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Abstract—The Bi-mode Gate Commutated Thyristor (BGCT) is a 

new type of reverse conducting GCT. This work focuses on the 

maximum controllable current (MCC) capability of BGCTs and 

proposes new solutions which can increase it. The impact of 

proposed solutions in the turn on and turn off is also assessed. For 

this analysis a two dimensional mixed mode model for full wafer 

device simulations has been developed and utilized. 

 

Index Terms— Full Wafer Modelling, Gate Commutated 

Thyristor, GCT, Maximum Controllable Current, MCC, Safe 

Operating Area, SOA, Thyristor. 

 

I.   INTRODUCTION 

he Integrated Gate Commutated Thyristor (IGCT) [1], 

[2] is the power device of choice for many high power 

applications with its market share increasing continuously 

mainly because it can meet the requirements of a wide range of 

applications. The main features of this device are: (i) the low 

on-state losses due to its latching nature, (ii) the possibility of 

scaling up in current to thousands of amperes and (iii) the good 

ruggedness. Recent advancements include improvements in the 

Safe Operating Area (SOA) and the expansion of its operation 

at higher temperatures [3], [4]. The state-of-the-art GCT design 

is based on cathode islands arranged in concentric circles 

surrounded by gate metallization. Unlike the GTO, the GCT can 

be turned-off in a ‘pure’ transistor mode, by taking out all the 

current via the gate. The gate/cathode interdigitation density is 

very high, to allow safe removal of the entire anode current 

during the switch-off period, without the risk to re-ignite the 

thyristor. The GCT is thus based on the principle that latching 

devices are best for on-state conduction while the transistor 

(rather than the thyristor) turn-off is safer and faster. Another 

important aspect of GCTs, when compared to GTOs is that they 

no longer need snubbers, reducing the component count which 

ultimately increases the reliability.  

In most of the voltage source inverter applications, the 

freewheeling diode has to be connected anti-parallel to the 

IGCT to conduct currents in the reverse direction during 

freewheeling mode. The monolithic integration of the 

freewheeling diode leads to better component integration in 

terms of processing and reduced parts count at the system level 

[5], [6]. In the state-of-the-art reverse conducting IGCT devices 
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(RC-IGCT), the GCT and Diode are integrated into a single 

wafer but they are fully separated from each other. Therefore in 

the RC-GCT, the utilization of the silicon area is limited in the 

GCT region when working in GCT mode and in the diode 

region when operating in the diode mode. A step improvement 

can be achieved when the GCT and Diode are fully integrated 

(intertwined) to utilize the same silicon volume. This lead to the 

concept of the Bi-mode GCT (BGCT) [7].  

The Bi-mode GCT 

The BGCT is a new reverse conducting GCT device where 

diode segments (rather than one single diode region) are 

interdigitated with GCT segments. In the first 4.5kV fabricated 

device shown in Figure 1, each individual segment is designed 

to act either as GCT cathode or Diode anode [8]. The GCT-

segments have parallel edges while diode-segments have a 

slightly triangular shape. On the back side, the doping contrast 

represents the diode cathode regions in a slightly triangular 

shape surrounded from the GCT anode region. In the BGCT 

design, the placement and ratio of the Diode segments and GCT 

segments can be freely adjusted to meet the requirements of a 

specific application. For this study a 3:1 GCT-Diode ratio is 

chosen.  

The BGCT with this interdigitated integration of GCT and 

Diode regions keeps all the advantages of the conventional RC-

IGCT at system level such as better integration and reduced 

parts count. In addition to those, the BGCT has additional 

advantages when operating either as a GCT or as a diode: 

 

The improvements include:  

(1) Usage of the silicon volume underneath the diode 

segments while the GCT is conducting and vice versa due to 

lateral plasma spread.  

(2) Homogeneous distribution of power dissipation over the 

wafer area. This improves the thermal performance of the 
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Figure 1: The 38mm, 4.5kV BGCT. Left: Top side of BGCT.  Right: Bottom 

side of BGCT device.  
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device.  

(3) Better cooling, lower losses and enhanced reliability. In 

the BGCT the whole wafer surface contributes to the cooling in 

both GCT- and diode-modes of operation, while for the RC-

IGCT where only the GCT area contributes in GCT-mode and 

only the diode area in diode-mode of operation.  

(4) Improved surge current capability. This comes from the 

Diode using a larger area in the BGCT. 

(5) Soft diode turn-off. The distributed p+- and n+-regions 

on the backside lead to a soft diode turn-off behaviour, even at 

thinner silicon.  

(6) Low leakage current. Distributed p+- and n+-regions also 

lead to low leakage current, which is an enabler for Tjmax 

(junction temperature) to be higher than 125°C.  

(7) The diode-to-GCT ratio can be flexibly optimized for 

application tailored devices. 

 

There is however a challenge in achieving high Maximum 

Controllable Current (MCC). It comes from the fact that the 

BGCT is a current controlled device with large dimensions 

where there is a strong parallelization and intense 

interdigitation of diodes with GCTs. In this work we aim to 

analyse the main design parameters which enable high current 

controllability in the new BGCT design and the impact of the 

proposed solutions on the turn-on and turn-off. By doing so we 

aim to increase the current that can be fed into a single wafer 

both at high and room temperatures.  

II.  PROCEDURE FOR SINGLE WAFER DEVICE SIMULATIONS 

The BGCT is a full wafer device and as such, its detailed 

simulation is difficult. From various device observations, and 

destructive experiments, it has been observed that large wafer 

devices are prone to large current redistribution during the turn 

off process. Previous studies on GCTs have shown that the 

parasitic inductance within the wafer is not uniformly 

distributed. It has been found that sections of the device closer 

to the gate contact experience lower inductance during turn-off 

compared to those farther from it [3], [9], [10]. The impedance 

loading along a radial line extending from the centre of the 

wafer is reported in [3]. This imbalance alongside with the 

geometrical features of the wafer device strongly perturbate the 

turn-off procedure. As a consequence, in order to reproduce the 

behaviour of the BGCT in dynamic conditions, the interaction 

between adjoining regions in the wafer has to be taken into 

account in a simulation model. 

 Modelling the BGCT for full wafer simulations 

In order to model the BGCT, the wafer is split in regions 

which are modelled by separate physically defined Finite 

Element Method (FEM) devices. This model approach is 

depicted in Figure 2a whereas the schematic of an FEM BGCT 

cell is shown in Figure 2b. One FEM BGCT cell represents the 

region in the device that turns off last whereas the other one 

represents the bulk of the device. These are identical in doping 

profile and scaled up in the “third” dimension to make up for 

the approximate area of the equivalent wafer region that they 

represent:  the “bulk” accounts for 80% where as the “region to 

turn off last” for the 20% of the active area. It is therefore a 

mixed mode representation with a combination of FEM devices 

and SPICE components. The respective cell electrodes (Figure 

2b) are connected together in the simulation model (Figure 2a) 

via a SPICE circuit which makes up for the electrical coupling 

in the wafer. The “region to turn-off last” is assumed to face an 

additional gate impedance which is modelled by Δlg in Figure 

2a. This introduces uneven delays in the turn-off signal between 

two distinctive regions in the BGCT wafer device, the “bulk” 

that is closer to the gate contact and the “last to turn off” that is 

farther from it.  

Variants of the abovementioned model also exist where a 

larger number of cells are connected together. One of the 

options is to represent the active area of each one of the rings of 

segments that can be found in a GCT or BGCT wafer (three in 

our case) [9], [11], [12]. In the limit for maximum 2D 

complexity and accuracy, every single BGCT cell needs to be 

represented by one numerical device. This requires the SPICE 

interconnections of hundreds or thousands of numerical two 

dimensional BGCTs. Among those options, the model of  

Figure 2 is chosen for this study. Compared to other models, it 

is modest in processing and memory requirements but at the 

same time it can reproduce all the relevant current redistribution 

phenomena such as those due to the imbalanced gate inductive 

loading. This in turn allows for the reproduction and analysis of 

the failure in simulations.  

III. BGCT CELL DESIGN VARIANTS 

 One design feature that is relevant to this study includes the 

diode/GCT separation region. It is important to ensure that the 

p-base of the GCT does not short circuit with the anode of the 

diode. To achieve this, a p-n-p Bipolar Junction Transistor 

(BJT) separation is used. The separation width defines the level 

of leakage current between the two regions. Here we investigate 

the possibility of a narrow separation of 50μm and a wider one 

which measures 100μm.  

 A second design parameter is the distribution of the gate 

metallization. In the BGCT it needs to be evaluated whether it 

should be included in the p-base region of the GCT which lies 

in the proximity of the BJT separation or not. Indeed it can 

affect the turn-on, on-state and the turn-off. For this, three 3:1 

GCT:Diode BGCT design variants are proposed (Figure 3). 

(a) The model with parasitic gate 

impedance  

(b) Electrode Connections in a 

BGCT cell 

Figure 2: 2D Model for BGCT wafer level simulations 
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Type A is the most area efficient structure. As a result, more 

GCT and Diode regions can be placed in the same wafer. In 

order to achieve this, the p-base region in the proximity of the 

diode (dg) is made less than 50μm wide. By doing so, there is 

no possibility for a gate metallization to be placed in GCT 

p-base at the proximity of the diode region. Type B and C 

feature identical cell dimensions and are less area efficient 

when compared to type A. Both types B and C have 160μm 

wide p-base region in the proximity of the diode (distance dg 

shown in Figure 3). This is wide enough for gate metallization 

to be included in the last GCT cell region, nevertheless only 

type C features one. 

  The red arrows in Figure 3 depict the current path for the 

investigated structures during the initial phase of the turn–off.  

As shown, depending on the exact arrangement, the current path 

is different. For type A and type B, the diode takes on some of 

the conduction current during the current commutation from the 

cathodes. This however, strongly depends on the separation 

region ds but also dg. For type C, the gate metallization in the 

proximity of the diode takes the majority of the conduction 

current in the region but a portion of current is expected to leak 

from the diode to the gate. In order to analyse how the structures 

behave in the turn-on, the turn-off and MCC, the model 

described in Section II is used.  

IV. TURN-ON AND ON-STATE 

The cathode segment placement in the GCT side of the BGCT 

affects the gate current flow in the device during turn-on and 

therefore the turn-on procedure. Indeed the speed and the 

homogeneity of the turn-on as well as the on-state losses can be 

affected. In an optimized design: (a) any leakage of GCT gate 

current to the diode needs to be minimized, (b) once the cathode 

segments get forward biased, the electron current from the NPN 

constituent collected by the GCT anode needs to be maximised, 

(c) the hole current originating from the PNP transistor 

constituent needs to induce an equivalent electron current. 

 In order to investigate how the BGCT structures perform in 

the turn-on, simulations were carried out using the model 

described in Section II. The relevant waveforms are shown in 

Figure 4. At the onset of the turn-on, a portion of the gate 

current is observed to leak through the diode. This corresponds 

to the negative diode current in the turn-on waveforms (first 

0.5μs) of Figure 4. The gate current leak through the diode is 

minimised when the BJT separation (ds) is increased to 100μm. 

Further, at 300K, type A is slower to turn-on compared to other 

 
(a) Type A: The GCT p-base in the proximity of the separation (dg) is reduced to 

allow better GCT-Diode interdigitation and higher utilization of silicon. The BJT 

separation (ds) varies. 

 
(b) Type B: The GCT p-base in the proximity of the separation (dg) is increased 

to reduce the interaction of the GCT with the diode. The BJT separation (ds) 

varies. 

 
(c) Type C: The GCT p-base in the proximity of the separation (dg) is increased 

to reduce the interaction of the GCT with the diode. In addition a gate contact is 

introduced. The BJT separation (ds) varies. 

Figure 3: The three possible BGCT structures. The red arrows present the current 

flow path during turn-off. Dotted lines correspond to smaller current level. 
Figure 4:  Turn on waveforms at room temperature and high temperature for 

diode separation (ds) 50μm and 100μm. Ion=1000A, Vdc=2.7kV 
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designs. The reason for that is the large proportion of GCT 

cathode electron current leaking to the diode cathode rather than 

being collected by the p+ GCT anode. As a result a bigger 

injection of electrons is required for the PNP constituent of the 

GCT to turn-on. Types B and C have a longer horizontal 

distance between the edge of the GCT cathode and the n+ diode 

cathode which results in a greater resistance for the leaking 

electrons [13]. This also explains why the spread in the turn-on 

reduces when the BJT separation region is increased to 100μm. 

At 400K the junction voltage reduces which explains why the 

spread becomes even less evident. With the inclusion of gate 

metallization in the proximity of the diode (type C compared to 

type B) there is a larger proportion of gate current leaking the 

GCT due to the close proximity of the extra gate electrode to 

the diode region. This impact in the turn-on speed is not 

significant. 

 When the devices are fully on, a small portion of the GCT 

anode current is taken up by the diode anode (negative diode 

current during the last micro-seconds of the waveforms of 

Figure 4). Hole current extracted via the diode anode does not 

contribute to the thyristor regenerative latching action of the 

two internal transistors which is why it should be minimized. 

There is current conduction via the diode anode for all three 

designs but for type A this is more evident. This phenomenon 

however is less important when compared to the homogeneity 

of the turn on for example. Figure 5 depicts the current density 

contours and current flow lines at room temperature during the 

initial phase of the turn-on procedure. Both type A and type B 

suffer from uneven turn-on with the GCT region in the 

proximity of the diode being the slowest to turn-on when 

compared to every other GCT cathode layer in the BGCT. This 

uneven turn-on is expected to be more intense at temperatures 

lower than room temperature. Under such conditions the 

uneven turn-on can even lead to hot-spots. Type C on the other 

hand demonstrated an increased leakage of gate current into the 

diode when compared to other design variants which however 

did not affect the homogeneity of the turn-on.  

The on-state conduction was also investigated. The voltage 

drop at 400K when the device is carrying 2000A is depicted in 

Figure 6. As shown, the losses in type A and type B are similar 

while in type C they are about 5% higher. It can therefore be 

settled that the smaller cell size of type A does not give any 

improvement in the on-state. Further, the slight increase in the 

on-state losses of type C compared to type B can be attributed 

to the presence of extra gate electrodes in the structure. At high 

conduction level the gate electrodes can be seen as field plates 

which prevent the uninhibited expansion of current in their 

proximity. As a result the effective conduction area is reduced, 

the current is squeezed in a smaller area and the voltage drop 

for the same current level in a type C design becomes slightly 

higher.  

V. MCC PREDICTION AND FAILURE ANALYSIS 

Procedure for MCC simulations 

 The evaluation of the maximum controllable current requires 

many mixed mode simulations because (similarly to the 

experimental determination of the MCC) one simulation can 

only predict whether the device is able to switch off or not. For 

every DC link voltage (VD) the junction temperature is fixed, 

the circuit components are kept constant and each simulation is 

done at different current levels to investigate the turn-off 

behaviour. Every successful turn-off is followed by another 

turn-off simulation with increased current level until a failure 

to turn off is recorded. For this investigation, increments of 

250A are used. In simulations a turn-off is considered to be 

successful when: 

• It fulfils the hard-drive condition (explained below). 

• At any time during the turn-off process the current through 

any of the cathode fingers did not conduct more than 30% of its 

on-state current level.  

  

 

Figure 5: Current density contours and current flow lines at room 

temperature during the initial phase of the turn-on procedure 

 
Figure 6 On-state voltage drop at room temperature for Ion=2000A, 

T=400K 

 
T=300K ds=50μm, dg=50μm,  

Ion=3000A, Vdc=2.7kV  

Failure due to Hard Drive 

 
T=300K ds=50μm,  dg=160μm,  

Ion=3000A, Vdc=2.7kV 

 Failure due to Hard Drive 

 
T=300K ds=50μm,  dg=160μm, Ion=3000A, Vdc=2.7kV 

Type C survives the hard drive 

Figure 7. Turn-off current density during the initial stage of the turn off 
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• The anode current reduced to the typically low value of 

leakage current under forward blocking right after the tail 

phase. 

Hard Drive test 

 In the on-state, the conduction current is shared among the 

BGCT segments of the model according to their active area (the 

effect of the parasitic resistances in the metallization is 

negligible and that of the inductances is nil). The device is 

working in the transistor-transistor current gain regime which 

is responsible for the low conduction losses. The negative gate 

voltage on the gate terminal initiates the current commutation 

from the cathode to the gate. This process is slower for the 

BGCT segments that lie farther from the gate contact. When 

operating within the limits of the Hard Drive, current 

commutation is completed before any significant voltage is 

supported across the main junction of the device which is the 

first requirement for a successful turn-off. At this point all the 

n+ emitters are isolated and the anode voltage ramp phase 

follows. 

 The capability of the device variants described Section III to 

operate in the realm of the hard drive is investigated. For this, 

only the first few microseconds of the turn-off procedure are 

relevant. For this simulation the DC link voltage (VD) is set to 

2.7kV, the conduction current (Ion) is fixed to 3000A and the 

temperature (T) is set at 300K. Figure 7 shows the current 

density contours with current stream traces only 2μs after the 

gate turn off signal for the “Region to turn off last”.  

 Only type C BGCT design survived the hard drive simulation 

test while both type A and type B structures failed to isolate the 

cathode segments in the proximity of the diode region.  

Current controllability (MCC) 

 The MCC results (last pass turn-off) are shown in Figure 8. 

At room temperature all BGCT designs feature similar current 

controllability. At higher temperature however, BGCTs with 

design of type A and B suffered from particularly low MCC. 

Indeed the current controllability of type C is found to be at 

least 50% higher at 400K.   

Figure 9 shows the current density contours with current 

stream traces at the time instance of turn-off failure (first to fail 

turn-off). The timing of the failure during the turn-off procedure 

helps to identify which mechanism induced the failure. At 

T=300K, type A and type B failed during the initial stage of the 

turn-off by violation of the hard drive limit in the cathode 

segment near the diode. This essentially means that not all 

cathode junctions could be reverse biased prior the formation of 

a considerable space charge region along the main blocking 

junction. Type C survived up until higher conduction current 

compared to types A and B. The equivalent turn-off failure 

waveforms for type A and type C BGCTs for Ion=3000A, 

Vdc=2.7kV are depicted in Figure 10.  

For type C, following the successful isolation of all the GCT 

cathodes and the elimination of the emission, the anode voltage 

ramp phase begins.  During this stage, the device operates as an 

 

 

Figure 8. MCC results 

 
T=300K ds=50μm, dg=50μm, 

 Ion=3000A, Vdc=2.7kV 

 Failure due to Hard Drive 

 
T=300K ds=50μm,  dg=160μm,  

Ion=2500A, Vdc=2.7kV  

Failure due to Hard Drive 

 
T=300K ds=50μm,  dg=160μm, Ion=3000A, Vdc=2.7kV  

Failure due to Dynamic Avalanche caused re-triggering 

Figure 9. Turn off failure at VD=2.7kV, T=300K 

 
(a) Type A: Failure due to Hard Drive 

 
(b) Type C: Failure due to  Dynamic Avalanche caused re-triggering 

Figure 10. Turn-off failure waveforms for  Ion=3000A, Vdc=2.7kV 

(“DUT1” refers to “Bulk” region and “DUT2” refers to “region to turn 

off last” depicted in Figure 2) 
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open base p-n-p transistor. Once the device already supports a 

voltage drop in excess of 2000V, the presence of high electric 

field with high conduction current induces carrier generation by 

dynamic avalanche. The dynamic avalanche current generation 

serves as the base current of the inherent p-n-p transistor of the 

device. This avalanche-transistor positive feedback current gain 

mechanism leads to a localized increase in the current share of 

the remotest regions of the wafer device which is sustainable 

only up to a certain level which is what defines the MCC. Once 

the conduction current is increased to a value outside the 

controllable range, one of the cathode n+ emitters in the “region 

to turn off last” latches up and the BGCT fails to complete the 

turn-off. This failure mechanism is in good agreement with the 

failure mechanism of conventional GCTs e.g. failure due to 

dynamic avalanche induced cathode re-triggering [12], [14] and 

measurements of failure phenomena in inductively loaded GTO 

thyristors in snubberless inductive switching [15]. 

As shown by this investigation, in the absence of gate 

electrode on both sides of a cathode finger, the MCC can get 

considerably low due to unacceptably low Hard Drive limit at 

high temperature. Moreover there is no improvement of the 

MCC with the increase in the BJT separation. The best 

arrangement regarding the gate/cathode interdigitation is 

offered by type C BGCT design. This BGCT design turns off 

uniformly and the MCC limit is very high.  

IV. CONCLUSIONS 

In this work the design requirements to ensure high current 

controllability in the new BGCT devices are presented. New 

designs and the impact of these suggested design concepts in 

the turn-on, on-state and turn-off are analysed. The distribution 

of the gate metallization is found to be the most important 

design parameter in the BGCT. It affects considerably the 

uniformity of the turn-on, the on-state and the MCC. By 

including it in the p-base region of the GCT which lies in the 

proximity of the BJT separation, all GCT cathode segments 

latch uniformly and simultaneously. When the device is fully 

on however, the inclusion of an extra electrode is found to have 

a negative impact in the on-state – the voltage drop increases by 

about 5%.  

At room temperature simulations show that the distribution 

of the gate electrode does not have a massive impact on the 

MCC but the failure mechanism is found to change. In designs 

where no gate metallization is included in the proximity of the 

diode, devices fail by violation of the Hard Drive requirement. 

Instead with the inclusion of gate electrode in the region a 

BGCT fails due to avalanche induced re-triggering. At high 

temperature the MCC in designs that fail due the violation of 

the Hard Drive requirement diminishes whereas in designs 

where the failure is induced by avalanche it increases further!  

A BGCT variant with wide p-base region in the proximity of 

the diode and gate metallization included in the last GCT cell 

region ensures the turn-off requirement by demonstrating 

excellent GCT characteristics at high temperature. The 

proposed BGCT design can achieve up to 50% increase in the 

current capability compared to the best alternative at the 

expense of only 5% in the on-state losses. Further, the turn-off 

and the turn-on uniformity is ensured throughout the wafer. 
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