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A novel 4H-SiC lateral bipolar junction transistor structure with
high voltage and high current gain*
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In this paper, a novel structure of a 4H-SiC lateral bipolar junction transistor (LBJT) with a base field plate and double
RESUREF in the drift region is presented. Collector-base junction depletion extension in the base region is restricted by
the base field plate. Thin base as well as low base doping of the LBJT therefore can be achieved under the condition of

avalanche breakdown. Simulation results show that thin base of 0.32 um and base doping of 3 x 107 ¢cm

—3 are obtained,

and corresponding current gain is as high as 247 with avalanche breakdown voltage of 3309 V when the drift region length
is 30 um. Besides, an investigation of a 4H-SiC vertical BJT (VBJT) with comparable breakdown voltage (3357 V) shows
that the minimum base width of 0.25 um and base doping as high as 8 x 10'7 cm~3 contribute to a maximum current gain

of only 128.
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1. Introduction

Power bipolar junction transistors (BJTs) based on 4H-
SiC are recognized as very attractive candidates for usage in
For the best use of the ad-
vantages of 4H-SiC BJTs, they can be used in high temper-

high-power switching devices.

ature environments because they are free of gate-oxide reli-
ability issues as compared with the MOS transistors. In or-
der to avoid significant power losses at the base-drive cir-
cuit, a high current gain is needed. Although several studies
have been reported to increase the current gain by optimiz-
ing device geometry!!=3! surface passivation!*>! or with dou-
ble base epilayer!®! or base with buried layer!’! 4H-SiC BJT
reported in the literature exhibits a very low current gain typ-
ically in a range of 60-70.1%! In recent years, a few groups
have achieved current gains over 100°-'% at room tempera-
ture. In addition, a group has achieved a high current gain
exceeding 200 in 2011 by using state-of-the-art surface passi-
vation combined with an intentional deep-level-reduction pro-
cess based on thermal oxidation.['3 All the investigations
above are based on vertical bipolar junction transistors (VB-
JTs). As is well known, apart from surface recombination,
base width is an important limiting factor of current gain. Cur-
rent gain can be increased dramatically by reducing the base
width. However, if the base width is too low, a complete deple-
tion of base region can happen before the initiation of impact
ionization-induced breakdown at the base-collector junction,
causing what is known as punch-through breakdown. There-
fore, there is little room for optimizing base width to acquire a
trade-off between high current gain and high breakdown volt-
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age (Vpr) for a vertical BJT. Moreover, vertical structures are
not easy to be integrated with other circuit components to de-
velop power integrated circuits.

In this paper, we mainly focus on a 4H-SiC lateral BJT
and a novel lateral BJT structure is proposed with surface
electric field optimization technique including a field plate
and a double reduced surface field (RESURF), which is used
to achieve high breakdown voltage and lower specific on-
resistance (Ron_sp). More importantly, a base field plate
can restrict collector-base depletion extension in the base re-
gion. Therefore, a high current gain with thin base as well as
low base doping can be obtained under the condition of high
avalanche breakdown.

The two-dimensional numerical analysis tool ATLAS!4]
is used to investigate the electrical characteristics. An LBJT
with high voltage above 3300 V is designed with little deple-
tion in the base region. Influences of base width on current
gain and breakdown voltage are studied, by which a maximum
current gain of 247 with Vgr = 3309 V is achieved. Finally,
vertical BJT with a comparable breakdown voltage of 3357 V
is also analyzed. Simulation results indicate that the current
gain of an LBJT is almost twice as high as that of an optimum
VBIT under the comparable avalanche breakdown voltage.

2. Device structure and physical model

A schematic cross-sectional view of the proposed lateral
4H-SiC BJT is shown in Fig. 1. A traditional P-type RESURF
epilayer is grown at the top of the P substrate with an ac-
ceptor doping of 2 x 10'3 cm™3. The N-type epilayer with a
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thickness of 2 pum is doped with 4.5 x 10'® cm=3. Region I
in Fig. 1 is defined as the drift region and its length is 30 pm,
targeting a breakdown voltage above 3300 V. As shown in the
figure, an additional top RESUREF region is added inside the
N epilayer, making this a double RESUREF structure. The top
RESUREF (16 pum long and 0.5 um deep) is used to modulate
the surface electric field distribution. Doping and width of the
P-type base epilayer are varied in our investigation and will
be discussed later in the paper. The emitter layer consists of
a 0.3-um nitrogen-doped epilayer to 5 x 10! cm™3. Besides,
base field plate and collector field plate with oxide thickness
(Tox) of 0.5 um are applied. The length of the collector field
plate (Lcpp) is 6 um. The parameter Lppp refers to the base
field plate length. The area of simulated device is set to be
1 cm? for simplicity of evaluation. A temperature of 300 K is
employed as default in the simulations.

E .
\‘ region 11
N=5x10" cm™3 _
0.3 um k Lepp =6 pm
P
Po, Wa Tox=0.5 pm O S
P=1x10"" em™?, |region 1 —N©
Nprr=4.5X10' cm™3, 2 um 0:5 pm
Lprr =30 pm

P=2x10" cm~3, 65 um
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Fig. 1. Schematic structure of the lateral 4H-SiC BJT.

The most important models for 4H-SiC used in the simu-
lations are given below.!!!

i) SRH recombination with carrier time of 7, = 57,
(7, = 10 ns), including doping concentration and temperature
dependence. ¢!

ii) Auger recombination with Auger coefficients: elec-
trons are of 5 x 1072 cm®/s and holes are defined as 9.9 x
10732 cm®/s.[17]

iii) Surface recombination: acceptor-like density state
function to be modeled. A constant state density of traps
Dy equals 2 x 10'2 cm™2.eV~! and capture cross section
1 x 10~15 cm? with degeneracy factor of 1.0 are used.!!%18!

iv) Incomplete ionization for both n (nitrogen) doping and
p (aluminum) doping. For nitrogen donor levels in 4H-SiC, a
dopant ionization energy is 65 meV and g. = 2. The p-type
doping can be achieved with aluminum acceptors with an ion-
ization energy of 191 meV and g, = 4.1

v) Bandgap narrowing according to the model proposed
by Lindefelt.?"]

3. Simulation results and discussion

Figure 2 shows the potential distribution in Region II and
depletion in the base region when breakdown happens for two

cases: with a double RESURF only in the drift region; with
base field plate (Lgpp = 8 um) and oxide (Tox = 0.5 pum)
as well as a double RESURF. The doping of the drift region
(NpRri) is kept to be 4.5 x 10 cm~3 for both cases. Figure 3
shows the corresponding surface electric field distributions in
the drift region (Region I).
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Fig. 2. Potential distribution in Region II and depletion extension
in the base region when breakdown happens for two cases: (a) with
a double RESUREF only; (b) with base field plate (Lgrp = 8 pm)
and oxide (Tpx = 0.5 um) as well as a double RESURF. Lcpp =
6 um. In both cases: Pz = 1. x 107 em ™3, Wy = 1.5 wm, and

LDRI =30 pm.
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Fig. 3. Surface electric field distributions in Region I for the cases
in Fig. 2.

As can be seen in Fig. 2(a) with drift region doping of
4.5x10'"® cm—3, collector-base depletion extends into the base
region so much that base must be kept thick enough to guar-
antee that punch through does not happen under high bias. A
thick base is an obstacle the needs to be overcome to acquire
a high current gain for an LBJT. When the field plate is at-
tached to the base, potential lines crowding at the place marked
with dotted circle in Fig. 2(a) are pushed away. Electric field
peak is reduced to a much lower level than that with a double
RESUREF only. As shown in Fig. 2(b), for the LBJT a base
field plate, depletion extension into the base region becomes
much smaller than that without field plate. This is pretty fa-
vorable to making a BJT with thin base and high current gain.
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Figure 3 shows corresponding surface electric field distribu-
tions in the LBJT for the cases in Fig. 2. As seen clearly, the
peak surface electric field moves far from the base region. This
indicates that a thinner base can be used, which will lead to a
higher current gain.

To achieve an LBJT with breakdown voltage over 3300 V,
Lpgy is designed to be 30 um. Collector field plate of 6 pm
long (Lcrp) is used to reduce electric field at the N/N™ junc-
tion. Oxide thickness (Tpx) is set to be 0.5 wm. Neutral base
width is denoted as Wg (see Fig. 2(b)). A wider neutral base
means less collector-base junction depletion in the base region.
Breakdown voltage and neutral base width (W) each as a
function of the base field plate length (Lppp) are investigated
to find the optimal Lgpp and the results are shown in Fig. 4.
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Fig. 4. Breakdown voltage (Vgr) and neutral base width (Wgo) ver-
sus base field plate length (Lppp). Lcpp = 6 pm, Tox = 0.5 pm,
Pz =1x10" cm™3, Wg = 1.5 pm, and Lpg; = 30 pm.

From this figure, it can be seen that when Lgpp increases
from 4 pum to 10 um, Vgr decreases while Wp( increases. It
can be explained that electric field on the base side of the drift
region (Region I) will be lowered with increasing Lgrp and
the peak electric field moves to the end of the base field plate.
As a consequence, breakdown voltage is reduced. However,
due to the lowered electric field on the base side of drift re-
gion, collector-base depletion in the base region is suppressed
and neutral base width can be kept high. From simulation re-
sults shown in Fig. 4, when Lgpp equals 8§ um, breakdown
voltage decreases to 3376 V, and neutral base width increases
to 0.65 um. If Lgpp increases to exceed 8 pwm, Vgr will be-
come lower than 3300 V, which does not meet our design goal
of breakdown voltage, i.e., greater than 3300 V. Therefore,
Lprp = 8 nm is chosen to be an optimized value, and then the
least depletion in the base region is obtained under breakdown
voltage above 3300 V.

Based on an optimal base field plate length of 8 um cur-
rent gains and breakdown voltages each as a function of base
width (Wp) for different values of base doping (Pg) in an LBJT
are studied. The base width is varied from 0.3 pum to 1.5 um.
Simulation results are shown in Fig. 5(a).

As can be seen from Fig. 5(a), when W ranges from
0.4 pm to 1.5 pm, the breakdown voltage of designed lateral

4H-SiC BJT can be kept at a high level (3370 V) for base dop-
ing of 3 x10'” cm~3. When W5 is reduced to 0.32 um, a cur-
rent gain of 247 is obtained. At the same time the breakdown
voltage is still kept above 3300 V (3309 V in Fig. 5(a)). When
Pg is reduced to 2 x 10'7 cm™3, the maximum current gain we
can obtain is only 72 when Vgr exceeds 3300 V. Lower base
doping makes punch through happen more easily under high
=3, the
thinnest base with Vgr over 3300 V is 0.3 um, and the corre-

voltage. When base doping increases to 4x10'7 cm

sponding current gain is 228. A higher base doping can indeed
lead to a thinner base. However it will create more holes re-
combined with electrons in the base region. This will prevent
the improvement in the current gain.

For comparison, conventional vertical BJT (VBJT) with a
comparable breakdown voltage of 3300 V is also investigated
using the ATLAS simulator under the same physical models
mentioned above. The drift region length of 20 pm and doping
of 3x10'5 cm ™ are used. Current gains and breakdown volt-
ages varying with the base width for different values of base
doping are shown in Fig. 5(b). For the VBIT, the breakdown
voltage drops more quickly than that of an LBJT as Wg de-
creases. When the base doping increases to 8 x 10!7 cm ™3, the
maximum current gain of 128 is obtained for Wg = 0.25 um.
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Fig. 5. Current gain and breakdown voltage each as a function of
base width (Wg) for different values of base doping (Pg). (a) For the
LBIT: Lpir = 30) um and Npgy = 4.5 x 10'¢ cm~3; (b) for the VBIT:
Lpir = 20) pum and Npgp = 3 x 1013 cm ™3

The maximum current gains with Vgr above 3300 V
for each base doping (Pg) ranging from 1 x 10'7 cm™3 to
9 x 10'” cm™3 for the LBIT and the VBIT are shown in Fig. 6.
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As can be seen from the figure, for an LBJT, when Py in-
creases from 1 x 1017 cm™3 to 3 x 107 cm ™3, the maximum
current gain with Vgr above 3300 V keeps increasing. The
reason is that increasing Pg can cause a lower base width. Al-
though increasing base doping will create more holes, a lower
base width could significantly reduce carrier recombination in
the base region. Therefore, the transportation factor of SiC
BIJT is improved and high current gain can be achieved. How-

ever, when the base doping increases to 4 x 10!7 cm™3

or even
higher, the reduced carrier recombination in the base region
cannot compensate for the loss of current gain because of in-
creased holes. Maximum current gain is therefore reduced.
While for the VBJT, the maximum current gain of only 128 is

achieved with a much higher base doping of 8 x 10!7 cm™3.
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Fig. 6. Maximum current gains with breakdown voltage over
3300 V versus base doping (Pg). For the LBJT, Lpir = 30 pum
and Npgj = 4.5 x 10'® cm™3; for VBJT, Lpr = 20 um and Npgj =
3x 105 em™3.

Table 1. Comparison of an optimal LBJT and VBJT with compa-
rable Vgr of 3300 V.

LBIT VBIT

Var/V 3309 3357
Current gain 247 128
Ron_sp/mQ-cm? 22.9 8.16

DC -V output characteristics of the LBJT and the VBJT
are shown in Fig. 6 with base current (/g) ranging from 200
mA to 1000 mA. Breakdown voltage, current gain, and spe-
cific on-resistance of an optimum LBJT and VBIJT are listed
in Table 1. From Fig. 6, it can be seen that when the opti-
mum LBJT device conducts a collector current of 100 A/cm?,
and the forward voltage drop is 2.29 V, which corresponds to
a specific on-resistance of 22.9 mQ-cm?. Although a double
RESUREF structure is applied, the designed LBJT still presents
a specific on-resistance higher than that of the VBJT, whose
specific on-resistance Ron_sp is only 8.16 mQ-cm? (collector
voltage of 0.816 V and collector current of 100 A/cm?). Be-
cause the required drift region is added to the lateral dimen-
sion of the device, the lateral BJT tends to require a large SiC
chip area compared with the vertical BJT for the same on-
resistance. The areas of simulated devices including the LBJT

and the VBIT in this paper are all set to be 1 cm?, which is con-
sidered to be the reason for the higher specific on-resistance of
the LBJT. Application of a double RESURF leads to a nar-
rower current channel in the drift region under P top region,
which also contributes to a higher Ron_sp. For such a gen-
eral disadvantage of lateral power devices, it is believed that
by improving the structure, the specific on-resistance of the
LBIJT will be optimized to an acceptable value.
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Fig. 7. DC I-V output characteristics of the 4H-SiC LBJT and
VBIJT. Both the LBJT and the VBJT are optimized with maxi-
mum current gain under Vgr above 3300 V. For the LBJT, Pg =
3% 10'7 cm™3 and Wg = 0.32 um; for VBIT, Pg = 8 x 107 cm™3
and ZVB = 0.25 pm. The area of simulated devices is set to be
1 cm”.

4. Conclusions

In this paper, a lateral 4H-SiC BJT is investigated and a
new structure with a double RESURF and a base field plate is
presented. Compared with the LBJT with a double RESURF
only, combining a base field plate and double RESUREF is
proved to be effective in reducing depletion in the base re-
gion. Simulation results indicate that when the base field plate
length is 8 um, the least depletion in the base region can be ob-
tained. At the same time, the breakdown voltage higher than
3300 V can be achieved at Lpr; = 30 um. Then, influences
of the base width on current gain and breakdown for differ-
ent values of base doping are investigated in an LBJT with
Lgrp = 8 um. When the base width is reduced to 0.32 pum with
a base doping of 3 x 107 cm ™3, the maximum current gain of
247 with high voltage of 3309 V is achieved. For comparision,
influences of the base width in VBJT are studied with compa-
rable Vgr up to 3300 V. For VBIJT, a maximum current gain of
128 is obtained with Wy = 0.25 um and Pg = 8 X 10'7 em—3.
The optimum LBJT shows an overwhelming advantage over
the VBIT on current gain, of which the ratio is 247, much
higher than 128. Nevertheless, the optimum LBJT has a spe-
cific on-resistance of 22.9 mQ-cm?, which is significantly
higher than that of VBIT (only 8.16 mQ-cm?). It is con-
cluded that the proposed LBJT can be an excellent candidate
for high-current gain and high breakdown, especially in power
integrated circuits.
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