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Silicon Carbide and diamond Schottky barrier diodes (SBD) with an original and high efficiency
termination are presented. The influences of termination parameters on the diodes electrical
performance are investigated for both punch-through (PT) and non punch-through (nPT) structures by
simulations. Design guidelines, based on simple analytical expressions, for ideal SBDs are included.
Electrical forward and reverse characteristics, measured on SiC and diamond devices produced for the
first time in Romania are also offered.
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1. INTRODUCTION

In the last decades, significant advances in Silicon-based power devices and systems had a
considerable industrial impact. Hence, they are now used in a wide range of power electronic applications
such as lamp ballast, motor control, medical electronics, and high frequency power supplies [1], [2].
However, Si power devices are approaching their theoretical limits and are not able to meet the continuous
demand for higher current (over 5 kA), higher voltage blocking capacity (over 20 kV), higher operating
temperature (over 200°C) and improvements in terms of efficiency, size and weight [2].These suggest that a
new generation of power devices based on wide band gap semiconductors is needed to exceed these
limitations.

Wide band gap semiconductors such as diamond (Dia) , silicon carbide (SiC), and gallium nitride
(GaN) are the promising materials for new power devices. Diamond and SiC have been specifically known
for some time to be excellent semiconductors for high temperature and high-speed electronics [1-10]. These
materials have exhibited very high microwave conductivity and are known to be less susceptible to radiation
effects.

This paper is focused on the investigation of the power Schottky barrier diodes (SBD) on SiC and
synthetic diamond, produced for the first time in Romania [11-19]. Firstly, some simple algorithms to design
SiC and Dia SBDs are described. Based on analytical equations, large capabilities of these devices for
forward current and blocking voltage will be demonstrated. An efficient field plate termination for SiC and
diamond devices is proposed experimented and tested [11-14]. Extensive simulation results, for different
termination parameters and for punch-through and non punch-through structures are presented [18].
Experimental data measured on SiC and diamond SBDs prove the simulations.

2. SIC AND DIAMOND PARAMETERS

In Table 1 are presented some fundamental parameters of the diamond towards its possible
applications. Table 2 compares power related parameters of wide-gap semiconductors and its impact for
power and high frequency applications. As observed in this table, diamond has the highest breakdown
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electric field, thermal conductivity, electron saturation velocity, and carrier mobilities. In turn, until now, it
has been grown diamond wafer up to 5 mm diameter, only with high costs [4, 5].

Table 1 — Properties and some applications of diamond

Properties Parameter Dimension Value Interpreting Importance
Crystal Lattice . . . Extreme mechanical
Constant A 3.567 The highest atomic density strength and stability
Crystal Lattice Energy J/kmol 720 The strongest atomic bond | as well as hardness
Hardness Kg/mm’ 10* The highest resistance against breaking
Mechanical Moh’s Hardness - 10 against a penetration erosion and wearing
C . Pa! 10712 of external from solid surface
ompression a atoms in the lattice contacts. A perfect
. terial fc
. . 7x107 Low friction (wear material for
Friction coefficient - 1 . . micromechanics
1.4x10 resistant) material
Thermal conductivity W/emK 20 The nghest dissipated The best heat-conducting
electrical power . )
- material, keeping
The lowest changing o .
. . its size and mechanical
of overall dimension, roperties up to the
Thermal expansion oC! 1.1x10°° varying the prop p
highest temperatures.
Thermal temperature .
A perfect material
- — f bstrates of
Mechanical stability Or Subs ila eso
to highest Integrate
Melting point °C 4x10° up elements and
temperatures
for vacuum cathodes
Magnetic Magnetic susceptibility Cm’/g -4.9x107 Low value Diamagnetic material
The most transparent A good material for
Transparency % 98 material in the visible waveguides, electron
range optic switches, photon
Onti Absorption edge pm 0.2 Small value windows, high power
ptical
lasers and other
Refractive index i 2.465 at Hish value photon components,
(synthetic diamond) A=400nm & including displays
_r Non-sensitive material up to e . sensors, using
Radiation radiation energy of 5.45 eV Radiation hard material intrinsic diamond
Fully inert material against Independent operation
. acids and alkalies (except . . . of the environment,
Chemical . . Chemically inert material | . .
in the presence of oxidant including corodent
and biomedia

Table 2 — Electrical parameters of wide bandgap semiconductors

IMPACT SI GAAS | 4H SIC | GAN | DIAMOND | UNITS
Bandgap Energy Pout (Vimax) 1,1 1,47 3,26 35 5.45 eV
Max. Electric Field Pout (Vinax) 0.41 0,48 3 5 10 MV/cm
Electron Mobility p REIf" ) 1450 8600 900 2000 4500 cm2/Vs
out\ max
Hole Mobility P R’(If" ) 480 130 120 200 3800 cm?2/Vs
out max.
Saturation Velocity f; 0.86 0.72 2 2.5 2.7 107 cm/s
Thermal Conductivity Pou(T), £(T) 1.5 0.46 5 1.3 20 W/ecmK
Substrate Diameter Cost 300 150 75 75 5 mm

Considered for a long time one of the power technologies of the future, SiC may finally enter the
mainstream. Silicon carbide exhibits a two-dimensional polymorphism called polytypism. All polytypes have
a hexagonal frame of SiC bilayers. The hexagonal frame should be viewed as sheets of spheres of the same
radius and the radii touching, as illustrated in [1]. The sheets are the same for all lattice planes. However, the



3 High Performance Power Diodes on Silicon Carbide and Diamond

relative position of the plane directly above or below are shifted somewhat to fit in the “valleys” of the
adjacent sheet in a close-packed arrangement. Hence, there are two unequivalent positions for the adjacent
sheets [1].

If the first double layer is called the A position, the next layer that can be placed according to a closed
packed structure will be placed on the B position or the C position (Fig. 1). The different polytypes will be
constructed by permutations of these three positions. Thus, the only cubic polytype in SiC is 3C-SiC, which
has the stacking sequence ABCABC... [1]. The two important polytypes already intensely used for power
devices, 6H-SiC and 4H-SiC [1-3, 6-10], have stacking sequences ABCACBABCACB... and
ABCBABCB...(Fig. 2), respectively. The number thus denotes the periodicity and the letter the resulting
structure which in this case is hexagonal. All polytypes are SiC of equal proportions of silicon and carbon
atoms, but due to the fact that the stacking sequence between the planes differs, the electronic and optical
properties differ. The bandgap is, for instance, 2.39 eV for 3C-SiC, 3.02 eV for 6H-SiC, and 3.26 ¢V for 4H-
SiC [1].

There are some 200 polytypes proven in existence, some with a stacking period of several hundred
double layers [1]. It is hard to understand how these crystals grow since there has to exist some 'memory’
which guides the atoms into the right stacking sequence. When for instance the 6H-SiC polytype grows each
atom landing on the surface must sense at least 6 layers down in order to find its proper site.

[0007]

[1100]
[1120]

¢ ©-
Fig. 1 — Illustration of three close-packed planes of spheres. Fig. 2 — The three most common polytypes in SiC viewed in
The resulting structure in this example is 3C-SiC [1]. the [1120] plane. From left to right, 4H-SiC, 6H-SiC, and

3C-SiC; k and h denote crystal symmetry points that are
cubic and hexagonal, respectively [1].

Over the last two decades, significant advances in the growth, doping, and processing technologies of
SiC and diamond materials have been accomplished [1-10], triggering hopes for their use in high power
electronics. With high-quality SiC crystals now available [1], the main challenge is the optimization of
devices structures, in order to fully exploit the excellent material properties [1-3], [6-15]. With high-quality
SiC crystals now available [1], the main challenge is the optimization of devices structures, in order to fully
exploit the excellent material properties [1-3], [6-15]. Synthetic diamond has been produced with high-
pressure, high-temperature technology and more recently by chemical vapor deposition (CVD). CVD offers
a process for producing high—crystalline quality diamond under tightly controlled conditions.

The biggest problem of diamond remains the nearly total absence of shallow dopants [4-5]. Like for
many wide band gap semiconductors, all known dopants in diamond are actually deep in the sense that their
ionization energies are much higher than the room temperature thermal energy. However, due to its atomic
density (the highest of any terrestrial material), diamond cannot easily incorporate other atoms into its
crystalline structure. Boron is the only relevant known dopant for diamond, having activation energy of
0.37eV. The n-type dopant with the lowest activation energy is phosphorus (0.52eV). This value is still too
high to expect a reasonable ionization rate. Therefore, only unipolar diamond devices, like p-type SBDs, are
theoretically capable of high performances at room temperature.
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3. IDEAL SBDs STRUCTURE. DESIGN RULES

The basic structure of the ideal SBD is presented in Fig. 3. A Schottky metal is deposited on an optimally
designed epitaxial (drift) layer. The doping (N,) and the thickness (z,) of the epitaxial layer determine the specific
on-resistance and blocking voltage capability of the diode. For a normal Schottky diode, (Fig. 3a), the depletion
layer width (v,) at breakdown is smaller than the drift thickness. This situation corresponds to a non punch through(
nPT) structure and an ideal avalanche breakdown, respectively. A wide drift layer is required in order to obtain
devices with high breakdown voltage. However, when forward biased, much of the drift region remains
undepleted and increases the on-state resistance. To reduce this effect, the diode is often designed to ensure
that this epitaxial zone is fully depleted before the breakdown occurs. The electrical field of such punch-
through (PT) diode (Fig. 3b) is compared to that of the normal structure (nPT). The maximum electric field
(Ey) and the slope of the field vs. distance in drift region (Fig. 3c) are the same for both structures at a given
drift doping (see Fig. 3¢ and Fig. 4) [15-16].
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Fig. 3 — Ideal structures of: (a) nPT SBD; (b) PT SBD and Fig. 4 — Electric field distribution in the drift region at
(c)-simulated electric field distribution for both ideal breakdown for SBDs on diamond

structures (n'" is substrate region)

The breakdown voltage is numerically equal with the area under the field vs. distance curve (Fig. 4)
[15]. For nPT SBD is obtained:

N,
Vg = VBR,i = £l 3, (H
2¢&
while for PT diode results [15-16]:
_ Ve
VBr = EMye[] - j @)
2yq
The maximum of the electric field at breakdown is given by [15]:
N,
EM = qge . yd (3)

Thus, Vg of PT diode is always less than of the normal structures. In Fig. 5, the variation of the
breakdown voltage with the drift doping for ideal nPT and PT Schottky structures is shown. This dependence
has a comparable slope for the diamond and SiC nPT diodes (Fig. 5a). In order to obtain an analytical
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solution for these variations, a power law was used to fit the simulated data. The equations obtained and
inserted in the legend of Fig. 5a are:

Ve =5-10° N for sic, 4)

Vo =3.4- 10° Ng0'781 for diamond. ®)

These expressions can be used to achieve the drift doping and the minimum drift thickness required for
a given breakdown voltage.

In Fig. 5b the dependence of the breakdown voltage on the epi-layer doping on diamond and SiC, for
PT SBDs, are presented. The Vpz decreases with doping for N, >10"cm™. For low drift dopings, the
breakdown voltage is nearly constant for both diamond and SiC structures. These constant values can be
explained based on the electrical field distribution in the epitaxial region shown in Fig. 4. At low drift
dopings, the depletion width is very large (y d>> ye) and expression (2) becomes:

Ver 2 Ey Y, (6)

Since the maximum electrical field has almost the same value at breakdown for any low doping (Fig.
4), the breakdown voltage is constant for N; < / 0" cm?. The difference between in Vg obtained for PT SBD
on diamond and 6H-SiC at low impurities concentrations (Fig. 5b) is due to the difference in field peak:

VBR,dia EM,dia ~
= =1,18 (7)

VBR,SiC M ,SiC

Another interesting result is that the breakdown voltage is not influenced by the drift region doping
type. The same Vg values were obtained for n-type and p-type doped epi-layers (Fig. 5b).
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Fig. 5 — Breakdown voltage versus drift doping for ideal: a) nPT SBD and b) PT SBD.

The device specific on-resistance is a function of the epi-layer and substrate parameters (neglecting the
ohmic contact resistance) [15]:

R, =R +R =—2e 4 s
gNtt,  qNgp,

®)

where u, and u, ;are electron mobilities in drift and substrate epilayers, respectively.

Using equations (1-5), (8), the values of drift region doping and thickness can be calculated to
determine the lowest specific on-resistance for a given breakdown voltage.

The design begins by choosing the epi-layer doping [15-16]. A high A, is selected in order to achieve a
large current capability. For example, with a doping of 1.1x10"°cm™, a depletion layer of 10um is obtained by
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simulations for a nPT SBD. For y,=y.=10um, R,,=0.91 mQ/cm’, corresponding to an ohmic drop smaller than
1V for high current density (10004/cm’). Vgz=I1kV was calculated for the above mentioned drift layer
parameters, using eq. (1).

The forward voltage drop can be reduced by shortening the drift width (PT structure). In Table 3 are
given values of Vg and R, calculated for a PT SBD at different epi-layer widths. A relative current gain (4R,,)
and a decrease in blocking voltage (4VR) are obtained, when y, is reduced.

Low epi-layer doping is required for high breakdown voltage. For a doping of 5.5*10"*cm™, simulations
predict Vpr=10730V and y,=145um for nPT SBD (Table 3). If the drift layer is shorter (y,=100um), Vg drops to
10kV (6.8% loss of off-state performance, only) and R,, decreases dramatically from /45mQ/cm’ to 126mQ/cm’
(30% iglprovement of the current capability). A voltage drop of .26V is calculated for a current density of
10A/cm”.

Some alternative designs of PT SBD with this low drift doping are also presented in Table 3.

From the table data one may deduce that the optimum design corresponds to a slightly punch-through
structure for high epi-layer dopings and to a deep PT for low concentration. For drift widths below the ones
in Table 3 the current gain becomes smaller than the loss in blocking capability.

Table 3 — Alternate designs for 4HSiC PT-SBD [15]

N, (cm?) (31;) Ron mQem?®) | ARy (%) | Ve (V) | AV (%)
1.1-10% 10 0.910 - 1000 -
1.1-10% 8 0.771 15 960 4
1.1-10% 6 0.618 32 840 16
1.1-10% 4 0.464 49 640 36
1.1-10% 2 0.310 66 360 64
5.5-10" 145 179 - 10730 -
5.5-10" 102 126 30 10000 6.8
5.5-10" 80 99 45 8519 20.6
5.5-10" 50 62 65 6075 43

4. OXIDE RAMP TERMINATION

In real devices, the breakdown voltage is always less than that predicted by theory, since the material is
not perfect (crystal defects) and the electric field is crowding at the electrode corner [1].

These high fields can be relieved by using edge termination surrounding the electrode periphery [8-12,
14, 17-19]. An effective edge termination makes the electric field distribution uniform in the bulk and at the
electrode corner and take the breakdown capability of the device closer to its theoretical limit. There is a
variety of possible termination structures: guard rings [8, 9], field plates [8, 10, 11, and 12], mesa structures
[8], high resistivity layers, junction termination extensions [8, 10] or some combinations of techniques [6-8].
Many of these edge terminations are involved with pn junctions: guard ring, junction termination extensions.

The field plate technique is probably the simplest for edge termination. The field plate consists of a
metal overlapping an oxide layer that provides field relief and smoothes the field lines at the contact
periphery [10-12]. In Fig. 6a is shown a single step field plate structure, obtained by etching the oxide layer
deposited on the drift layer [17]. The termination has two parameters: the thickness of the oxide (tox) and the
length of the field plate (FP). A more accurate solution, three-step field plate structure, presented in Fig. 6b,
complicates the fabrication process but enhances the device’s electrical performance [17], which itself can
been adjusted by varying six parameters: the thicknesses of the three oxide ramps (Tgi, Tr, and Tg3), the
lengths of ramps 1 and 2 (Xg; and Xg;) and the length of the field plate on top of the oxide (FP), (see Fig.
6b).

We had previously patented a effective field plate edge technique that offers nearly ideal plane parallel
breakdown [11-14]. The termination, shown in Fig. 6¢ which was successfully tested on Si, SiC and diamond
power devices [11-14, 17-18] is based on a field plate overlapping on oxide ramp at the periphery of the
Schottky contact. This oxide ramp termination is acknowledged by the international community as a highly
efficient termination for power devices [8, 10].
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Since n-type regions are nearly impossible to be obtained in diamond and, since many edge
terminations concepts are based on pn junctions, the field plate concept is recommended to be used for
terminating diamond devices [17-18].
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The performance of a termination is assessed by comparing the breakdown voltage of the ideal
structure with that of the terminated structure. For ideal SBDs, the breakdown voltage is equal to the bulk
breakdown, while in real devices Vi is always lower due to edge effects.

Hence, we can define the termination efficiency () as the ratio between the simulated breakdown
voltage of the SBD with a termination and the breakdown voltage of the ideal SBD structure [17-18]. The
variation of the efficiency with the termination parameters, for SBDs with different field plate terminations is
shown in Figs. 7 and 8. In the cases of single and three steps field plate diamond structures # increase at low
values of the length of the field plate whilst for larger FPs, the breakdown voltage reaches its best
performance (Fig. 7).

The potential distribution can be even more refined when using the ramp oxide termination which can be
considered an infinite-step field plate structure [17-18]. The angle effect of the oxide ramp field plate
structure is shown in Fig. 8 for PT and nPT SBDs based on SiC and diamond, respectively. The efficiency
decreases with the ramp angle. The influence of the oxide thickness on the termination performance is
illustrated in Fig. 9. The breakdown voltage increases with the oxide thickness and saturates at 2.5um for
both diamond and SiC SBDs.
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Hence, the termination efficiency is high and practically independent of semiconductor used at low

ramp angles and thick oxide layers (Figs. 8 and 9). For the ranges of ramp angles and oxide thicknesses taken
into consideration, the PT structures exhibited larger efficiencies than the nPT ones (Fig. 8).
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When performing the optimization of a termination structure, apart from maximizing the breakdown
capability, the area consumption issue also needs to be addressed [17] . This comes to finding the optimum
potential distribution within certain limited space. A termination with outstanding electronic parameters
which occupies a large area may not be the optimum solution. A comparison of the area required by the best
structure of each of the three terminations is included in Fig. 10. Although it has the worst electrical
performance, the single step field plate termination requires an area 20% smaller than the three-step and
ramp oxide structures, which exhibit termination efficiencies 25% and 30%, respectively, higher. Occupying
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nearly the same area and having slightly better off-state performance than the three-step field plate, the ramp
oxide appears to be the best choice for terminating diamond Schottky diodes [17]. Issues such as the
complexity and cost of the fabrication process also have to be taken into consideration for fully comparing
the merits of each structure.

Dependence of the termination efficiency on drift thickness is shown in Fig.11. A 10% - 20%
decrease of the electrical capability of each termination can be noticed. By increasing of the drift thickness,
the surface electric field stress at the edge of each termination is larger. Therefore, semiconductor‘s critical
electric field value and, by consequence, the avalanche breakdown, are reached for smaller voltages [17].
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Fig. 10 — (a) breakdwon voltage vs termination length; (b) comparable area consumption for each of the field plate terminations
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4. SBDs FABRICATED ON SIC AND DIAMOND

Table 4 presents the history in the main parameters of the silicon carbide and diamond devices produced
in Romania. Three kinds of SiC diodes and one SBDs on diamond have been designed, fabricated and
characterized in our country. The best performances of these devices are listed in Table 4.

High voltage SBDs have been obtained based on oxide ramp field plate termination [13-14, 17-19].
SiC Schottky structures were realized on different nn~ 6H and 4H-SiC wafers. The n epi-layer has S8um
thickness and 8.5x10"cm™ doping, or 5pm/2.7x10'°cm™ [13-14].
The main technological challenge of the targeted silicon carbide diode is fabrication of an efficiency oxide
ramp termination. In order to obtain different oxide ramp angles various combinations of oxide layers have
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been deposited on test samples. The wet etching process have been also studied using the standard oxide etch
solution and a specific solution containing flouridic and nitric acids diluted in a large proportion of water
[13, 14].

Table 4 — SiC and Diamond devices produced in Romania

Fabrication year 1997 2001 2002 2005
Device pn diodes on 6H- Schottky diodes on Photodetectors on Schottky diodes on
SiC 4H-SiC 6H-SiC diamond
Current > 10A > 1A > 100mA/W > 1A
capability
Blocking > 400V > 1100V > 200V > 1200V
voltage

Two insulating layers comprised of an undoped oxide layer and an 8% phosphorus doped oxide layer
were grown onto the epilayer. Then two steps wet etching were used: an initial etching in a standard oxide
etch solution, followed by an over-etching in a P-etch solution. Experimental measurements indicate that an
oxide ramp termination with an angle smaller than 4° was achieved. After oxidation, nickel (Ni) e-gun
evaporation is performed on the heavily doped backside substrate and annealed at /000 C to obtain a good
ohmic contact. /5004 Ni was deposited and patterned by lift-off as Schottky contact on SBD. A high
vacuum annealing at three temperatures (800, 900, 1000°C) for 2min, was performed to form Ni Schottky
barrier contact [13-14].

Fig. 12 shows the high efficiency of the oxide ramp termination in spreading the potential lines in the
proximity of the Schottky contact. One can see that punch-through junction limits the breakdown voltage.
Electric field lines are also shown as dashed lines [14].

S e e

Fig. 12 — The potential distribution at breakdown voltage in
SBDs with 8um/8.5x10"°cm epilayer parameters.
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Figs. 13-14 show current - voltage characteristics measured on SiC SBDs metalized with Ni. The
Schottky contact annealing effect is evinced. Reverse leakage current increases with the increase in the
reverse bias for unannealing devices (Fig. 13). A significantly improved of the reverse characteristics is
proved after the annealing. A sharp breakdown at a maximum value of /070 (800 C/2min annealing) can be
observed [13]. Note that the breakdown voltage measured on Ni diodes represents 95% of the simulated

corresponding value [13-14]. The reverse leakage current has a weak dependence on voltage for Vx>100V.

The measured forward characteristics of Schottky barrier diode at different temperatures are shown in
Fig. 14. The conduction mechanism follows the thermionic emission law for at least 6 orders of magnitude
into low current density levels (Fig. 14).

The saturation current density (J;), emission coefficient (n), Schottky barrier height (®g,) values
extracted using an accurate parameter extraction software [13] are given in Table 5. The values of n do not
vary with temperature (7), evincing a high quality Schottky contact.

The constant value of the Schottky barrier with temperature is expected since the bandgap of SiC
barely changes within the investigated temperature range. The relatively large barrier of Ni on SiC allows
operation of the Schottky diodes at high temperatures with lower power losses compared to equivalent
structures using metals such as Ti, which have smaller barrier height to SiC [14]. The above mentioned Vg
of 1070V (Fig. 13) is roughly 70X lower than the highest reported Vg [3], but with 5x smaller R,, (Fig. 14).
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Table 5 — Extracted Schottky parameters of SBD at various temperatures

T’C] 20 75 100 125
J[A/cm?] 1.6x10"7 2.7x107" 7.9x10™" 1.3x10"°
Dy, [V] 1.375 1.369 1.363 1.363
n 1.07 1.10 1.11 1.11

High voltage Schottky devices with oxide ramp termination were also fabricated on pp’ diamond
probes. In order to achieve the low angles required for optimum electrical behavior, three oxide layers were
deposited on the intrinsic diamond [17]. After the low pressure chemical vapour deposition (LPCVD) of an
undoped, 0.8um thick, SiO, layer, two doped oxide layers were added, each of them 0.7um thick, the first
having /0"’ ¢m™ phosphorus concentration and the second 5 x 10" ¢m™. The etching rate of undoped SiO, is
lower than that of phosphorus-doped SiO,. When immersed in a P-etch solution, the three oxide layers etch
at different speeds, and thus the ramp oxide is obtained. After the deposition of gold, a structure with a=11°,
tox=2.2um and FP=1um was obtained as illustrated in Fig. 15.

As shown in Fig. 16, which presents an experimental reverse curve, the measured breakdown voltage
was approximately 7700V for a nominal drift thickness of /3um and a circular Schottky contact with 40um
diameter (Fig. 15). However, when trying to match with the simulations, a comparable ¥z was obtained for
v.= 7um as highlighted in Fig. 17 [17]. This discrepancy may be due to the high tolerance with which y, was
measured, to defects which might have appeared during the diamond growth or to the fact that the simulator
implementation of diamond needs further refinement [17]. Reliable ionization coefficients for diamond still
need to be determined. In the simulation carried out to fit the experimental results, the ionization coefficients
used were obtained via extrapolation from silicon and silicon carbide, based on diamond’s band gap.
However, this did not yield accurate results [17].

In Fig.18 are shown forward characteristics measured on diamond SBD at three temperatures (300K,
400K and 507K) [19]. For low voltage the forward current increases with temperature. For larger Vp, the
opposite trend can be noticed. In the first region, the current behaviour is dominated by the larger
concentration of dopants which are ionized at elevated temperatures. Due to the higher ionization rate, more
carriers are available for conduction and the current increases with temperature. As current rises, as shown
before, the voltage drop across the internal resistances is dominant. This effect is related to the degradation
of the mobility at high temperature due to various scattering mechanisms which occur in single crystal
diamond.

In Fig.18 are shown forward characteristics measured on diamond SBD at three temperatures (300K,
400K and 507K) [19]. For low voltage the forward current increases with temperature. For larger Vp, the
opposite trend can be noticed.
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SBDs.

In the first region, the current behavior is dominated by the larger concentration of dopants which are
ionized at elevated temperatures. Due to the higher ionization rate, more carriers are available for conduction
and the current increases with temperature. As current rises, as shown before, the voltage drop across the
internal resistances is dominant. This effect is related to the degradation of the mobility at high temperature
due to various scattering mechanisms which occur in single crystal diamond. Thus, the voltage drop
increases with the temperature [19].
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ig. 17 — Breakdown voltage vs drift thickness for the idea at different temperatures [19].

structure (simulation) and for the SBD with ramp oxide
termination (simulation and experimental) [17].

5. CONCLUSIONS

Diamond and SiC are materials expected to play a vital role in the new generation of power devices.
The Schottky Barrier Diodes built on these semiconductors and presented in this paper prove their capability
for high power and high voltage operation.

Punch-through and non punch-through structures were analyzed. For nPT SBDs, an analytical equation
for the breakdown voltage vs. drift layer doping variation, often used in the power devices design, was
achieved. It was shown that Vjpp decreases with the drift doping with the same slope for both SiC and
diamond SBDs. For PT structures, Vg is constant at low epi-layer dopings and decreases for higher
concentrations. Due to technological difficulties in doping diamond, extremely lowly doped drift layers,

ideally intrinsic, are recommended for PT diamond SBDs. On the contrary, drift dopings around / 013 em™3

are preferable for high power SiC SBDs, due to problems in growing lowly doped epi-layers. The low values
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of the leakage currents calculated in both n-type and p-type SiC diodes, as well as in p-type diamond
structures, enable the hope for the possible use of these devices in high temperature applications.

The trade-off between the current capability and the blocking potential corresponds to a slightly punch-
through design, for large forward currents, and to a fully punched-through SBD at high breakdown voltage.

The performances of diamond and SiC Schottky barrier diodes terminated with three different
structures, based on the field plate concept have been investigated. A simulation-based comparison between
the three terminations, consisting of blocking ability and area consumption considerations, has been carried
out. The efficiency of the single step field plate termination is 25% less than those of the other two
structures, but it requires 20% less area. The ramp oxide termination, based on a field plate overlapping on
oxide ramp at the periphery of the contact, exhibited the largest breakdown voltage with an area consumption
comparable to that of the three-step field plate structure.

In this paper we demonstrated by measurements and simulation that the oxide ramp termination is
highly suitable for SiC and diamond SBD. Values of the efficiency over §0% have been obtained for any
ramp angle smaller than /2° and for oxide thicknesses over 2.5um for diamond and SiC.

SBDs on SiC and Diamond have been fabricated for the first time in Romania using oxide ramp
termination. The forward characteristics measured on SiC devices metalized with Ni, are in very good
agreement with the thermionic emission theory at low level injection. An ideality factor close to one and a
Schottky barrier unchanged with temperature up to /25°C were obtained. The experimental reverse
characteristics of Ni/6H-SiC Schottky barrier diodes showed a near-ideal parallel plane breakdown at a
voltage of /070V and low leakage currents.

Results obtained from actual fabrication of diamond SBD with ramp oxide termination are also
presented. Experimental results included in this paper have shown the capability of diamond Schottky
structures of conducting on-state current densities up to 700 A/cm’ at 5V. Two trends of variation were also
experimentally revealed when considering the way the forward characteristic is influenced by the
temperature. For forward voltages close to the turn-on voltage, the current increases with temperature. For
larger Vg, an opposite dependence have been observed, because the series resistance effect becomes
dominant.

A breakdown voltage over //0V has been measured on diamond diodes. The lack of simulation-
experimental match indicates the need for further material investigation and for reliable determination of
ionization coefficients for synthetic single crystal diamond.
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