0eV for P/4H-SIiC. Thereforc, as the defect density
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Fig. 30 Photo response spectra in  quanium Smm*Smm photediodes and some common delectors.

efficiency of Py4H-SiC Schottky photodiodes [177]  The 300K blackbody radiation limited D, 300K BLIP
limmit, is also insct as a reference [177].

decreases and material quality improves, the leakage current of the SBD can be further
reduced and the sensitivity further improved.

More details on the application of SiC SBDs as detector for other particles such as
necutrons [178] and others [179-183] can be found in the literaturc.

5. Summary and Future Challenges
5.1 Summary

In summary, basic physics of metal to SiC Schottky contact that determines the Schottky
barrier height (SBH} and the carrier transport mechanisms have been explaincd. Barrier
height of a SiC Schottky contact is dependent on factors such as metallization cheice, SiC
poly-type, face polarity, surface treatrnent, post deposition annealing and SiC material
doping. With increasing metal workfunction, the SBH of an n-type contact increases
while that of a p-type contact decreases. The rate of change in SBH with metal
workfunction (interface slope parameter, S) is found to be value between O and 1,
depending on the density of interface states. Different interface state density could result
from different surface treatments and conditions. Unpinning of the SiC Fermi level by a
drastic reduction in interface state density has been reported with special surface
treatment techniques. The interface slope parameters are also found to be dependent on
the SiC poly-type with 0.6 for 6H-8IC -type and 0.9 for 4H-SiC n-type contacts. Overall,
a range of 0.3eV to 2.0eV has been obtained for SiIC n-type SBH. Although less
investigation on p-type SiC Schottky contact has taken place because of its less practical
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usefulness resulted from the lower mobility of holes in SiC, studies have reported p-type
SBH between 1.3¢V to 2.0eV.

Because of its wider bandgap, contacts on the 4H poly-typc has shown a SBH
0.2~0.4cV higher than that of those on 6H poly-type. For both 6H and 4H paly-types,
Schottky contacts on carbon-terminating SiC materials have shown higher barrier heights
than thosc on silicon-terminating SiC materials. Since metal-semiconductor interface
chemistry is critical for a SiC Schottky contact, pre-deposition SiC surface trcatment,
metal deposition conditions and post-depoesition annealing conditions have all found to
influence the resultant SBH significantly. For instance, the Pt-SiC SBH can increase
significantly with post-deposition annealing because of the formation of silicide. The
substrate temperature during metal deposition has also been reported to affect the
resultant SBH because of different chemical reactions taking place.

The SBH of a SiC Schottky contact has also been found to dccrcasc as the
semiconductor doping increases above 3cl7em™ level. The reduction can be explained by
the combincd effects of image force lowering and charge distribution acress the contact
interface. At temperatures ahove room temperature, SBH of n-type SiC Schottky contact
has becn reported to decrease with increasing temperature while the p-type SBH shows an
increase. The SBH sensitivity to tempcraturc was linked to the electronegativity of the
metal used. The sensitivity was found to be low for metals with a low electronegativity.

Extensive efforts in the development of SiC Schottky barrier diodes for high power
application in the last ten years or so have resulted in substantial improvements in both
the voltage and current capability of this device. While most studies have been done on
6H-SiC beforc 1995, the cfforts have been largely shifted to 4H-SiC after 1995 when high
quality 4H-SiC material became widely available. 4H-SiC SBDs with a brcakdown
voltage of 10.8kV was reported with a specific on-resistance of 187Qcem” [2] and single
dies with an area of lcmz, able to handle >200A, have been fabricated with low leakage
current. In achieving a good voltage blocking capability, various edge-termination
techniques have been used. Techniques such as floating mctal rings, P* region rings, p-epi
guard rings, inert gas implantation and metal field-plating have been proven to be
effective at low to medium voltage ranges (<2000V). Muti-step junction termination
extension (MJTE) technique was demonstrated to be effective at voltages above 10kV.

A higher SBH will give lower diode reverse leakage while sucrificing forward
conduction voltage. The reverse leakage current of a SiC SBD has however been reported
to be significantly higher than predicted by single-barricr thermionic emission theory.
Material inhomogeneous has been suggested as possible causes. The leakage current also
increases quickly with increasing reverse bias voltage duc to the effects of electric field
induced barrier lowering and tunneling. Te reduce the electric field at the Schottky
contact area and hence the diode reverse leakage current, many structures utilizing the
clectric field shielding effect of high-barrier-junction deplction regions have been
proposcd. These inciude JBS, MPS, DMTS, DMP, TMBS and LMDS. With diffcrent
processes and approaches, these variants aimed at the achieving a low leakage current
with the samc cleetric field shielding principle. Leakage currents orders-of-magnitude
lower than the corresponding SBDs were reported with minor sacrifice on the forward
conduction voeltage. JBS diodes with large current carrying capability were succcssfully
used in power electronics applications [SiC motor drive paper, Zhao].

The developments of SiC 8BDs have enabled successful their commercialization for
power ¢lectronics market, More than five manufactures have alrcady offered SiC SBDs
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with different voltage and current ranges. SiC SBDs are now commercially available with
voltage up to 12060V and current up to 20A.

Comparisons on the performances of these 5iC SBDs were made to existing silicon
parts with comparable ratings. While the 8iC SBDs do show higher forward conduction
voltages than their silicon counterparts at the 300V rating, their forward voltage become
comparable to that of the silicon device for the 1200V class. The SiC SBDs are found 1o
offer significant advantages in all other aspects of the required performunces. SiC SBDs
have clear positive temperaturc coefficient on their forward voltage drop, enabling easy
and reliable paraliel connection of multiple chips for higher current application. They also
demonstrated orders of magnitude lower lcakage current, especially at temperatures
higher than 150°C. This shaws clearly their capability of operation at a temperature well
above 150°C, which is widely expected due to the wide bandgap nature of the material.

The greatest advantage of SiC SBDs in a power electronics application is its close-
to-ideal dynamic performance. During the crucial reverse recovery transient when the
dicde changes from a forward conduction modc to a rcverse blocking mode, it
demonstrated virtually zero recovery time, which remains unchanged over the full range
of operating temperatures. This is mainly due to that fact that SiC SBD is a unipolar
device without minority carrier injection and hence free of storage charge. The only
charge involved in the recovery transient is the junction depletion charge which has been
found to be more than one crder of magnitude lower than the recovery charge of a similar
silicon device. Thc advantage is cspecially drastic for devices with higher blocking
voltage and/or at higher tcmperaturcs. This represents a breakthrough in powcer
electronics device development and solves a major boftleneck in high frequency power
electronics application where the speed of the diode seriously limits the whole circuit
performance. Applications of the commercial SiC SBDs in high frequency switch mode
power supplics, power factor corrections and some motor drive applications have been
reported. Combined with the best availabie power MOSFETS, hard-swiiching frequencies
up to 400kHz have bee demonstrated and a frequency of above TMHz can be easily
expected. This is substantially higher than the typical 100kHz frequency used for devices
at this high voltage level (=600V).

In addition to their application in power electronies systems, SiC SBDs can also be
used in other applications such as gas sensing, microwave applications and ultra-violet
light detection. Their wide bandgap and exceptional stability at temperatures as high as
500°C give 8iC SBDs their unique advantages for these applications.

5.2 Future trends and challenges in SiC SBD development

The development of SiC SBDs has been cxciting in the last a fow years with devices able
to handle >10kV or >100A being reported by research labs, Commercially available SiC
SBDs have already demonstrated exceptional performance advantage over cxisting silicon
fagt-recovery diodes for high end power electronics applications, Commercial devices are
currently limited to 1.2kV and 204 in their ratings.

It is expected that SiC SBDs with higher voltage and current handling capabilitics
will continue to be pursued by both research labs and commercial companies.
Commercial deviecs capable of handling up to 3-5kV will be able to provide significant
system advantage for relatively high power electronics applications.

In order to achieve SiC SBDs with 3-5kV brcakdown voltage for commercial
production, one of the challenges ahead is a reliable edge termination technique that gives
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high reproducibility, high vield, simple fabrication procedure and low leakage current.
While various termination techniques have been used to obtain a high blocking voltage,
as mentioned in previous sections, most of those involves an ion implantation step which
generally results in increased leakage and reduced reliability. Issucs associated with ion
implantation caused crystal damages will need to be address or an implantation-free
methed will be needed for a termination technique that will satisfy criteria mentioned
above. In addition, an appropriate passivation process for the edge termination region is
also critical in achieving a high-voltage-blocking device with a reliable and low leakage
current.

Another important challenge for continuous development of SiC SBDs will be the
SiC wafer substrate and epitaxial quality, which is also the basis for continucus and
success devetopment of all SiC devices. While great improvements have been obtained in
recent yecars on SiC substrate wafer and epitaxial layer quality, ultra-high quality SiC
wafers with lower defect densities and larger sizes are needed. A breakthrough in ultra-
high quality SiC substrate growth has been recently reported [185] by using a repeated a-
face (RAF) growth process, demonstrating 27 8iC substrates with zero micro-pipc density
and an etch pit density two to three orders of magnitude lower than the best existing
materials available. This is an important development in single crystalline SiC matcrial
growth, Extending this method to wafers with larger diameter (3", 4" and beyond) will
promise an cncouraging futurc in future SiC device development.

While SiC SBDs have been able to successful compete with existing Si devices in
high end power cleetronics applications such as server and telecom power supplies,
significantly higher product cost have been the major obstacle that has so far prevented
their penetration into the mass consumer market (e.g., PC power supplies}. The SiC
device cost is mainly dominated by the orders-of-magnitude higher base material cost
when compared to silicon. Per-device cost can be reduced by reducing the wafer cost as
well as mereasing wafer diameter. Currently, commercial SiC substrates are available
with 3" diameter which gives significant cost advantage over the widely-used 2" wafers.
This results from both the increased device yield and more alternatives in proccssing
equipment when compared to 27 wafers. Many relatively modern and automated 47
production facilitics used for silicon device can be modified for the 3" SiC wafers, giving
high reproducibility, low fabrication defect density and better device reliability. Goed
device yield and performance uniformity have been reported [186]. With larger SiC
wafers, devices with higher current capability can also bc fabricated with better yield.
Power modules capable of handling hundreds of amps with SiC SBDs will be expected in
the reascnably near future.

A uniquc market for SiC SBDs is the high temperature electronics market because
of their capability of reliable operation at high voltage and high temperature. While there
the SiC SBDs are able to handle well beyond 200°C, the development in realizing the
potential of these devices for high temperature (>200"C) application has been limit by
available packaging approachcs. Commercially available SiC SBDs are therefore
currently only rated for 175°C. Identifying a viable packaging technology that can remain
reliable at temperature well above 200°C beecomes the main challenge in applying SiC
SBDs for high temperature high power applications.

References

39



10.

11.

12.

13.

14.

15.

20.

21,

22,

23,

24,

25,

5.¥. Wu and R.B. Campbell, *Au-SiC Schottky Barrier Diodes’, Solid-State Electronics, 1994,
pp. 683-687

L.H. Zhao, , P. Alexandrov, , X. Li, , “Demonstration of the {irst 10-kV 4H-SiC Schottky
barrier diodes™ Electron Device Letters, IEEE, 2003, pp. 402-404

SiCLADB MPS paper

Z.C. Feng and J.H. Zhao, Silicon Carbide, Materials, Processing and Devices, pp. 205, 2004
S.M. Sze, ‘Physics of Semiconductor Devices’, 2™ edition, 1999

G. H. Glover “Charge multiplication in Au-5iC {6H) Schottky junctions.” Journal of Applicd
Physics, 1975, pp.4842-4844.

Q. Zhang, V. Madangarli, M. Tarplee, T 5. Sudarshan, “Comparison of current-voltage
characieristics of n- and p- Type 6H-5iC Schottky diodes” JI. Electr. Mat., 2001. pp. 196-201
H. J.Na,J. K. Jeong, M. Y. Um, B. 8. Kim, C. 8. Hwang, H. J. Kim. “Effect of annealing on
clectrical properties of Pt/beta-SiC contact” Solid-State Electronics, 2001, pp. 1565-1570

H.S. Kong, JT. Glass, RF. Davis. “Chemical vapor deposition and characterization of 6H-51C
thin films on olf-axis 6H-5iC substrates.” Joumnal of Applied Physics, 1988, pp.2672-2679
Z.Liu, 8. Wang, F. Yu, Y. Zhang, H. Zhao, “Ti Schottky bamrier diodes on n-type 6H-SiC”
Proc. 6" Int. Conf. Solid-State and Integrated-Circuil Technology, 2001, pp. 1183 — 1186

F. Yoshihisa, §. Mitsuhiro, F. Katsuki, 5. Akira, N, Shigeo “Schottky diode characteristics of
CVD grown bela-SiC single crystals on Si substrates™ Sharp Tech. Journal. 1989 pp. 33-36

K, Das, H.S. Kong, I.B Pett, I.W. Bumgarner, Matus.L.G and Davis.R.F “Deep-Level
Dominated Electrical Characleristics ol Au Conlacts on Beta-SiC” Material Research Society,
vol 162, 1990, pp. 489-495.

Q. Wahab, M. Karlstecn, M. Willander, J - E. Sundgren. *Au Schotiky barrier diodes on beta -
SiC thin films deposited on silicon substrates by reactive magneiron sputtering technique™ J.
Electr. Mat. 1991 pp. 899-901

I. R. Waldrop, R. W. Gramt, ¥. C. Wang, R. F. Davis.. “ Metal Schotiky barrier conlacis to
aplpha 6H-SiC”, Journal of Applied Physics, Vol. 72 [ssue 10, pd757-4760, Nov. 1992,

M. Bhatnagar, H. Nakanishi, P.K. Mclarty, B.I. Baliga, B. Pamaik, N. Parikh, “Comparison of
Ti and Pt silicon carbide Schottky rectifiers”, Int. Tech. Dig. Electr. Dev. Meet, 1992, 786

C. Frojdh, and €. 8. Petersson, “Comment on “Temperature dependence of the barrier height
of metal-semiconductor contacts on 6H-SiC"” J. Appl. Phys, 1996, pp. 6570-6571

M. Mamor, JL. Perrossier, V. Aubry-Fortuna, , F. D. MeycrBouchier, 8. Bodnar, J L. Regolini,
“Fermi-level pinning in Schottky diodes on 1V-1V semiconductors: effect of Ge and C
incorporation” Thin Solid Films. 1997. pp. 141-144

. L. Magafas, N. Georgoulas, A. Thanailakis, “Influcnce of metal work function on cleetrical

propertics of metal/a-SiC:H Schottky diodes™ Microelectronies. 1997, pp. 107-114

A. L. Syrkin,. J. M. Bluet, G. Bastide, T. Bretagnon, A. A. Lebedev, M. G. Rastegaeva, N 8.
Savkina, v. Chelnokov, “Surface harrier height in metal-SiC structres of 6H, 4H and 3C
polytypes” Mat. Sci. & Eng. B-Solid State Mal. Adv. Tech. 1997, pp. 236-239

Anatoly, Strel'chuk, M. Rastegaeva, Marina G. “Characlerization Schottky barriers occurring
at the metal-6H-8iC contact based on results of studies of current-voltage characteristics” Mal.
Sci. & Eng. B-Solid State Mat. Adv. Tech. 1997, pp. 379-382

M G. Rastegaeva, A N. Andreev, A A. Petrov, A [ Babanin, M A Yagovkina,. 1 P. Nikitina,
“Influence of temperature treatment on the formation of Ni-based Schottky diodes and chmic
contacts to n-6H-8iC” Mat. Sci. & Eng. B-Solid State Mat. Adv. Tech. 1997, pp. 254-258

S. Hara, T. Teraji, H. Okushi, K. Kajimura, “Control of Schottky and ohmic interfaces by
unpinning Fermi level” Applied Surface Science. vol 117-118 June 2 1997, pp. 394-399

A. Ttoh, H. Matsunami,. “Analysis of Schottky barrier heights of metal/SiC contacts and its
possible application to high-voltage rectifying devices™ Physica Status Solidi A-Applhied
Research, 1997 pp. 389-408

T. Teraji, 8. Hara, H. Okushi, K. Kajimura, “Ideal Ohmic coniaci o n-iype 6H-SiC by
reduction of Schottky batrier height” Appl. Phys. Lett. 1997, pp. 689-601

R. Raglunathan, B J. Baliga, “High voltage Schottky barrier diodes on p-type 4H and 6H-5iC”
Materials Science Forum. vol 264-268 npt1 2 1998. pp. 933-936

40



20.

27.

28.

29,

30.

31

32

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

V. Saxena, A. J. Steckl, “High voltage 4H SiC rectifiers using P1 and Ni metallization™
Materials Science Forum. v 264-268 npt 2 1998, pp. 937-940

L. A. Kosyachenka, V. M. Sklyarchuk, Ye. F. Sklyarchuk, “Electrical and photoelectric
properlies of Au-$iC Schottky barricr diodes.” Solid-State Electronies. 1998, pp. 145-151.

G. Constantinidis, J. Kuzmic, K. Michelakis, K. Tsagaraki, “Schottky comlacis on CF4/H2
rcactive ion etched beta —SIC™ Solid-State Electronics. 1998, pp. 253-2506

N.A. Suvorova, . A.V. Shchukarev, , LO. Usov, A.V. Suvorov, , “XPS swudy of dependence of
Aw6H-5iC Schottky barrier height on carrier concentration” Semiconducting and Insulating
Materials, 1998. Proceedings of the 10th Conference on, 1998 pp. 291 - 294

A. Kakanakova-Georgmeva, Ts. Marinova, O. Noblanc, C. Amode, 5. Cassette, C. Brylinski,
“Characterization of ohmic and Schottky centacts on SiC” Thin Solid Films. 1999. 637

G. Constantinidis, B. Pecz, K. Tsagaraki, M. Kayambaki, K. Michelakis, “Tmprovements in Pt
based Scholiky contacts to 3C-SiC" Mat. Sci. & Eng. B-Solid State Mat, Adv. Tech. 1999. 406
Kang, S C. Kum, B H. Do, § J. Je, J H. Shin, M W. “Anncaling effects of schottky contacts on
the characteristics of 4H-5iC schottky barmier diodes™ Mat. Res. Soc. Symp. Proc. 1999. 141

§. Basuy,, S. Roy, , R. Laha,, C. Jacob, , 8. Nishino, , “Schottky behaviour of Pd//spl beta/-SiC
junctions™ Optoclectr. Microelectro. Mat. and Dev, 2000. Proceedings. 2000 pp. 328 — 331

D. J. Morrison, A. J. Pidduck, V. Moore, pp. J. Wilding, K P. Hilton, M J. C M. Uren, Johnson,
N G. Wright, A G. O'Neill, “Surface preparation for Schoulky metal - 4H-SiC contacts formed
on plasma-ctched SiC” Semiconductor Science & Technology. 2000. pp. 1107-1114

S-K. Lee, C-M Zctterling, M. Ostling “Scholtky barrier height dependence on the metal work
function for p-type 4H-zilicon carbide.” TMS, IEEE. J. of Electr. Mat., 2001, pp.242-6
Defives, D. Durand, O. Wyczisk, F. Noblanc, O. Brylinski, C. Meyer, F. “Electrical behaviour
and microstructural analysis of metal Schotiky contacts on 4H-5iC” Microelectr. Eng., 2001,
369

Kamimura, Kiichi. Okada, Shinsuke. Ito, Hitoshi. Nakao, Masato. Onuma, Yoshiharu.
Characterization of Schottky contact on p-type 6H-8iC, Mat. Sei. Forum, 2000. pp.1227-1230
F. Roccaforte, La Via, F. Raineri, V. Musumeci, P. Calcagno, L. Condorclli, G G. “Highly
reproducible ideal SiC Schottky rectificrs: Effects of surface preparation and thermal anncaling
on the Ni/6H-SiC barrier height” Appl. Phys. A: Mat. Sci. & Proc. 20:03. 827

Han, Sang Youn. Lee, Jong-Lam. “Characteristics of Schottky contacis on n-type 4H-5iC
using IrQ 2 and RuO2" Journal of Applied Physics. vol 84 n 9 Nov 1 2003. pp. 6159-6166

F. La Via, F. Roccaforte, V. Raineri, M. Mauceri, A. Ruggiero, P. Musumeci, L. Calcagno, A.
Castaldini, A. Cavallini, “Schottky-ohmic transition m nickel silicide/SiC-4H system: Is it
rcally a solved problem?” Microelectr. Eng. 2003, pp. 519-523

Kim, Jihyun. Ren, F. Baca, A G. Chung, G Y. Pcarton, 5 J. “Thermal stabilily of WSiX
Schottky contacts on n-type 4H-51C” Solid-Staie Electr. 2004, pp. 175-178

A. Venter, M E. Samiji, A W R. Leitch, “Formation of surface stales during Schottky barrier
fabrication on Al-doped p-type 6H-SiC” Diamond & Related Materials. 2004

[ich. T. Kimoto. and H. Matsunami, "Excellent Reverse Blocking Characteristics of High-
Voltage 4H-SiC Schottky Rectifiers with Boron-Implanted Edge Termination," IEEE Electron
Device Letters, 1996, pp. 139-141

Bakowski M, Gustafsson U, Lindefelt U. Simulation of $iC high power devices. Phys Status
Solidi 1997;A162:421-40.

5. Yoshida, K. Sasaki, E. Sakuma, 5. Misawa, §. Gonda “Schottky barrier diodes on 3C-5iC."
Applied Physics Letters, vol .46, no.8, 15 April 1985, pp.766-768. USA.

E. [oannou. Dimitris, Papanicolacu. A Nick, Nordguist.E.Paul.Jr “The Effect of Heat
Treatment on Au Schottky Contacts on Beta-S5iC” IEEE Trans. Electron Devices, vol 34, No. &,
August 1987, pp. 1094-1695.

N. A. Papanicolaou, A Christou, M. L. Gipe, “Pt and PtSix Schottlcy contacts on n-type Bela-
SiC" Journal of Applied Physics, Vol. 65 Issue 9, pp. 3526-3530 May. 1989

J.R. Waldrop and R.W. Grant, “Schottky barrier height and inlerface chemistry of annealed
metal contacts to alpha 6H-51C: Crystal face dependence”, Appl. Phys. Lett. 2685, 1993,

41



49.

50.

51

52.

33

54.

35

56.

57.

58.

59.

60.

61.

62.

03

od.
65,

66.

67.

68,

69,

71.

72.

Okuojic, R.8, A.A Ned, , AD. Kurtz, , WN. Carr, , “Electrical characterizalion of annealed
T#/TiN/Pt contacts on N-type 6H-8iC cpilayer” [EEE Trans. Electr. Dev, 1999 pp. 269 — 274
Li Binghui, Gao Lihui and Zhao Jian. H “Evaluation of damage induced by inductively
coupled plasma etching of 6H-SiC using Au Schoutky barrier diodes™ Appl. Phys. Lett.,, 1998,
pp. 053-655.

G. Brezeanu, , M. Badila, , I. Millan, , Ph. Godignon, , M.L. Locarelli, , I.P. Chante, , A.
Lebedev, , G. Dilimot, , I. Enache, , G. Bica, , V. Banu, , ¥ A nearly ideal 5iC Schottky barrier
device edge termination” International Semiconducior Conference, 1999, pp. 183 - 186

M. Bhatnagar, P.K. McLarty, B.J. Baliga, “Silicon-carbide high-voltage (400 V) Schottlky
barrier diodes™ Electron Dievice Letters, IEEE, Vol . 13, Issue: 18, Oct. 1992, pp. 501 - 503
Nakamura, Tomonori. Satoh, Masataka. “Schottky barrier height of a ncw ohmic contact NiSi2
to n-type 6H-51C” Solid-State Electronics. vol 46 n 12 December 2002, pp 2063-2067

K.P. Schoen, , J.M. Woodall, , .A. Cooper, , M.R. Melloch, , “Design considerations and
experimental analysis of high-voltage SiC Schottky barricr rectificrs” Electron Devices, [EEE
Trans., 1998 pp. 1595 — 1604

L. Kassamakova, A. Kakanakova-Georgicva, R. Kakanakov, Ts. Marinova, 1. Kassamakov, Tz.
Dijambova, O, Noblanc, C. Arnodo, $. Cassette, C. Brylinski, “Thermostable Ti/ AwPtTi
Schottky conlacls to n-type 4H-SiC” Semiconducter Science & Technology. 1998, 1023
Zimmermann, Uwe. Hallen, Anders. Breitholiz, Bo. “Current voltage characteristics of high-
voltage 4H silicon carbide diodes™ Materials Science Forum. vol 338, 2000. pp. 1323-1326
S.-K. Leg, C.-M. Zetterling, M. Osiling, *Schottky diode formation and characterization of
titaniwn tungsten to n-and p-type 4H silicon carbide.” J. Appl. Phys. 87(11}, 8039 {2000}.
Hatayama, Tomoaki. Kawahito, Kazuaki. Kijima, Hiroshi. Uracka, Yukiharu. Fuyuki, Takashi.
“Electrical properties and interface reaction of annealed Cu/4H-SiC Schottky rectificrs™
Materials Scicnce Forum. vol 389-393 n 2 2002, pp. 925-928

F. Nava, P. Vanni, C. Lanzicri, C. Canali, “Epitaxial silicon carbide charge particle deiectors”
Nuclear Instruments & Methods in Physics Research, 1999, pp. 354-358

T. Kimoto, Q. Wahab, A. Ellison, U. Forsberg, M. Tuoninen, R, Yakimova, A. Henry, E.
Janzen, “High-voltagce { greater than 2.5 kV) 4H-5iC Schottky rectifiers processed on hot-wall
CVD and high-temperature CVD layers” Materials Science Forum. 1998, pp. 921-924

Q. Wahab, T. Kimoto, A. Ellison, C. Hallin, M. Tuominen, R. Yakimova, A. Henry, 1.P.
Bergman, E. Janzen “A 3 kV Schottky bamier diede in 4H-8iC.” Appl. Phys. Lett, 1998, p.445
L. Kassamakova, A. Kakanakova-Georgicva, R. Kakanakov, Ts. Marinova, I. Kassamakov, T7.
Djambova, 0. Noblane, C. Arnodo. $. Cassette, C. Brylinski, “Thermostable Ti/AwWPtTi
Schottky contacts to n-type 4H-5iC” Semiconduclor Science & Technology. 1998. p 1025

V. S8axena, , Jian Nong Su, A.J Steckl, . “High-voltage Ni- and Pt-5iC Schottky diodes
atilizing metal field plate termination”, TEEE Trans. Electr. Dev. 1999 pp. 456 — 464

R.K. Chilukuri, , B.J. Baliga, , “High voltage Ni/4H-S8iC Schottky rectificrs” ISPSD'99, p. 161
A. Kestle, , 8.P. Wilks, P.R. Dunstan, , M. Pritchard, , P.A. Mawby, , “Improved Ni/SiC
Schottky diode [ormation™ Electronics Letters, Vol . 36, Issue: 3, 3 Feb. 2000 pp. 267 — 268
Q. Wahab, A. Ellison, J. Zhang, U. Forsberg, E. Durancva, A. Henry, L D. Madsen, E. Janzen,
“Designing, physical simulation and fabrication of high-vellage (3.85 kV) 4H-SiC Schottky
rectifiers processed on hot-wall and Chimney CVD films™ Mater. Sci. Forum. 2000. p. 1171
Kojima, Kazutoshi. Yoshikawa, Masahito. Ohshima, Takeshi. Itoh, Hisayoshi. Okada, Sohei.
Characterization of Au Schottky contacts on p-type 3C-5iC grown by low pressurc chemical
vapor deposilion Materials Science Foruny. v 338, 2000. pp.1239-1242

Q. Zhang, V. Madangarli, M. Tarplee, T 8. Sudarshan, “Comparison ol current-voltage
characteristics of n- and p- Type 6H-SiC Schottky dindes™ J. Electr. Mater. 2001. p. 196

K. Jarrendahl and R.F. Davis, SiC Materials and Devices ed. Y.5. Park, 1998, p. 14

C. Jacob, P. Pirouz, H.I. Kuo and M. Mechregany, Solid State Electromes, 1998, p.2328

A. ltoh, T. Kimoto, H. Matsunami. “Efficient power Schottky rectifiers of 4H-Si1C”, [SPSD*93,
pp. 101-106

Lundberg. Nils, Ostling, Mikael. Tagtstrom, Per. Jansson, UII. “Chemical vapor deposition of
tungsten Schottky diodes to 6H-SiC” I. Electrochemical Society. 1996, pp. 1662-1667

42



73

74.

75.

76.

77.

8.

79.

80,

81.

82.

83.

84.

85.

86.

87.

88,

89,

0.

a1.

92.

93.

%4,

95.

96.

M.W. Cole, P.C. Joshi, ‘Ohmic conlact to SiC, Silicon Carbidc Materials, Processing and
Devices, ed. Z. Fenp and J. Zhao, 2004, p. 212

Hoon Jeo Na. Jac Kycong Jeong. Myung Yoon Um. Bum Seck Kim. Chesl Scong Hwang.
Hyecong Joon Kim. “Ellect of annealing on electrical propertics of Pt/beta-SiC contaci” Solid-
State Electronics. 2001, pp. 1565-1570

Ip, K. Nigam, S. Baik, K H. Ren, F. Chung, G Y. Gila, B P, Pearton, $ J. “Stability of SiC
Schediky rectifiers to rapid therimal annealing™ J. Electrochemical Society. 2003, p G293

S.R. Smith, A.O. Evwaraye and W.C, Mitchel, ' Temperature dependence of the barrier height
of metal-scmiconductor contacts on 6H-51C", I. Appl. Phys., 1996, pp. 301-304

5.K. Lee, C.M. Zetterling and M. Ostling, ‘Schottky diode formation and characterization of
titanium tungsten 1o n- and p-type 4H silicon carbide’, J. Appl. Phys., 2000, pp. 8039-8044

S, R. Smith, A. Q. Evwaraye, W. C. Mitchel. “Reply to "Comment en ‘Temperature
dependence of the barrier height of metal-semiconducior contacts on 6H-3iC” J. Appl. Phys.,
1996, po572-6573

B.J. Baliga, Power Semiconductor Devices, Boston, PWS, 1996

I. H. Zhao, K. Xic, W. Buchwald, and J. Flemish, “Near 1000V Schottky diodes and ECR
plasma etching of 6H-5iC,” ICSCRM, Paper [1-61, 1993

T. Kimotlo, T. Urushidani, $. Kobayashi, H. Matsunami, “High-voltage (=1 kV) SiC Schottky
barricr diodes with low on-resistances” [EEE Electr. Dev. Lett., 1993 pp. 548 — 550

R. Raghunathan, D. Alok, B.J. Baliga, “High voltage 4H-8iC Schottky barricr diodes™ IEEE
Elcctr. Dev. Lett., 1995 pp. 226 227

A. Itoh, T. Kimoto, H. Matsunami, “High performance of high-voltage 4H-SiC Schoitky
barrier diodes™ TEEE Electr. Dev. Lett., 1995 pp. 280 — 282

C.E. Weltzel, , 1. W. Palmour, , C.H. Carter, Jr, K. Moore, K.K. Nordquist, , 8. Allen, C. Thero,
M. Bhatnagar, “Silicon carbide high-power devices™ IEEE Trans. Elecir. Dev. 1996 pp. 1732 —
1741

Zeiterling, Cari-Mikacl. Dahlquist, Fanny. Lundberg, Nils. Ostling, Mikacl. Rotmer, Kurt.
Ramberg, Lennart. “High voltage silicon carbide Junction Barrier Schottky rectifiers™ Proc.
IEEE Comell Cenf. Adv. Concepis High Speed Semiconductor Dev. and Circuits 1997. p. 256
T. Kimoto, 3. Wahab, A. Ellisen, U. Forsberg, M. Tuominen, R. Yakimova, A. Henry, E.
Janzen, “High-voltage ( greater than 2.5 kV) 4H-SiC Schottky rectifiers processed on hot-wall
CVD and high-temaperature CVD layers” Materials Scicnce Forum. 1998, pp. 921-924

Zhang, Q. Madangarli, V. Soloviev, S. Sudarshan, T S. “High voltage Schottky barrier diodes
on p-type SiC using metal-overlap on a thick oxide layer as edge termination™ MRS
gymposium, 1999 pp. 75-80

R. Raghunathan, B.J. Baliga, “P-type 4H and 6H-SiC high-voltage Schoitky barrier diodes™
[EEE Elcctr. Dev. Lett., 1998 pp. 71-73

Chilukuri, Ravi K. Baliga, B Jayant. “High voltage Ni/4H-51C Schottky rectifiers”™ IEEE
ISPSD, 1998, pp. 161-104

V. Khemka, R. Patel, T. P. Chow, R J. Gutmann, “Design considerations and experimerital
analysis for silicon carbide power rectifiers” Sclid-State Electronics. 1999, pp. 1945-1962

V. Dmitriev, $. Rendakova, N. Kuznetsov, N. Savkina, A. Andreev, M. Rastegaeva, M.
Mynbaeva, A. Morozov, “Large area silicon carbide devices fabricated on SiC wafers with
reduced micropipe density” Mater. Sci. & Eng. B-Solid State Mater. Adv. Tech. 1999, pdd6
S.K. Lee, “Processing and Characterization of Silicon Carbide (6H- and 4H-35iC) Contacts for
High Power and High Temperature Device Applications’, PhD thesis, Roy. Inst. Tech, Sweden
McGlothlin, H M. Morisette, D T. Ceoper, J A Jr. Melloch, M R. “4 kV silicon carbide
Scholtky diodes for high-frequency switching applications” Dev. Res. Conf. Dig. 1999 p. 42
Ranbir. Singh, Cooper Jt , James A. Melloch, Michael R. Palmour, W, John T B. Chow, “SiC
power Schottky and PiN diodes” IEEE Trans. Electr. Dev. 2002. pp. 665-672

M. Bhatnagar, P.K. McLarty, B.J. Baliga, “Silicon-carbide high-voltage (400 V) Scliottky
barrier diodes” 1EEE Electr. Dev. Lett., 1992, pp. 501 — 503

D. Alok, B.J. Baliga, P.K. McLarty, *“A simple edge termination for silicon carbide devices
with nearly ideal breakdown voltage™ [EEE Electr. Deyv. Lett., 1994 pp. 394 — 395

43



97.

98,
99.

100,

101.

102,

103

104,

105.

106

167

108.

109.

110.

1.

112.

113,

114.

115,

116.

117,

118.

119.

K. Ueno, T. Urushidani, K. Hashimote, Y. Seki, “The guard-ring termination for the high-
voltage SiC Schottky barrier diodes” IEEE Electr. Drev. Lett., 1995 pp. 331 —332

H. Matsunami and A. Ttoh, Extcnded Abst. 19™ Conf, Solid State Dev. and Mater., 1995, p. 40
Itoh. T. Kimoto. and H. Malsunami, "Excellent Reverse Blocking Characteristics of High-
Vollage 4H-SiC Schottky Rectifiers wilh Boren-Iimplanied Edge Terminaiion,” IEEE Electr.
Dev. Lett., 1996, pp. 139-141

D. Alok, , R. Raghunathan, , B.J. Baliga, , “Planar edge termination for 4H-silicon carbide
devices” Eleetron Devices, IEEE Trans. 1996 pp. 1315 - 1317

G. M. Doly, D. T. Morisette, P. M. Shenoy, M. Zafrani, J. Gladish, J. M. Woedall, J. A.
Cooper, Jr, and M. R. Melloch, "Static and Dynamic Characterization of Large-Area High-
Current-Density SiC Schottky Diodes," IEEE Device Research Conf, 1998.

Peters, D. Dohnke, K O. Hecht, C. Stephani, D. “1700 v SiC Schottky diodes scaled to 25 A”
Materials Science Forum. 2001, pp. 675-678

M. Bhainagar, H. Nakanishi, S. Bothra, P.K. McLarty, B.J. Baliga, “Edge terminations for 5iC
high voltage Schottky rectifiers”, [SPSD '93. 1993 pp. 89— 94

K. Ueno, T. Urnshidani, K. Hashimoto, Y. Seki, “*Al/Ti Schottky barrier diodes with the guard-
ring termination for 6H-SiC” ISPSD. 1995 pp. 107 - 111

D. Alok, B.J. Baliga, “A planar, nearly ideal, SiC device edge termination” ISPSD™95 p. 96

. Ueno. Katsunori, Urushidani. Tatsuo, Hashimoto. Kouichi, Seki. Yasukazu “Al/Ti Schottky

barrier diodes with the guard-ring terminaiion for 6H-5iC" ISPSD'95, pp. 107-111

R. Raghunathan, B.J. Baliga, “EBIC investigation of edge termination techniques for silicon
carbide power devices” [SPSD'06, pp. 111 - 114

(. Brezeanu, J. Fernandez, I. Millan, J. Rebollo, M. Badila, G. Dilimot, . Lungu, “MEDICI
simulation of 6H-SiC oxide ramp profile {ORP} Schottky structure” International
Semiconductor Conference, 1996, pp. 531 — 534

R. Singh, 1.W. Palmour, “Planar terminations in 4H-8iC Schottky dicdes with low leakage and
high vields”, ISPSD*97. pp. 157 — 160

D. Alck, B.). Baliga, , “SiC device edge termination uging finite area argon implantation™
Electron Devices, IEEE Trans. 1997 pp. 1013 - (017

A. P. Knighis, M. A. Lourence, K. P. Homewood, “Low lemperaiure annealing of 4H-SiC
Schottky diode edge terminations formed by 30 KeV Ar+ implantation.” J. Appl. Phys., 2000, p.
3873-7

D. J. Morrison, N. G. Wright, A. B. Horsfall, “EfTect of post-implantation anneal on the
electrical characteristics of Ni 4H-SiC Schottky barrier diodes terminated using sel-aligned
argon ion implantation.” Solid-State Electronics. 2000, pp. 1879-85.

V. Khemka, K. Chatty, T P. Chow, R J. Gutmann, “Breakdown veltage inprovement of 4H-
S1C Schottky diodes by a thin surface implant” Malerials Science Forum, 2000. pp. 1211-1214
D. C. Sheridan. G. Niu, J N. Merrett, J. D Cressler,. C. Tin, € C Ellis, R R. Siergie;,
“Simulation and fabrication of high-voltage 4H-SiC diodes with multiple floating guard ring
termination” Materials Science Forum. vol 338, 2000. pp.1339-1342

Hatayama, Tomoaki. Yoncda, Tomoaki. Nakata, Toshitake. Watanabe, Masanori. Kimoto,
Tsunenobu. Matsunami, Hiroyuki. “Vanadium jon implanted guard rings for high-vollage 4H-
SiC Schoutky rectiliers” Jap. J. Applied Physics Part 2-Letters. 2000, pp. L1216-L1218

K. Tone, ] H. Zhao, M. Weiner, M. Pan, “4H-81C junction-barrier Schottky diodes with high
forward current densities™ Semiconductor Science & Technology. 2001. pp 594-597

K. Kinoshiia, , T. Hatakeyama, , Q. Takikawa, , A. Yahata, , T. Shinohe, , “Guard ning assisted
RESURF: a new termination structure providing stable and high breakdown voltage for SiC
power devices”, ISPSD, 2002, pp. 253 - 256

K. V. Vassilevski, A. B. Horsfall, C. M. Johnsen, N.G. Wright. “Edge Termination of SiC
schottky diodes with Guard Rings Formed by High Energy Boron Implantation” Materials
Science Forum. 2004. pp 989-992,

S. Hu and K. Sheng, ‘A new edge termination technique for SiC power devices’, Inlernational
Toumnal on Soclid State Electronics, 2004, pp 1861-1866

44



120,

121.

122.

123,

124,

125,

124.

127.

128.

129,

130.

131.

132.

133.
134.
135.
136.
137.
138.

139,
140

141
142

144.

145,

M. Bhatnagar, B.J. Baliga, H.R. Kirk, G.A. Rozgonyi, “Effect of surface inhomogeneities on
the elecirical characteristics of SiC Schottky contacts” IEEE Trans. Electr. Dev., 1996 pl150
D. Defives, D. Noblane, C. Dua, C. Brylinski, M. Barthula, F. Meyer, “Elecirical
characterization of inhomogeneous Ti/4H-SiC Schottky contacts™ Materials Science &
Engineering B-Solid State Matcrials for Advanced Technolegy, 1999. pp. 395-401

D. Defives, , 0. Noblang, €. Dua, , C. Brylinski, , M. Barthula, , V. Aubry-Fortuna, , F.
Meyer, , “Barrier inhomogencities and electrical characteristics of Ti/4H-8iC Schottky
rectifiers” [EEE Trans. Electron Devices, 1999 pp. 449 — 435

R. Weiss, L. Frey and H. Ryssel. “Modeling of the Influence of Schottky Barrier
Inhomogeneiiies on $iC Diede Characteristics” Materials Science Forum. 2004. pp 973-976
K. 1. Schoen, J. P. Henning, J. M. Woodall, I. A. Ir. Cooper, M. R. Melloch, “Dual-metal-
trench Schottky pinch-rectifier in 4H SiC™ Materials Scicnee Forum. 1998, pp.945-948

K J. Schoen, ). P. Henning, T M. Woodall, J. A. Cooper, M R. Jr. Melloch, “Dual-metal-trench
Schottky pinch-rectifier in 4H-8iC" [EEE Electr. Dev, Leti., 1998. pp. 97-99

V. Khemka, V. Ananthan, T P. Chow, “Fully planarized 4H-SiC ench MOS barrier Schottky
(TMBS) rectifier” JEEE Electr. Dev. Lett., 2000. pp. 286-288

Q. Zhang, V. Madangarli, T 8. Sudarshan, “SiC planar MOS-Schottky diode: A high voltage
Schottky diode with low leakage current”™ Solid-State Electronics. 2001. pp 1083-1089

Singh, Yashvir. Kumar, M Jagadesh. “A new 4H-SiC lateral merged double Schottky (LMDS)
rectifier with exccllent forward and reverse characteristics™ [EEE Trans. Electr. Dev. 2001, pp.
2695-2700

K.V. Vassilevski, , A.B. Horsfall, , C.M. Johnsen, , N.G. Wright, , A.G. O'Neill, , “4H-SiC
rectifiers with dual metal planar Scholiky coniacis™ IEEE Trans. Electr. Dev. 2002 p947

JH. Zhao, P. Alexandrov, L. Fursin, Z C. Feng, M. Weiner, "High performance 1500 vol 4H-
SiC junction barrier Schollky diodes™ Electronics Letters. 2002, pp 1389-1390

Dethard. Pcters, Peter. Friedrichs, Reinhold. Schorner, Dietrich. Stephani, “Comparison of 4H-
SiC pu, pinch and Schottky diodes for the 3 kV range” Malerials Science Forum. 2002. pp.
T125-1128

M. Jagadesh. Kumar, C. Reddy Linga, “A new, high-voltage 4H-8iC lateral dual sidewall
Schottky (LDSS) rectifier: Theoretical investigation and analysis™ TEEE Trans. Electr. Dev.
2003, pp. 1690-1693

F. Roccaforte, , F. La Via, , A, La Magna, , $. Di Franco, , V. Raineri, , “Silicon carbide pinch
rectifiers using a dual-metal Ti-Ni125i Schotlky barrier” [EEE Trans. Electr. Dev. 2003 p1741
F. Roccaforte, La Via F, Di Franco S, Raineri V. “Dual metal $iC Schottky rectifiers with low
power dissipation.” Elsevicr. Microclectronic Engineering, 2003, pp.524-528

P. Alexandrov, W. Wright, M. Pan, M. Weiner, L. Jiao, J. Zhao, ‘Demonstration of a 140 A,
800 V, fast recover 4H-5iC P-i-N/Schottky barrier (MPS) diode’, ISDRS, 2001, p13

R. Held, N. Kaminsgki and E. Nicmann, Materials Science Forum, 1998, p 1057

F. Dahlquist C.M. Zetlerling, M. Ostling and K. Rotiner, Mater. Sci. Forum, 1998, p 1061

F. Dahlquist, J.O. Svedberg, C.M. Zetterling , M. Qstling, B. Breitholtz and H. Lendenmann,
Materials Sciencc Forum, 1999, p 1179

Y. Sugawara Y, K. Asano and R, Saito, Materials Science Forum, 1999, p 1183

K. Tone, 1.LH. Zhao, M. Weiner and M. Pan, Materials Science Forum, 1999, p 1187

. R. Held R, M. Fullmann and E. Niemann, Silicon Carbide and Related Materials 1992 p 1407
. CoolMOSTM Datashecets, Infineon, 2000
143,

K. Sheng, *MOS-Controlled Diode (MCD}) on Silicon-On-Insulator (SOI),” 29th Annual
Conference of the [EEE Industrial Electronics Socicty, IECON, 2003, pp. 2602-2606.

Chang, H -R. Gupta, R N. Winterhalter, C. Hanna, E. “Comparison of 1200V silicon carbide
schotiky diodes and silicon power diodes” Proceedings of the Intersociety Energy Conversion
Engineering Conlerence. vol 1 2000. IEEE, pp. 174-179

D.T. Marisctte, , J.A. Cooper, , M.R. Jr, Melloch, G.M. Dolny, , P.M. Shenoy, , M..Zafrand, J.
Gladish, , “Static and dynamic characterization of large-area high-current-density SiC
Schottky diodes™ IEEE Trans. Electr. Dev., 2001 pp. 349 — 352

45



146. D.T. Morisette, J.A. Cooper, “Perlormance of SiC bipolar (PiN) and unipolar (SBD) power
rectifiers in current-voltage-frequency parameter space” Materials Scicnee Forum. 2002
pl181

147. Ozpineci, Burak. Tolbert, Leon M. “Characterization of SiC Schottky diodes at different
temperatures” IEEE Power Electr. Lett. 2003. pp. 54-57

148, Spiazzi, Giorgio. Buso, Simone. Citron, Massimiliano. Corradin, Michele. Pierohon, Roberto.
“Perflormance Evaluation of a Schottky SiC Power Diodc in 2 Boost PFC Application™ IEEE
Trans. Power Electr. 2003. pp. 1249-1253

149. Lai, J.-S.; Huang, X.; Yu, H.; Hefner, A R.; Berning, D.W_; Singh, R.; ‘High current SiC JBS
diode charactenization for hard- and soft-switching applications’, [AS, 2001, pp. 384 - 390

150. R.C. Lebron-Velilla*, G.E. Schwarze, B.G. Gardner and J. Adams, *Silicen Carbide Diode
Characterization at High Temperature and Comparison with Silicon Diodes’, unpublished

151. K. Sheng, $.). Finney and B.W. Williams, ‘IGBT switching losses”, Proceedings of the Second
International Conference on Power Electronics and Motion Control, 1997, pp. 274-277

152. Wright, W.; Carter, J.; Alexandrov, P.; Pan, M.; Weiner, M.; Zhao, I.H.; *Cemparison of Si
and SiC dicdes during operation in three-phase inverter driving ac induction motor’,
Electronics Leiters , 2001, Pages: 787 — 788

153. Helner, A.R., Jt.; Singh, R.; Jih-Sheg Lai; Berning, D.W.; Bouche, $.; Chapuy, C.; 'S$iC power
diodes provide breakthrough performance for a wide range of applications’, IEEE Trans.
Power Electronics, 2001, pp. 273 — 280

154, Lotenz, L.; Deboy, G.; Zverev, 1; ‘Matched Pair of CoolMOS Transistor With SiC-Schottky
Dicde—Advantages in Application’, [EEE Trans. Ind. Appl., 2004, pp.1265 — 1272

155. P. Tobias, 5. Nakagormni, A. Baranzahi, R. Zhu, I. Lundstrom, P. Martcnsson, A Lloyd. Spetz,
“Elecirical characterization of chemical scnsors based on catalytic metal gate-gilicon carbide
Schottky diodes™ Materials Science Forum. vol 264-268 n pt 2 1998. pp. 1097-1100

156. Chen, Liang-Yu. Hunter, Gary W. Neudeck, Philip G. Knight, Dak. “Surface and interface
properties of PACr/51C Schottky diode gas sensor annealed at 425 degree C” Solid-State
Elcctronics. 1998, pp. 2209-2214

157. CK. Kim, ) H. Lee, Y. H. Leg, N. [. Cho, D J. Kim, W P. Kang, “Hydrogen sensing
characteristics of Pd-SiC Schottky diede operating at high temperaturc™ J. Electr. Mat. 1999,
pp. 202-205

158. Spetz, Anita Lloyd. Tobias, Petler. Baranzahi, Amir. Mariensson, Per. Lundstrom, Ingemar.
“Current stalus of silicon carbide bused high-temperature gas sensors™ IEEE Trans. Electr. De..
1999. pp. 561-566

159. CK. Kim, ] H. Lee, ¥ H. Lee, N 1. Cho, D J. Kim, “Siudy on a platinuro-silicon carbide
Schottky diode as a hydrogen gas sensor”™ Sensors & Actualors B, 2000, pp. 116-118

160. C. K. Kim, J. H. Lee, §. M. Choi, I. H. Noh, H. R. Kim, N I. Cho, C. Hong, G E. Jang, “Pd-
and Pt-SiC Schottky diodes lor delection of H2 and CH4 at high temperature™ Sensors &
Actuators B. 2001, pp 455462

161. L. Uncus, 5. Nakagomi, M. Linnarsson, M 8. Janson, B G. Svensson, R. Yakimova, M.
Syvajarvi, A. Henry, E. Janzen, L -G. Ekedahl, |. Lundstrom, 4. Lloyd Spetz, “The cffect of
hydrogen diffusion in p- and n-1ype SiC Schottky diodes at high temperatures™ Materials
Science Forum. 2002. pp. 1419-1422

162. Nakagomi, Shinji. Shinobu, Hiroaki. Uneus, Lars. Lundstront, Ingemar. Ekedahl, Lars-G.
Yakimova, Rositza. Syvajarvi, Mikael. Henry, Anne. Janzen, Erik. Lloyd Spetz, Anita.
“Influence of epitaxial layer on S1C Schotiky diode gas sensors operated under high-
temperature conditions” Materials Science Forum. 2002, pp. 1423-1426

163. TP. Xu, pp. Lai, T. Zhong, D G. Chan, C L. “Improved hydrogen-sensitive properties of
MISIC Schoitky sensor with thin NO-grown oxynitride as gate insulator™ IEEE Electr. Dev.
Lett., 2003. pp. 13-15

164. §. Roy, C. Jacob, C. Lang, 5. Basu, “Studies on Ru/3C-SiC Schottky junctions for high
lernperature hydrogen sensors” J. Electrochemical Society. 2003, pp. H135-H135

46



165,

166.

167.

168

170.

17

172,

173

174

175,

176.

177.

178

179.

180.

181.

182,

183.

184,

185.

1860,

293, Kim, Jihyun. Gila, B P. Abernathy, CR. Chung, G Y. Ren, F. Pearton, § J.
“Comparison of Pt/GaN and Pt/4H-5iC gas sensors™ Solid-State Electronics 2003. pp. 1487-
1490

S. Roy, C. Jacob, S. Basu, “Studies on Pd/3C-SiC Schottky junction hydrogen sensors at high
temperare” Scnsors & Actuators B. 2003, pp. 298-303

Roy, 8. Jacob, C. Basu, 8. “Ohmic contacts to 3C-SiC for Schotiky diode gas sensors™ Solid-
State Electronics. 2003, pp. 2035-2041

. Lloyd Spetz A, Baranzahi A, Tobias P, Lundstr€om L Phys Stat Sol A 1997;162:493.
169,

G. W. Hunter, P. G. Neudeck, G. D. Jefferson, G. C. Madzsar, C. C. Liu, and Q. H. Wu, “The
development of hydrogen scnsor technology at NASA Lewis Research Center,” Ann. Space
Systemn Health Managemeni Technology Conlerence, 1992

M. Bhatnagar, B.J. Baliga, H.R. Kirk, G.A. Rozgonyi, “Effect of surface inhomogencities on
the electrical characteristics of 8iC Schottky contacts” [EEE Trans. Electr. Dev. 1996 pl50

. Eriksson, Joakim. Ferdos, Fariba. Zirath, Herbert. Rorsman, Niklas. “Design and

characterization of a 5iC Scholiky diode mixer” Materials Science Forum. 2000, p1 207
Rainec N. Simons, Plulip G. Neudeck, “Intermodulation-Distortion Performance of Silicon-
Carbide Schottky-Barrier RF Mixer Diodes.” IEEE Trans. Mictowave Theory & Techniques..
2003, pp. 669-672.

I. Eriksson, , N. Rorsman, , H. Zirath, , “4H-silicon carbide Schottly barrier diodes for
microwave applications” 1EEE Trans. Microwave Theory and Techniques, 2003 pp. 796 — 804
M M. Anikin, A N. Andreev, S N. Pyatko, N 8. Savkina, A M. Strelchuk, A L. Syrkin, v.
Chelnokov. “UV photodetectors in 6H-SiC™. Sensors & Actuators A. 1992, pp. 91-93

M. Badila, G. Brezcanu, 1. Millan, P. Godignon, M. L. Locatelli, I P. Chante, A. Lebedev, P.
Lungu, G. Dinca, V. Banu, G. Banoiv, "Lift-ofl lechnology lor SiC UV deiectors” Diamend &
Related Materials. 2000, pp. 994-997

G. Brezeanu, , M. Badila, , P. Gedignen, , J. Millan, , F. Udrea, , A. Mihaila, , G. Amaratunga, ,
1. Rebollo, , 1. Enache, , “UV detection praperties of epitaxial 6H-3iC diodes with oxide ramp
lermination” CAS, 2001. pp. 345 - 348

Yamn, F.; Xin, X.; Aslam, S.; Zhao, Y.; Franz, D.; Zhao, I.H.; Weiner, M.; ‘4H-SiC UV Photo
Detectors With Large Area and Very High Specific Detectivity’, Quantum Electronics, IEEE
Journal of , 2004, pp.1315 - 1320

8. Seshadri, A.R. Dulloo, F. H. Ruddy, I. G. Seidel, L. B. Rowland, “Demonstration of an SiC
neutron detector for high-radiation environments” IEEE Trans. Electr. Dev., 1999, pp.567-571
A M. Ivanov, N B. Strokan, D V. Davydov, N 5. Savkina, A A. Lebedev, Yu T. Mironov, G A.
Riabov, E M. [vanov, “Radiation hardness of SiC based ions delectors [or influence of the
relative protons™ Applied Surface Science. 2001. pp. 431436

G. Verzellesi, P. Vanni, F. Nava, C. Canali, “Investigation on the charge collection propertics
of a 4H-8iC Schottky diode detector” Nuclear Instruments and Methods in Physics Research,
Section A, 2002, pp 717-721

M. Bruzzi, 5. Lagomarsino, F. Nava, S. Sciortine, “Characterisation of epitaxial 5iC Schottky
barriers as particle detectors Diamond & Related Matcerials™. 2003, pp 1205-1208

F. Nava, G. Wagner, C. Lanzicri, P. Vanni, E. Vittone, “Investigation of Ni/4H-SiC diodes as
radiation detectors with low doped n-type 4H-5iC epilayers” Nuclear Instruments & Methods
in Physics Research Section A, 2003. pp. 273-280

Le Donne, A. Binetti, 5. Acciarri, M. Pizzini, 8. “Electrical characterization of eleciron
irradiated X-rays detectors based on 4H-51C epitaxial layers” Diamond & Related Materials.
2004, pp. 414-418

P. G. Neudeck, “Electrical impact of SiC structural crystal defects on high field devices,”
Material Science Forum., pp. 1161--1166, Ocl. 2000,

D. Nakamura, 1. Gunjishima, S. Yamaguchi, T. Ito, A. Okamoto, H. Kondo, S. Onda, XK.
Takatoril, ‘Ultrahigh-quality silicon carbide single crystals’, Nature, 2004, pp. 1009-1012

M. Treu, R. Rupp, H. Brunner, F. Dahlquist and C. Hecht, ‘Challenges and first results of SiC
Schottky diode manufacturing using a 3 inch technology’, Mat. Sei, Forum, 2004, pp. 981-984

47






	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



