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Abstract—Synchronous buck converter comprises a low side (LS) and a high side (HS) switch, where the HS switch works in the 1st quadrant (forward conduction) whereas the LS switch works in the 3rd quadrant (reverse conduction). However, the reliability of the p-GaN gate HEMT in reverse conduction is unclear. In this work, a comprehensive evaluation of this conduction mode for 200 V HEMTs was conducted. Firstly, devices were subjected to time dependent dielectric breakdown (TDDB) measurements. By comparing different device configurations, the time to failure (TTF) was found to only scale with the number of gate fingers instead of the gate width WG, proving the critical spots are the intersection of gate fingers over the N implantation isolation. The reverse operation voltage of VDS for 10 years lifetime was extrapolated to be -5.4 V, corresponding to a failure of 0.01% and 100 gate fingers. Secondly, the devices were submitted to 200 V VDS OFF-state stress for 10 s, after which the reverse drain current saw a negligible degradation. Thirdly, the reverse conduction of the HEMTs only showed a very limited deterioration after a long-time bias temperature instability (BTI) stress at VDS = -5.5 V and VGS = 0 V. This work proves the p-GaN gate HEMTs bear a high reliability in reverse conduction, which can simplify the design of synchronous power system.
Index Terms— p-GaN gate HEMT, reverse conduction, reliability, synchronous conversion
I. Introduction
G
aN high electron mobility transistors (HEMTs) have gained popularity for the next-generation power conversion due to its high switching frequency, high-power density, high operating temperature, smaller gate charge, and low switching loss [
][
][
][
][
][
][
][
]. Replacing conventional Si devices with GaN HEMTs in power circuits can effectively reduce the switching and conduction losses, in view of the very small reverse-recovery charge of the GaN HEMTs. Due to the absence of the source connected body region in the lateral structures, the GaN HEMTs do not contain a build-in body diode but can still conduct reversely which is named as self-commutating reverse conduction (SCRC) [
]. Table I summarizes the terminal biases of the three conduction modes, including the forward conduction, reverse conduction, and diode-mode reverse conduction. 
TABLE I

Terminal biases of the three conduction modes in half-bridge circuits.
	Conduction modes
	VSB (V)
	VGS (V)
	VDS (V)

	Forward conduct.
	0
	6
	1

	Reverse conduct.
	0
	6
	-1

	Diode-mode reverse conduct.
	0
	0
	-5


The reverse conduction capability of the HEMTs is valuable for the synchronous conversion that is heavily used in consumer electronics [
][
]. For the half-bridge buck converter as shown in Fig. 1, when the LS turns OFF and the HS turns ON, the Vsw is close to VIN, and the current IL current builds up in the series inductor L ﬂowing toward the output terminal. When HS turns OFF, the LS first stays in OFF state for a period of dead-time to avoid shoot-through from VIN to GND. In this case, the voltage Vsw is driven rapidly towards negative by the IL, as shown by the VSW waveform in Fig. 1(b). In this case, the IL will flow from the LS source to drain. Therefore, the LS works in diode-mode reverse conduction, where the LS source and gate together work as the anode, and the drain as the cathode. Conventional synchronous Si power devices require a free-wheeling diode to conduct IL when the LS turns OFF, where the Vsw is clamped to around -0.8 V by this diode. In contrast, that is not a must for GaN HEMTs because they can conduct reversely but do not suffer the reverse recovery loss [
][9]. Omitting the anti-parallel diode will apparently increase the reverse conduction loss during the dead time, but can avoid inductive oscillation, output capacitance loss, and extra cost.
The reverse conduction was found to be similar to the forward conduction with a voltage drop of VTH-VGS(OFF) by Sørensen et al. in [10], where an anti-parallel diode is still plugged because the long-term performance of GaN devices in diode-mode is not fully understood. Liu et al. presented the high surge current capability of p-GaN gate HEMTs in reverse conduction [
]. It is notable that most of the publications focus on the p-GaN gate reliability under forward bias stress [
][
][
][ 
][
]. The evaluation of the reliability of p-GaN gate HEMTs in reverse conduction is however still lacking. 

In this paper, we will comprehensively evaluate the reliability of p-GaN gate HEMTs in diode-mode reverse conduction. Epitaxy and device processing will be first briefly introduced. Afterwards, TCAD simulations will be used to visualize the carrier distribution in the channel during diode-mode reverse conduction. Then area scaling measurements are performed with different gate widths and number of fingers to locate the critical spots. Time dependent dielectric breakdown (TDDB) measurement will then be conducted to extrapolate the lifetime in the diode-mode reverse conduction. The devices will further be subjected to 200 V OFF-state stress to investigate the trapping impact on the reverse conduction. The bias temperature instability (BTI) stress test will be finally performed to evaluate the VTH stability under reverse bias stress.
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Fig. 1. (a) Schematic of the synchronous buck converter and (b) typical waveforms in a synchronous rectifier buck converter. The LS switch enters diode-mode reverse conduction during the dead time.

II. Epitaxy and Fabrication
The AlGaN/GaN buffer and active layers were all epitaxially grown on 200 mm SOI substrates using MOCVD. The epi stack consists of a 200 nm AlN nucleation layer, a 2.15 μm (Al)GaN superlattice (SL) buffer, a 1μm carbon-doped GaN back barrier, a 400 nm GaN channel, a 12.5 nm Al0.235GaN barrier, and a 80nm p-GaN layer with a Mg doping concentration of 3×1019 cm-3. 
The devices were processed using imec’s 200 mm CMOS compatible process modules [
]. A TiN layer was first deposited on the p-GaN, followed by the TiN layer dry etching. Then, a selective p-GaN to AlGaN dry etch was done using a BCl3/SF6 chemistry. Afterwards, the access area was passivated by a dielectric stack containing Al2O3 and SiO2. The active region was defined by the N implantation, which was conducted by Axcelis Optima implanter. The total implantation dose is 5.8×1013 cm-2. The dielectric stack was then etched open in the gate area followed by the deposition and patterning of the gate metal stack. The gate processing was finalized by the deposition of a second SiO2 layer. Ohmic contact formation of the source and drain contacts was done after the gate processing, using a low temperature annealing of the metal stack consisting of Ti, TiN and Al [
]. Trench isolation was made by etching the dielectric, (Al)GaN buffer, and Si(111) top layer, stopping in the SiO2 buried oxide layer, followed by SiO2 filling and chemical-mechanical polishing (CMP). The process flow was completed by local substrate contact, back-end metallization, and SiN passivation. Fig. 2 shows the schematic cross-section of a fabricated p-GaN gate HEMT. The dimension parameters of the three devices under measurement as shown in Fig. 3 are listed in Table II. The DC, TDDB, and BTI measurements were conducted using a Keysight B1500A, and the dynamic current dispersion measurement using a Keysight B1505A. The TCAD simulations were done using the Sentaurus 2D process simulator.
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Fig. 2. Schematic cross-section of the E-Mode p-GaN gate HEMT.
TABLE II
Dimension parameters of the processed hemts with three configurations
	Device
	LG ((m)
	LGS ((m)
	LGD ((m)
	WG ((m)
	Number of fingers

	STD-HEMTs
	1.3
	0.75
	5.75
	100
	1

	2F-HEMTs
	1.3
	0.75
	5.75
	50
	2

	1F-HEMTs
	1.3
	0.75
	5.75
	20
	1
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Fig. 3. Microscopy images of the processed (a) STD-HEMTs, (b) 2F-HEMTs, and (c) 1F-HEMTs with Drain (D), Gate (G) and Source (S) pads.
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Fig. 4. (a) Output characteristics in the forward and reverse conduction and (b) transfer characteristics of the processed STD-HEMTs at 150°C
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Fig. 5. Gate leakage versus VDS of the diode-mode reverse conduction at (a) 25 °C and (b) 150 °C. Five HEMTs with different number of fingers, gate width, or gate length are compared.
III. DC Characterization and TCAD simulation
A. DC characterization
Fig. 4(a) shows the output characteristics of the STD-HEMTs in 1st and 3rd quadrants. In reverse conduction, the VGS of HEMTs is 0V or 6V. The latter case will not be elaborated in this work since it resembles the conventional forward conduction. In contrast, the former case requires a more negative VDS to keep the drain current level, thus imposing a reliability pressure to the devices. Fig. 4(b) shows the transfer characteristics of the device with the V​GS swept till 10 V.
To further probe the reliability of the HEMTs in diode-mode reverse conduction, the VDS is swept from 0 to -20 V and the gate and drain terminals grounded. The gate leakage versus VDS is plotted in Fig. 5. Five HEMTs with different number of fingers, different gate width, or different gate length are measured at 25 and 150 oC. It is evident that the gate leakage is gate perimeter dependent when -3.5 V<VDS<0 V, indicating the leakage current is probably dominated by the p-GaN sidewall leakage. Afterwards, the leakage demonstrates a rough gate area dependence, distorted by the VDS. To mimic the real working condition, the source is grounded in TDDB measurement, in which circumstance the devices are simultaneously under current and voltage stress. 

B. TCAD Simulation

In this part, the conduction mechanism of the device in the diode-mode reverse conduction is investigated using TCAD simulations. The Schottky to p-GaN and p-GaN to 2DEG diode acts as two back-to-back diodes as shown in Fig. 6(a).  Applying a negative VDS when VGS remains at 0 V, the P-i-N diode (p-GaN/AlGaN/2DEG in the GaN access region towards drain) will be forced to forward operation mode. However, this forward operation is impeded as the Schottky/p-GaN diode blocks the current. Hence, the VGD will mostly drop across the Schottky/p-GaN diode instead of the P-i-N diode. With further increasing negative bias on the drain and when the VGD is higher than the VTH, the Schottky becomes more and more reversely biased until around -4.5 V when it starts to leak holes to the two-dimensional hole gas (2DHG). A non-local tunneling model at the pGaN/Schottky and at the p-GaN/AlGaN/GaN diode has been used in TCAD to mimic this gate leakage current. The 2DEG will consequently build up as well. Finally, the channel will be open and the current between drain and source will start to flow as shown in Fig. 6(b). In principle, this mode of conduction is very similar to first quadrant operation, which is a specificity of the p-GaN HEMT.   
IV. Reliability

In this section, TDDB characterization will be first conducted to evaluate the lifetime of the GaN devices in the diode-mode reverse conduction. Various device dimensions especially the multi-finger structure will be used to probe the failure mechanism. Moreover, area scaling for lifetime projection also requires devices with different dimensions. The other two tests are OFF-state stress and BTI, which mainly evaluate the trapping effect and can be conducted on STD-HEMTs devices. 

A. TDDB
Area scaling is often used to enable full chip failure rate projection, provided the failures take place uniformly and scale with area or perimeter. Lifetime of larger devices can therefore be estimated by that of smaller measured devices. Before the area scaling, small devices with various dimensions are normally first tested to check the scaling law [
]. Moreover, area scaling is also used to locate the critical spots that trigger the failure. Three test devices, i.e. STD-HEMTs, 2F-HEMTs, and 1F-HEMTs as listed in Table II are first stressed at VDS = -13 V and VGS = 0 V. Sixteen fresh devices are stressed for each stressing condition. The stress terminates when the gate leakage current exceeds the criterium of 10 mA/mm. Fig. 7 (a) shows the Weibull plots of the TTFs (i.e., hard breakdown time). Using maximum likelihood estimation (MLE) of the TDDB data, the distribution of the TTFs can be fitted very well by a Weibull distribution as in [
]             
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as proved by the overlap of solid blue circles and the solid blue line in Fig. 7(a). The t is the TTF, β is the shape factor, and η is the scale parameter. If the failures take place randomly in an area or along the perimeter, the Weibull function FA1(t) can be expressed as a function of FA2(t) as 
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The area scaling from the area of A2 to the area of A1 thus can be achieved by vertically shifting the Weibull plot by ln(A1/A2). In Fig. 7 (a), the Weibull distribution of the measured TTF of the 1F-HEMT does not overlap with the dashed line scaled from the Weibull plot of STD-HEMTs by ln(20/100). This directly proves the failures do not take place randomly under the gate 
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Fig. 6. (a) Circuit model of the gate structure and band diagram at equilibrium and (b) electron density of the p-GaN gate HEMT biased with VDS of -0.7 V, -4  and -5 V and VGS of 0 V. The channel is fully open when VDS reaches -5 V.

finger. In contrast, the measured TTF of 2F-HEMTs overlaps with the scaled Weibull plot by ln(2/1) from that of the STD-HEMTs, indicating the failures take place at the intersection of the gate fingers over the N implantation isolation as shown in Fig. 7(b). The emission image by emission microscopy (EMMI) in Fig. 8 directly illustrates the breakdown point after the TDDB stress is locating at this intersection. This observation is consistent with [
], and the failure might be induced by the wearout of the epitaxy layer, especially the p-GaN layer, that is damaged by the N implantation. Fig. 9 further elaborates the failure mechanism. The extended p-GaN layer in the implanted region is damaged, which therefore becomes more vulnerable to the stress and failure.
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Fig. 7. (a) Weibull plots of the TTF of the HEMTs with various dimensions under the stressing voltage VDS of -13V, (b) schematic photograph with the critical spots marked at the intersection of the p-GaN gate finger over the N implantation isolation.
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Fig. 8. Emission image of the STD-HEMT after breakdown.
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Fig. 9. Schematic of the STD-HEMT with N implantation that damaged the extended p-GaN layer, which is more vulnerable to the stress and failure.  
The STD-HEMTs were then subjected to TDDB measurements under stressing voltages VDS of -12.2, -13.0, and -13.8 V. The TDDB curves and Weibull plots are shown in Fig. 10 (a) and (b), respectively. The drain current ID remains almost constant till the gate breakdown. In the lifetime extrapolation, the most conservative E-model was implemented. The area scaling from 1 finger to 100 fingers and the failure scaling from 63.2% to 0.01% are shown in in Fig. 10 (c). For a lifetime of 10 years, failures of 0.01%, and 100-finger devices, the operating voltage of -5.4 V is obtained for the diode-mode reverse conduction. This limit voltage for the reverse conduction should not be exceeded during circuit design. The VDS required in the application mainly depends on the reverse conduction current. To increase the conduction current without jeopardizing the reliability, the VTH can be accordingly decreased, and the single gate finger width can be increased. It is noticed that Moens et al. validated that exponential model gives a better lifetime fitting result for their specific technology [
].
To investigate the impact of temperature on the device reliability in diode-mode reverse conduction. The STD-HEMTs are further subjected to diode-mode stress under VGS=0V/ VDS=-13.8 V at different temperatures of 25, 85, and 150 ºC. As shown in Fig. 11, the η values for the three temperatures are 229 s, 126 s, and 53 s, which decrease with the temperature. Therefore, the lifetime obtained in Fig, 10 in the harsh condition of 150 ºC gives a pessimistic estimation. The lifetime for the device operating in the traditional condition of 85 ºC could be longer.   
B. OFF-state stress

A low dynamic RON is crucial for low conduction loss, but previous publications only focus on the forward conduction [
][
]. It is notable from Fig. 1(b) that the LS will enter the diode-mode reverse conduction immediately after the OFF-state stress. The possible trapping problems during diode-mode reverse conduction will therefore be addressed in this part. To be specific, the reverse drain current of the fresh device was first sensed for 230 s and then subjected to OFF-state stress with VDS = 200 V and VGS = 0 V for 10 s. Afterwards the reverse drain current was sensed for 230 s to monitor the trapping and recovering behaviour. Two cases of VGS = 0 V/ VDS = -5.5 V and VGS = 6 V/ VDS = -1 V in reverse conduction were monitored. This transient method suffers from a relatively long relaxation time of ~10 ms, but the traditional fast-switching facility is unable to stress the device in the 1st quadrant and measure it in the 3rd quadrant. To verify the applicability of this transient method, the forward drain current dispersion with VGS = 6V/ VDS = 1 V was also measured. Fig. 12 shows that the forward drain current exhibits 20% degradation at 25 °C but negligible degradation at 150 °C by this method, which is consistent with the previous result measured by Auriga [19]. The current dispersion is normally induced by the trapping in the p-GaN stack and oxide/AlGaN in the access region [
]. For the case of VGS = 6V/ VDS = -1 V, a similar degradation is also observed. Contrarily, the drain current of the diode-mode reverse conduction at VGS = 0 V/ VDS = -5.5 V only gives a negligible degradation (Fig. 12(a)). Right after the OFF-state stress, this diode-mode case also shows some current dispersion that however recovers much faster. The recovery process is probably facilitated by the negative drain voltage of -5.5 V that theoretically can fasten the de-trapping process, thus inducing a lower current dispersion. This test directly proves the OFF-state stress will not dramatically impact the diode-mode reverse conduction.
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Fig. 10. (a) TDDB curves under the stressing voltages VDS of -12.2 V, -13.0 V, -13.8 V of the processed STD-HEMTs (b) the Weibull plots of the TTF, and (c) lifetime extrapolation of 100 fingers HEMT with failure of 0.01% at 150 °C.
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Fig. 11. Weibull plots of the TTF of the processed STD-HEMTs under the stressing voltages VDS of -13.8 V at 25, 85, and 150 °C.
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Fig. 12. Transient drain current of the fresh and 200V off-state stressed devices at three different conduction modes.
C. Bias temperature instability
BTI measurements were finally carried out to probe the impact of diode-mode bias stress on the VTH. The BTI measure-stress-measure sequence is shown in Fig. 13 (a), where the stress condition is VDS=-5.5 V/ VGS = 0 V. The stressing was periodically interrupted by a ID-VG measurement with VDS=0.3 V and ID-VD sweeping with VGS=0 V/6 V. After stressing, the recovering behaviour was monitored by the same ID-VG and ID-VD measurement. Fig. 13 (b) and (c) show the ID-VG curves and ID-VD curves during stressing and recovering phases, respectively. Fig. 13(d) shows that the VTH extracted from Fig. 13(b) slowly ramps up by only 5% from the fresh value of 3.06 V to 3.21 V and then stabilizes after 10,000 seconds’ stress. After releasing the stress, the VTH gradually recovers to the fresh value after 1000 s. The fully recoverable behaviour indicates the VTH shift is more likely to be induced by filling the pre-existing defects. In reverse conduction, the drain current at VGS = 0 V and 6 V both show very limited degradation.

BTI by forward gate bias stress has also been evaluated under the stress condition of VDS=0 V/ VGS = 6 V. Fig. 14(a) demonstrates the measure-stress-measure sequence. As shown in Fig. 14(c), the VTH shift is within 4%, comparable to that of the diode-mode bias stress, manifesting the robustness of the p-GaN gate HEMT in diode-mode conduction. It is worthwhile to mention that the relaxation time can impact the BTI results because of the fast trapping and de-trapping behaviours of the p-GaN gate stack [
]. However, in this study we can at least conclude that the BTI performance by diode-mode bias stress is not inferior to that of the forward gate bias stress. Optimizing the epitaxy and processing can further suppress the fast trapping issue. 
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Fig. 13. (a)  BTI measure-stress-measure  sequence  including the stress and recovery phases of the diode-mode bias stress under the stressing conditon of VDS=-5.5 V/ VGS = 0 V, (b) ID-VG curves, (c) ID-VD curves, and VTH evolution during (d) stress and (e) recovery phases extracted from (b) at 150 °C
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Fig. 14. (a)  BTI measure-stress-measure  sequence  including the stress and recovery phases of the forwward gate bias stress under the stressing conditon of VDS=0 V/ VGS = 6 V, (b) ID-VG curves, and VTH evolution during (c) stress and (d) recovery phases extracted from (b) at 150 °C.
V. Conclusion
A comprehensive evaluation of the p-GaN gate HEMTs in reverse conduction has been made in this work. TDDB measurements on various device configurations uncover that the critical spots are located at the intersection of gate fingers over the isolation by N implantation. Afterwards, the operation voltage VDS for diode-mode reverse conduction was extrapolated to -5.4 V, corresponding to a lifetime of 10 years for 0.01% failures and 100 fingers. After 200 V VDS OFF-state stress, the HEMTs showed ~20% drain current degradation in forward conduction of VGS = 6 V/ VDS = 1 V, whereas the diode-mode reverse conduction of VGS = 0 V /VDS = -5.5 V was almost unaffected. Finally, long-time BTI stress at VGS = 0 V/ VDS = -5.5 V induced ~5% VTH shift, which can be fully recovered. It can therefore be concluded that the reverse conduction of p-GaN gate HEMTs bear a high stability under various stress conditions, thus qualifying for synchronous conversion without any anti-parallel free-wheeling diode. This work provides a reliability reference for GaN power system design, and the device dimension can be determined by considering the reverse conduction capacity and the VSW oscillation amplitude. 
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