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Abstract--The MOS Controlled Thyristor (MCT) is presently under development. It has been observed that the MCT's maximum controllable current depends on its gate voltage rise time. Research, using a detailed computer model of a single MCT cell, has been conducted to understand the origin of this phenomenon. It is found that the MCT cell's turn off transient is substantially different when it is turned off driven from a voltage source as compared to when it is driven from a current source. An MCT cell turning off driven from a voltage source models the situation of a single MCT cell turning off in parallel with many other MCT cells since a change in one cell's current can not change the voltage across itself. This voltage is determined by the combined effect of the many other cells. The voltage source turn off results explains the MCT's maximum controllable current dependence on gate voltage rise time. These results also lead to the proposal that the interaction of many parallel MCT cells can be modeled using just two cells in parallel. The two cells should have very unequal current ratings. The higher current rated cell creates the voltage source for the lower current rated cell being studied. 

Index Terms-- Semiconductor device modeling, Power semiconductor devices, Power semiconductor switches, MOS controlled thyristors, Power electronics

I.
Introduction

The MOS-controlled thyristor (MCT) is the newest class of power semiconductor device. It combines thyristor current and voltage capability with MOS gated turn-on and turn-off [1]. The MCT is basically a four-layer thyristor device. The thyristor in the MCT is turned off, by turning on a highly interdigitated off-MOSFET that shorts out one of the thyristor's emitter-base junctions. Because the MCT is basically a power thyristor, it can carry large currents (more than 100A/cm2). Despite its advantages, the MCT is subject to the fundamental problem of being able to conduct more current in its latched state than its MOS gate can turn off. Thus, the MCT's maximum controllable current density is a fundamental performance parameter and leads to MCT failure modes not present in other MOS gated power devices [1,2].

The MCT's basic principle of operation is presently understood [2-5]. However, there are still operating modes and conditions when this understanding is not complete. This has led to unexplained MCT behavior and in some cases to MCT failures in application circuits [5 - 7]. For example, if the MCT's turn off MOSFET gate voltage is raised too slowly the MCT's maximum controllable current is significantly reduced [5,6]. Khurram K. Afridi, and John G. Kassakian have reported that the MCTs they tested turned off less than 5 A with a gate rise time of 38 us while the same MCTs could turn off 60 A when the gate rise time was 1 us [6].  Also, the MCT's maximum controllable current does not scale linearly with device area or the number of devices in parallel [2]. It has also been reported that the MCT is not as rugged at low temperatures as it is at high temperatures [7]. 

II.
Switching characteristics of one MCT cell

Both a two dimensional model of a single MCT cell and a SPICE model of the same cell have been used to investigate the transient behavior of the MCT. The two dimensional model, consisting of an N+ well, upper P emitter, upper N base, lower P-base, lower P+ buffer region and lower N+ emitter is shown in Fig 1 [8]. This device is a P MCT since the anode to cathode voltage is stood off across a P- region (the P- base) when the device is off. The dimensions and impurity concentrations for the MCT cell where chosen to obtain an MCT cell with performance similar to that of a single MCT cell in a commercial 600V Harris MCT. The basic MCT structure used comes from [2-5] while the numerical values of doping and dimensions are a combination of inputs from [2-5], measurements, and
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Figure 1: The simulated MCT cell with the definition of different MCT regions.

the authors engineering judgment. Static analysis of the MCT cell was completed to verify the model cell predicted a breakdown voltage and forward voltage drop similar to those of the commercial devices. The single MCT model cell was used to study the dynamic behavior of the MCT.  It was felt that the most important dynamic experiment was to turn an already on MCT off, since it is believed that this switching transient causes most MCT failures [5,6]. The simplest MCT turn off case is to turn it off holding its anode to cathode voltage constant at its initial value prior to initiating the turn off transient.  The MCT was turned off by changing its gate to anode voltage from -15V to +15V in 200 ns. The initial conditions for the dynamic analysis were obtained from a static analysis of the device at the required anode to cathode voltage.  The resulting turn off transient is shown in Fig. 2 for a maximum electron lifetime in the P- base of 10 (s and for an initial MCT current density of 57 A/cm2.  The plots consist of three curves, the total current density, the electron current density and the hole current density. From these plots, it can be seen that the hole current density has a large initial negative spike and then becomes zero after 200ns.  The electron current density initially increases before decaying to zero with about a 5(s time constant. The initial increase in the electron current density was quite unexpected.


[image: image2.wmf]
Figure 2  MCT constant voltage turn off transient. The initial VAC=0.85V, VGA=-15V, and total anode current density JA=57A/cm2.

The 200ns negative hole current spike is the result of the MCT's gate changing from -15 V to 15 V.  The unexpected transient increase in the electron and total current at the beginning of the MCT turn off transient can be explained with reference to Fig. 3.  When the gate voltage suddenly changes from –15V to 15V, an additional parallel current path for electrons is created through the turn off MOSFET’s channel. Not only does this parallel path turn off the upper PNP transistor in the two-transistor model of the MCT, it also raises the collector to emitter voltage of the lower NPN. Recall that the voltage across this MOSFET must be less than the base emitter voltage of the upper PNP. But the lower NPN transistor still has stored charge at its collector base junction and is operating as an open base transistor. This means that a small increase in the NPN transistor's VCE will bring about a large increase in its collector current. Thus the MCT’s anode current increases initially before the charge in the lower P- base is removed and the lower NPN turns off. The general features of the MCT's turn off transient, shown in Fig. 2, are the same for different temperatures and  P- base carrier life times. The two transistor SPICE model of the MCT shown in Fig. 3 exhibits this same behavior unless no collector base charge storage (upper N base to lower P- base) is included in the model.  Similar turn off transients are obtained if the charge storage is only included in the PNP, only in the NPN, or in both. 
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Figure 3
Simplified two transistor model of a single MCT cell experiencing constant voltage turn off.

In most circuits the MCT will be driven from a current source. The MCT model cell’s turn off transient in this case has the expected behavior where the MCT's anode current never increases. The question naturally arises, do the voltage source results have any practical significance given that current source turn off is what an MCT will experience in practice? The answer to this question is in the affirmative since only one MCT cell is being modeled, not an entire MCT. One MCT cell does turn off driven from a voltage source since a change in the single cell's current can not change the voltage across that cell. It should be noted that the voltage across the cell is not in general a constant during the turn off transient.

III.
Requirements for MCT turn off

To understand the difference between MCT constant voltage turn off and constant current turn off and to determine the maximum current that can be turned off by an MCT with a specified turn off MOSFET resistance, the circuit in Fig. 4 was analyzed. This circuit is a linearized model of the MCT during the switching transient from on to off, or off to on, when both of the transistors in the two transistor model of the MCT are in the forward active region. The resistor Roff models the turn off MOSFET across the emitter base junction of the upper transistor. The current through each of the three MCT junction regions is equal to the total current If so
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Figure 4  Linearized circuit schematic of the MCT when both of the transistors in the two transistor model of the MCT are in the forward active region. 
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(3)

At this point it must be decided if the MCT is driven from a current source or from a voltage source. If the MCT is driven from a current source, If in Eqs. 1-3 is known and Eqs. 1-3 can be written in state variable form as
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(4)

The eigenvalues of the A matrix in Eq. 4 are
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(5)

which show that the system is marginally stable. Thus it is fruitful to consider the steady state of Eq. 4. The steady state upper and lower transistor emitter base voltages are 





(6)







(7)

These voltages are simply the steady state junction voltage drops due to If. The collector base voltage of the two transistors in the two-transistor model of an MCT (Vb) has no steady state. However the third row of Eq. 4 can be used to solve for the derivative of the collector base voltage Vb . Doing this and using Eqs. 6 and 7 gives
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(8)

Note that the derivative of the collector base voltage Vb in the two transistor model of the MCT can be either positive or negative depending on the value of the MOSFET's resistance Roff. If this derivative is positive, Vb increases indicating the MCT turns off. If it is negative, Vb decreases, indicating the MCT does not turn off.  Thus
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(9)

to insure turn off. Equation 9 can be solved for If to determine the MCT's maximum controllable current or equivalently its maximum controllable current density for a given MOSFET resistance when the MCT is driven from a current source. 






(10)

Here 

is the turn off MOSFET’s specific resistance in -cm2 and it has been assumed that the base emitter’s incremental resistance Ru is small and can be neglected. This result reduces to the classical result reported in the literature when the gain of the upper transistor u is approximately unity [2]. Assuming u = 0.6, l =0.5, using the specific on resistance of the off MOSFET in the two dimensional MCT model, and the built in potential of the upper emitter base junction for Vou, it is found that the model MCT cell's maximum controllable current density is 3,363 A / cm2. This value is much larger than what is measured for actual MCTs.  Equation 10 says that the MCT will be easier to turn off, and thus Roff can be larger than the simple result Vou / If , if the current gain of the upper transistor is lower or if the sum of the current gains of the two transistors in the two transistor model of the MCT are smaller. 

Next consider the case when the MCT is driven from a voltage source. In this case the voltages Vu, Vl and Vb sum to the constant value Vf. This equation can then be used to eliminate Vb from Eqs. 1-3 and then Eq. 3 can be used to eliminate If. Doing the required algebra gives









(11)

The eigenvalues of this system satisfy
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(12)

Thus the system will be stable if the last term in Eq. 12 is greater than zero. It is tempting to interpret the system being stable to mean that the MCT will turn off. It will be shown that this is not a valid interpretation. The MCT will be stable if
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Equation 13 can be used to obtain a constraint on Roff to insure stability. The constraint is
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(14)

after writing the upper incremental base emitter junction resistance Ru as a function of the current through it. To determine how much total forward MCT current can flow and still have the MCT stable, the upper emitter current must be expressed in terms of the total forward current or equivalently forward current density. This can be done for the MCT driven from a voltage source assuming no capacitive currents. In this case
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(15)

after dividing both sides by the MCT's area. This gives the constraint on the MCT's maximum current density for stability when the MCT is driven from a voltage source. Again assuming u = 0.6 and l =0.5 and using the specific on resistance of the off MOSFET in the MCT model, it is found that with a constant voltage drive, the model MCT cell's maximum current density for stability is 86.3 A / cm2. This value of current density for MCT stability is of the same order of magnitude as the measured maximum controllable current density for actual MCTs.

To explore the interpretation that MCT stability determines if the MCT turns off successfully, simulations were completed with the two dimensional MCT cell model and the SPICE model in a typical circuit for conditions where the MCT is unstable but Eq. 10 predicts that the MCT will turn off. The MCT cell turned off successfully. Next Eq. 11 was simulated directly for the same unstable conditions. The voltages Vu and Vl decreased indicating turn off even though the system was unstable. This is because the state variables in an unstable system can go to either plus or minus infinity. If Vu and Vl in the unstable system go to minus infinity the MCT turns off. If Vu and Vl in the unstable system go to plus infinity the MCT fails to turn off. Thus stability is not an indicator of MCT turn off. Thus the question is, what is the requirement that determines if an MCT will fail to turn off when it is driven from a voltage source? The answer is that the boundary between instability to plus infinity (failure to turn off) and instability to minus infinity (successful turn off) is the static equilibrium of Eq. 11. The static equilibrium of Eq. 11 is
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In the limit where the voltage across the incremental resistance of the base emitter junction is small compared to Vou, Eq. 17 can be solved for the value of If that is the boundary between MCT turn on and turn off. Thus the MCT current density must satisfy the inequality
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(17)

to insure turn off. This is exactly the same condition for turn off that was obtained for the MCT turning off driven from a current source under the same assumptions.

Given the above result two new questions pose themselves. The first question is, is there any difference between MCT turn off driven from a current source or a voltage source? The second question is, what significance, if any, is there to the instability computed earlier for the voltage source case? The answer to these questions comes from consideration of the dynamic turn off of multiple MCT cells in parallel.

As shown in Fig. 5, Eq. 17 is a boundary between MCT turn off and failure to turn off. As the MCT turns off, the off MOSFET's resistance Roff goes from an infinite value to its minimum value and takes on every value in-between. The minimum and final value of Roff determines the maximum current the MCT cell can potentially turn off. Assuming Roff varies slowly enough that the MCT turns off in a quasi-stationary manner, the MCT will just start to turn off when the boundary between on and off is reached. This is illustrated in Fig. 5 where the current If o is being turned off and the boundary value of Roff is Roff o. Because all of the cells in the MCT are not identical, they do not all reach the boundary for the same Roff. Here it will be assumed that all but one cell are identical and the majority of cells all reach the turn off boundary before the one cell does. Thus the single cell will not be ready to turn off when the majority of cells start to turn off. The majority of cells establish the voltage across the single cell so that the single cell turns off driven from a voltage source. Figure 5 shows the turn off trajectory of the single cell for two different cases. In both cases the single cell starts its turn off trajectory on the "no turn off" side of the turn off boundary. Because the single MCT cell is unstable and on the "no turn off" side of the turn off boundary, its current increases 
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Fig. 5
Determining the MCT's turn off trajectory and thus whether or not it will turn off successfully.

exponentially. At the same time Roff continues to decrease creating a turn off trajectory for the cell in the If-Roff plane. Depending on whether Roff decreases faster (determined by the MOSFET's gate voltage rise time) or If increases faster (determined by the eigenvalues of the single cell), the single cell turn off trajectory will either cross the turn off boundary and successfully turn off or it will not cross the turn off boundary and will fail to turn off. Thus, in the case of an MCT made up of many cells, all of which are not identical, successful MCT turn off is determined by the degree to which the cells share current and the result of a race between the instability of the cells outside of the turn off boundary and the rate at which Roff decreases. This explains why the MCT can turn off more current when its gate is driven rapidly as compared to when its gate is driven slowly. 

How fast the turn off MOSFET’s gate must rise in order to insure MCT turn off can be estimated by comparing how fast the current builds up in the single MCT cell due to the cell's instability to how fast the current builds up in Roff due to its value decreasing. The current builds up in the minority MCT cell due to the cell's instability as
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where Io is the current to be turned off and I is the MCT cell current sharing error due to the fact that each MCT cell does not carry exactly the same current. The current builds up in Roff due to its value decreasing as
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(19)

The MCT will turn off if the current builds up faster in Roff than it does in the MCT cell or equivalently if
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The rate of decrease of Roff can be estimated by assuming its value decreases from its turn off boundary value Roffo, to a fraction  of its turn off boundary value in a time toff.
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Thus the constraint on the gate off time (gate rise time) is 
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Equation 22 says that the MCT gate off time must be smaller as the percent MCT cell current sharing error increases, as the current to be turned off becomes closer to the maximum controllable current ( approaches 1), and as the MCT's instability time constant (1 / s = s) becomes smaller. This is in agreement with the reported experimental results [5,6]. It is interesting to note that Eq. 22 says that the dependence of the MCT's measured maximum controllable current on its gate turn off time (gate rise time), is a measure of the current sharing error inside the device.

Direct simulation of Eq. 11 has confirmed the results above. Simulations using the SPICE model in Fig. 6 also confirm the above results. This SPICE model consists of a main MCT model in parallel with a cell MCT model. The parameters of the cell MCT model were chosen to simulate an MCT with a rating of either 10% or 1% of the rating of the main MCT model. In the simulations the cell MCT model had a rating that is higher than the rating of a single MCT cell. As described above, the main MCT creates the voltage source seen by the cell MCT. The main MCT can theoretically turn off 306A. If the parameters of the cell MCT model are all scaled appropriately, perfect internal MCT current sharing is modeled. In this case the parallel main and cell MCTs turned off 306A for the evaluated MCT gate rise times. To model imperfect internal MCT current sharing, one parameter of the cell MCT model was varied from its scaled value. Changing the cell MCT's 
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Fig. 6 
SPICE model of an MCT consisting of a main MCT in parallel with a cell MCT. The parameters of the cell MCT model were chosen to simulate an MCT with a rating of either 10% or 1% of the rating of the main MCT model.
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Fig. 8
Plot of the turn off transient of an MCT cell rated to carry 1% of the main MCT current when the cell fails to turn off. The main MCT successfully turned off 70A. The gate rise time was 15us and the cell threshold voltage was 0.1V.

threshold voltage, its junction reverse leakage currents, and its turn off MOSFET on resistance were all used to cause the MCT cell to fail to turn off. Figure 7 shows the simulation results when the threshold voltage of the cell’s off MOSFET was made 0.1V (3.3% of a typical threshold voltage and 1% of the peak gate voltage) higher than the main MCT’s threshold voltage. The MCT cell fails to turn off. The main MCT starts out carrying 70A and the MCT cell starts out carrying 0.7A. Both the main and MCT cell gate (the gate resistance is zero) voltages were raised from -10 to 0V in 1us and then raised from 0V to 10V in 15us.  At the end of the transient the MCT cell is carrying the full 70.7A available. This would cause the MCT cell to fail catastrophically. If the main current is raised to 141.4A, still easily turned off by the main MCT, the cell MCT fails to turn off with a gate rise time of only 7.0us. This is roughly half the time for the previous case where the combined main and cell MCT were carrying half as much current. A similar result is obtained by either increasing the cell MCT’s threshold voltage or its junction reverse leakage currents. These results are consistent with Eq. 21.

IV.
Conclusions

Research has been conducted to understand the origin of the MCT's failure to turn off under certain operating conditions. In particular, the research results explain the observation that the MCT's maximum controllable current depends on its gate voltage rise time. It has been found that a MCT cell’s turn off transient is substantially different when it is turned off driven from a voltage source as compared to when it is driven from a current source. MCT turn off driven from a voltage source models a single MCT cell turning off in parallel with the many other MCT cells that make up a device. A change in one cell’s current can not change the voltage across itself. This voltage is determined by the combined effect of the many other cells in parallel. It is found that a MCT cell turning off driven from a voltage source is unstable for practical current levels. This instability of a single MCT cell can lead to either turn on or turn off. A boundary exists between cell turn on and turn off. This boundary depends on the off MOSFET's resistance (Roff) and on the current through the cell. Due to differences in cells making up a device, a race results between the instability of the cells outside of the turn off boundary and the rate at which Roff decreases (the gate rise time). It has been shown that this race can be studied by simulating just two cells connected in a parallel circuit. One cell is made to have a much larger area than the other does so that it forces the voltage across the other smaller cell. Thus the smaller cell turns off driven from a voltage source and exhibits the predicted instability. The area of two cells can be made much different in either a two dimensional finite difference model or a SPICE model. In the case of the two-dimensional finite difference model, two nearly identical two-dimensional cells are connected in parallel through an external circuit (not through the cells geometry) and are each given a different cell depth. Thus the current sharing of the many cells making up a power device can be practically studied by using jus two cells.
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