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In this paper, a new structure of a 4H-SiC bipolar junction transistor (BJT) with a buried layer (BL) in the base is

presented. The current gain shows an approximately 100% increase compared with that of the conventional structure.

This is attributed to the creation of a built-in electric field for the minority carriers to transport in the base which is

explained based on 2D device simulations. The optimized design of the buried layer region is also considered by numeric

simulations.
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1. Introduction

Silicon carbide (SiC) is a very attractive material
for high voltage, high temperature and high power
applications due to its wide bandgap, high break-
down field, and high thermal conductivity. The 4H-
SiC bipolar junction transistor (BJT) is a promis-
ing switching device, and considerable progress has
been made in recent years.!=4 It is an intrinsically
normally-off device, has no gate oxide problem, and
conducts high current at a low forward voltage. How-
ever, a disadvantage with the BJT is that it requires
a continuous base current for control. Therefore, im-
proving the current gain of the 4H-SiC BJT is ex-
tremely important, as it determines the driving loss
of the transistor. However, the 4H-SiC BJT reported
in the literature exhibits a low current gain usually in
a range of 10-40. Many studies have reported that
the current gain of the 4H-SiC BJT can be increased

BBl surface

by optimizing the emitter/base geometry,
passivation,! ion implantation,!” as well as employ-
ing double base epilayers.[®] Because most studies have
focused on improving the conventional structure, there
has not been a new structure that can increase current
gain effectively.

In the present paper, for the first time, we re-
port a novel 4H-SiC NPN BJT structure with high
current gain. An n-type buried layer is used in the
base to eliminate the drawback of low current gain.

The collector current can be significantly improved,
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thus enhancing the current gain up to approximately
100%, which is due to the creation of a built-in elec-
tric field for the minority carriers to transport in the
base region. By a 2D simulator ATLAS, current gain
enhancement does take place in 4H-SiC BL-BJT com-
pared with the experimental conventional structure.!!!

2. Device structure and physical

models

Simplified cross-sections of conventional and 4H-
SiC BL-BJTs are shown in Fig.1. In the 4H-SiC BL-
BJT, there is an n-type layer buried in the p-type base,
which is distinguished from the conventional struc-
Ly, Ty, and Ny, are the length, thickness and
doping concentration of the buried layer respectively.
All devices in this study have Ny, of 5 x 1017 cm™3.
A temperature of 300 K is employed as default in the

ture.

simulations.

The 2D numerical device characteristics are re-
In addition to the
basic Poisson and drift/diffusion equations, differ-

alized with Atlas from Silvaco.

ent physical models used simultaneously in Silvaco
are Shockley—Read—Hall (SRH) for generation and re-
combination, bandgap narrowing (BGN) for bandgap
narrowing, the Caughey—Thomas model for mobility
and finally, incomplete for incomplete ionization of
dopants.
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It is worth noting that in the mobility models the carrier velocity saturation, the carrier—carrier scattering (with

high doping levels), the carrier diffusion at interface and the vertical electric field influence may be taken into

account. [0~ 11]
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Fig.1. Schematic cross-sections of (a) conventional 4H-SiC BJT and (b) proposed 4H-SiC BJT with a buried

layer in the base.

2.1. Bandgap narrowing model

A high concentration of free carriers in a semicon-
ductor can cause a significant reduction in bandgap.
At high doping levels, carrier—carrier interaction,
carrier-impurity interaction and overlap of the elec-
tron wave functions are not negligible. These bandgap
narrowing effects are taken into account in band edge

displacements that can be described as['?

N+ 1/3
AFq = (-1.5x107?) ( D )

1018
+(—2.93 x 107%) (gﬂ)m,
ABy = (1.9 x 107?) (fgin
+(8.74 x 1073) (fgi)m. (1)

Bandgap narrowing has an important effect in
bipolar transistors by increasing the minority carrier
concentration in the emitter, thus reducing the emit-
ter efficiency.

2.2. Mobility models

The Caughey-Thomas model*!
used for describing the carrier mobility of SiC. The

is commonly

mobilities of electron and hole at low electric fields are
both dependent on the doping level and temperature,

and they are given respectively by
947 x (T/300)~2
pin(em®/V' - 8) = 1 [Ni/(l.(94/>< 1(317)]0'61 ’
124 x (T/300)~2
1+ [N /(1.76 x 1019)]%34
(2)

where N; denotes the total concentration of ionized

pip(em?/V - s) = 15.9 +

impurities.

At high electric fields, the carrier drift velocity
saturates due to an increase in optical phonon scat-
tering and reaches saturation velocity. The mobilities
of electron and hole at high electric fields can be ex-
pressed respectively as

pin(em?®/(V -5)) = ““ﬁE —55
[H ]
pp(em?/(V - 5)) = wa (3)

where pino and ppo are the mobilities of electron and
hole at low electric fields respectively. Vi, is the satu-
ration velocity with a value of 2x 107 em/s for 4H-SiC.

2.3. Carrier lifetime model

The SRH lifetime depends on the doping concen-
tration and the temperature. The doping dependence
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of the SRH lifetime is modelled with the Scharfetter
relation,'® and the temperature dependence is mod-
elled by a power law.[!3] Thus, the electron lifetime is
expressed as follows:

T 1.72
Tmax,n 300

N 0.3
1 -1
i (3 X 1017>

where T is the lattice temperature in K, /V; is the total

Tn =

(4)

concentration of ionized impurities, and Tiax n is the
electron lifetime in the material without impurities at
300 K. The parameter « is cited from Ref.[14] and
the parameter v is taken from Ref.[15]. The relation
Tn = 57y is used in the simulation.

2.4. Incomplete ionization model

The donor and the acceptor energy levels (Ep and
Eyx) in SiC are deeper than the thermal energy at
room temperature, so the dopants in SiC are not fully
ionized even above room temperature.[!8] The ionized
concentration for donors (N7) and acceptors (N )
are given by

Np

+ _
N = —T O
1+ g.exp T
N,
NZ - A I (6)
Erp, — Ea
1+ gy exp T

where Np and Na are donor and acceptor concentra-
tions of impurities added to the semiconductor crystal.
Er,, and Er, are the quasi-Fermi levels, respectively.
Due to the lack of specific information for SiC, the
donor energy level degeneracy factor g. and acceptor
energy level degeneracy factor g, are usually assumed
to have the same values as those in Si. For energy
levels of the nitrogen donor in 4H-SiC, a dopant ion-
ization energy Fp, — Fp = 42 meV and g. = 2 can be
used. p-type doping can be achieved with Al accep-
tors with ionization energy Erp, — Fa = 191 meV and

gV:4'

3. Results and discussion

In order to demonstrate the 4H-SiC BL-BJT ef-
fect, we first implement the experimental 4H-SiC BJT
in ATLAS as shown in Fig.1(a).
simulated and experimental collector current—voltage

Figure 2 shows the

(Ic—Vcr) characteristics under the base current (Ip)
varying from 200 to 800 mA in steps of 200 mA. It
should be noted that the simulated results of the con-
ventional 4H-SiC BJT are in good agreement with the
experimental data.
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Fig.2. I-V characteristics for the conventional structure
of a 4H-SiC BJT.

Figure 3 shows a comparison of the I-V charac-
teristic of the 4H-SiC BJT between the cases with and
without buried layers. The results show that the cur-
rent driving capability of BL-BJT is high compared
The cur-
rent gain comparison in Fig.4 shows that the BL-BJT
(Lp = 5 pm) exhibits almost double that of the con-
ventional structure. As can be observed from Fig.4, it

with that of the conventional structure.

is represented at moderate current levels that current
gain is approximately constant. Compared with the
conventional structure, the BL-BJT (L, = 2-6 pm)
has a wide current application.
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Fig.3. Comparisons of I-V characteristic of the 4H-SiC
BJT between the cases with and without buried layers.
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Fig.4. Curves for current gain versus collector current for
different lengths of BL.

Figure 5 demonstrates the effect of current den-
sity on the distance of the buried layer underside. The
z-axis is set on Fig.1(b). The current density with the
buried layer approximately doubles at the peak which
is responsible for the creation of a built-in electric field
for the minority carriers to transport in the base re-
gion as compared with that of the conventional struc-
ture. The injected electrons from the emitter pass
through the base quickly thus reducing base recom-
bination. The effect of current crowding at the edge
of the emitter (z = 5 pm) can also be observed. As
a function of the electric field of the buried layer, the
current crowding effect is even more obvious than that
of the convention structure.
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Fig.5. Curves for current density versus distance along
the underside of the buried layer.

Figure 6 shows the dependence of maximal cur-
rent gain on the length of the buried layer with differ-
ent thicknesses. The values of maximal current gain
increase when Ly, increases from 2 to 5 ym, and then it
decreases sharply when Ly, increases from 5 to 10 pym.
The simulation results are explained below.
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Fig.6. Curves for maximal current gain versus length of
buried layer with different thicknesses of buried layer.

Until now, some work has been done to study the
mechanisms related to the current gain. The factors
limiting the current gain of 4H-SiC BJTs are found
to be the bulk carrier recombination in the device
base and the emitter injection efficiency. At the same
time, in such a wide band gap semiconductor material
as SiC, the recombination in the space charge region
(SCR) may substantially affect the amplifying proper-
ties of BJTs.[!7:18] Therefore, in the theoretical anal-
ysis the following factors must be taken into account:
1) recombination in the emitter—base space charge re-
gion (SCR), 2) effect of the emitter current crowding,
and 3) electron mobility decreasing due to the carrier
scattering effect.

Common emitter current gain (3) can be ex-
pressed as follows:

1 -1 -1 -1
B~ =B +bBiscr +Os

B =2 [WBFZ%Z Wa
r 2 LnB Tn HnB ‘E| : 7-n7
gl = NapWgWgEg
rSCR 2DHBTaniquBE/2kT’
g DmlaNm
nB LpE {VDE

where ﬁ;Bl is the factor of the recombination in neutral
bulk of the base; ﬂ;SlCR is the factor of the recombina-
tion in the emitter—base space charge region; ~y is the
emitter injection efficiency; L,p is the electron diffu-
sion length in the base; Nap and Npg are the acceptor
concentration of base and the donor concentration of
emitter respectively; Dyp and D,g are the electron
diffusion constant in the base and the hole diffusion
constant in the emitter respectively; Wy is the base
width; 7, is the ambipolar lifetime (7, = ™ + 7); T
is the time of minority carrier transport in the base;
WpgE is the base—emitter space charge width; unp is
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the electron mobility in the base; E is the electric field
for electrons to transport in the base.

Considering the buried layer in the device base,
maximal current gain increases sharply as the length
of buried layer increases from 2 to 5 ym. This is at-
tributed to the reducing of factors 6531 and ﬁ;S1CR
Firstly, the buried layer induces a new built-in elec-
tric field, thus reducing the time of electron transport
Tp. When the buried layer is close to the edge of the
emitter which is the location of current crowding, 7,
decreases obviously. So the factor ﬁr_Bl decreases. Fur-
thermore, the emitter—base space charge region Wgg
shrinks gradually with the buried layer length increas-
ing from 2 to 5 pm because of the buried layer weaken-
ing the electric field of the emitter—base space charge
region. So the factor ﬂr_SlCJR is decreasing.

As Ly, increases from 5 to 10 um, maximal current
gain decreases sharply. This is due to two factors: one
is that the terminal edge of the buried layer is far from
the point of emitter current crowding with Ly, increas-
ing, the other is that a high level of electron assembled
nearby the buried layer leads to a reduction in electron
mobility (< Dyg) due to the mass carrier scattering
effect. Therefore, 8 decreases sharply because of ﬁr_Bl,
ﬁ;slcR and Gy ! increasing.

Figure 6 also shows the dependence of current
gain and the thickness of the buried layer. The max-

imal current gain increases as T}, increases from 0.1
to 0.3 pm and is almost equal to 0.4 pm. This is
because the depletion region of the buried layer edge
is enhanced with T}, increasing. At the same time,
simulation results are not sensitive to the BL concen-
tration. Therefore for a given BL concentration (Ny
of 5 x 1017 em™3), Ly, of 5 ym and T3, of 0.3 ym are
the optimal values.

4. Conclusion

In this paper a new design of a high current gain
4H-SiC BJT with a buried layer in the base is proposed
for the first time. The current gain of the 4H-SiC BL-
BJTS shows an approximately 100% increase com-
pared with that of the conventional structure. The
current gain enhancement is due to the creation of a
built-in electric field in the base region helping the
injected electrons from the emitter pass through the
base quickly, thereby reducing the base recombination.
Finally Ly of 5 pum and T3, of 0.3 um are the optimal
values in simulation. The high current gain obtained
for the proposed structure results in low driving losses,
thus making this device more useful for high voltage
applications.
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