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An Improved SPICE Model of S1C BJT Incorporating
Surface Recombination Effect

Jun Wang
Linfeng Deng

Abstract—The SiC bipolar junction transistor (BJT) offers an
attractive alternative to the more popular SiC MOSFET. It is im-
portant to develop an accurate SPICE model for the SiC BJT to
enable its use in power electronic applications. The current gain
of an SiC BJT may degrade considerably at high current levels
and/or at high temperatures largely due to the surface recombina-
tion effect. In this paper, an improved SPICE behavioral model that
accurately accounts for the current gain depending on the collector
current and the junction temperature is proposed for the SiC BJT.
In this paper, the conventional Gummel-Poon model is extended to
include this important physical effect by adding a diode between
the external base and emitter terminals of the BJT. A two-step
model parameter extraction method is developed. First, the basic
Gummel-Poon model parameters are extracted from low-current
measurement data, and then, the new surface recombination model
parameters are extracted by observing the difference between the
measured high-level base current and the standard Gummel-Poon
model prediction. The simulated static and switching character-
istics of the new SiC BJT model match the measured data very
well. Finally, the new SPICE model is used in the performance
assessment of a proportional base driver technique embedded in a
3.6-kW boost converter, demonstrating its validity in helping with
the optimum design of power electronic applications based on SiC
BJTs.

Index Terms—Bipolar junction transistor (BJT), proportional
base driver, SPICE model, surface recombination effect, 4H-SiC.

I. INTRODUCTION

HILE the SiC power MOSFET is the most popular high-
W voltage wide bandgap semiconductor device today, the
SiC bipolar junction transistor (BJT) is still an attractive alter-
native for high power density and/or high-temperature power
conversion applications because of its several unique advan-
tages, such as lower specific ON-resistance, simpler fabrication
process, and free from oxide reliability concerns under high
electrical field and at high temperatures. Although it has the
drawback of a relatively large base consumption because of its
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need for a continuous base current, many efforts have been con-
tinuously made to improve its current gain and to reduce its base
driver consumption in recent years [1]-[6]. For example, the
latest reports show that the room temperature common-emitter
current gains of the commercial SiC BJT products and research
samples are 100 and 257 [2], [3], respectively. Besides, several
proportional base driver techniques have also been proposed for
the SiC BJT to reduce its base driver’s power consumption in
the conduction state when the load varies [4]-[6]. The optimum
selection of the variable base resistor in these proportional base
driver techniques is mainly determined by the temperature- and
collector-current-dependent current gain of the SiC BJT, which
strongly affects the base driver’s power consumption. Therefore,
accurate information of the SiC BJT’s current gain is crucial for
the design and performance assessment of the proportional base
driver and SiC BJT based power electronic systems.

Many efforts have been made to investigate the limiting fac-
tors of the SiC BJT’s current gain and the improvement tech-
niques over the past two decades. The authors in [7]-[9] have
found that the recombination in the space charge region (SCR)
of the emitter junction is a major factor that induces the decrease
of its current gain at a low collector current density, while the
SiC/SiO, surface recombination is a key factor at a high col-
lector current density. Suppression of the surface recombination
effect and reduction of the corresponding recombination cur-
rent have been achieved by adopting various surface passivation
methods [9], [10] and high-quality continuous epitaxial growth
of the emitter and base layer [1], [11], bringing in a large im-
provement in the current gain of SiC BJTs.

To validly predict and optimize the performance of the SiC
BJT based power converter systems, an accurate and simple
device model of the SiC BJT is needed for the circuit sim-
ulation and trend analysis. Some efforts have been made to
develop SiC BJT models in recent years [12]-[18]. Codreanu
et al. [12] established a numerical model incorporating various
recombination effects in the SiC BJT and gave a deep insight
into the physical mechanisms. Palmour er al. [13] took into
account the recombination effects by means of TCAD simula-
tions. However, these two physical models are not suitable for
circuit simulators. The Gummel-Poon model is one of the ear-
liest semi-physical models for Si BJTs proposed by Gummel
and Poon in 1970, and it has become the standard model for
SPICE simulation of a Si BJT [14]. The Gummel-Poon model
was implemented to model and predict the characteristics of
SiC BJTs for the first time in [15], but several important phe-
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Fig. 1. Schematics of (a) Gummel-Poon model and (b) proposed SRGP

model.

nomena were ignored. Johannesson and Nawaz [17] developed
an analytical PSPICE model for SiC BJT power modules based
on the Gummel-Poon model, which is helpful for the design
of power electronic applications based on SiC BJT power mod-
ules. Mantooth et al. [ 18] established a physical-based model for
the SiC BIJT by iteratively fitting the characteristics of the SiC
BJT on MATLAB/Simulink platform. However, the model does
not take into account the temperature effect and is insufficiently
accurate to predict the current gain of the SiC BJT at different
temperatures.

The purpose of this paper is to propose a simple semi-physical
model for the SiC BIT that is capable of accurately predicting its
current gain over a wide range of collector current and operation
temperatures. To achieve this objective, we extend the conven-
tional Gummel-Poon model to a novel surface recombination
Gummel-Poon (SRGP) model incorporating the surface recom-
bination effect. In Section II, the conventional Gummel-Poon
model is introduced, and its extension to the SRGP model is
illustrated. Section III presents the extraction process of model-
ing parameters. In Section IV, static and dynamic performances
of the SRGP model at different collector currents and elevated
temperatures are verified, and its implementation in a discrete
1200-V/10-A SiC BJT based 3.6-kW 200-kHz power converter
for the performance assessment of a proportional base driver is
presented. Finally, the conclusion is given in Section V.

II. GUMMEL-POON MODEL EXTENSION
A. Gummel-Poon Model

The widely used Gummel-Poon model is utilized as the fun-
damental model, and its schematic is shown in Fig. 1(a). The
Gummel-Poon model consists of a current source and four
diodes, which are used to represent specific physical param-
eters, such as the collector current /¢, the forward base current
Igp, the reverse base current Igg, the emitter leakage current
I g, and the collector leakage current I c. A detailed analyti-
cal description of the Gummel-Poon model is presented in the
following [16]:
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where [g is the transport saturation current, Ny is the forward
current emission coefficient, Vg g is the internal terminal volt-
age between the base and emitter terminals, S is the ideal
maximum forward current gain, V¢ is the internal terminal
voltage between base and collector terminals, Ny is the reverse
current emission coefficient, G5 is the ideal maximum reverse
current gain, Igg is the base and emitter leakage saturation cur-
rent, Ng is the base and emitter leakage emission coefficient,
Isc is the base and collector leakage saturation current, N¢
is the base and collector leakage emission coefficient, k is the
Boltzmann’s constant, g is the elementary charge, and T is the
temperature.

Its dynamic performance is mainly determined by the inter-
nal capacitances, built up by the SCRs in the p/n junctions. The
capacitances are modeled under forward bias and reverse bias
conditions [16], [17], respectively. However, a discontinuous
behavior of capacitances may occur at zero bias, inducing con-
vergence troubles. Therefore, the capacitances under forward
and reverse conditions are modeled as follows:

CJE
Chp = —————————— 6
BE (1 _ V/VIE)MJE ( )
C
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(1 _ V/‘/JC)MJC

where Cjg is the depletion capacitance when zero bias is ap-
plied between base and emitter terminals, Cyc is the depletion
capacitance when zero bias is applied between the base and
collector terminals, Vjg and Vjc are the built-in potentials of
emitter and collector junctions, respectively, and MJE and MJC
are the exponential factors of the emitter and collector junctions,
respectively.

The temperature dependence of the SPICE model strongly
affects the accuracy in predicting the SiC BJT’s performance
at elevated temperatures. In the Gummel-Poon model, the tem-
perature dependence is correlated with a set of parameters, in-
cluding the transport saturation current /g, the ideal maximum
forward current gain (G, the ideal maximum reverse current
gain (g, the base and emitter leakage saturation current Igg,
and the base and collector leakage saturation current Igc. All
these parameters are extended with temperature coefficients and
written as follows [19]:

Is (T) = I (T)) (TTO)XTIexp Z(z-1)] ®
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To solve (8), we use two physics-related auxiliary variables
given by [17]
kT

Vi =
q

12)

6.5 x 107* - T?
T + 1300

where XTI is the temperature exponent for the effect on I, I,
is the bandgap of 4H-SiC, XTB is the forward and reverse beta
temperature coefficient, and V7 is the thermal potential.

The quasi-saturation region between the forward active re-
gion and the saturation region in the output characteristics of
the SiC BJT is modeled with a voltage-dependent collector re-
sistance [16]. The same collector resistance equation is used,
and one of the scale functions is replaced by the physics-
based temperature-dependent intrinsic carrier concentration.
The voltage-dependent collector resistance R accounting for
the quasi-saturation effects is expressed as follows:

E, = 3.263 — (13)

Re
Reo

m2 m2
Ly }1\/ L+ % exp (—qv,ﬁ"’) +}1\/ 1+ FF exp (‘”?;f)
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where n; is the intrinsic carrier concentration, Nep; is the epi-
layer collector doping concentration, which is 4.8 x 10'% cm™>
in the model, and Vg and V¢ are voltages at each end of
the collector resistance. The zero-bias collector resistance R
is determined by

Reo = 2.143 x 107! - exp (0.1302 - T) . (15)

B. Surface Recombination Gummel-Poon Model (SRGP)

Since the surface recombination effect is not considered in
the Gummel-Poon model, it is insufficiently accurate to predict
the current gain of the SiC BJT at large collector currents and/or
high temperatures. To solve this problem, we extend the con-
ventional Gummel-Poon model by considering the surface re-
combination effect in this paper. Based on Shockley—Read—Hall
(SRH) recombination theory, we model this important physical
effect by adding a diode between the external base and emitter
terminals of the BJT to the Gummel-Poon model, as shown in
Fig. 1(b).

A typical half-cell cross-sectional structure of a 1200-V SiC
BIJT is shown in Fig. 2(a). Generally, there are four recombina-
tion mechanisms in a SiC BJT [7], [8], including the recombina-
tion in the neutral bulk of base and emitter regions and SCRs in
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Fig.2. (a) Schematic cross-sectional structure of the SiC BJT [21]. (b) Energy
band diagram of the SiC/SiO» interface.

the emitter junction and at the SiC/SiO- interfaces. Unlike the
high quality of Si/SiO; interface in the Si BJT, there are high
density interface traps at the SiC/SiO; interfaces in the SiC BJT
[20]. These interface traps act as recombination centers, causing
the pinning effect on the Fermi level. Hence, the band diagram
near the SiC/SiO. interface is bended, as shown in Fig. 2(b).
At the interface, electrons are accumulated and injected into the
base region, forming a stable surface recombination current on
the surface [7].

The surface recombination effect occurring at the SiC/SiO,
interface can be explained by the SRH recombination the-
ory. The dependence of the surface recombination rate on
the hole and electron densities is described by the following
expression [22]:

nsps — n?
fown = (ns +mn1) /(Sf + (ps +p1) /50 1o
with
ny = n;exp (E"ap> (17)
kT
and
P1 = nexp (_Zfap) (18)

where n; is the intrinsic carrier concentration, n; and ps are
electron and hole densities at the depleted surface, respectively,
n; is the balanced electron density in the conduction band when
the electron Fermi level is at the trap level, p; is the balanced hole
density in the value band when the hole Fermi level is at the trap
level, and s, and s, are the electron and hole recombination
velocities, respectively. The term n? is equal to nyp; and is
usually smaller than the product of electron density n and hole
density ps, when the bias voltage is larger than several times of
kT/q. The product of electron density n, and hole density p; is
expressed as follows:

NgPs = n?exp (¢Vprg [KT) . (19)

Typically, the doping concentration of the base region of a
SiC BJT is smaller than 1e18 cm? to obtain a large current gain;
hence, it is treated as a non-degenerate semiconductor when
analyzing its band diagram. The electron density is extremely
small compared with the total state density in the conduction
band because of rapid electron emission, and the hole density is
quite small compared with the total state density in the valence
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band because of rapid hole emission [23]. Its conduction band is
almost empty, while the valence band is almost fully occupied.
Therefore, the terms n; and p; can be ignored because the
electron and hole emissions are negligible compared with the
captures. Equation (16) can be simplified as follows:

_ (Snspnsps)l/2
fswn = i ¢
with
A= 2ol Q1)
SpPs

The surface recombination current density is equal to the
electron charge multiplying the integration of the surface re-
combination rate over the depletion width x and is given by

Jrec = q / Rsgrudz. (22)
Substituting (17)—(19) into (20) yields
1/2
Q(snsp) nzW qVB’E’
rec — 23
e = e 1) P T )

where W is assumed to be the width of the depletion region at
the interface.

Since the base region is treated as a non-degenerate semicon-
ductor, the surface state induced deep levels should be neither
empty nor fully occupied in order to make the surface remain
neutral with the varying charge in the depletion layer, when a
large bias is applied. This requires the ratio of ng and ps to
be almost a constant, which means almost a constant A [23].
Therefore, as given in (21), the surface recombination current
density shows an exponential growth with the bias voltage be-
tween the internal base and emitter terminals, which is similar
to a diode’s forward /-V characteristic, and an ideality factor of
approximately 2 is suggested if a diode Dsgg is used to model
the surface recombination effect. Since the surface condition
may vary, the emission coefficient of the diode modeled for the
surface recombination effect is found to be in the range of 1.5—4
in [24]. However, the diode describing the forward base current
behavior of the SiC BJT has an ideality factor of approximately
1, which cannot effectively describe the sum of the surface re-
combination current and the forward base current. Although the
diode describing the base and emitter leakage currents has an
ideality factor of approximately 2, it is difficult to have the same
ideality factor as that of the surface recombination current and to
effectively model the leakage current simultaneously. Therefore,
an additional diode Dsg between the external base and emitter
terminals of the BJT is proposed to extend the conventional
Gummel-Poon model and include the surface recombination
effect in this paper, as shown in Fig. 1(b).

The relationship between the surface recombination current
and base—emitter forward bias voltage in the additional diode
Dgr is expressed as follows:

VaE — IrecR y
Lee = Isg (exp (W) = 1) (24)
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with

B q(snsp)l/QniWA
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where Iy is defined as the additional diode’s saturation current,
Ry is the series resistance, NgR is the additional diode’s emis-
sion coefficient, Vg is the bias voltage applied on the diode,
and A is the area of periphery of the emitter fingers of an SiC
BIT.

The temperature dependence of the additional diode’s satura-
tion current is given by

Isg (25)

XTlpg

T\ Vsr E, [T
ISR (T) = ISR (TO) <TU) exp |:V,1i (T() — 1>:| (26)

where XTIpg, is the temperature coefficient of the additional
diode’s saturation current.

III. MODEL PARAMETERS EXTRACTION

A 1200-V/10-A SiC BJT (GA10JT12-247) from GeneSiC is
characterized and modeled in this paper. It has ann™-p~-n"-n*
layer structure, as shown in Fig. 2(a) [21]. To develop the SRGP
model, we establish a two-step method to extract the model pa-
rameters. We first extract the Gummel-Poon model parameters
under small base current condition where the surface recom-
bination effect can be neglected and, then, extract the surface
recombination model parameters by observing the difference
between the measured high-level base current and the standard
Gummel-Poon model prediction.

The dc characteristics of the SiC BJT were measured with
the power device analyzer Agilent BI5S05A. The pulse mode
was utilized so that the self-heating effect could be reduced dur-
ing the measurement process. The dynamic characteristics were
measured using a double pulse test (DPT) setup under inductive
load conditions. The measured characteristics were, then, used
for the extraction of modeling parameters and validation of the
model. The experimental details of measurements are given in
[25]. To extract the modeling parameters of the fundamental
Gummel-Poon model, the characteristics of the SiC BJT were
measured with a relatively small current first. Then, the mea-
sured /-V characteristics along with the base—emitter and base—
collector diode characteristics at different temperatures were fit-
ted using (1)—(5) and (8)—(11). Using (1)—(5) to fit the measured
I-V characteristics at room temperature, the SiC BJT’s SPICE
modeling parameters, such as the transport saturation current
parameter Ig, the forward and reverse current gains [, Og,
and the ideality factors Ny, Nr, Ngp, N¢, were extracted. The
temperature dependence of the Gummel-Poon model is based
on a set of parameters, such as the transport saturation current
and the ideal maximum forward current gain, which is repre-
sented by the scale functions. The temperature coefficients XTI
and XTB were extracted by fitting the temperature-dependent
characteristics using (8) and (9). In addition, the measured C-V
characteristics have little sensitivity to the operation tempera-
tures [25]; hence, the temperature coefficients of the internal
capacitances of the SiC BJT are ignored. The modeling pa-
rameters were, thereafter, manually fine-tuned with iterations of
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Fig. 4. Extraction of the surface recombination current.

small changes to optimize the SiC BJT’s characteristics at small
currents. The measured and SPICE-simulated base—emitter and
base—collector diode characteristics at different temperatures are
shown in Fig. 3.

The surface recombination current induced by the SiC/SiO,
interface traps is part of the total base current, and it cannot
be measured directly. Since the developed standard Gummel—
Poon model can be regarded as an ideal description of the SiC
BIJT without surface recombination, the SPICE-simulated base
current with the developed standard Gummel-Poon model is
treated as the ideal base current without surface recombina-
tion, while the measured base current includes the contribution
from the surface recombination current. We observe the dif-
ference between the measured high-level base current and the
standard Gummel-Poon model prediction from the output char-
acteristic simulations (I — Vi) at the same relatively large
collector—emitter voltage and collector current and treat it as the
surface recombination current. The extracted surface recombi-
nation current is expressed as follows:

Irec = IBm - IBs (27)

where I is the surface recombination current, Ig,, is the
measured base current, and Ip, is the predicted base current
simulated by the developed standard Gummel-Poon model at
the same collector—emitter voltage and collector current as the
measurements.

Fig. 4 shows the variation of the extracted surface recombina-
tion current with the base—emitter voltage at different tempera-
tures. The surface recombination current shows an exponential
growth with the base—emitter voltage and has a positive temper-
ature coefficient. The positive temperature coefficient is mainly
induced by the dependence of the carrier concentration and
the surface potential barrier height on temperature. When the
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(a) At room temperature. (b) At 150 °C.

ambient temperature increases, the intrinsic carrier concentra-
tion increases, and the turn-ON knee voltage of the p/n junction
reduces. Moreover, the increased thermal energy also enhances
surface trapping and recombination process by facilitating the
migration of more generated unpaired electrons toward the sur-
face. Therefore, the surface recombination rate is increased by
the enhancement of free carrier trapping rate on the surface. The
model parameters of the additional diode in the SRGP model
were extracted by fitting the surface recombination current at
different base—emitter voltages and temperatures using (22) and
(24). The extracted emission coefficient of the diode is 3.05 and
the series resistance is 31.7 €2. A good match between the fit-
ting curves and the extracted surface recombination current at
various base—emitter voltages and temperatures was obtained,
as shown in Fig. 4.

IV. MODEL VALIDATION AND IMPLEMENTATION
A. Model Validation

The SRGP model can be constructed as a subcircuit and im-
plemented in a SPICE simulator. To demonstrate the effective-
ness of the SRGP model, the static and dynamic characteristics
of the SiC BJT were measured and compared with the SPICE
simulation results under different conditions. The simulated and
experimental output characteristics at various base currents (35,
70, 105, and 140 mA) at room temperature and at 150 °C are
shown in Fig. 5. The simulation results of the SRGP model
show satisfactory agreement with these experimental data at
various base currents and temperatures. It is observed that an
increasing collector voltage leads to a decrease of the collector
current, when the collector current is higher than 6 A in the ac-
tive region. This is induced by the self-heating effect, although
the pulse mode with an appropriate pulsewidth and period was
selected to suppress the self-heating effect in the measurement
of the SiC BJT’s output characteristics. Owing to the relatively
strong self-heating effect at a large collector current, the junction
temperature of the SiC BJT increases during the measurement,
inducing the reduction of current gain and collector current.

To verify the validity of the SRGP model over a wide cur-
rent and temperature range, we compared the SPICE-simulated
and measured forward current gains at different collector cur-
rents and temperatures. Fig. 6 shows the SPICE-simulated
and measured current gains versus the collector current at
Vee = 5 'V and at room temperature. It is found that the SPICE-
simulated current gain of the SiC BJT using the conventional
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Gummel-Poon model is approximately 10% larger than the
measured current gain, while the SRGP model provides a good
match with the measured current gain over a wide collector
current range. Fig. 7 shows the SPICE-simulated and measured
current gains at different temperatures for /z = 105 mA and
Ve = 2 V. The SPICE-simulated current gain using the con-
ventional Gummel-Poon model is much larger than the mea-
sured current gain, especially at high temperatures. Figs. 6 and
7 show that the surface recombination effect becomes stronger
at larger collector current densities and higher temperatures. An
additional diode can effectively model the surface recombina-
tion effect that occurred at the SiC/SiO, interface.

To validate the SRGP model in the prediction of the dynamic
characteristics of the SiC BJT, its switching characteristics were
measured using a DPT setup with a clamped inductive load cir-
cuit at different dc-link voltages and temperatures. The compar-
isons of the measured and the SRGP model simulated switching
waveforms are shown in Fig. 8, including the collector—emitter
voltage Vg and the collector current I. A satisfactory agree-
ment between the SPICE-simulated and measured Vg and I
waveforms during the switching transient is obtained. The os-
cillations in the measured turn-ON and turn-OFF waveforms of
the SiC BJT are mainly induced by the stray inductance in the
DPT experimental setup. The stray inductances associated with
power devices, dc-link capacitors, and the busbar conductors
induce LC oscillations during the switching transients of the
SiC BJT. In the SPICE simulation circuit, we estimate that the
collector and emitter pins of the SiC BJT have a stray inductance
of 1.9 and 1.8 nH, respectively. The dc-link capacitors and the
busbar conductors have a stray inductance of 0.6 and 3.7 nH,
respectively.
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and (b) turn-OFF waveforms at V3. = 600 V, room temperature; (c) turn-ON and
(d) turn-OFF waveforms at Vg, = 400 V, room temperature; and (e) turn-ON and
(f) turn-OFF waveforms at Vg. = 600 V, 125 °C.

250 350
—a— Simu.turn-offf —s— Simu.turn-off O| Exp.turn-off
§*—200 —s— Simu.turn-o § 300 F—s=gimu.turn-on Exp.turn-on
= o Exp.turn-off E 250 2
g 150 —Expt £ 200
= /f/ % 150
? 100 d g}
5 K —q{ Z100
=a 50 /-{ 50
(] 0
200 300 400 500 600 25 50 75 100 125 150
(2) Supply Voltage (V) ®) Temperature (°C)
Fig. 9. SPICE-simulated and measured switching energy losses as a function

of (a) dc-link voltage and (b) temperature.

In order to further validate the developed SRGP model,
the SPICE-simulated and measured switching energy losses
of the SiC BIJT at different dc-link voltages and tempera-
tures are shown in Fig. 9. The measured switching losses for
Veg =200V, Veg =400 V, and Vg = 600 V at a load current
of 9 A and at room temperature are calculated and plotted for
comparison with SPICE simulation results in Fig. 9(a). In ad-
dition, the temperature dependence of the SiC BJT’s switching
energy losses was investigated by means of SPICE simulation
and experimental measurement at a dc-link voltage of 600 V
and a load current of 9 A. As shown in Fig. 9(b), both the
SPICE simulation and measurement results show that there is
little temperature dependence of the SiC BJT’s switching energy
losses.

B. Implementation in the Proportional Base Driver Design

The relatively high base driver consumption of the SiC BJT
in the ON-state hinders its widespread adoption in industrial
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Fig. 10.  Schematic of the proportional base driver.

applications. Most traditional base drivers can only provide a
relatively large constant base current in the ON-state of the SiC
BJT whenever its collector current varies, resulting in a large
overdrive current and static power loss in the driver without any
benefit to its conduction [6]. A proportional base driver is needed
for the SiC BIJT to achieve a base driver current that almost
proportionally varies with the collector current so that its static
power consumption can be greatly reduced when operating in a
power electronics system with a variable load, especially at light
loads. In this paper, the developed SRGP model is implemented
in the design of an SiC BJT based 3.6-kW boost converter with a
proportional base driver for circuit simulation and performance
assessment.

The schematic of an ideal proportional base driver for the SiC
BIJT is shown in Fig. 10. It consists of two parallel stages. The
dynamic switching stage is used to supply a base current peak
during the switching transient [4], while the steady-state stage
is used to supply a proportional base current in the ON-state. The
ideal steady-state stage of the proportional base driver consists
of a current-controlled current source (CCCS) in parallel with a
bypass resistor R;,. The bypass resistor Ry is a current-limiting
resistor with a large resistance value and is used to ensure a
minimum base current when the SiC BJT is turned-ON during the
start-up period of the converters. The CCCS is used to provide
a base current that can proportionally vary with the collector
current of the SiC BIJT in the conduction state. Considering an
engineering margin (k) for the proportional base driver to ensure
that the SiC BJT is fully turned-ON, the optimum base current
for the SiC BJT is given by

IB,Optimum - kIC /ﬁF (IC 5 T) (28)

where the forward common—emitter current gain S of the SiC
BIJT is a function of the collector current I and temperature 7.

An example to achieve the CCCS in a practical proportional
base driver is presented in our study [6]. The schematic circuit
of the open-loop boost converter based on the SiC BJT and a
proportional base driver is shown in Fig. 11. A Hall current sen-
sor is used to sample the collector current and output a voltage
control signal, which is fed to the gate of a signal MOSFET, and
to adjust its ON-state resistance. Thus, the base current flowing
through the signal MOSFET varies with the collector current. In
the proportional base driver, an engineering margin of 1.3 is
adopted, and a low voltage supply of 5 V is used to reduce the
driver consumption. The duty cycle of the signal is varied in
order to imitate the variation of the converter’s load current.
Fig. 12 shows the measured waveforms of the proportional base
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Fig. 13.  Comparison of the measured and SPICE-simulated base currents of
the proportional base driver.

driver in the SiC BJT based boost converter with three steps
of duty cycles at room temperature. The base current and the
collector current of the SiC BJT in the steady state at each pulse
period are extracted from the measured waveform in order to
evaluate the performance of the proportional base driver. When
the duty cycle decreases from 0.6 to 0.45 and 0.3 in the boost
converter, the collector current of the SiC BJT decreases from
6.2 to 4 and 2.7 A, and the base current decreases from 115 to
70 and 50 mA in the steady state. It means that approximately
70% power consumption of the proportional base driver in the
steady-state is reduced under light load conditions.

To evaluate the performance of the designed proportional
base driver, we simulated the ideal proportional base driver as
shown in Fig. 10 using the developed SRGP model and com-
pared the SPICE-simulated results with the experimental results
of the designed proportional base driver in the boost converter.
Comparison between the SPICE-simulated base current with
30% engineering safe margin and the measured base current of
the proportional base driver is shown in Fig. 13. The red and
blue lines represent the simulated base current for the SiC BJT
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to ensure that it can operate in the saturation mode at 25 and
175 °C, respectively. The black squares show the measured base
currents at different collector currents. Note that when the col-
lector current varies from 6.2 to 2.7 A, the simulated ideal base
current is expected to vary from 98 to 46 mA at room tempera-
ture if 30% engineering safe margin is taken into consideration,
while the measured base current varies from 115 to 50 mA. The
small difference between the SPICE-simulated optimum base
current and the measured base current indicates that a good de-
sign of the proportional base driver with the implementation of
the improved SPICE model for the SiC BJT is achieved.

V. CONCLUSIONS

The surface recombination effect is a unique phenomenon
in the SiC BJT and is one of the key factors inducing the de-
crease of current gain, especially at large collector currents and
high temperatures. According to the SRH recombination the-
ory, the surface recombination effect can be modeled using a
diode, and the theoretical emission coefficient of the diode is 2.
Considering the practical surface condition, the emission coef-
ficient of the diode modeled for the surface recombination is in
the range of 1.5—4. In the conventional Gummel-Poon model,
diodes describing the forward base current and the emitter leak-
age current cannot effectively predict the surface recombination
current; hence, the Gummel-Poon model cannot accurately de-
scribe the current gain of the SiC BJT over a wide range of
collector current and operation temperature.

In this paper, we have proposed an improved SPICE model
for the SiC BJT incorporating the surface recombination effect
by adding a diode between the external base and emitter termi-
nals. The diode has an emission coefficient of 3.05. Comparison
between the experiment and simulation results demonstrates the
feasibility of the SRGP model in accurately predicting the SiC
BIT’s static and dynamic behaviors over a wide range of col-
lector currents and temperatures, and its implementation in the
design and evaluation of a proportional base driver in a 3.6-kW
boost converter shows its effectiveness to optimize the design
of power electronic applications based on SiC BJTs.
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