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ABSTRACT

For a given breakdown voltage, the drift region thickness and doping concentration of
punch-through structure can be optimized to give the lowest specific on-resistance. An
optimization scheme performed for a breakdown voltage of 14 kV in 4H-SiC bipolar
junction transistor (BJT) at 300 °K. The optimum drift region thickness and doping
concentration for a 4H-SiC punch-through structure at different breakdown voltages are
presented. The optimum drift region thickness and doping concentration are 114 ym and

6.6x10“cm™, respectively, which results in the lowest specific on-resistance of 117
mQcm?.  The specific on-resistance is compared with the theoretical specific on-
resistance of non punch-through structure. It is shown that the optimized punch-through
structure not only has a thinner drift region, but also has a slightly lower specific on-
resistance than non punch-through structure. The model is applied and compared to a
measured 4H-SiC bipolar transistors with high blocking voltage and results are
discussed. The experimental 4H-SiC BJT is able to block 1631 V and 2033 V at 300 °K and
523 °K when the base is open, respectively. The simulated blocking voltage when base is
open is slightly lower, 1600 V at 300 °K, than the experimental value due to the current-
amplifying properties of the common-emitter BJT.

Keywords: Device Modeling, Silicon Carbide, Bipolar Junction Transistors

1. Introduction

Although many improvements have been made in silicon material technology and in the design of new device structures,
the silicon-based power devices are rapidly approaching their theoretical limits of performance [1,2].

As shown in Table 1, when compared to silicon, 4H-SiC offers a lower intrinsic carrier concentration (9 to 37 orders of
magnitude), a higher electric breakdown field (4 to 18 times), a higher thermal conductivity, and a larger saturation

electron drift velocity 2 to 2.7 times higher [3-6]. Because of high electric breakdown field, the drift region can be much
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thinner than that of their Si counterparts for the same voltage rating, thus a much lower specific on-resistance could be
obtained. With lower specific on-resistance, wide-bandgap-based power devices have lower conduction losses and higher
overall efficiency. Because of high-saturation drift velocity power devices based on wide-bandgap materials could be
switched at higher frequencies than their Si counterparts. Moreover, the charge in the depletion region of a PN junction

can be removed faster if the drift velocity is higher, and therefore, the reverse recovery time is shorter.

Table 1. Physical parameters and bias variables

Physical Parameters and Variables Unit Value
Electron mobility, pis cm?/V-s 347
Hole mobility, u, cm?’/V-s 34.5
Electron lifetime, T, 22
Hole lifetime, T, 5.7
Collector series resistance, R¢ 1.24

Collector-Emitter Bias, Vcg

Collector Current, Ic

> <023

Base Current, Iy

Breakdown electric field in 4H-SiC is almost one order of magnitude higher than silicon, which makes 4H-SiC superior in
high voltage applications. This high breakdown electric field allows 4H-SiC power devices use a much thinner and higher-
doped drift layer, hence significantly reduces the device specific on-state resistance which reduces the conduction loss
significantly [7, 8].

Because of high saturation drift velocity, 4H-SiC power devices have higher current density and switch faster than silicon.
Together with its superior thermal conductivity, wide band-gap, and low on-state resistance, 4H-SiC power devices could
be much smaller in size while providing comparable amount of power output.

The fabrication and characterization of a 4H SiC bipolar junction transistor with double base epilyer is reported in [9,10].
The control of the etch depth and the formation of a low-resistive p-type ohmic contact to the epitaxial base is shown to be
the key in their fabrication and design technique that can be used to improve specific on-resistance and the breakdown
voltage. The ATLAS device simulation tool was used to investigate the electrical characteristics of a 4H-SiC bipolar
junction transistor [11]. The lateral BJT structure with surface electric field optimization technique is shown to achieve a
high breakdown voltage and lower specific on resistance [12]. It is shown that the base electric field plate can restrict
collector-base depletion extension in the base region. They were able to show that high avalanche breakdown can be
obtained at high current gain in device structures with lateral thin base and low base doping. A SiC thyristor is reported
where a high voltage breakdown voltage of 8.7 kV is obtained using a much thicker drift layer [13]. The multiple-floating-
zone junction termination and improved diffusion techniques are new fabrication techniques used by several investigators

to achieve high blocking voltage that approach near the ideal breakdown values in SiC bipolar transistors[14]. A
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breakdown voltage of 21.7 kV is achieved in 4H-SiC PiN diodes with improved junction termination extension structures
and by using a space-modulated structure where a wide termination window tailoring the doping dose to compensate the
impact of interface charge [15]. This planar termination window is produced by implantation of fine-scale areas of dopant,
followed by diffusion to smooth out the dopant profile where the surface field remains below breakdown voltage [16].
Numerical device simulations have been performed for over 15-kV-class 4H-SiC p-i-n diodes with an edge termination
method. The structure exhibited a high breakdown capability with an improved tolerance for the deviation of impurity dose
in the junction termination region which made it feasible for of various high-voltage devices in 4H-SiC [17]. Due to the
advantages of 4H-SiC devices such as low specific on-resistance, high thermal stability, and high blocking voltage, SiC
MOSFET and BJTs are expected to replace Si IGBT [18, 19, 20]. Similarly, the use field-plate structure is also used in
other material system such as Gallium Nitride for power device applications to achieve high blocking voltage and low
specific on-resistance [21-24].

We report that the breakdown characteristics of 4H-SiC junction transistors can be severely affected by both the drift
region thickness and the doping density. In this study, the two-dimensional numerical analysis tool ATLAS [11] is used to
investigate the electrical characteristics in 4H-SiC bipolar transistors. The simulation and theoretical model are compared
to the measured 4H-SiC bipolar junction transistors. An optimization model is presented to obtain the lowest specific on-
resistance. It can be shown that the punch-through structure not only has a thinner drift region, but also can have a
slightly lower specific on-resistance than non punch-through structure. It is shown that the simulated blocking voltage is
slightly lower when base is open due to the current-amplifying properties of the common-emitter bipolar junction

transistors.

2. Modeling lonization Coefficients

Recently 4H-SiC bipolar junction transistors with a blocking voltage in the range of 0.75 kV to 9.2 kV and with an on-state
resistance of 2.9 mQcm? to 49 mQcm? are reported [25, 26, 27]. In high electric field, free carriers can obtain enough
energy to cause impact ionization. This process can be understood as the inverse process to the Auger recombination.
The reciprocal of the carrier mean free path is called the impact ionization coefficient. With these coefficients of electrons

and holes, the generation rate G due to impact ionization can be expressed as

G=anv,+anv, 1)

where ¢, and &, denote the impact ionization coefficients of electrons and holes, v, and v, are the electron and hole

drift velocities, receptively. &, and &, are modeled with Chynoweth equation [28]:
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a(E):;/aOexp(—%bj

where E is the electric field and ¢, and b are fitting parameters:

hw
tanh ( Zk;f j
_ 0
tanh| —2
2kT

The parameter ¥ and the optical phonon energy ha)op relate the temperature dependence of phonon gas against the

(3)

accelerated carriers. Both 1, and ¥b should depend on lattice temperature (T). However, the term b is shown

experimentally to be independent of the temperature in SiC [29]. Therefore, the empirical model suggested by Okuto and

Crowell is used [30]:

b-(1+d-(T -300K))|"
E

a(E)=a-[1+c-(T-300K)]-E" -exp-

where a, b, ¢, d, 7, and ¥, are fitting parameters.
Two sets of the experimental measurements on 4H-SiC impact ionization coefficients were reported. The hole impact

ionization coefficient &, reported in [31] which was measured by using e-beam induced current, is much smaller than

that reported in [29] which was measured by direct measurements of avalanche photodiodes. Monte Carlo simulation [14]
[shows that there is a significant anisotropy in the impact ionization coefficients in 4H-SiC. The impact ionization
coefficients for transport perpendicular to c-axis are from 5 to 10 times greater than the values for transport parallel to c-
axis. This implies that the breakdown voltage is mainly determined by the breakdown perpendicular to c-axis if the electric
field strengths in the direction parallel and perpendicular to c-axis are approximately equal, as is the case for most
practical SiC devices. The anisotropy in the impact ionization coefficients, however, has not been implemented in the
Atlas simulator [11] so it is customary in the simulations to select a set of impact ionization coefficients between the
impact ionization coefficients in c-axis and perpendicular to c-axis. The measured hole impact ionization coefficients in
[29] are in good agreement with Monte Carlo simulation results in the direction of c-axis. The measured impact ionization
coefficients in [31] lie between the Monte Carlo results parallel to c-axis and perpendicular to c-axis. As a result the
measured impact ionization coefficients in [31] are used to predict the blocking voltage in this paper, where the measured

temperature dependence reported in [29] is applied. In this way, it is assumed that the temperature coefficients of the
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impact ionization coefficients are the same in the direction parallel to c-axis and perpendicular to c-axis. By fitting the

experimental results in with Eq. (4), the impact ionization coefficients &, and &, are expressed as below:

7
a,(E,T)=7.26x10°(1-1.47x10"(T - 300K))exp(—@j em™
(5)

7
a,(E,T)=6.85%x10°(1-1.56x10(T —300K))exp JLALAD
’ E
(6)

2.1 Critical Field of 4H-SiC Power Transistors
For power devices, the high blocking voltage is usually supported by a thick lightly doped drift layer. Since the drift layer is

thick and low-doped, its resistance may dominate the on-resistance of the power device.

The avalanche breakdown due to impact ionization will occur when the electric field exceeds the critical field (Ec):

6
E = 2.49x10 V/em

N 1 — 1 10 L
4 gl() 1olécm—3 (7)

where N is the doping concentration. The critical field in 4H-SiC is dependent on the doping concentration, as shown in

Figure 1. The critical field in 4H-SiC is 3 MV/cm at a doping concentration 5x%10"cm™ , which is 10 times higher than in

silicon.
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Figure 1. Dependence of the critical field in 4H-SiC on the doping concentration.

2.2 Drift Layer Design for Non-Punch-Through Structure

For a power device with an n-type lightly doped drift layer, the blocking junction can be approximated with a one-side
abrupt P*N junction. In the blocking state the depletion region mainly extends into the lightly doped drift region. The

maximum electric field in the depletion region is given by:

Emax = 2 QNDVG
\ & (8)

where V, is the applied voltage, Np is the drift layer doping concentration and &, is the dielectric constant of the

semiconductor. From this equation, it can be seen that the maximum electric field in the depletion region increases with

increasing applied bias. The breakdown voltage Vgr can be derived from Eq. (8):

2
gs Ecr

2gN, (9)

BR



137  Therefore, for the non-punch-through structure, the doping level Np required to support a given breakdown voltage Vgr

138  can be determined from Eq. (9):

2
— gs E cr

D

139 29V (10)

140  The drift layer thickness should be larger than the maximum width of the depletion region at breakdown:

W= /2€SVBR _ 2V
141 No By (11)

142  Thus, the theoretical specific on-resistance Rsp on associated with the drift layer is

4 2
RSP,ON = resistance - area = 4 — VBR3
e q'u"ND ESIUnEcr (1 2)

144 where W, is the drift layer electron mobility. It is seen from the above equation that the value of VBZR/RSPJN is only

145  dependent on the material properties:

1
146 V;R/RSP,ON = ng#nEjr (13)

147  Thus, the value of VBZR/RSP_ON is often used to evaluate how close the performance of a fabricated power device

148 approaches the material limit.

149 For silicon, the drift layer doping concentration and thickness required to support a given breakdown voltage are given by

150  [32, 33]:

— 18y 7-4/3
151 N, =2.01x10"V,, (14)
152  and

_ —67/,7/6
153 W =2.58x107"V,; ’ (15)
154 Where, the theoretical specific on-resistance of silicon drift layer in Qcm? is

—-9772.5
=J3.98X

155 Ry oy =5.98X107Vy, (16)

156  The theoretical specific on-resistance for 4H-SiC drift layer is presented in Figure 2. For comparison the theoretical

157  specific on-resistance of silicon drift-layer is also shown.
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Figure 2. Theoretical specific on-resistance of silicon and 4H-SiC drift layers at different voltage ratings.

It can be seen that the specific on-resistance of SiC drift layer can be about 550 times lower than that of silicon drift layer
for the same voltage rating due to the higher critical field in SiC. Figure 3a presents the breakdown voltage and the
depletion region width at breakdown as a function of the doping concentration Np for 4H-SiC. For a given breakdown

voltage, the required drift layer doping concentration and thickness can be determined from Figure 3b.
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Figure 3. Dependence of the breakdown voltage (a) and the depletion region width at breakdown (b) on the
drift layer doping concentration of one-sided abrupt P*N junction.

2.3 Drift Layer Design for Punch-Through Structure

For most power devices, it is preferable to use a punch-through structure to support the voltage, as shown in Figure 4. In
general, the punch-through structure has a lower doping concentration on the lightly doped side with a high concentration

contact region, and the thickness of the lightly doped side is smaller than that for non punch-through structure for equal
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breakdown voltages. In punch-through structure, the electric field varies less gradually with distance within the lightly
doped region, resulting in a rectangular electric field profile as compared to a triangular electric field profile for the non
punch-through structure, as illustrated in Figure 4. The breakdown voltage for punch-through structure is given by [32]:
gN W

2¢€, (17)

Vir =E W, —

where W, and N-are the thickness and doping concentration of the drift region (lightly doped region), respectively. Figure
5 shows the breakdown voltage calculated for the punch-through structure in 4H-SiC as a function of the drift region
doping concentration. When the doping concentration and the thickness of the drift region become large, the breakdown
voltage approaches that for the non punch-through structure. In addition, the breakdown voltage of the punch-through

structure is a weak function of the drift region doping concentration if its thickness is small.

NON
p’ N PUNCH
THROUGH

v

NON PUNCH -THROUGH

«—— PUNCH -THROUGH
E 1

cr

PUNCH

F N N THROUGH

Figure 4. Comparison of punch-through structure with non punch-through structure.
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208 For a given breakdown voltage, the drift region thickness and doping concentration of punch-through structure can be

209 optimized to give the lowest specific on-resistance by using Egs. (7), (12) and (17). Figure 6 illustrates such an

210  optimization scheme performed for a breakdown voltage of 14 kV at 300 °K. The optimum drift region thickness and

211 doping concentration are 114 ym and 6.6x10"cm™ , respectively, which gives the lowest specific on-resistance of 117
212 mQcm?. The optimum drift region thickness and doping concentration for 4H-SiC punch-through structure at different
213 breakdown voltages are presented in Figure 7. And the optimum specific on-resistance is compared with the theoretical
214  specific on-resistance of non punch-through structure in Figure 8, where the optimized punch-through structure not only
215 has a thinner drift region, but also has a slightly lower specific on-resistance than non punch-through structure. Hence,

216 most power devices utilize punch-through structure.
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Figure 8. Comparison of the optimized specific on-resistance of 4H-SiC punch-through structure with that
of non punch-through structure.

3. Comparison with Experimental Data and Discussions

The Atlas device simulator [11] is used to perform two-dimensional numerical simulations for all devices investigated in
this report. Figure 9 shows the schematic cross sectional view of the 4H-SiC NPN BJT cell structure, which is studied in
this research. This structure consists of three epilayers. The top N+ layer is the emitter. The middle p-type epilayer is the
base. The N- layer (drift layer) between the N+ collector and the P base is used to support the high breakdown voltage.
The emitter mesa is etched into the P base layer by 0.2 um. A thin, highly doped P+ region can be formed by ion

implantation under the base contact to reduce contact resistance. This structure is designed to be able to block near 2000

V under the optimum reach-through condition when the emitter is open. A 12 um, 7x10%cm™ doped n-type epilayer is

chosen for the drift layer. To prevent the punch-through of the base, the initial base doping concentration is

3.7x10"em™ and the initial base width is 0.8 pm. The emitter has a doping concentration of 2x10”cm™ and a

thickness of 1.5 um.
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237  Figure 9. Schematic cross-section view of the 4H-SiC NPN BJT cell structure.

238
239
240  The simulated blocking characteristics of the 4H-SiC NPN BJT are shown in Figure 10. The device is able to block 1941 V
241 and 2094 V at 300 °K and 523 °K, respectively, when the emitter is open. When the base is open, the device can block
242 1631 V and 2033 V at 300 K and 523 °K, respectively. The blocking voltage is smaller when the base is due to the

243  current-amplifying properties of the common emitter connection.
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Figure 10. Simulated blocking characteristics of the 4H-SiC NPN BJT at 300 °K and 523 °K.

The structure of the experimental device is the same as the one shown in Figure 9 except that the emitter layer thickness
is 0.7 um. The device active area is 0.012 cm?. The experimental data in this section is taken from [34]. The simulation
parameters used in ATLAS program are given in Table 1. The measured and simulated |-V characteristics of the device
at room temperature are shown in Figure 11. The collector current (/c) is measured up to 4.41 A (current density of Jc =
368 A/cm?) at a base current (Ig) of 140 mA, corresponding to a common emitter current gain of 31 at collector emitter
voltage of Vee = 8 V. The maximum current gain is 32 at Jc =319 A/cm?2. The specific on-resistance is 17 mQcm?
measured at Vce =5 V and Iz = 140 mA. The open-base blocking voltage is near 1600V at room temperature, where the
leakage current is only 1.2 mA. The leakage current in Figure 11 has been amplified by a factor of 1000 in order to show
the details. This result represents state of the art for 4H-SiC NPN BJTs with both high blocking capability and high current

gain at high current density.

The theoretical specific on-resistance of the experimental BJT is about 1.5 mQcm? (assuming the maximum electron
mobility is 947 cm?/Vs), which is about 11 times lower than the measured specific on-resistance. The high measured

specific on-resistance may not be due to the low electron mobility because the device has a high current gain. The fitting
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to the measured /-V characteristics cannot be achieved by using low electron mobility even when the maximum carrier
lifetimes are as high as 5 ps. At present, it is actually not well understood why the measured specific on-resistance is so

high. Thus, a resistor of 1.24 Q is connected to the collector in order to fit the specific on-resistance of the device.
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Figure 11. Measured and simulated output characteristics (Icvs. Vce) of the fabricated 4H-SiC NPN BJT at
room temperature; the measured data is taken from [34].

4. Conclusion

The specific on-resistance is compared with the theoretical specific on-resistance of non punch-through structure. It is
shown that the optimized punch-through structure not only has a thinner drift region, but also has a slightly lower specific
on-resistance than non punch-through structure. The model is applied and compared to a measured 4H-SiC bipolar
transistors with high blocking voltage and results are discussed. The experimental 4H-SiC BJT is able to block 1631 V
and 2033 V at 300 K and 523 °K when the base is open, respectively. The simulated blocking voltage when base is open
is slightly lower, 1600 V at 300 °K, than the experimental value due to the current-amplifying properties of the common-
emitter BJT. In 4H-SiC, there is a significant anisotropy in the electron mobility and the impact ionization coefficients. (The
anisotropy, however, has not been implemented in the commercial software used in this study). In order to predict
accurately the forward and blocking performance of a 4H-SiC power device, the anisotropy must be considered. There

need to have more accurate physical parameters derived from measured data for 4H-SiC, such as the temperature
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coefficient in the impact ionization coefficients. This parameter is essential for evaluating the device performance at high

temperature.
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