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SUMMARY 
An optimization of a SiC bipolar high frequency transistor with a regrown extrinsic base is presented. 
The structure for device simulations was created with process simulations, and investigated the 
influence of graded base doping, emitter design and an uncovering step after the regrowth. A 
maximum fMAX of 40 GHz was achieved for the graded base with an isolating uncovering step. The 
input and output impedances of this transistor are also studied with respect to 30 W operation over a 
50 Ω load. 

INTRODUCTION 
The semiconductor industry moves very rapidly towards faster and smaller devices. In the field of high 
frequency and high power this leads to higher losses, higher temperatures, and matching difficulties. 
Silicon carbide (SiC) can be used as an alternative semiconductor material to overcome many of these 
obstacles. As an example, the high electric field leads to lower losses but also an increased operating 
voltage, which reduces the matching difficulty. Due to the differences in electrical properties between 
silicon and SiC, many of the popular device types in silicon may not be the best choice for SiC. One 
such example is the bipolar junction transistor (BJT), which shows growing popularity in the SiC 
field. The SiC BJT has been investigated as a medium to high voltage switch device with promising 
results, but very few publications have investigated the high frequency performance of this structure 
[1]. Important properties to optimize for a high frequency SiC BJT are the current gain and the 
extrinsic base resistance. In this work we investigated two design approaches to reach a higher 
operating frequency by improving these two properties. The current gain is optimized using a graded 
base doping, which has to be accomplished by epitaxial growth due to the damage created by the SiC 
ion implantation and the extremely low diffusion coefficients. The extrinsic base resistance can be 
substantially lowered with an epitaxially regrown structure, since it may be placed much closer to the 
intrinsic region than a high dose implant. 

SIMULATIONS 
The simulated structure was built up with realistic process steps in a SiC process simulator from a 
drawn mask layout (DIOS from the ISE package, www.ise.com). Since diffusion of dopants is very 
slow in SiC, the process simulation only has to take dry etching, epi growth, and consumed material 
during oxidation into account. The oxidized SiC material was neglected in these simulations. Epi 
growth is a straightforward process, since the redistribution of dopants can be neglected. The dry 
etching was performed using an oxide mask with a selectivity of 6 [2]. The ICP etch has shown an 
isotropic and an anisotropic component, where the isotropic etch rate approximately a 10% of the 
anisotropic rate. The full transistor cross-section is shown in Fig. 1. 
All device simulations were performed with DESSIS (www.ise.com), using models and parameters 
taken from the literature [3, 4]. The high frequency properties were evaluated using small signal and 
large signal transient simulations. The models used in the simulations were Fermi-Dirac statistics, 
doping dependent mobility, incomplete ionization, bandgap narrowing, SRH recombination, and 
Auger recombination. All small-signal parameters were extracted using FFT transforms of the 
transient simulations. Investigations have shown that AC small-signal analysis is unreliable for SiC 
bipolar devices at room temperature, and large discrepancies can be seen when compared to similar 
transient simulations (these two types match well for majority carrier devices). 
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Fig. 1. A cross-section of a complete device structure from the device simulation. The last 
process steps are not included in the device simulations. This is an example of a planar 

structure, see Table 1 below. 
OPTIMIZATION 
The parameters that influence the high frequency properties are too many to adjust them all in device 
simulations. However, analytical calculations can be performed to get a starting point and limit the 
parameter space investigated. The details of these calculations cannot be presented here, but most 
equations were taken from semiconductor textbooks [5, 6]. The optimization of base doping is 
strongly dependent on the lifetime model, and the criteria used for the base layer thickness. A constant 
bulk lifetime model was used in this case, since a value for the lifetime has been calibrated to 
measurements of fabricated high voltage SiC BJTs with a base doping in the same range as used here 
[7]. The criteria used for the base layer thickness was a constant sheet resistance in the analytical study 
to have a low intrinsic base resistance. These calculations gave an optimum base doping in the region 
close to 1018 cm-3. A value of 2⋅1018 cm-3 was used as a starting point in the simulations in order to get 
a punch-through voltage close to 200 V. This voltage was selected in order to allow 30 W of power to 
be delivered to a 50 Ω load directly from the transistor without matching circuits. This power rating 
requires a peak-peak voltage of 100 V, and a factor of 2 between this value and the punch-through 
value seemed to be a reasonable margin. The graded base doping was simply designed with a decade 
variation between minimum value and maximum value, and the average value was close to the 
selected constant base doping level to keep the punch-through voltage. A reasonable size for this 
power rating is a device with 10 mm of emitter length. Since all simulations were performed per mm 
of device length, the power rating corresponds to a power of 3 W to a 500 Ω load. 
From analytical calculations of the high frequency properties it was determined that the base-emitter 
capacitance is the dominating limiting mechanism with the doping levels used. To reduce this 
capacitance, a thin low doped n-type layer in the emitter structure was also investigated. 
The uncovering of the emitter layer after the regrown base was an important step that influenced the 
result. The high frequency properties were improved if the emitter was isolated (isolating) from the 
regrown layers compared to a planar structure (planar), probably due to a smaller lateral capacitance. 
The optimization performed in process and device simulations were kept to a minimum, and these 
variations are summarized in Table 1. All parameters are calculated for a device with 1 mm of emitter 
finger length. 

X (µm)

Y 
(µ

m
) Emitter

SiO2

Metal

MetalSiO2

SiO2 SiO2

Collector

Sub-collector

Plug implant

ex-base

in-base



A high frequency SiC bipolar transistor design optimization using process and device simulations 
Erik Danielsson, Carl-Mikael Zetterling, and Mikael Östling 

Table 1. A summary of the variations tested in this simulation study. The maximum 
transconductance and maximum current gain are also included. 

Variation 
no 

Base doping Grading Low-doped 
emitter layer 

aUncovering 
step 

Max current 
gain 

Max trans-
conductance 

1 2⋅1018 cm-3 no no Isolating 168 1670 mS/mm 
2 2⋅1018 cm-3 no no Planar 133 1650 mS/mm 
3 2⋅1018 cm-3 yes no Isolating 1910 2430 mS/mm 
4 2⋅1018 cm-3 yes no Planar 1130 2900 mS/mm 
5 2⋅1018 cm-3 yes yes Isolating 312 1520 mS/mm 
6 2⋅1018 cm-3 yes yes Planar 240 2240 mS/mm 
7 5⋅1018 cm-3 no no Isolating 45 968 mS/mm 

aSee text       

Fig. 2. Typical plots of (a) collector current to base voltage characteristics and (b) 
transconductance, gm, versus base voltage. The selected bias point was near 3 V for all 
simulations, due to the large gm around this point. 

RESULTS 
The DC part of the simulations was mainly done to find a bias point for the transient high frequency 
simulations. For this purpose a plot of the collector current versus base voltage was used, one such 
curve example can be viewed in Fig. 2. Other characteristic parameters can also be found in Table 1. 
The high current gain for some of the variations can be explained by a short effective base. The base 
thickness was set to 0.1 µm and the collector emitter voltage is 60 V, in all simulations. Since the 
graded doping has a low doping near the collector it is depleted more than the non-graded variations. 
The high frequency characteristics were evaluated with the frequency dependence of the current gain 
and the unilateral power gain. Especially the frequencies where these properties are equal to unity are 
of special importance, and are labeled fT and fMAX, respectively. Other parameters of interest are the 
input and output impedance of the transistor, and these are reported for the frequencies 2 GHz and 
5 GHz. Similar to the DC properties, the impedances are dependent on the size of the device and are 
given per mm of emitter finger length. The result from some of the variations given in Table 1 is 
shown in Table 2. 
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Table 2. High frequency properties for some of the simulated variations. The definitions of 
the variations are given in Table 1. The impedances are given in complex polar form. 

Variation fT FMAX Zin (Ω⋅mm) Zout (Ω⋅mm) 
 (GHz) (GHz) 2 GHz 5 GHz 2 GHz 5 GHz 

1 90 15 44∠+0° 44∠-4° 20∠-28° 16∠-24° 
3 109 40 190∠+8° 230∠-5° 13∠-17° 11∠-15° 
4 4.5 2 - - - - 
5 140 31 79∠+0° 82∠+0° 20∠-19° 17∠-21° 
7 86 15 30∠+2° 31∠+4° 40∠-31° 30∠-31° 

 
The very high fT presented in the table is probably overestimated, but the result shows that the 
capacitances inside the semiconductor does not limit fT. In a real device, fT would probably be limited 
by fringing capacitances and metal layer capacitances not included here. The significant improvement 
by using the isolated structure is due to the smaller lateral capacitance between base and emitter. 
However, the isolation etch was performed with the exactness of the process simulator, and this step 
can isolate the extrinsic base from the active transistor if the etch is too deep. The planar and isolated 
variants indicate two extremes, and the real etch step should have a depth as close as possible to the 
isolated version without risking the base layer. More interesting is instead the fMAX parameter, since it 
includes effects from the extrinsic region of the base. The base grading without the low-doped emitter 
layer is the optimal variation with respect to fMAX. 
The impedances show how the amplifier operates in a true circuit. The input impedance shows how 
much the transistor will load the previous stage and a value close to the characteristic impedance is an 
advantage but not crucial for the operation. The output impedance is more important, and most of the 
variations have a value close to 20 Ω, which is far too low for 3 W/mm to a 500 Ω⋅mm load. To reach 
a proper voltage swing the output impedance should be greater than the load resistance, which was 
seen for lower frequencies.. The low output impedance can be due to a low Early voltage, and the last 
variation increases the output impedance with an increased base doping. However, the current gain 
and the transconductance have the lowest values for this variation, and the increase in output 
impedance is not enough for our desired power rating. 
To conclude, the optimum high frequency properties for a SiC bipolar transistor with a regrown 
extrinsic base is achieved with graded base doping and careful isolating uncovering etch of the emitter. 
The fMAX is 40 GHz for this design, although the output impedance is too low for efficient direct 
connection to a 50 Ω load (10 mm device). 
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