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Section 1: Basic device physics





Figures 1 through 4 outline the difference in device physics between the n-type IGBT and the n-type MCT and what that means in terms of ultimate device performance and application.  Figure 1 shows their basic cell structures, which are very similar except that the MCT replaces the IGBT’s emitter short with a p-channel MOS short.  In the SILVACO device simulations that follow figure 4, all junction depths, carrier lifetime profiles and doping profiles are otherwise the same.





Figure 1 also indicates the difference in current flow of electrons and holes which, in the MCT, are typically like a diode, and which, in an IGBT, are forced to separate into a channel portion and an emitter short portion.  In most IGBT’s the channel portion is most of the current, leading to a fast device, but obviously puts enormous current, power and thermal stress on the channel.  In the MCT channel current flows only during switching leading to a more reliable MOS gate.





Figure 2 shows that the MCT cell structure in real devices is more complicated.  Because MCT’s latch into the on-state, a single turn-on cell would be enough to turn on the device but, in fact, we design in a high density to enable lightning fast turn-on with no failures even at 175KA/us, our present test limit.  The solid circles in figure 2 are the MCT on-FET channels.   When we then compare a typical IGBT device of the same channel density as the MCT we see that the shape of the blocking region is quite different in two ways.  The small overlap of gate electrode and lower base region of the MCT leads to much lower Miller gate capacitance and much less switching “noise”.  More important, the shape of the blocking junction leads to near plane junction breakdown voltage in the MCT while the IGBT cell structure’s 3-D curvature leads to lower SOA.  In our modeling the SOA difference was modest, about 15% higher in the more plane junction MCT.





Figures 3 and 4 look at the basic differences in carrier modulation levels in the MCT and the IGBT that arise because the MCT injects carriers from both sides of the device.  Essentially these figures show that the modulated carrier density falls exponentially as one moves away from the emitting junction.  In order for 1/e of the carriers leaving the IGBT lower emitter to reach the upper emitter short the diffusion length L must equal W, essentially the thickness of the lower base.  This infers a certain level of carrier lifetime, t_h, and, therefor a certain turn-off speed.  For a double injection device to have its lowest modulation at an equivalent level, the diffusion length L needs to be only W/2 which can be achieved with a 4 times lower t_h.  For this reason we expect, and find, in our simulations that MCT’s are both lower in forward drop (better modulation, no JFET or channel contribution to Vf) and up to 4 times faster.
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Section 2: Why make a p-type MCT: n vs p-type MCT’s





Figures 5-8 are experimental results on developmental n and p-type MCT’s.  From industry experience with p-type (the blocking voltage primarily supported in p-type silicon) bipolar power devices such as pnp power transistors or p-type IGBT’s one would not expect Harris’ first MCT product to be p-type.  For example, a p-type IGBT is slower with poorer SOA and with a much higher forward drop (the p-channel MOS) than an n-type IGBT.  In the MCT speed and SOA are lower than an NMCT but the p-type MCT is still very low in forward drop.  The answer lay in the in device cell densities practical 3-5 years ago.  The problem with making the n-type MCT was never the vertical device tradeoffs but rather the fact that the off-FET that shorts the upper emitter junction (see figure 15 for an MCT electrical equivalent circuit) was p-channel and therefor 3 time higher in resistance in a given cell geometry.  So, unable to reach off-FET channel densities that would allow us to turn-off 400A/cm2 (for a modest peak controllable current to RMS current rating) at 150C in an NMCT, we thought there would be a market for conduction efficient p-type MCT’s at cell densities that were typical in MOS fabs in the early 90’s.





That we were successful at 600, 1000 and 1200 volts in 60A plastic packaged devices is shown by our released products.  That we could and have scaled that p-type MCT capability in the PEBB program is shown by figures 5 which illustrates >500A/cm2 turn-off of about a 1cm2 active area PMCT.  Since the PEBB program is focused on megawatt power levels these devices have to be packaged and paralleled to reach >1000A (at elevated temperatures) as seen in figure 6.





During the past 7 years cell densities have increased in order to fabricate low Rds-on low voltage MOSFET’s to the point that n-type MCT’s can be made that can turn off several hundreds of amperes per square centimeter with simulations projecting reaching 1000A/cm2 I-off levels inside by the end of this phase of the PEBB program.  At this time, we have already turned off 1100A/cm2 at room temperature and >500A/cm2 at 150C using a MOS gate density of 25 meters per cm2.  Along the way we have been doing our homework, some experimental and some modeling.   For example,  the experimental device results shown in figure 7 showed the expected improvement in switching speed and forward drop between similar BV n and p-type MCT’s while, in figure 8 we show the results of one of our PEBB lot experiments on the effect of the buffer region design (the higher doped region of the lower base of an MCT or IGBT at the lower emitter).  The results shown in figure 8 come from hard switched turn-off and forward drop measurements of NMCT’s made on two types of starting material and then electron irradiated at various dose levels.  The heavier buffer staring material provided many times lower switching loss devices for the same forward drop - repeating results found in moving from first to second generation NIGBT’s.  The lower loss NMCT’s were fabricated in 1200V NIGBT starting material with higher buffer doping..





Figure 5: Gen2 HTP packaged gen2 PMCT turning off 556A at 150C





Figure 6. 3 parallel gen2 600V PMCT’s turning off 1116A at 125C.  This single switch pebb was delivered to W-P AFB and used in a 125KVA switch reluctance motor drive where it increased efficiency by two points





Figure 7. Experimental E-off vs Vf comparison of otherwise similar gen2 p-type and n-type MCT’s.  At equal Vf (1.6V at 100A, 25C) the 1200V NMCT had 3 times lower switching loss at 150C (17 mJ) than the 1200V PMCT (50 mJ).





Figure 8.  Experimental plots of E-off vs Vf for starting material with different buffer doping for two levels of well dose.  Results show that using a 1 to 2 e14/cm2 buffer results in 3 to 4 times lower switching loss for devices of the same forward drop.
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Section 3:  NMCT and NIGBT simulation study highlights





Figure 9 to 13 outline a simulation experiment on the MCT and IGBT structures, both having the same cell density, 33 m/cm2 (which would make excellent I-off  NMCT’s and very low channel drop IGBT’s), both having  the same starting material and the same channel length and both then “electron irradiated” by setting the electron and hole lifetimes in the wide base at different levels (with electron lifetime at 7 times the hole lifetime, presumably the ratio seen using electron irradiation).  Each starting material combination of epi thickness (for voltages 300, 600 and 1200V) and  buffer charge, 4 levels from 1e13/cm2 to 2e14/cm2) was simulated as an NMCT and as an NIGBT over a complete range of carrier lifetime.  For each case a forward drop curve was made and the forward drop tabulated at 100A/cm2.  For each case the device SOA was swept out by forcing current at increasing levels with the device held off.  For each case an inductive turn-off at 100A/cm2 at half the device rated BV was made.





Figure 9 shows, on the left, NMCT results where Vf at 100A/cm2 is plotted on the x-axis against the simulated turn-off energy (both here at 25C) on the y-axis.  Each curve is for a 25um thick buffer of increasing doping level.  The higher the buffer doping, the better the trade-off.   Note, for example, that at about 1.5V Vf the improvement from 1e13 to2e14 buffer is about a factor of  3 much like our experimental result shown earlier.  On the right is the SOA for the same buffers.  Clearly about a 300v higher SOA is obtained by slightly backing off on the buffer doping to about 1e14/cm2.  Note also that, for the SOA curves, we have chosen to pick the carrier lifetime cases with 100A/cm2 forward drops close to 1.5V.  Similar curves and data were done for 300V and 600V thick lower bases for the same set of buffer charges for both MCT’s and IGBT’s and for 25C, 75C and 150C for the optimum buffer case. All results were similar to those discussed below and shown in figures 10 to 13.  The 1200V PMCT was also modeled, in this case, by generating an exact device complement of the corresponding NMCT.





Figure 10 is a typical comparison from our study.  At these channel densities, 33m/cm2,  the IGBT Vf’s are extremely low by IGBT standards and NMCT turn-off current exceeds 1000A/cm2.  But both the p and n-type MCT’s are lower still in Vf because of their much better modulation.  And they are lower in Vf despite having a lower t-H (high level carrier lifetime) which simultaneously results in about a 2.5 to 3 times lower switching loss for the NMCT and about the same switching loss for the PMCT.   Furthermore, as explained by figure 2 the NMCT is expected to have a higher SOA.  For the  NMCT point at Vf(100A/cm2)= 1.32V, switching loss=13mJ and  the SOA at 1000A I-off was 1560V.   In comparison, for the NIGBT point at Vf(100A/cm2)=1.40, switching loss=27mJ  and the SOA at 1000A/cm2 is a full 200V lower at 1356V.   This makes the point that the thyristor-based MCT structure is faster, lower in Vf and higher in SOA than the transistor-based IGBT structure with less thermal stress on the MOS channel(s).  This has also been seen in preliminary simulations of more recent vertical structures such as NPT (non-punch-through) structures.





What has not been pointed out is the fact that the IGBT’s series MOS gate control provides control options that have system value to counter shortcomings in efficiency.  For example, over a small but often usable range of gate voltage the IGBT can limit current.  This can be put to use in the typical PWM phase leg by moderating the di/dt as current is turned on into say, the lower IGBT from an upper diode thereby lowering the reverse recovery stress on the diode.  This is normally done by inserting a properly selected series resistor into the gate circuit, slowing turn-on at the expense of additional turn-on losses but opening diode selection to lower loss diodes.  Often quoted IGBT turn-on switching losses are as high as turn-off losses.  This turn-on control feature can be built into MCT’s as well if two gate terminals are brought out.





IGBT’s have another useful control feature arising from the series MOS control.  For any give gate voltage and gate threshold voltage there is a channel current at which the channel will pinch off.  If the IGBT does not latch up at that current then it will tend to limit current for a short time.  The higher the current limit, the higher the dissipation.  This dissipation has two components: the component in the several hundred angstrom thick channel given by the current times the gate voltage minus the gate threshold and the overall device dissipation given by the current times the system voltage.  As a practical matter the device is able to limit current at perhaps an order of magnitude of current higher than rated RMS current for 10 or 20 microseconds.  The current limit of an IGBT with a 5V threshold voltage and driven with a 12 volt gate that had a channel contribution to forward drop of 0.5V at rated current (say, 100A/cm2) would current limit, to first order at (12-5)/.5*100=1400A/cm2.  For our 1200V device operating on an 800V buss this would generate an average dissipation of 1.12MW/cm2 in an IGBT silicon volume that could be as thin as 0.015cm for a  power density of about 70MW/cm3.  At these dissipation levels we have a few microseconds for our controller to decide to turn off the device.





The IGBT’s simulated in figure 10 with the unexpectedly low Vf’s are possible but they cannot current limit in any useful sense because their channel density, being so high, leads to too low a channel voltage drop.  Returning to the simulations that went into the data in figure 10 we found that regardless of the electron irradiation level or buffer charge that the channel drop at 100A/cm2 of device current was between 10 and 12 millivolts.  This is seen in the right hand plots in figure 11.  A similar low drop of 15 to 24 mV is seen, but plotted for 200A/cm2   for the 600V IGBT’s depicted in the left side plots of figure 11.  With a gate voltage 5V above threshold (lower is probably untenable in noisy, high current applications) a linear estimate of the channel limited current density is about 50KA/cm2.  








The conclusion is clear.  IGBT’s can be designed to be current limiting.  If so the high channel densities we needed for 1000A/cm2 maximum turn-off current in the NMCT are not needed but such IGBT’s will have an extra half volt penalty for channel drop under normal operating conditions.  Figures 12 and 13 are then more realistic in NMCT vs NIGBT comparisons as it gives the non-current-limiting as well as a potentially current limiting IGBT switching loss vs forward drop,  figure 12 plotting turn-off time vs Vf and figure 13 plotting turn-off energy loss vs Vf.  Note that the data shown was simulated at 25C.  Similar results are obtained at higher temperatures.





Simulation limitations:





While the simulations above give the best apples to apples comparison of MCT and IGBT one should be careful not to treat the data as etched in stone.  First, the calculations are 2-D, not 3-D,  which understates MCT conduction and turn-off current capability and  overstates IGBT SOA.  Second,  the specific Vf and E-off curves required assumptions on carrier lifetime distribution and algorithms that, while identical for MCT and IGBT calculations, have some uncertain parameters.  Third,  both devices will have different curves if different techniques for controlling carrier lifetime are used - for example, platinum doping or neutron irradiation which have already shown up in third and fourth generation IGBT’s.  





Finally, the structures examined and the few figures from our study shown here were all punch-through designs.  In fact, for high voltage devices (>/= 1000V, for example) the best IGBT’s, and by inference and preliminary modeling, the best MCT’s are produced using a non-punch-through structure with a transparent backside emitter whose function it is to limit wide base transistor gain and to recombine stored charge during turn-off.





Figure 9.  Left: curves of E-off vs Vf for 4 levels of buffer charge in a 1200V NMCT


                 Right:  SOA voltage vs current for the same 4 levels of buffer charge.


Note that for very heavy buffers SOA voltage is reduced by up to 20%.





Figure 10. Switching loss vs Vf at 100A for dense channel p and n-type MCT’s and n-type IGBT for a 25um thick 1e14/cm2 buffer 1200V devices.  Note that the NMCT SOA at 1000A was 1560V vs 1356V for the NIGBT.





Figure 11:  Plots of internal MOS channel voltage for various buffer level IGBT’s vs device forward drop.  Note that channel drop is minimal,  10 to 20 mV for such dense channels.  Such IGBT’s are not able to current limit and are referred to as low Vf IGBT’s.





Figure 12:  Turn-off time vs forward drop for 1200V NMCT, low Vf NIGBT and current limiting NIGBT for a 25um, 1e14 buffer.


Note that with t-off=0.4us the NMCT has a Vf of 1.1V compared to 1.92V for the current limiting NIGBT.
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Section 4: Special MCT designs are practical





Three system related features can be designed into the present generation of MCT’s within the process limits of the current generation of PEBB MCT.  The first of these is a built-in pilot consisting of a fraction of a percent of the active area cells with a separate power contact.  Feeding the current from this contact through a series resistor allows, for resistor voltages up to about 100 mV, a good measure of the entire device current.  The current ratio seems to be independent of temperature and fairly linear in this range.





The second feature is illustrated in figure 14.  Arranging an interwoven on-FET of appropriate off-FET density and an off-FET gate of very high density allows one to turn-on the on-FET while keeping the off-FET conducting thereby allowing a controlled turn-on period during which time the IGBT features of preventing shoot-through  and limiting di/dt can be used.  One simple way this could be accomplished is with a single gate signal fed through a diode directly to the off-FET gate and RC delayed to the off-FET gate.





The third feature is to shift on and off-FET thresholds positive so that device current can be turned off at zero volts.  Typically this means shifting the on-FET threshold several volts more negative in an NMCT and shifting the off-FET threshold from several volts positive to 6 or 6 volts negative.  We have found in our high current device/module world that bipolar gate drives are common because of the high level of gate noise.  However, we have found that system users prefer to have a device that can be powered up in the off-state without power being available to the drive circuitry.  Adding a few  cells per cm2 in which the emitter is hard shorted accomplished this in the same manner that emitter shorting controlled classical SCR dv/dt capability.





Figure 14.  Electrical equivalent circuits illustrating the dual gate MCT that can operate as either MCT or IGBT.  Note, however, that once turned on into the MCT mode that it requires several hundred nanoseconds to return to the IGBT mode.
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Section 5:  Other four layer MOS controlled power devices





Figure 15 shows circuit models of  MOS Turn-off Thyristor (MTO) and an Emitter Switched Thyristor (EST) devices which in this case are formed by combining discrete low voltage MOSFET’s with high voltage specially designed GTO’s.  This has the attractive feature of allowing MOS control of devices that are already available at much higher currents and voltages than present day MCT’s and IGBT’s. Figure 15 is followed by a short table summarizing the main design issues for each of the devices represented by electrical equivalent circuits.  The IGBT is featured as the most controllable of the devices but also the highest forward drop.  Its forward drop penalty has been shown above to be reduced if current limiting is not designed in.  The traditional latching current issue is a secondary design issue in modern IGBT’s, having been solved with finer geometries possible with modern processing equipment.  The high power density in the IGBT channel makes that region the most thermally stressed in the IGBT.





The MTO for example is like an MCT in turn-off.  The FET’s are used to short the injecting junction.  The problem is that the MOS short is nowhere near the injecting silicon junction but separated by hundreds of mils in the silicon and by wire and connectors in the MOS devices.  To make the MTO work the emitter junction has to be seriously derated - to the point where the emitter in the MTO is sufficiently resistive that it has more resistance than the MOSFET gate branch.  To minimize inductance the MTO package is considerably more complicated.  The net silicon usage is several times that of the MCT.





Somewhat more attractive is the EST where the same FET’s one might use in the MTO are now employed in series with the GTO.  The improvement here is that the GTO can be a standard one as long as its gate contact is brought out in a low inductance format.  The increase in forward drop incurred by the series diodes can be held to two or three tenths of a volt with about .4 cm2 of series FET in a plastic TO-247 package for each cm2 of active GTO.





The MCT is the fastest, lowest Vf and highest SOA of the device structures.  Except, in the case of a two-gate MCT described above, the fast MCT transitions and low Vf make it unsuitable for current limiting, although, with a pilot, one can expect to be able to initiate turn-on quickly enough to protect against fault di/dt’s of up to 500 to 1000A/us.  While the MCT’s higher current density rating mean lower gate capacitance and gate energy than the IGBT, the MCT requires a fast gate drive to ensure parallel turn-off of all cells of a given MCT.   A one cm2 active area MCT rated at 200A requires a gate pulse amplitude of 1 to 3A for peak turn-off performance.  Especially in n-type MCT’s the leading technical issue is off-FET impedance which dictates peak controllable turn-off current.�



Figure 15.  Electrical equivalent circuits of MCT, IGBT compared to two MOS/GTO devices, the MTO (MOS turn-off thyristor) and the EST (Emitter switched thyristor. Design issues:


IGBT:  latching current, the Vf/current limit trade-off, transistor structure limited switching speed, highest Vf but the most controllable switching transitions


NMCT: lowest Vf, fastest switching speed, highest SOA and least silicon stress and die area but requires cell densities similar to low voltage MOS and a 200ns rise time gate drive.


MTO:  requires degraded Vf to turn-off, package and I-off performance severely impacted by package inductance,  needs separate gate to turn-on


EST:  uses series FET’s but can current limit, needs separate gate for turn-on, seems preferable to MTO








Conclusion:





MCT’s are especially suited for low VF and high efficiency while IGBT’s can be designed to retain some gate control capability that can be used to soften turn-on and to facilitate a few microseconds of current limiting.  MCT’s have a higher SOA,  much less channel thermal stress and an order of magnitude lower Miller capacitance leading to less switching induced gate noise.  Low MCT Vf requires closer Vf’s in devices to be paralleled.  Low conduction loss and fast MCT turn-on have led to devices with >175KA/us i/dt capability and 45KA peak current (test limits) in a single HTP packaged NMCT, an extreme example of the MCT’s value in high current applications.  IGBT’s are a must for applications where random shorts with high di/dt’s must be protected against by the power switching device alone.





MCT’s for hard switching modules might well be designed to turn on first into an IGBT mode.





The MTO and EST GTO/MOS combinations have the advantage of providing a shortcut, albeit an expensive one, to high power MOS controlled switches but are ultimately higher in cost and lower in performance than the NMCT








