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Abstract

:

This paper examines the practical challenges of simplified setups aimed at achieving high-power IGBTs’ IC–VCE curve. The slope of this I–V curve (which is defined as on-resistance RCE) and the point where the VCE–VGE curve visibly bends (threshold gate voltage) can be suitable failure precursor parameters to determine an IGBT’s health condition. A simplified/affordable design for these specific measurements can be used for in-situ condition monitoring or field testing of switching devices. First, the possible I–V curve measurement methods are discussed in detail in order to prevent self-heating. The selected design includes two IGBTs in which the high-side IGBT was the device under test (DUT) with a constant gate voltage (VGE) of 15 V. Then, the low-side IGBT was switched by a short pulse (50 μs) to impose a high-current pulse on the DUT. The VCE–VGE curve was also extracted as an important failure-precursor indicator. In the next stage, a power-cycling test was performed, and the impact of degradation on the IGBT was analyzed by these measurement methods. The results show that after 18,000 thermal cycles, a visible shift in I–V curve can be seen. The internal resistance increased by 13%, while the initial collector-emitter voltage and voltage at the knee point in the VCE–VGE curve slightly changed. It is likely that in our case, during the performed power-cycling test and aging process, the bond wires were most affected, but this hypothesis needs further investigation.
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1. Introduction


Today, power semiconductor devices have become an integral part of power electronic circuits, and advances in these devices have had a huge impact on related industries as high-power circuit designs have become possible. Since bipolar power transistors offer a low-current gain, placing these bipolar transistors in high-voltage fields will significantly increase the size and weight of the designed circuit; by its nature, the cost of the system will be also escalated [1]. As an insulated-gate bipolar transistor (IGBT) is a combination of metal–oxide semiconductor field-effect transistor (MOSFET) and bipolar junction transistor (BJT), it has inherited the positive features of both the transistor and MOSFET [2]. For this reason, while designing a high-power circuit, much attention is paid to the correct choice of the IGBTs in accordance with the relevant application. Nevertheless, the designers should consider the practical limitations of the power semiconductor device and have a good understanding of all the operating details of the selected IGBT. Perhaps the most important characteristic that the designer should pay attention to is the electrical characteristics of the IGBT. Different performance characteristics curves are provided in the datasheet by the manufacturer, and with a closer look at them, it can be predicted that the selected IGBT is suitable for the desired application. Among these different curves, the IC–VCE curve is enormously important, as it shows the relationships between the collector current (IC) and the collector-emitter voltage (VCE) at different gate-emitter voltages (VGE) and different temperatures (Tj) [3]. To properly exploit the electrical characteristics, it is essential that the IGBT’s I–V curve be evaluated over the entire device operation range. Additionally, extraction of this diagram is critical because this curve is mainly needed to estimate the conduction power losses [4].



Since the IGBTs under study usually have a high-rated current, there are some practical challenges to measure these high-power I–V curves. To obtain the I–V curve for higher range of current, a power device analyzer/curve tracer can be used to read the collector-emitter voltage (VCE) at a constant gate voltage while applying a short, high-current pulse. Then, the amplitude of this current pulse is increased in sequence, and the full-range I–V curve is obtained point by point. The main problem with power-curve tracer devices is that they are very expensive and not available to all laboratories. Secondly, most laboratories use early models of this device, such as Tektronix 370B or Scientific Test 5000C, which have a maximum current limit of 20 A and 50 A, respectively. Another issue that can happen during the measurements is self-heating if the period of these high-current pulses gives the IGBT a chance to heat up. In early power-curve tracers, the current pulse is usually about 300 μs, which can possibly be enough time for self-heating, making the measurement inaccurate [5]. It should be noted that there are some new devices with 10 μs pulse-width measurement capability and currents up to 1500 A (i.e., Keysight B1505A), but the main deterrent in using this equipment is its price.



Although various studies have employed commercial power device analyzers/curve tracers to extract IGBT’s I–V curve (e.g., [6,7]), there are a few prior studies on this subject and the possibilities for measuring high-power I–V curves; most of these studies examined a MOSFET as the device under test (DUT) [8,9,10,11,12]. These studies have not fully discussed the implementation steps of their test setup, so the re-implementation of these setups is practically impossible, and the technician would facing various challenges during the design process. For instance, Basler et al. [5] investigated a combined approach based on the short-circuit and curve-tracing techniques in order to measure a complete I–V curve for a high-power IGBT up to its breakdown point. The design details on how to measure the complete I–V curve were not given in this study. A double-pulse test circuit was presented in [13,14,15], using a double-pulse signal applied to the gate of the IGBT, switching the IGBT two times. During the first pulse, a current was stored into an inductive load, and the voltage and current waveforms were measured by the oscilloscope when the first pulse as turned off, and the second pulse was applied to the gate. Unfortunately, the details of the implementation process of this test were not provided. As the commercial I–V curve-tracer devices are relatively expensive, Choi et al. [16] proposed a bridge circuit including four pairs of IGBTs/diodes so as to obtain the I–V curve of the DUT. Although the introduced method seems interesting, the details of the implementation of this measurement method were not provided, which makes it difficult to re-implement this system; for example, the switching sequences are not specified. A simplified method with two series IGBTs to extract I–V curves was proposed by Chen et al. [17]. There are no provided details of the circuit-implementation process. For example, this paper states that the current pulse amplitude is set to certain values by a current source. But in practice, by switching one of the IGBTs, the current source will be switched, which always includes a delay, and it will not be possible to produce short, high-current pulses. Du et al. [18] established a simple test setup including a high-power Keithley 2651A source meter unit (SMU) and a low-current Keithley 2636B SMU. In this setup, one of the SMUs is connected directly to the two ends of the collector and the emitter, and the other SMU is utilized to supply an accurate gate voltage. Although the measurement accuracy in this case is remarkable, the minimum pulse width that can be defined for this power supply (Keithley 2651A) is 100 μs, which is strongly dependent on the resistance of the device under test. For example, as the rise time for the generated pulsed current is strongly subjected to the load resistance, the production of short current pulses is limited for MOSFETs with higher on-state resistances.



As can be found from the literature, a common gap among these studies is that the detailed process of implementing the measurement circuit is not provided, which makes it difficult or impossible for the reader to re-implement these circuits. In addition, there is no comparison between short and long current pulse measurements to show the real influence of current pulse duration on the measurement accuracy.



IGBTs are always exposed to severe operating conditions, which lead to different types of intrinsic and extrinsic failures; consequently, understanding the physics of failures has become essential in this regard [19]. Thus, condition monitoring of IGBTs to identify potential packaging-related failure mechanisms (e.g., die-attach fatigue and bond wire lift-off) can have a significant impact on system-level reliability. In prior studies, several indicators have been selected to be monitored during the operation of IGBTs, and the change in each of these indicators indicates a specific type of failure. For example, the on-state collector-emitter voltage (VCE(on)) was used in [20] to show the solder-fatigue mechanism. Another meaningful parameter of the IGBT whose change indicates the degradation of the die-attach layer and bond wire lift-off is the on-resistance (RCE(on)), which has received less attention [21,22]. The on-state collector-emitter resistance is measured as reciprocal of the slope of the linear curve of IC–VCE graph. Although this resistance may be measured directly by a multimeter by floating the collector as described in [23], it is important to have a complete I–V curve, as it is the main characteristic of the IGBT under test [24]. Moreover, combining this parameter with the threshold gate voltage can provide valuable information about an IGBT’s state of health.



Since the issue of a power semiconductor device’s reliability is considered very important for today’s industries [25], it is not without merit to consider and investigate the correlation between the aforesaid measurements and reliability assessment of power devices. There are different reliability indicators for power semiconductor devices, such as threshold gate voltage (VGE_th), collector-emitter voltage (VCE), thermal resistance (Rth), and on-state resistance (RCE) [22,26,27]. Each of these indicators can indicate a specific type of failure within the IGBT package. To accelerate the aging process within the IGBTs, a power-cycling test is performed as a high-current pulse is applied to the collector of the IGBT to raise the junction temperature; then, the current is cut off so that the IGBT has a chance to cool down. This thermal cycle is repeated many times and over time, causes thermal stress in the different material layers of the IGBT [28]. During the power-cycling test, there is always an increase in voltage VCE, which is mainly due to the degradation of the materials used in bond wires and metallization [29]. At the end of the power-cycling test, a sharp rise in voltage VCE can possibly be seen, which also increases the thermal resistance Rth. This sharp spike in the measured voltage can be attributed to possible cracks in the solder layer between the silicon chip and the copper substrate [26]. Mainly, if the change in collector-emitter voltage (VCE) or thermal resistance (Rth) exceeds a certain limit (e.g., 5–20% [30]), it indicates a failure/fracture in the IGBT. According to [31], a slight change in the initial collector-emitter voltage was observed due to the solder lead degradation by comparing a new IGBT with an aged IGBT. The threshold gate voltage (VGE_th) may also vary during the degradation process, which can disrupt normal switching characteristics and reduce the operating frequency [32]. Deviation in the voltage VGE_th is mostly due to gate-oxide defects [33].



Liu et al. [34] examined the effect of degradation on the IGBT’s I-V characteristic curve and transient thermal impedance. A shift of I–V curve and an increase in internal resistance could be seen, but the employed method to extract the I–V curve is not clear in this study. Luo et al. [35] modelled the characteristics of an IGBT based on instantaneous on-state resistance (RCE(ON)). In this model, the on-state resistance is a function of the junction temperature (Tj) and collector current (IC). They showed that the RCE(ON) resistance increases by raising the temperature, but the section related to the relation of this resistor to bond-wire failure is incomplete and cursory. A similar study is provided in [36]. The authors used correlation between VCE and Tj to estimate the instantaneous temperature of the IGBT. Meanwhile, after validation of their simulation by several experimental tests, they investigated the effect of cutting bond wires on the VCE voltage. They found that fracture/cracks in the bond wires would increase this voltage. Jia et al. [31] investigated the impact of solder layer degradation on the VCE voltage. They claimed that the solder degradation will cause an increase in operating temperature, which can change the electrical (VCE) and thermal (junction-to-case thermal resistance Rth(j-c)) characterizations of the IGBT over time. Although in this study the effect of solder layer destruction is separated from the bond wires defects, other failure-precursor parameters (e.g., gate threshold voltage and on-state resistance) were not examined.



The research gap that can be highlighted here is that the different reliability indicators are not placed next to each other in order to reach a better conclusion about the failure/fatigue of the IGBTs. Although less attention has been paid to the gate-emitter voltage versus collector-emitter voltage curve (VGE–VCE), this curve can provide a thorough knowledge on the failure modes and mechanisms. By placing this curve next to the IC–VCE curve, the various causes of failure can be possibly monitored.



To override the aforementioned problems, the major purpose of this paper is to find alternative solutions to power-curve tracers and to address practical challenges in high-power IGBT’s I–V curve measurements. The explored simplified/affordable designs will be discussed in this paper, and benefits/drawbacks of each design will be stated in simple language. A main goal of this research is to provide a way to reconstruct this test setup by providing all the design details step by step. As the existing commercial power tracers are considerably expensive and bulky, it may not be very reasonable to use this type of equipment to check for in-situ diagnostic/prognostic condition monitoring or during the power-cycling test of IGBTs. Since the proposed I–V curve-measurement method here is simple and easy-to-implement, it can be easily used in the field to extract the IGBT’s characteristics and obtain a more detailed mission profile for reliability analysis of long-term field tests. This methodology can improve mission-profile-based lifetime-prediction models [37]. The importance of the IGBT’s I–V curve in reliability analysis needs to be further investigated, especially when this curve is placed next to another curve (VGE–VCE) so that the main reason of failure can be better predicted. In this study, the effectiveness of these measurements will be assessed over IGBTs degraded by a power-cycling test as a prove of concept. Besides the I–V curve, the applicability of the gate-emitter voltage versus collector-emitter voltage curve (VGE–VCE) is examined to show the impact of degradation on the IGBT performance. In parallel, this method can be used in field testing and to give feedback to lifetime-estimation models and/or enable predictive condition monitoring of power electronics.



The remainder of this paper is organized as follows. In Section 2, three different possible designs to extract the IGBT’s I–V curve are presented. The test setup for power-cycling test and a proposed integrated circuit are also highlighted in this section. In Section 3, the test results (both long and short current pulses) are provided on the examined IGBT. Comparison of test results on healthy and damaged IGBTs is also presented in this section. Conclusions are drawn in Section 4.




2. Methodology


In this paper, three designs for measuring high-power IGBTs’ I–V curves are presented. In the first case (Figure 1), the IGBT can be directly switched via a gate pulse. This schematic is very simple and easy-to-implement, but the rate of current rise during the turn-on process is limited due to the gate resistor; oscillations excited in intrinsic parasitic elements will make it difficult to control the amplitude of the input current pulse [38].



The problem of oscillations becomes more apparent with increasing the amplitude of high-current pulses. It should be noted that in all the further cases, the power supply can only operate in constant voltage mode (CV). When the power supply is set to a constant current mode (CC) operation, the output flowing current would be zero, as the switch is turned off, and there is no path to the ground. When the IGBT is turned on, the current can flow from the positive of the power source to the negative. This means that while switching the IGBT, in fact, the power source in CC mode is also switching on and off. This will not be desirable for pulses with a shorter time period, as the rise time of the source is around 25 ms for most of the power supplies. By placing a resistor parallel to the switch, the current source can be kept turned on, which in turn raises new challenges. Therefore, the only way that a power supply can be used to perform this experiment is to put the power supply in CV mode. Putting the power supply in its CV mode will bring other challenges. When a power supply is used in CV mode, a resistor must be placed in the circuit path in series with the IGBT. This resistor cannot be large because it must withstand the passage of high-current pulses (high-power rating and resistance <0.1 Ω). Using current sense resistors is one of the easiest solutions to solve this issue. The size of this resistor should be determined according to the amount of current flowing through it so that the voltage drop across the resistor can be measured accurately by an oscilloscope.



The solution to improve the accuracy and eliminate these fluctuations is to keep the switch always turned on by a constant gate voltage, and on the other hand, the current pulse can be applied on the device under test by the fast switching of another power-switching device connected in series. There are two possible circuits based on the aforesaid method as shown in Figure 2: (1) the device under test is placed at the low side, and (2) the device under test is place at the top of another switch (high side).



The priority here is to design the circuit as simple as possible and to perform this measurement technique with minimal laboratory equipment. When the IGBT under test is placed at the low side, the gate voltage of the IGBT can directly be supplied from a voltage source, but the auxiliary switch must be controlled by an isolated/floating voltage pulse. This means that a floating DC source is needed to supply the driver gate, which in turn can complicate the system. Figure 2 represents the way how to connect the floated ground with the respective points in the circuit. Therefore, it is recommended that the IGBT under test is placed at the high side, and the auxiliary switch can be switched directly by a simple low-side gate driver or a high-current pulse generator (e.g., IXDI630CI-ND). In this case, the gate voltage of the DUT is supplied by an isolated DC/DC converter chip (CUI Inc. PQS075-S), which can offer an isolation level of 1.5 kV. The output voltage provided by this converter is internally regulated so that it always keeps the output voltage for supplying the gate constant at 15 volts. Here, an auxiliary switch similar to the test IGBT switch is selected (the typical switching frequency for the chosen IGBT ranges from 20 kHz to 30 kHz, which can provide the required pulse width ~50 μs). The frequency of the signal generator is set to 1 Hz (1 s for each cycle); thus, a short current pulse 50 μs can be generated every one second during the cycle. A MOSFET can also be used as the auxiliary switch, but the problem with MOSFETs is that the internal resistance of the MOSFET (Rds(on) on-state resistance) is usually greater than the current sensing resistor value, and the changes in this MOSFET’s internal resistance are very sensitive to current. Since the voltage of the power supply is limited within a range, the higher currents can be achieved from the power supply at a lower voltage if the total resistance of the circuit is lower, which makes it more reasonable to use IGBTs as the axillary switch instead of MOSFETs. Notably, the problem of altering the resistance value still remains unsolved, and after passing a high-amplitude current pulse, the current sensing resistance value may also change. For this reason, an accurate/fast six-digit multimeter must always be used to measure resistance. In this case, a four-terminal sensing (4T) technique should be employed so that the resistance of the wires is neglected by the multimeter. In the case in which there is a high-frequency current probe available within the required range, this problem is solved on its own.



The next challenge is how to measure the voltage drop across the resistor and the collector-emitter voltage (VCE) of the IGBT under test with an oscilloscope. As oscilloscopes typically are grounded, the voltage difference must always be measured relative to the ground reference. This means that the voltage across the current sensing resistor cannot be measured directly by the oscilloscope. There is a similar problem in measuring the voltage across the IGBT because only the voltage at collector can be measured relative to ground—not the emitter—by the oscilloscope. Here, the method based on the built-in math function is used so that three channels of the oscilloscope are occupied to measure the voltage of three points. Then, the voltage across the resistor is obtained by mathematically subtracting the voltage waveform of CH1 and CH2. The voltage across the IGBT switch is similarly determined by subtracting the CH2 and CH3 voltages. A small voltage/div should be selected for each channel, and the oscilloscope trigger mode should be set to average mode so that the math function output waveform becomes noise free after a few cycles. As the duty cycle for the generated current pulse is very low (D = 50 μs/1 s = 0.005%), measuring voltage and current waveforms after a few cycles is expected to have little effect on the measurement accuracy. The external trigger given by the signal generator can be used to trigger the oscilloscope. This measurement problem can also be easily solved by using a reliable differential voltage probe.



All the inputs (i.e., current sense resistance value and oscilloscope measurements) and the outputs (i.e., gate voltage and high-current pulse width/amplitude) are managed and controlled via a user-friendly LabView interface. The time delay between applied high-current pulses can be altered through the interface and is set to 1 s as a default value.



The next step is to establish the power-cycling test setup as depicted in Figure 3. This simple setup will enable us to force a high current on a discrete IGBT. The IGBT’s saturation voltage (VCESat) at low current (100 mA) would be considered as an indicator for estimating the junction temperature (Tj) of the IGBT. The way to extract the linear relationship between VCESat and Tj is provided in [39]. The voltages and temperatures can be recorded in-situ via a LabView interface during the power cycling for the IGBT under test.



The implemented setup in our case is shown in Figure 4a. This setup enabled us to apply the power cycles on four discrete IGBTs at the same time. The current pulse is controlled directly by the current source: a 30-A pulse as high value and 100 mA as low value. This low current is necessary so that the temperature can be measured from VCE–Tj curve during the cooling phase. The gate voltages for these fours IGBTs under test can be supplied from a reliable floating DC-DC converter. Here, four isolated DC/DC converters were used to supply the gate voltages. The case temperature can be measured by a thermal camera, while the heatsink temperature at different points can be monitored by several thermocouples mounted on the heatsink. Tj can be estimated by reading VCE across each IGBT; thus, it is important to first perform a calibration to find the linear relationship between VCE and Tj for the IGBTs. The VCE values are measured by a 16-channel, 24-bit analog input module. All measurements made during the power cycling test are controlled and displayed by a LabView interface.



The disadvantage of this structure is that to measure the I–V curve, the IGBTs must be taken out of the setup and tested separately. The proposed structure in Figure 4b can solve this problem, as it describes a mixture of the power-cycling test and I–V curve-measurement circuit. A single-pole double-throw relay (SPDT) can take the axillary low side IGBT of the circuit or into the circuit. This auxiliary IGBT can be switched on and off by a short pulse (50 μs) to apply the desired current pulse on the upper switches. In this structure, the collector-emitter voltages should be monitored by an oscilloscope with differential channels (e.g., PicoScope 4444 differential input oscilloscope).



Another measurement that can be done on the IGBTs is to extract the VCE–VGE curve. The knee points at VCE–VGE curve (threshold gate voltage/collector-emitter ON voltage) can also be a suitable failure-precursor parameter to show the IGBT’s health condition (e.g., latch-up) [40,41,42]. When the gate voltage exceeds its threshold, the IGBT acts as an open gate, but it is still not completely turned on until a bias voltage is applied across the collector and emitter. This bias voltage (which is also known as collector-emitter ON voltage) ensures that the carriers reach the emitter from the collector [43]. Operation at high temperature and high electric field is the main reason for the change in the P-N junction and consequently the gate threshold voltage [41]. Here, a simple technique is proposed (Figure 5) that can show the effect of both gate threshold and ON threshold voltages. In this case, a current pulse can be applied across the collector-emitter ends. The amplitude of this current pulse is 100 mA in order to prevent self-heating. VGE can be controlled directly by the power supply; VCE can be monitored by an oscilloscope.




3. Results and Discussion


To validate the obtained experimental results, the IC–VCE curve measured by the manufacturer was extracted from the datasheet. The discrete IGBT under test (700V/40A—ON Semiconductor FGH40T70SHD) is widely used in SMA PV inverters. The full setup is shown in Figure 6. As described in the previous section, to generate the short gate voltages for the low-side IGBT, a low-side gate driver was selected. The input of this gate driver is triggered by an Agilent/Keysight 81101A Pulse Generator after applying rectangular pulse waves (−5 V/+5 V). The duration of the pulse is 50 μs, and the chosen frequency is 1 Hz. To measure the voltage waveforms, a digital oscilloscope (Rigol DS1054Z) was used. Although the typical resolution for this oscilloscope is 8 bits, the oscilloscope’s acquisition mode was set to averaging mode so that it could provide a maximum resolution of 12 bits after a few triggers.



First, the power supply was set to CC mode and was switched itself directly with a 40-ms command signal via a LabView interface. In this case, the IGBT was turned on with a constant gate voltage; then, the current pulses could be generated directly from the power source.



Having the current sensing resistors seemed not to be necessary in this test, as the amplitude of the milli-seconds current pulses could be easily set by the power supply. Since the time interval of these generated current pulses is longer than the self-heating time constant, it was expected that there would be a slight difference in the measurements. An example of this measurement approach is shown in Figure 7. As the command delay was higher than expected, to create a long pulse-measuring case, the power source was switched by a 30-ms long pulse to the gate of the low-side IGBT. To generate the longer current pulses (e.g., >50 ms), the programmable power supply (B&K Precision 9115) can easily supply the desired current determined through the dedicated LabView interface.



It is clear from Figure 8 that the obtained voltage waveforms from the first test setup (Figure 1) showed very high turn-off transients, but the waveforms during the turn-on period showed good results for the desired measuring setpoint. However, achieving a high rate-of-rise of the current was the main obstacle to this test and required better control over the gate driver (e.g., an active control approach should be utilized for the gate control).



To overcome the aforesaid issue, the second test setup (Figure 2b) was employed so that the DUT was always turned on with a constant gate voltage, and an auxiliary switch was used to generate the high-current pulse across the device under test. A drawback of this method is that it is difficult for the oscilloscope to measure the collector-emitter voltage of the top IGBT as well as the voltage drop across the resistor (which represents the current). For this reason, one alternative is to use an oscilloscope mathematical function instead of a high-bandwidth differential probe, so in this case, two mathematical/subtraction functions are needed: (1) to find the voltage of the resistor and (2) to find the voltage of the device under test. An example of this method is shown in Figure 9. As a validation, at a current of 30 A, the obtained VCE over the DUT is 1.56 V, which is in line with the datasheet (~1.53 V @ 30 A).



If a long current pulse (e.g., 30 ms) is applied to the IGBT, in the middle of this pulse when the output from power supply is stabilized, the VCE voltage is close to the values shown in the datasheet. But, in this case, the measurement for the next point should be done after cooling down Tj to 25 °C. It means that if the time delay between the measurements is long enough, and the self-heating effect of the previous test has disappeared, relatively acceptable results can be obtained even with longer pulses. But this measurement technique can take hours to be completed. If the adequate time interval between measurements with a long pulse width is not followed, the results will be a long way from the datasheet. For example, there was 24% difference between the IC–VCE curve in the datasheet and a performed similar test (current pulses 30 ms and a time interval of 5 s between each step).



Two important elements can be extracted from the IC–VCE curve: (1) on-resistance RCE, which is the inverse of the slope of the voltage-current curve and (2) initial collector-emitter voltage VCE0, which is obtained by continuing the linear interval of the curve and the intersection of this line with the horizontal axis. More information is given in [44]. RCE and VCE0 were extracted from the datasheet and the two performed tests (short pulse duration 50 μs and long pulse duration 30 ms). The resistance measured by short pulses was 17.76 mΩ, while the slope of the I–V curve in the datasheet shows a resistance of 13.38 mΩ at a case temperature of 25 °C. The long pulse measurements exhibited a RCE equal to 26.82 mΩ, which highlights the importance of applying short pulses to prevent self-heating. The initial VCE0 extracted from the datasheet is 1.10 V, while for short pulse and long pulse tests, this value was 1.03 V and 0.89 V, respectively.



The next step was to check if there is a difference between a healthy/new IGBT and a defective IGBT in terms of IC–VCE curve and VGE–VCE curve. A high current (30 A) was applied on the IGBTs for 5 s; the IGBTs were then rested for 7 s without applying current while being cooled rapidly by the cooling system. After applying 18,400 high-∆Tj cycles (95 °C) to the IGBTs, one of these components excessed the allowable variation, as shown in Figure 10.



As described in the previous section, the I–V curve was extracted for a healthy IGBT and an aged IGBT after 18,000 thermal cycles, shown in Figure 11.



The curve extracted from the datasheet is also shown in Figure 11. By increasing current, the distance between the measure curve and the graph obtained from the datasheet increased, so that at a current of 40 A, a difference of 3.7% was observed. The important point to note here is that the shortest path to the IGBT legs should be selected for oscilloscope measurement. This is because the connections themselves have a resistance that changes during the passage of a high-current pulse, causing a measurement error. This difference can be also further reduced by longer interruptions between the measurements.



A shift is clearly visible in the measured I–V curve. As is clear from Figure 11, by increasing the amplitude of the pulse current, these two graphs become more distant from each other. Additionally, the collector-emitter resistance (RCE) and initial collector-emitter voltage (VCE0) derived for the aged IGBT are 20.01 mΩ and 1.007 V, respectively. Therefore, it was confirmed that the resistance increased by about 13% during the degradation process (RCE_Healthy = 17.76 mΩ). According to [44], although this resistance (RCE) is the sum of the resistances of the chip, bond wires, and terminal connections, only the resistance of the bond wires changed considerably during the degradation and aging process. The initial voltage (VCE0) was reduced to 1.00 V from the previous value of 1.03 V, which only showed a slight change.



The second curve (VGE–VCE) was extracted as depicted in Figure 12. In this case, the gate voltage was varied in a range of 4 V to 15 V with a step of 0.05 volts, while the collector current was fixed at 100 mA. It can be seen that the knee point in this diagram dropped by 0.2 V to 6.0 V. Additionally, the saturated voltage at 100 mA was reduced from 0.71 V to 0.68 V. The gate-to-emitter threshold voltage (the knee point at the top left) is defined as the minimum bias voltage required to flow current through the collector-emitter. In this experiment, this voltage increased by about 3% (from 5.40 V to 5.55 V). Putting this curve and the previous I–V curve together, it can be concluded that the major degradation was related to the bond wires (as the on-state resistance changed significantly), and the degradation had only a small effect on the inversion layer and gate oxide.




4. Conclusions


In this paper, various possibilities for extracting high-power IGBTs’ IC–VCE curve are presented. Disadvantages, advantages, and challenges of each case are described in detail. According to the experiments, the best circuit for measuring the I–V curve is the one with an auxiliary switch at the low side that is switched by a pulse generator and a low-side gate driver; additionally, the IGBT under test is placed at the high side, and it is always turned on by a constant gate voltage. The curve extracted from the datasheet was used as a reference for validation. The measurements made by the proposed setup were able to provide acceptable results. In the next step, a power-cycling test was done through a dedicated setup with four discrete IGBTs. The conventional power-cycling circuit was modified by adding an auxiliary switch and a SPDT relay so that the power-cycling test and the I–V measurements could be performed at the same setup.



Comparison of the curves of a healthy IGBT and an aged IGBT shows that the electrical resistance (RCE) of the degraded IGBT increased by about 13% during the degradation process, while the initial collector-emitter voltage (VCE0) did not show much sensitivity. The VGE–VCE curve is also provided to show the influence of IGBT operation at high temperatures or high electric fields. The values at the two knee points were compared, and it was found that this aging process did not have a significant effect on the gate threshold voltage. It is likely that in our case, the bond wires are most affected during the performed power-cycling test and aging process. A more detailed study, including images from scanning electron microscope (SEM) and scanning acoustic microscope (SAM), can be considered as the next step. Performing these tests on a greater number of samples alongside X-ray and scanning acoustic microscopy images can be considered as a future study. In parallel, this method can be used in field testing and give feedback to lifetime estimation models and/or enable predictive condition monitoring of power electronics.
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Figure 1. Gate-controlled schematic for IC–VCE measurements. 






Figure 1. Gate-controlled schematic for IC–VCE measurements.



[image: Electronics 10 02095 g001]







[image: Electronics 10 02095 g002 550] 





Figure 2. Collector-pulsed schematic for IC–VCE measurements (a) the DUT at the low side and (b) the DUT at the high side. 
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Figure 3. The power-cycling test setup. 
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Figure 4. The proposed power-cycling test setups: (a) without relay and axillary switch; (b) merged structure. 
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Figure 5. The measurement technique to extract the VGE–VCE curve. 






Figure 5. The measurement technique to extract the VGE–VCE curve.



[image: Electronics 10 02095 g005]







[image: Electronics 10 02095 g006 550] 





Figure 6. The laboratory setup implemented for high-power I–V measurements. 
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Figure 7. An example of generated current pulse by direct control and switching of the power supply (23 A). 
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Figure 8. The voltage waveforms from gate-controlled measurement technique. 
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Figure 9. The voltage waveforms from measurement technique with auxiliary switch. 
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Figure 10. The highest junction temperature (Tj-high) and saturated collector-emitter voltage (VCE-high) during the power-cycling test. 
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Figure 11. The obtained IC–VCE curve for a healthy IGBT and an aged IGBT. 
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Figure 12. The obtained VGE–VCE curve for a healthy IGBT and an aged IGBT. 
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