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Abstract—In this paper, a thorough analysis of the reverse 
conduction characteristics of vertical trench (VT) Silicon Carbide 
(SiC) junction field effect transistors (JFETs) is performed. 
While these power devices do not encompass a body diode, 
traditionally present in conventional Silicon (Si) based 
semiconductors, such as the metal-oxide semiconductor field-
effect transistors (MOSFETs), they exhibit notable reverse 
properties such that an external antiparallel diode can be 
considered redundant in most power converter applications. Both 
enhancement mode and depletion mode SiC JFETs are examined 
in terms of static reverse operation. Their performance is initially 
validated through simulation testing by constructing new SiC 
JFET models in Pspice model editor. The theoretical and 
simulation results are confirmed via experimental testing in a 
three phase voltage source inverter with and without antiparallel 
SiC diodes. When a gate drive that protects the semiconductor 
during reverse operation, while presenting great switching and 
forward conduction characteristics, is introduced, the power 
converter’s overall performance is investigated paying particular 
attention to power losses during the dead time interval. 

Keywords — drive circuit; inverter; reverse operation; 
saturation; SiC JFETs  

I.  INTRODUCTION  
Distinctive features of the next generation converters are 

their increased performance, high reliability and ability to 
operate under adverse climatic conditions such as high 
temperatures and severe radiation [1]-[3]. These requirements 
can only be met by replacing the conventional Si based 
semiconductors with more efficient and versatile power 
switches. Wide Band Gap (WBG) semiconductors exhibit 
favorable performance characteristics such as high blocking 
voltage capability, low on state resistance, low switching 
losses, high current ratings and high thermal conductivity [4]-
[6]. Among them, Silicon Carbide (SiC) junction field effect 
transistors (JFETs) are considered to be the most 
technologically mature and structurally stable power devices, 
making them commercially available since 2008. Utilizing this 
viable technology in power converters is the enabling factor for 
increasing renewable energy sources (RES) penetration levels 
and developing electric vehicles (EV). 

Most power converters require a diode connected 
antiparallel to each transistor in order to allow reverse power 

flow. Although vertical trench (VT) SiC JFETs do not have a 
body diode, they are bidirectional devices. Yet, the research 
attempts towards reverse operation of a SiC JFET are still 
limited, especially in power converters applications. More 
specifically, the ability of synchronous rectification is recorded 
in [7], indicating that under a certain current level, the reverse 
voltage drop of the enhancement mode (EM) JFETs can be 
lower than that of a diode rectifier, thus reducing the 
conduction loss. Authors of [8] mention the dependence of the 
voltage drop across the channel on the gate-to-source voltage 
during the cutoff state and they focus on the reverse recovery 
characteristics of the EM SiC JFETs. Yet, no mention has been 
made on the device’s reverse current limits and its operational 
restrictions. An analysis of the reverse characteristics of 
depletion mode (DM) VT JFETs solely under gate-to-source 
short circuit conditions (i.e. during on-state) is found in [9], 
while, more recently, a comprehensive study of the reverse 
conduction properties of EM VT JFETs was realized in [10]. 

An RCD network connected to the output of a current 
amplifier IC is typically employed in order to drive efficiently 
the gate of the power switch [3], [10]-[12]. Moreover, a 
common strategy is to operate the semiconductor close to its 
breakdown voltage Vb. Adopting these driving techniques 
during reverse operation, not only do they introduce excessive 
power losses, but also may result in unpredictable conditions or 
even destruction of the power switch, due to great forward gate 
current, as will be explained later. 

The aim of this paper is to perform a comparative study 
between the reverse conduction properties of normally-off (or 
EM) and normally-on (or DM) SiC JFETs. To this end, the 
design and implementation of a universal gate drive circuit for 
SiC JFETs that offers safe and efficient both reverse and 
forward operation, while exhibiting great switching 
performance, is an accessional objective of this paper. Once the 
reverse saturation curves of both SiC JFETs have been 
exported from experimental data, an estimation of the necessity 
of adding antiparallel diodes in a three phase voltage source 
(VS) inverter is made. 

The paper is structured as follows: The principles of the 
reverse operation of both EM and DM SiC JFET are outlined 
in Section II and the proposed driving scheme is presented in 
Section III. An assessment of the performance of the diode-less 
three phase inverter topology under static and dynamic 
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conditions, is provided in Section IV. The main conclusions are 
summarized in Section V. 

II. REVERSE CONDUCTION CHARACTERISTICS 
 

The lateral channel (LC) JFET is a modern variant of SiC 
JFETs, the cross section of which is illustrated in Fig. 1(a). In 
the same figure its electrical equivalent circuit is also depicted. 
Being a normally-on device, a negative gate-to-source voltage, 
lower than the pinch-off voltage (Vp) is needed in order to turn 
it off. A typical range of Vp is between -16 V to -26 V. An 
important feature of this power device is the antiparallel body 
diode. However, the forward voltage drop of the body diode is 
relatively high compared to the on-state voltage drop of the 
channel at rated current densities [13]-[15] while the design of 
a commercial gate driver is revealed to be too challenging due 
to the variance of Vp [11]. 

Another commercially available SiC JFET is the vertical 
trench which can be either normally-on or normally-off, 
depending on the thickness of the channel and the doping 
levels of the structure. A cross section of this particular SiC 
JFET is illustrated in Fig. 1(b), in which the fundamental and 
parasitic components are also depicted. In static operation, the 
p-n junctions formed across gate-to-drain and gate-to-source 
have been replaced by diodes, while the channel of the JFET is 
substituted by a current source. The pinch-off voltage Vp for the 
DM VT JFET is approximately -5 V while for the EM VT 
JFET is about +1 V. As can be seen from Fig. 1(b), no p-n 
junction is formed across the source and drain terminals of a 
VT SiC JFET and thus, no intrinsic body diode is present [16]. 

The DM SiC JET used in this paper is SJDP120R085 
exhibiting 1200V breakdown voltage, 27A continuous drain 
current at 25oC and 75 mΩ typical on state resistance. Also, 
SJEP120R100 which is an EM SiC JFET having 1200V 
breakdown voltage, 17A continuous drain current at 100oC 
and 80 mΩ typical on state resistance is also examined within 
this article. A SiC diode SDP30S120 was selected as the 
antiparallel diode in the three phase inverter featuring 1200 
Vdc blocking voltage and 30 A continuous forward current. In 
order to extract the static characteristics of a VT SiC JFET, a 
simple gate drive circuit shown in Fig. 2 is considered, 
consisting of a current amplifier IC and a series resistor Rfwd. 

Since the SiC JFET is a bilateral power switch and 
structurally a symmetrical semiconductor device, it can be 
assumed that in reverse conduction, the source current will 
follow saturation curves similar in shape to the forward 
conduction, depending on the voltage drop VSD and the 
controlling voltage VGD. More specifically, if the controlling 
voltage VGD drops below the reverse threshold voltage Vp_r, a 
pinch-off region will be formed closer to the source terminal 
of the power switch, leading to the saturation of the channel 
current. The equations describing the drain current during 
reverse operation can be derived by modifying the known 
equations of the forward conduction. Equation (1) refers to the 
linear region while (2) to the saturation region. ISDD_r is the 
reverse saturation current and λr is the channel-length 
modulation parameter and is equal to the slope of the current 
waveform at saturation. 
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Fig. 1.   Cross section of (a) a lateral channel and (b) a vertical trench SiC 
JFET with their equivalent electrical circuits. 
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Fig. 2.   Simple gate drive topology for extracting static characteristics of a 
VT SiC JFET. 
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However, in all power electronics applications utilizing SiC 
JFETs, the controlling voltage is VGS and consequently, VGD is 
a dependent variable calculated using (3) as the difference 
between VGS and VDS. 

  GD GS DSV V V= −  (3) 

Under this constraint, and since a VT SiC JFET is at on-
state when VGD is greater than Vp, this power device may 
conduct reverse current when inequality (4) is met.  

   DS GS pV V V< −  (4) 

More specifically, imposing a negative voltage across VDS 
reduces the width of the depletion region within the channel, 
allowing the current to flow backwards. Inequality (4) suggests 
that the minimum voltage drop across a SiC JFET during 
reverse conduction is closely associated to the instantaneous 
gate-to-source voltage applied. Another notable conclusion 
drawn from (4) is that during reverse operation, a DM SiC 
JFET, that has negative pinch-off voltage, exhibits lower power 
losses in comparison with an EM SiC JFET having positive Vp.  



During reverse conduction, it is possible that the 
equivalent diode DGD shown in Fig. 1(b) exceeds its threshold 
voltage VGD_th and hence, a significantly high current is 
provided by the gate drive following a diode’s V-I 
characteristic curve. Equation (5) specifies the drain-to-source 
voltage range in which this case appears. 

_DS GS GD thV V V< −  (5) 

Given that the gate drive circuit is capable of providing the 
required current, no saturation drain current will be observed 
as VGD is higher than VGS and the channel will never be 
pinched-off. However, the system reliability and integrity is 
compromised since a high gate current may destroy the power 
switch. This phenomenon is highly likely to occur with a 
typical RCD network, commonly utilized to drive SiC JFETs 
considering that Rfwd = 0. On the contrary, if a gate drive has 
Rfwd ≠ 0 during conduction, the gate current will be limited, 
just as the forward bias of DGD. Thus, given that a forward 
resistor is present, the reverse drain current follows a 
saturation curve, the limit of which is determined by Rfwd. The 
experimentally obtained VGD-VDS curves, which are similar for 
both EM and DM SiC JFETs, for various gate-to-source 
voltages and Rfwd=100 Ω are depicted in Fig. 3. It can be 
observed that regardless of the applied gate-to-source voltage, 
as VSD increases, all curves reach a constant value which can 
be considered equal to the threshold voltage VGD_th. The pair 
(VDS,VGD) at the knee of each curve is also indicated in the 
same figure. 

Once VDG reaches its threshold voltage, VGS begins to drop, 
following the reverse voltage VDS as outlined by (6) and hence, 
a high negative voltage is indirectly applied to the equivalent 
diode DGS. 

_GS DS GD thV V V= +  (6) 

As illustrated in Fig. 4, when VSD is higher than the initial 
gate-to-source voltage subtracted by VGD_th, VGS exhibits a 
linear decay having approximately a unitary slope. Moreover, 
excessive decrease of VDS may lead the diode DGS into the 
breakdown region, resulting in high current through both DGS 
and DGD, that would ultimately damage the device. 

A. Depletion Mode VT SiC JFETs 
In Fig. 5, the experimentally obtained VDS-ID characteristics 

of the SJDP120R085 DM SiC JFET are depicted both for 
forward and reverse operation. In the first quadrant, VGS is the 
controlling voltage varying from -5 V to +2 V whereas in the 
third quadrant, VGD is the controlling voltage varying from -5 
V to +2.95 V. The higher the VGD bias, the greater the 
saturation level of the drain current since the conducting 
channel becomes wider. It can also be observed that, although 
the device is capable of handling high current densities during 
reverse operation, the reverse saturation current levels are 
much lower in comparison with the respective levels in 
forward conduction.  

Applying a constant gate-to-source voltage while the drain 
current conduction is in reverse direction, the V-I  
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Fig. 3.   VGD voltage with respect to VDS for various gate-to-source voltages 
and for Rfwd=100 Ω. 
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Fig. 4.   VGS voltage with respect to VDS for various initial gate-to-source 
voltages and for Rfwd=100 Ω. 

characteristics are extracted and are shown in Fig. 6. Each 
curve is substantially derived from successive shifting over the 
reverse characteristic curves of Fig. 5 as VGD increases 
according to Fig. 3. Once DGD reaches a constant voltage drop, 
depending on the gate current, the drain current saturates as in 
Fig. 5. Thus the saturation level depends only on the gate 
current and is the same for all VGS controlling voltages. It can 
be noted that, for a given reverse drain current ID, the voltage 
drop across drain and source terminals depends on the applied 
voltage VGS. The lower the voltage VGS the more the depletion 
area extends into the channel, resulting to a greater conduction 
resistance. Thus, high conduction losses will be observed 
when the power device conducts reverse current during the 
cut-off state. Therefore, the controlling voltage VGS applied 
from the driver circuit must be carefully chosen in order to 
minimize the reverse conduction losses. Furthermore, a VT 
SiC JFET should be prevented from operating close to the 
saturation current levels in order to avoid high gate current 
and restrain VGS over the breakdown region. 
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Fig. 5.   VDS-ID characteristics of the SJDP120R085 during forward and 
reverse operation. 

 

B. Enhancement Mode VT SiC JFETs 
Following the same process as for the normally-on SiC 

JFET, the respective characteristic curves in the reverse 
conduction of the EM SJEP120R100 SiC JFET are presented 
in this section. In Fig. 7, the experimentally obtained VDS-ID 
characteristics in forward and reverse operation for various VGS 
and VGD voltages are illustrated. In comparison to the normal 
forward current conduction, the reverse saturation current 
levels are over 50% reduced.  

In Fig. 8, the VDS-ID characteristics for reverse current 
conduction of the EM SiC JFET are presented, where VGS is 
constant for each curve. As expected, the voltage drop across 
the EM SiC JFET during reverse conduction indicates 
dependence on voltage VGS likewise the DM SiC JFET. Given 
that the threshold voltage Vp of an EM SiC JFET is positive and 
in accordance with (4), higher conduction losses will be 
recorded in comparison with a DM JFET, when applying the 
same VGS voltage. 

C. Comparison  
Both devices are capable of conducting reverse current with  
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Fig. 6.   VDS-ID characteristics of the SJDP120R085 at reverse operation 
when applying constant gate-to-source voltage. 
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Fig. 7.   VDS-ID characteristics of the SJEP120R100 during forward and 
reverse operation. 

 

insignificant power losses. During reverse operation, the DM 
JFET exhibits greater current ratings and lower power loss 
compared to the EM JFET. Since a VT SiC JFET should not 
operate under reverse saturation, the DM SiC JFET has wider 
safe operation margins for a given maximum output current of 
the gate drive. 

In comparison with commonly used MOSFET 
semiconductors, SiC JFETs exhibit no reverse recovery current 
making them preferable commercial semiconductors. More 
specifically, MOSFETs have poor recovery characteristics of 
their body diode leading to large recovery time which may 
ultimately cause a short-circuit in a bridge leg configuration, 
when operating at high frequencies.  

III. THREE PHASE INVERTER DESIGN 

A. Gate Drive Circuit 
In this section the requirements and limitations of 

efficiently driving a VT SiC JFET are discussed in order to 
maximize its performance. The ability of this JFET to conduct 
current in both directions makes the design of a gate driver 
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Fig. 8.   VDS-ID characteristics of the SJEP120R100 at reverse operation 
when applying constant gate-to-source voltage. 



even more challenging. An ac-coupled gate drive is utilized, 
the operational characteristics of which are described both in 
forward and reverse conduction [17]. The proposed gate drive 
schematic is presented in Fig. 9. The digital isolator 
ADUM2210 was selected to isolate the control signal, and 
IXDD_609 was used as the main current amplifier with a 
continuous current rate of 2 A. The power supply of the IC 
was set at VSS = -15 V, and VDD = +5 V, The output stage of 
the proposed drive is a modified RCD network consisting of 
three parallel branches and a ceramic capacitor Cg connected 
across the gate-source terminals. 

Unlike a typical RCD driver that forces the SiC JFETs to 
operate close to their breakdown voltage, -15 V are applied 
through Rr and Dr yielding lower conduction losses in reverse 
operation. During the on-state, a positive voltage is applied to 
the gate through Rfwd and Dfwd. When forward biasing the 
equivalent diode DGS, the depletion region in the channel is 
reduced and the saturation drain current increases (see Fig. 5 
and Fig. 7). Respectively, the value of VGD during reverse 
operation determines the negative saturation levels. 
Consequently, the performance of the driving circuit is largely 
dependent on the selection of the resistor Rfwd. In order to 
precisely determine the current provided by the gate drive, the 
VG-IG characteristics of both EM and DM SiC JFETs should 
be extracted. Fig. 10 depicts these characteristics for both 
equivalent diodes DGD and DGS. It can be observed that the 
threshold voltage of both diodes is 2.65 V at 25 mA for the 
EM and 2.7 V at 45mA for the DM SiC JFET. It should be 
noted that applying forward voltage greater than 3 V would 
result in excessive power losses at the gate drive while no 
improvement would be achieved in the semiconductor’s 
performance. 

At this particular application, the resistor Rfwd was selected 
to be 100 Ω, Rr=47 Ω while Dfwd and Dr are fast recovery 
Schottky diodes. The Rac-Cac branch is responsible for the 
transients with Rac=5.1 Ω and Cac=47 nF. 

B. Simulation Results  
An evaluation of the reverse conduction properties of the 

VT SiC JFETs in a three phase – two level VS inverter with 
and without antiparallel diodes is performed through 
simulation testing. New EM and DM SiC JFET models as well 
as the SiC diode SDP30S120 model were designed in Pspice 
model editor. The dc voltage was set at 400V while 10 A was 
selected as the peak load current. It should be noted that, in an 
inverter application, the two semiconductors of the same leg 
are ideally prevented from being in the conduction or the 
cutoff state simultaneously, regardless of the control strategy  
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Fig. 9.   Proposed gate drive circuit. 
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Fig. 10.   VGS-IG and VGD-IG characteristics of the SJDP120R085 and 
SJEP120R100. 

employed. However, in practice, a dead band TDB is introduced 
at each transition phase, where both devices are off. Although 
the gate voltage of both semiconductors is -15 V during this 
interval and regarding an inductive load, the output current IL 
may still conduct in reverse mode through one of the 
semiconductors of the same leg. A relatively large voltage 
drop will be observed at each transition in accordance with 
Fig. 6 and Fig. 8 and consequently, significant reverse 
conduction losses Erev will be recorded according to (7). It 
should be noted that depending on the switching frequency 
and the dead band interval, the Erev losses may be comparable 
to or even larger than the forward conduction losses. 

( ) ( )
0

DT

rev DS LV t I t dt
Β

Ε = ⋅∫  (7) 

Here, a simple SPWM technique is adopted, having 1μs 
dead time. The dead time width has deliberately been 
oversized in order to highlight its impact on the system’s 
efficiency. The simulation results describing the operation of 
the converter during reverse conduction are depicted in Fig. 
11. The three waveforms within this figure illustrate the drain-
to-source voltage drop of a single semiconductor when the 
inverter utilizes DM JFETs, EM JFETs or SiC JFETs with 
antiparallel SiC diodes. It is clear that the EM SiC JFET has 
the greatest negative voltage drop, thus exhibiting high power 
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Fig. 11.   Simulation results for the VDS voltage drop during (a) turn-on and 
(b) turn-off of a single semiconductor in an inverter application utilizing 
DM SJDP120R085, EM SJEP120R100 and SiC JFETs with antiparallel 
SiC diode SDP30S120. 



losses, while the antiparallel diode minimizes the reverse 
losses. 

C. Experimental Validation 
The theoretical and simulation results are validated 

through experimental testing in a three phase SiC-based VS 
inverter shown in Fig. 12. As expected, power losses are 
minimized by the addition of the antiparallel SiC diodes and 
are higher when utilizing normally-off SiC JFETs. This 
observation is indicated from the voltage drop at one 
semiconductor as depicted in Fig. 13 when utilizing different 
types of VT SiC JFETS and SiC diodes. Although the voltage 
difference is imperceptible, in forward conduction the EM SiC 
JFET exhibits the most favorable performance characteristics. 
The experimental results are consistent with the simulation 
results earlier presented (Fig. 11). 

IV. CONCLUSION 
In this paper, the potential of omitting the antiparallel 

diode in a VS inverter utilizing VT SiC JFETs is thoroughly 
examined. The reverse characteristics of both EM and DM 
SiC JFETs are experimentally derived indicating that they are 
bidirectional semiconductors exhibiting remarkably low 
reverse voltage drop when the controlling voltage VGS is 
greater than the pinch-off voltage. In cases where VGS<Vp, a 
relatively high voltage drop is recorded especially in a EM 
SiC JFET due to its positive threshold voltage. Although 
theoretically the reverse drain current can increase until 
reaching the structural limits of the channel, in practice, a  
 

 
Fig. 12.   Three phase VS inverter utilizing DM SJDP120R085 SiC JFETs. 
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Fig. 13.   Experimental results for the VDS voltage drop during (a) turn-on 
and (b) turn-off of a single semiconductor in an inverter application 
utilizing DM SJDP120R085, EM SJEP120R100 and SiC JFETs with 
antiparallel SiC diode SDP30S120. 

saturation level is observed due to the limited supplied current 
of a typical gate drive. A gate drive circuit that exploits the 
device’s forward conduction and switching characteristics 
while protecting it during reverse operation is proposed. After 
simulation testing and experimental validation it can be 
concluded that in a three phase VS inverter, the antiparallel 
diodes can be considered redundant as long as the dead band is 
kept small. 
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