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We have developed a Silicon Carbide (SiC) junction field effect transistor (JFET) with a reduced surface field (RESURF)
structure. This JFET is 2 mm x 2 mm in size and has good characteristics for high speed switching: a normal saturation
current of about 250 A/cm? at a gate voltage of 2 V, a specific on-resistance of about 13 mQ cm?, and a maximum
blocking voltage of over 250 V. Using this JFET, we have developed a novel harmonic canceling switch array (HCA)
circuit which combines phase shifted signal and demonstrated pulse width modulation (PWM). The carrier wave of 20.5
MHz, which was pulse-width modulated with a 4.1 MHz input signal, was successfully demodulated.
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1. Introduction

In the use of electrical energy, conversions and control
technologies are important. Power electronics equipment,
including inverters, DC-DC converters, and switching reg-
ulators, are used to convert and control electrical energy
efficiently. Transistors, thyristors, and other switching semi-
conductor devices are placed at the core of these equip-
ment units.

High efficiency and compactness are in high demand
for power electronics equipment. To satisfy these demands,
power-switching devices are required to have characteris-
tics for low loss and fast switching. In silicon (Si) power
switching devices, the currently used and most popular, the
solutions to these requirements are improving device struc-
tures, such as bipolar junction transistors (BJTs), gate-turn-
off thyristors (GTOs), metal oxide semiconductor field
effect transistors (MOSFETs), and insulated gate bipolar
transistors (IGBTs), and reducing the size of these devices.

In recent years, the demand for energy efficiency has
increased, especially in the face of growing public concern
about global warming. Under these circumstances, power
electronics equipment is required to use energy more effi-
ciently. However, the characteristics of Si power devices are
reaching the physical limits of Si. Power devices of semi-
conductors better than Si are expected. In particular, sili-
con carbide (SiC) power devices, a kind of wide bandgap
semiconductor, are now attracting a great deal of atten-
tion- @,

SiC keeps its physical properties even at high temper-
atures, where Si cannot work. Therefore, it has great po-
tential as devices used in high temperature environments.
SiC power devices with a high operating temperature and
low loss make a cooling system simple, and contribute to a
reduction in both the size and cost of the entire power sys-
tem.

We develop a SiC reduced surface field (RESURF) junc-
tion field effect transistor (JFET), which is a power switching
device. Its structure is suitable for SiC. The applications are
supposed to be in power electronics equipment for automo-

biles and other apparatuses for consumer use.

The SiC RESURF JFET has some unique advantages,
such as low loss, high operating temperature, and enables
high-speed switching operation®®. Therefore, it is one of
the candidate devices for high-speed switching power sup-
ply. In this report, we developed a high-speed switching
power supply device using a SiC RESURF JFET for ampli-
fying an envelope signal in a pulse width modulation
(PWM) form. It can save power consumption effectively for
wireless base stations.

2. SiC RESURF JFET

Figure 1 shows the top view of the fabricated device. The
chip, whose size is 2 mm x 2 mm, consists of 4 transistor units.
A transistor unit, whose size is 0.48 mm x 1.9 mm, consists of
100 cells connected in parallel by comb-shaped metal elec-
trodes. The width of the channel of each cell is 150 pm. The
total width of the channel in a single chip is about 60 mm.

1.9mm

Chip size : 2mm x 2mm

Fig. 1. Top view of SiC RESURF JFET
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Figure 2 shows a schematic cross-sectional view of the
fabricated device along a line between points A and B in
Fig. 1. The drift region, between the drain and the gate
areas, has a double RESUREF structure, which is composed
of epitaxial layers based on the super-junction theory. The
epitaxial layers consist of active layers (layers 3 and 4), a
depletion layer (layer 2) and a field stop layer (layer 1).
The thickness and the dopant concentration of each layer
are shown in Fig. 2. The drift length, which is the distance
between the drain and the gate areas, is 6 pm for a blocking
capability of 600 V. The channel (gate) length is 2 pm. The
width of the drain and the source fingers is 6 pm. The pitch
of the cells is 16 pm. JFETs were fabricated on an 8° off
(0001)-face n*type 4H-SiC substrate. The details of the fab-
rication process were described in our former work®.

Figure 3 shows the typical on-state characteristics of
the fabricated transistor. The device shows the current sat-
uration characteristic of FET. It is confirmed that the gate
voltage controls the drain current successfully. The on-re-
sistance is calculated to be 250 mQ from the drain current
(Id) when the gate voltage (Vgs) is 2 V and the drain volt-
age (Vds) is1 V.
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Fig. 2. Cross-sectional view of RESURF JFET
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Fig. 3. Drain current (Id) versus drain voltage (Vds) different
values of gate voltage (Vgs)
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Figure 4 shows the blocking characteristics of the fabri-
cated transistor. The gate voltage (Vgs) is -8 V, at which the
transistor turns off. The transistor has a measured blocking
voltage of more than 250 V.
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Fig. 4. Blocking characteristics
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Fig. 6. Switching characteristics



Figure 5 shows the testing circuit of switching charac-
teristics. Figure 6 shows the typical switching waveforms of
drain voltage (Vds) and gate voltage (Vgs) for an inductive
load. Turn-on and turn-off time are about 2 ns, respectively.

3. Principle of the Power Supply Circuit

3-1 Envelope elimination and restoration

Envelope Elimination and Restoration (EER) tech-
niques have been proposed for improving the efficiency of
power amplifiers. It is an efficient circuit, which performs
power amplification only by switching, without using a high
frequency linear amplifier. Those signals are combined,
after an input radio frequency (RF) signal is resolved into
an envelope signal and a phase signal. Figure 7 shows a
schematic of EER. The envelope signal is changed into a
pulse width modulated (PWM) signal and is amplified
keeping linearity. Since PWM signals have high frequency
and high voltage, a practical circuit has not been realized
with conventional silicon devices.
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Fig. 7. Schematic of EER

3-2 Distributed amplifier and low pass filter

Figure 8 shows a distributed amplifier circuit and a low
pass filter. Our former work incorporates transmission line
theory into the distributed amplifier to obtain a larger gain-
bandwidth product. However, this circuit wastes power due
to the matching resistor at its output.
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Fig. 8. Distributed amplifier and low pass filter

3-3 Harmonic Canceling switch Array (HCA)

We devised a novel HCA shown in Fig. 9. Although it has
neither a terminator nor a low pass filter, it can demodulate
PWM signals. As shown in Fig. 9, signals which have different
phases each other are fed into each JFET gate like a distrib-
uted amplifier. This configuration can reduce input capaci-
tance at the subcarrier operating frequency and improve the
frequency characteristics. The phase difference of the input
signals to the adjoining devices is set to 1/n (n is the number
of switching devices) of the subcarrier cycle of the PWM sig-
nal. The output signals are composed in-phase to cancel the
subcarriers up to (n-1)-th order harmonics. The calculation
results of the frequency component of the output for various
numbers of switching devices are shown in Fig. 10.
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Fig. 9. The principles of Harmonic Canceling switch Array (HCA)
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Fig. 10. The frequency characteristic of HCA

4. Results

The test circuit of HCA for EER is shown in Fig. 11.
Eight SiC JFETs are arranged on an arc so that the in-phase
composition can be performed at the center of the arc.

The 4.1 MHz PWM signal with a 20.5 MHz subcarrier
is fed at the input of the HCA. The output frequency char-
acteristic of this amplifier is shown in Fig. 12 (a) and the
demodulated output is shown in Fig. 12 (b). The 20.5 MHz
subcarrier and its 2nd order harmonic are cancelled at the
output of the HCA as the dips in Fig. 12 (a) indicate.
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Fig. 11. HCA test circuit
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Fig. 12. The characteristic of test circuit

5. Conclusion

The static and switching characteristics of 250 V/2.5 A
4H-SiC RESURF JFETs have been measured. It was con-
firmed that the JFET has fast switching characteristics; the
turn-on and turn-off times are 2 ns and 2 ns, respectively.
A demonstration of PWM demodulator with Harmonic
Canceling switch Array using the JFETs was carried out.
The input waveform, which is a pulse width modulated 20.5
MHz at 4.1 MHz sine wave, was demodulated at 4.1 MHz
sine wave.
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