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High temperature characterization of double base epilayer 4H-SiC BJTs*
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Abstract:

Based on the material characteristics and the operational principle of the double base epilayer BJTs, and

according to the drift—diffusion and the carrier recombination theory, the common emitter current gain is calculated
considering four recombination processes. Then its performance is analyzed under high temperature conditions. The
results show that the emitter injection efficiency decreases due to an increase in the base ionization rate with increasing
temperature. Meanwhile, the SiC/SiO, interface states and the quality of the passivation layer will affect the surface
recombination velocity, and make an obvious current gain fall-off at a high collector current.
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1. Introduction

With the increasing demand for devices of superior high-
power, high-frequency performance and the ability to operate
in rigorous environments, such as in high-temperature con-
ditions, silicon carbide (SiC) has been recognized as one of
the potential choices for application to different devices due
to its high thermal conductivity (4.5 W/(cm-K)). In compari-
son with power MOSFETs, 4H-SiC bipolar junction transistors
(BJTs) offer higher current densities at lower offset voltages,
higher operating temperature and better reliability. In order to
reduce the driving loss, the common-emitter current gain (8cg)
is very important among all of the performance parameters.
Much work has been done to increase 8 by optimizing the emit-
ter geometry!!- 2], by improving the passivation layert®! and by
improving the base epilayer process!). In our previous work,
we put forward a novel structure of a bipolar transistor with
double base epilayers!®]. This structure can not only avoid the
ion implantation process but also reduce the base transit time.
However, the temperature dependence of its working perfor-
mance has not been unambiguously determined yet.

In the present work, we focus on the DC characteristics
at an elevated temperature and calculated in terms of models
including (1) surface recombination; (2) recombination in the
emitter—base space charge region (SCR); and (3) incomplete
ionization. Then the expression of Bcg is solved, and is val-
idated by the two-dimensional simulation tools. The calcula-
tion results show that Bcg performs the negative temperature
coefficient at elevated temperature. Also, the SiC/SiO, inter-
face states and the quality of the passivation layer can affect
the surface recombination velocity to decrease Sck.

2. Device structure and modeling

A schematic cross-sectional view of the fabricated 4H-SiC
BJTs is shown in Fig. 1. The base was grown as a two-layer
structure with Al doping: 0.35 um with 1 x 107 cm™3, fol-
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lowed by 0.15 um with 4.6 x 10'® cm™3 on top. This config-
uration can accelerate the carriers by the built-in electric field
in the base region and reduce the base transit time. Also, it can
avoid the ion implantation process and reduce the defects in-
troduced by the high-temperature annealing.

2.1. Physical models analysis

The physical models considered in this research include
Shockley-Read-Hall (SRH) recombination, Auger recombina-
tion, surface-recombination mechanisms, mobility models and
incomplete ionization models when carriers are injected from
emitter transport through the base region. In the latter analysis,
we ignore the bulk resistor of the semiconductor and the elec-
trode contact resistance, and assume the base width constant,
that is to say, we do not consider the Early effect, which is a
good approximation for the low doped collector region.

2.1.1. SRH recombination

The interface states are located at the base-emitter junction
and the SiC/SiO, interface, as shown in Fig. 1. Both of them
recombine through deep levels in the bandgap. The SRH re-
combination rate RS*H can be defined as
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Fig. 1. Schematic structure of the NPN 4H-SiC BJTs.
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where 7, and T, are the electron and hole lifetimes, which de-
pend on temperature, dopant type and defect concentration.
They are in the range of 0.1-2 us. In our calculation process,
W€ assume t,; = 57,.

2.1.2. Auger recombination
Auger recombination is important at high carrier concentra-

tions. The band-to-band Auger recombination rate R, is given
by

Ra = (Con + Gyp)(np — ny), 2

where C,, and C,, denote the Auger coefficients of electrons and
holes. For 4H-SiC, C, = 5x 10731 cm =651, C, = 2x1073!
em~6.s7 106,

2.1.3. Surface recombination

As Figure 2171 shows, there exists the distribution of the
permitted energy states in the forbidden band region. It can be
proved that the defect density at the device surface is larger
than that in the bulk of the material. Therefore, as Figure 3!7]
shows, the excess carrier in the material will diffuse from the
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Fig. 4. Ionization rate of Al in 4H-SiC as a function of (a) doping
concentration and (b) temperature.

interior to the surface. For an extrinsic semiconductor, the sur-
face recombination rate can be expressed as

8
R, = - €)
Tpos
where 15 is the lifetime and d is the concentration of the
excess minority carrier located at the surface.

2.1.4. Incomplete ionization

Unlike Si, the donor (Ep) and acceptor (E4) levels in SiC
are relatively deep compared to the thermal energy at room
temperature, so the dopants in SiC are not fully ionized, even
at high temperature. The concentration of the ionized impurity
atoms is given byl®!

N,
+ D
Mo = Epy — Ep’
4
v Ny 4
A= En—Ery’

where Np and N, are the doping concentrations of the donor
and acceptor, and Ep and E are the donor and acceptor en-
ergy level, respectively. For nitrogen donor levels in 4H-SiC,
a dopant ionization energy Ec — Ep = 65 meV and g, = 2, the
p-type doping can be achieved with Al acceptors with ioniza-
tion energy Ex — Ev = 191 meV™® and g, = 4. Figure 4[1°]
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shows the ionization rate of Al in 4H-SiC as a function of dop-
ing concentration and temperature. From this figure we can see
that the Al ionization rate increases with increasing tempera-
ture and decreasing doping concentration.

2.2. Common-emitter current gain

The common-emitter current gain Scg is an important pa-
rameter that is defined as the ratio of the collector current den-
sity and the base current density. In order to indicate the in-
fluence of the temperature on Bcg, the following recombina-
tion mechanism is taken into account: (1) recombination in the
emitter junction space charge region (SCR); (2) surface recom-
bination; (3) recombination in the emitter; and (4) recombina-
tion in the double base epilayer, as shown in Fig. 1.

The current gain Scg can be expressed as

Bce = Bscr + B! + Be' + Br . (5)
The recombination current density Jscr caused by the re-
combination in the SCR of the emitter junction is given by

qVBE ©)
2kT’
where j is the recombination saturation current, g is the elec-
tron charge and Vg is the external voltage across the BE junc-
tion.

The emitter current density Jg can be expressed as

JScR = Jor €Xp

qVsE
Ji = joaexp T ™
gDy, BnB
= 8
]od WB ( )

where D, is the diffusion coefficient of the minority carrier
in the base and n is the equilibrium electron density in the
p-base.

Combining Egs. (6)—(8), Bscr is expressed as

-]SCR jor jor
Bscr = = = ——. 9)
SCR = Jod €XP qVBe  VJEJod
° 2kT

Secondly, B is the current gain related to the surface re-
combination and it is defined as

J.
-1 st
= , 10
ﬂsr JnE ( )
> . qVBE
nf exp =
Jg =qs————, 11
s = qS Na(0) (1)
2
qsn: qVBE
Jug = ! , 12
E Os eXp ~r (12)
Wa
O = Ngp(x)dx, (13)
0
Ny, O W,
Np(xy={"t D=* = (14)
No, W, <x < Wp.

Combining Eqgs. (10)—(14), B, is described as

SQB

Byl = ———.
* D Ng()

15)
where s is the surface recombination velocity.

Thirdly, Bg is limited by the decrease in the injection coef-
ficient at high-injection levels and is given byl!!]

Jod  DppjeWgd

fe' =~

—_—, 16
JE qDazNELpE ( )

where Dy and Lk are the hole diffusion coefficient and hole
diffusion length in the emitter, and D, is the ambipolar carrier
diffusion coefficient in the base, which can be expressed by

2D D
D, = 7B (17)
DnB + DpB
Finally, Bt is defined as the ratio of the electron current
density injected into the base region from the emitter junction
with recombination current density in base region, as shown by

_Jw
ﬁT - JnE

Jyp is calculated by Eq. (18) due to a built-in electrical field
existing in the base region, which consists of two epilayers with
different doping concentrations,

(18)

Ws Ws

[nB(x) — ng] dx,
(19)

where ng(x) is the minority-carrier concentration profile in the
base. When neglecting n9 and substituting the expression of
ng(x)1) into Eq. (18), the recombination current in the base is
obtained,

JiB = 4 Ang(x)dx = 4

B Jo B Jo

Ws

I
A Lok ng(x)dx

_TnB anB
IR e N U
TnBDnB NB(X)

L N> N, 1
LI+ —=L,L L L— =L
L%B |: N, 1L2 + 2 ( 1 5 2)

vz ||, Mo
2y N» '

=~
®

N (x)dx:| dx

(20)

where N; and N, are the doping concentrations of the Pt and
Player, L; = Wyand L, = W — W,.

3. Results and discussions

The temperature dependent DC performance is calculated
using the models outlined above with the help of the DESSIS-
ISE software. The material and device parameters used in the
calculation are summarized in Table 1.

In order to validate the correction of the calculation model,
a simulation for a device that has only one base epilayer is made
to compare with the measured results. Figure 5 shows a com-
parison of the experimentall’3! and simulation results at 7 =
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Table 1. Material and device parameters used in the calculation.

Parameter

Value

Device parameter

Material parameter

Emitter doping concentration/thickness

Base doping concentration/thickness (top)
Base doping concentration/thickness (bottom)
Collector doping concentration/thickness
Bandgap energy (E)

3 x 1012 em™3/0.5 um
4.6 x1018 cm™3/0.15 um
1 x1017 cm™3/0.35 um
5 x101% cm™3/25 um
3.26eV

Donor energy level
Acceptor energy level
Mn

Hp

Surface recombination velocity

0.065 eV
0.191 eV

1110 em2/(V-s)l12]
65 cm?2/(V-s)

2 x 108 cm/s
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Fig. 5. Comparison of CE current gain as a function of the collector
current of the experimental and simulation results.
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Fig. 6. Space charge profile in the base region at room temperature.

300 K. It shows that the presented model for calculation is rea-
sonable.

Figure 6 illustrates the space charge profile in the base re-
gion at room temperature. In this figure, it can be seen that
there exists a space charge region in the bulk of the base. The
P side is negative charge and the P side is the accumulation of
the hole carrier, which has no obvious boundary. Also, we can
find that the Al dopants in the base region are not fully ionized.
The hole concentration will grow with increasing temperature,
which will strongly affect the emitter-injection efficiency and
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Fig. 7. CE current gain versus collector current density at different
temperatures.

base transport factor.

Figure 7 shows the dependences of the common-emitter
current gain Bcg on the collector current density at four differ-
ent temperatures. With increasing temperature, the ionization
rate of the Al dopants in the base region increase and they cause
a substantial decrease in emitter injection efficiency. There-
fore, the common-emitter current gain decreases rapidly at a
higher temperature. Overall, the current gain decreases rapidly
at a higher temperature. This is very different from power sil-
icon BJTs and makes the device attractive for paralleling and
thermal run-away suppression. Figure 8 illustrates the temper-
ature dependence of the common-emitter current gain. As Fig-
ure 7 shows, Bcg performs the negative temperature coeffi-
cient.

Figure 9 shows the forward /—V characteristics at room
temperature and together with those at 7 = 500 K. From this
figure it is observed that there is an obvious degradation in
the device performance at elevated temperature. That is mainly
because, with increasing temperature, the surface recombina-
tion at the SiC/SiO, interface becomes aggravating, which ul-
timately increases the SRH recombination rate and base re-
combination current. This confirms that the SiC/SiO, interface
plays an important role in the BJT’s performance. Thus, an im-
provement in the passivation layer quality is necessary.

Figure 10 shows the DC current gain over a wide range
of emitter—base voltage for the transistors with two different
temperatures, while the collector—base voltage is kept constant
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Fig. 10. Simulated current gain as a function of the emitter—base bias
at different temperatures. V. is kept at a constant voltage of 6 V.

at 6 V. With increasing temperature, the maximum current gain
decrease is from 70 to about 40.

4. Conclusion

The high-temperature performance of a double base epi-
layer 4H-SiC BJT is demonstrated in this paper. By solving the
analytical expression of the common-emitter current gain con-
sidering recombination process, the Scg—Ic dependences are
determined at elevated temperature based on models includ-
ing recombination, incomplete ionization, bandgap narrowing
and a built-in field in the base region. The simulation results
show that the current gain has a negative temperature coeffi-
cient. This makes the device attractive for paralleling and ther-
mal runaway suppression. Meanwhile, the SiC/SiO, interface
states and the quality of the passivation layer will affect the sur-
face recombination velocity, and make a current gain fall-off
at a high collector current.
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