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Abstract. The paper presents the results of smulation and analysis of the critical parameters for SIC-
based JBS devices. The inner processes of JBS have been investigated to get a better understanding of
the main parameters insde the JBS device. The parameters that can not be measured by traditional
techniques have the biggest impact on the electrical characteristics of the device. The best crysta
polytype (4H- versus 6H-SIC) and workforce of Schottky contact metal are found for power applice
tion of the JBS.
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1. INTRODUCTION

Silicon carbide is an outstanding compound semiconductor material with
good physical properties. This makesit an excellent candidate for high speed and
high temperature power electronic applications. M etal—semiconductor interface is
one of the fundamental blocks in any semiconductor device technology. Further-
more, the 4H- and 6H-polytypes of SIC have some substantialy different para-
meters, which have direct influence on the characteristics of the device.

Different barrier heights strongly influence the current transport in Schottky
interfaces[?]. There are many aspects in simple Schottky devices, which are
similar to those in JBS (e.g. the current crowding phenomenon). From another
point of view, JBS devices have specific advantages compared to traditional
simple pn- or Schottky devices. Many experimental results, dealing with the
simulation of JBS devices, have been published [*®]. Almost all simulation
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reports have investigated the relation of pn- and Schottky areas, only some
papers deal with different Schottky contact metals, size and placing of implanted
regions, and with thickness and doping concentration of the drift region. No
papers have been published about JBS devices based on the p-type SiC. The
processes inside JBS devices have been inadequately studied. The electric field
strength distribution and minority carrier distribution in the device have been
studied, athough these studies have been concentrated only on certain parts
inside the device in one dimension. In this paper we make an attempt to bridge
this gap in some specific aspects.

The simulations have been done with simulation software SIC-DYNAMIT-
2DT, earlier developed at the Department of Electronics of the TUT [**9], aided
by bash shell scripts for automation of simulations and gnu plot for presenting
the results.

2. DESCRIPTION OF THE DEVICE

The detailed description of the model used here is presented in["] and
therefore it will not be discussed here in detail. Choosing the “best practice”
geometric dimensions for the JBS device will be discussed in greater detail.
Relevant simulation results are compared to find an optimum combination for
power application: a device with low power losses, high reverse breakdown
voltage and fast turn-off characteristic. The solution leads to optimal dimensions,
which give best forward, reverse and turn-off characteristics. Firstly, the forward
characteristic will be discussed (Fig. 1).

The simulations clearly show that devices with wider emitter have worse
forward characteristics, especially in the low voltages region. The current density
distribution along the x and y axes under small forward voltage for wide emitters
(“1.5-10-1") issimilar. The forward characteristic itself is not suitable for taking
into account the demands to find the optimum combination for power applica
tion. The dlope of the characteristic does not support the task to find the
optimum. The explanation can be easily deducted from Fig. 2, where the electron
concentrations inside the device are shown.

In case of a“dim” emitter (“1.5-10-0.5") the situation starts to change. The
forward characteristic moves to the region, where the possibility to find the
optimum increases significantly. The current density distributions shown in
Fig. 3 explain the situation in detail.

The x component of the total current density reveals that the majority of the
total current flows through the pn-part of the device. Thereisalittle swing of the
current towards the Schottky part of the device under emitter region, but a few
micrometers above it even bigger swing of the current takes place in the opposite
direction. The fact that the Schottky part of the device is not conducting can be
explained by the lack of free electrons under Schottky contact (Fig.2). The
length of the Schottky contact area (in our case 0.5 um) is small enough so that
the built-in voltage of the pn-junction forms a depletion region under the whole
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Schottky device and eliminates most of free electrons. Therefore the functioning
of the Schottky device, as amajority carrier device, is disturbed. The influence of
the Schottky area on the whole device is higher at low voltages because JBS
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Fig. 2. Electron concentration in devices “1.5-10-1" (a) and “1.5-10-0.5” (b) for at 0.3V forward
voltage.
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Fig. 3. Values of the x(a) and y (b) components in the device “1.5-10-0.5" at 0.3V forward
voltage; direction of the current density is opposite to the direction of the x axis.

forward characteristics at low forward voltages are mostly determined by the
Schottky area. By higher forward voltages the current flows through both parts of
the device (Schottky and pn-interfaces). The influence of the Schottky part
weakens. In case of wider Schottky area there is no lack of electrons any more
(Fig. 2) and the majority of the current flows through the Schottky contact
aready at 0.3V forward voltage (Fig. 3). Current swing to the Schottky part of
the device takes place below the emitter area. There is another redistribution of
the current in the opposite direction just below the surface. The concentration of
electrons is higher in this particular area resulting in lower resistance and
allowing easy current redistribution in horizontal direction under the Schottky
barrier. The low current density (in x direction) region under Schottky contact
near the emitter can be explained by the lack of electrons in this area. Current
density distribution in y direction reveals that current swings away from the pn-
part of the device under emitter and aso in a small (few micrometers) region
under the Schottky contact. There is a small region above the emitter, where the
current flows towards the pn-part of the device.

Next the reverse characteristics are examined. Figure4 shows that the
characteristics do not differ sufficiently except in the case when the width of the
emitter area is equal to 1 um. Devices with narrow emitter area do not block the
Schottky reverse leakage current. Reverse current of the device is flowing mostly
through the Schottky part (Fig. 5). Crowding of the reverse leakage current to
Schottky part is taking place in a specific place (bottom) of the epitaxial layer
and current is redistributed under the Schottky contact. Devices with a wide
emitter width are able to block effectively Schottky leakage current. In this case
most of the reverse leakage current flows through the pn-part of the device.

There exist two regions, where reverse current swings to the pn-part of the
device: the bottom of the epitaxial layer and the middle region of the emitter. We
can see that part of the current swings back to Schottky region of the device in the
upper half of the emitter region. This behaviour causes aso a current peak in the
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emitter. All these phenomena are well explained with current distribution shown in

Fig. 6.

8.e01

le-84

I, A

le-85

le-86

1e-87

1le-88

le-89
-50688

1,5-1-8.25
1,5-1-8.5
1.5-1-1

-45008

-4888

-3568

1,5-5-8.25
1.5-5-8.5

-3800

-2568 =-2868 -1568 -16868 -568 ]

1.5-18-8,25 2 1,5-15-8,25 v
1,5-18-8,5 £ 1,5-15-8.5 ¥
1.5-18-1 /% 1.5-15-1 %/

Fig. 4. Reverse U-l characteristics of JBS devices with different deepness and width of the p dop-
ing area; legend shows width of the whole structure and deepness and width of the p doping area

inum.

L I —
8.2

JX, nA/cn2 -]

1.5
1
8.5
-]
-8.5
-1

8.6

2
JY. uR/en® g 6o-50-40-30-20-10 © 10 20 38 40

(b)

Fig. 5. Values of the x (&) and y (b) components of the density of the reverse current in the device
“1.5-10-0.5” at 1000 V reverse voltage; current density direction is opposite to the direction of the

X axis.

288



L — —
JX, nA/cn? 8 0.5 1 1.5 2 2.5 JY, uA/en2 -8.4-8.3-0.2-8.1 8 0.1 8.2 0.3 8.4

2.5
2
1.5
1
8.5
]

OO0 OOO®
KR
AWM ORNDWA

@ (b)

Fig. 6. Values of the x (a) and y (b) components of the density of the reverse current in the device
“1.5-10-1" at 1000 V reverse voltage; current density direction is opposite to the direction of the
X axis.

The analysis of the distribution of the strength of the electric field is
interesting and provides valuable information. Here we are faced with two
aspects. Firstly, the maximum electric field strength inside the device should not
be too high, because of limited ability of the semiconductor material to handle
high electric field strengths. Secondly, the electric field strength under contact
should be as low as possible to reduce the effect of lowering of the Schottky
barrier. Lower electric field strength near the surface means also fewer problems
in passivation technique of the device surface. The last moment is extremely
important, as the proper passivation of the device surface can significantly
decrease any kind of leakages caused by the strength of the electrical field. It is
especially important in case of SIC, where the strength of the electric field
reaches much higher values than in case of Si. The worst case stems from the
solution, where the emitter depth is small (Fig. 7). In this particular situation the
distribution of the electric field inside the device under Schottky contact matches
pretty well that of a single Schottky diode. The strength of the electric field has
highest value under the contact and decreases linearly over epitaxial layer until
the substrate. This situation has, however, another disadvantage: maximum value
of the field strength is extremely high and it is not located favourably (maximum
value is under contact). Electric field distribution in case of a device with 10 um
deep and 0.5 um wide emitter is shown on Fig. 8. Electric field distribution is
quite similar in the Schottky and pn-part of the device. Maximum of the electric
field strength is through the entire device below the emitter (at around
X =11 ym).

The turn-off characteristics (Fig. 9) show clearly that the devices with the
lowest depth of the emitter have the most undesired parameters. This follows
directly from the distribution and concentration of minority carriers. Deep emitter
area introduces also the highest number of majority carriers, which are situated
over arelatively large area. The distribution of hole concentration at forward
voltage 5V for the devices “1.5-10-0.5" and “1.5-1-0.5" isshownin Fig. 10.
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Fig. 7. Distribution of the electric field under Schottky contact of JBS devices with different
emitter deepness and width; legend shows width of the whole structure and deepness and width of
the emitter in um.
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Fig. 8. Electric field distribution at reverse voltage 1000 V in case of the device “1.5-10-0.5".

As seen in Figs. 9 and 10, the amount of holes needed to be carried out from the
device depends strongly on the deepness of the emitter. The amount of electrons
needed to be carried out during the turn-off process has strong influence also on
the turn-off time. Thisis the main factor which determines the dependence of the
turn-off time on emitter area dimensions.
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Fig. 10. Hole density at forward voltage 5 V: (a) device “1.5-10-0.5" (emitter area hole concentra-
tion is out of the range and not shown); (b) device “1.5-1-0.5".

Our smulations show that small width of the emitter prolongs the slope of turn-
off characterigtics, but large width of the emitter distorts the forward charac-
teristics. Thus middle-scale dimensions should be chosen. The eectric field
strength both under the Schottky contact and in the bulk of the semiconductor
should be chosen low in case of an emitter of average depth. There are no big
differences whether the substrate material is 4H-SiC or 6H-SIC.
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3.RESULTS AND DISCUSSION

Now we proceed to the investigation of the changes of forward, reverse, and
turn-off characteristics, which is supported by the analysis of the distribution of
the electric field strength.

3.1. Comparison of polytypes: 6H-SiC versus4H-SiC

Our simulations show clearly that the current level at low voltages (below
0.4 V) for 6H-SIC devices is higher than for 4H-SiC devices under forward bias.
The opposite situation is true for higher voltages (Fig. 11). Higher currents of
6H-SiC at low voltages can be explained by lower band gap of 6H-SIC compared
to 4H-SiC. Thisresultsin lower voltage drop on Schottky barrier of Schottky part
of the device. Still, this influence is seen only on low voltages because the
resistance of the 6H-SIC semiconductor is higher than that of 4H-SiC due to
much lower carrier mobility along the ¢ axisin 6H-SiC. The reverse characteris-
tics of 6H-SIC based devices have higher reverse current and higher breakdown
voltage than the 4H-SiC based ones (Fig. 11). Higher reverse current is caused by
the characteristics of the Schottky contact. The Schottky part of the device has
higher leakage current under reverse voltage situation and this determines the
reverse current for the whole device. Smaller values of reverse breakdown
voltages are caused by lower breakdown electric field strength for 4H-SiC.

The turn-off characteristics (Fig. 12) show that the devices based on the
6H-SIC turn off during a longer time than the devices based on 4H-SIiC. It is
explained by the lower mobility of charge carriers in 6H-SIC. The electric field
distribution (Fig. 12) has the same character for both materials. Comparison of
4H-SiC and 6H-SiC shows clearly that a substrate from 4H-SiC guarantees better
characteristics in amost all aspects except in the values of breakdown voltages.
The main reason for better performance of 4H-SIC is lower values of mobility of
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Fig. 11. Forward (a) and reverse (b) U-l characteristics of 6H-SiC and 4H-SiC.
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Fig. 12. The turn-off characteristics (a) and distribution of the electric field strength (b) in 6H-SIC
and 4H-SiC JBS devices.

charge carriers compared to 6H-SiC, resulting in higher specific resistance. The
smaller breakdown voltage is caused by lower breakdown electric field strength
of 4H-SiC.

3.2. Variation of the doping concentration of the epitaxial layer

Doping concentration of the epitaxia layer influences the forward charac-
teristics twofold (Fig. 13). Dependence of the Schottky junction characteristics
on epitaxial layer concentration causes difference in the low voltage part of the
forward characteristics. Change of the resistance of the epitaxial layer, caused by
concentration change, is seen for higher voltages. Devices with higher concentra-
tion of the epitaxial layer have lower resistance and thus bigger current at the
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Fig. 13. Dependence of the forward (a) and reverse (b) characteristics on the doping concentration
of the epitaxial layer.
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same voltage. On reverse hias the resistance of epitaxial layer is not important.
By higher voltages, reverse characteristics are identical (Fig. 13). There is a
difference by lower reverse voltages. The concentration of electrons under
Schottky contact islow in case of low doping concentration of the epitaxial layer
at low reverse voltages. The magjority of current flows through the pn-part of the
device. The concentration level of electrons is much higher in case of higher
doping concentration of the epitaxial layer and leakage current of the Schottky
part of the device determines the reverse |eakage of the device.

The turn-off characteristics (Fig. 14) show that doping concentration of the
lower epitaxial layer leads to devices with a longer turn-off time, which results
from the higher resistance in the epitaxial region. The epitaxial layer concentra-
tion in turn has strong influence on the distribution of the electric field strength
along the epitaxial layer (Fig. 14). The region, where the electric field is mostly
influenced by epitaxial layer concentration, is below the emitter and above the
highly doped substrate. By higher doping concentration of the epitaxial layer the
dope of the electric field is sharper. As the device has to handle the same
voltages, the integral of the electric field strength over the device must be the
same. In case of a sharper slope, the distribution of electric field strength is less
even, causing lower eectric field strength region in the lower part of the epitaxial
layer, but also higher electrical field strength near the bottom of the emitter. The
highest strength of the electric field is important as the breakdown of the device
depends onit.

3.3. Variation of the metal work function of the Schottky contact
In figures on forward characteristicsit is seen that the metal work function has
an influence in the lower voltage region, where characteristics are determined by

the Schottky part of the device (Fig. 15). Lower Schottky barrier height causes
higher currentsin the low voltage region of the characteristic. By higher voltages,
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the characterigtics of the Schottky part of the device are not so important any more.
The forward U characteristics are similar, depending mostly on the behaviour of
the pn-part of the device. The reverse characteristics of the device depend strongly
on the contact metal work function, as leakage current of the Schottky part of the
device determines the current leakage of the whole device (Fig. 15). Lower meta
work function of the Schottky contact causes higher leakage currents in the
Schottky part of the device and also in the device asawhole.

Theturn-off characteristics (Fig. 16) do not depend on the value of the contact
metal work function. The distribution of currents in reverse voltage situation is
the same for all the three chosen work function values. Therefore also the turn-
off characteristics do not depend on it. The electric field strength (Fig. 16) does
not depend on the metal work function value of the Schottky contact either.
Barrier height of the Schottky contact has only small influence on the electric
field just below the Schottky contact.
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Fig. 16. Dependence of the turn-off characteristics (a) and electric field strength distribution (b) on

the contact metal work function.
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3.4. Comparison of the Schottky, JBS and pn-diodes

Forward characteristic of the JBS device is between the Schottky and
pn-diode, closer to the Schottky diode (Fig. 17). By lower forward voltages only
Schottky part of the device conducts. The characteristics of the JBS device try to
copy the characteristics of the best of the two. The difference in JBS and best
characteristic (Schottky interface at low voltages and pn-junction at high
voltages) isonly caused by the area of the device, which conducts at the moment.
If areas of the Schottky and pn-part of the JBS device are equal, the majority of
current flows through the Schottky part, as it normally does in low voltages
region. The current density of the whole device is about twice lower as could be
expected, because the active areais twice smaller as well. Reverse characteristic
of the JBS device is also between Schottky and pn-diode, close to Schottky diode
(Fig. 17). In the ideal case, the JBS reverse current should be more like in a
pn-diode because the depletion region cuts away the Schottky |eakage current. In
many applications of power devices the low reverse leakage is not as important
as the high forward current. Reverse currents of the chosen best device are small
enough not to cause remarkable self-heating of the device. Although both
forward and reverse characteristics of the chosen best JBS device are close to
those of the Schottky diode, the JBS device has other qualities superior to the
latter. The dependence of the Schottky barrier height on applied voltage
(Schottky effect) is not considered in this work. This effect would probably raise
the reverse leakage current of Schottky diodes considerably, as the electric field
strength under the Schottky contact is very high in case of a pure Schottky diode
as compared to the JBS diode (Fig. 17). This means that reverse leakage current
of the JBS diode is lower than that of the pure Schottky diode by high voltages.
Besides the Schottky effect there is another very important effect. High electric
field strength under surface means very difficult passivation tasks, which still
probably will not allow such high electric field strengths as in the bulk of a
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Fig. 17. Forward (&) and reverse (b) characteristics of the Schottky, JBS and pn-diodes.
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Fig. 18. Distribution of the turn-off characteristics (a) and electric field strength (b) in Schottky,
JBS and pn-diodes.

semiconductor. This simulation does not consider surface breakdown effects. The
gain from JBSinreal lifeis even more promising because of this fact.

Dependence of the electric field strength on the device type (Fig. 18) is most
important. The effect of lowering of the electric field strength under Schottky
contact can be seen. There is no such effect in the case of the pure Schottky
device. The maximum electric field strength of JBS is lower than that of the
pn-diode. This comparison is relative as unnaturally deep emitter is used
compared to normal pn-diode acceptor implantation. This fact forces voltage of
the pn-diode to drop in a considerably smaller area of n-type lower doped
epitaxial layer than in a normal pn-diode. Still, if we consider devices with the
same p-area, JBS device has lower maximum electric field strength and can
sustain higher reverse voltage. The turn-off characteristic of the JBS device is
close to that of the pn-device (Fig. 18). Although there is a parallel Schottky
structure, high forward currents are still causing minority carrier accumulation in
the epitaxial layer. Turn-off time of the JBS device is close to that of the
Schottky devices and the device is switched off from low forward current.
Almost all current flows through the Schottky device and there is very low
minority carrier accumulation in the epitaxial layer.

4. CONCLUSIONS

Relevant simulation results of JBS devices have been presented. An analysis
of the optimal combination for power JBS application has been performed.
Preferable are devices with low power losses, high reverse breakdown voltage
and fast turn-off characteristics. As the best device configuration for all the
applications is never available, it is important that such a device is chosen that
aims to reduce the need for complex passivation solutions by keeping electric
field strength under surface very low.
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The best n-substrate-based JBS device for power application was found as a
result of the investigations. As for device dimensions, the so-called balanced
middle size geometrical solution should be used. The 4H-SIC has significant
advantages over the 6H-SiC solution. The concentration of the epitaxial layer and
the metal work function values of the Schottky contact influence mostly the U-I
characteristics of the JSB device and should be determined mainly on this basis.
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SiIC JBS-struktuuride kriitiliste parameetrite analts
Raido Kurel, Toomas Rang ja Laurent Poirier

On esitatud pn- ning Schottky siirdeid sisaldavate pooljuhtseadiste (JBS)
simuleerimise tulemusi ja nende seadiste kriitiliste parameetrite anal Gidis. On uuri-
tud JBS-struktuuride sisemisi parameetreid (elektrivalja tugevus, barjaéri korgus
jne), mis pbhiliselt mdjutavad seadise elektriliste karakteristikute kaditumist ega
ole moodetavad traditsiooniliste meetoditega. On leitud parim lahendus JBS-
struktuuridele, lahtudes kristalli polUttlbist (4H- vai 6H-politidp) ja Schottky
kontakti metalli valjumistoost.
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