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This experimental study focuses on the positive bias temperature instability (PBTI) in a fully recessed-gate AlGaN/GaN MOS-HEMT. A positive stress voltage to the gate results in positive threshold voltage shift (ΔVth), which is attributed to the trapping of electrons from the GaN layer into the pre-existing oxide traps. The trapping rate exhibits a universal decreasing behavior as a function of the number of filled traps, independently of stress time, stress voltage, stress temperature, and device-to-device variability. The stress-induced ΔVth can be fully recovered by applying a small negative voltage, which causes the electron de-trapping. In the explored time window (between 1 s and thousands of s), the recovery dynamics is well described by the superimposition of two exponential functions associated with two different traps. Both trap time constants are independent of the stress voltage, decrease with temperature and increase with the recovery voltage. The activation energy of the slower trap is 0.93 eV, while the faster trap exhibits an activation energy with a large spread in the range between 0.45 eV and 0.82 eV.

Introduction

In the field of power electronics, there is a continuous requirement of advanced power transistors, enabling to improve the efficiency and the power density of converters. AlGaN/GaN HEMTs have been recently considered as a possible replacement to conventional Si-based devices [START_REF] Baltynov | The world's first high voltage GaN-on-Diamond power semiconductor devices[END_REF]- [START_REF] Saito | Recessed-Gate Structure Approach Toward Normally Electronics Applications[END_REF]. Indeed, GaN-based devices benefit of an intrinsic better tradeoff between onresistance and breakdown voltage, enabling also the operation at very high frequencies [START_REF] Schwierz | RF transistors: Recent developments and roadmap toward terahertz applications[END_REF]- [START_REF] Saadat | Gate-first AlGaN/GaN HEMT technology for high-frequency applications[END_REF].

The potentiality of GaN HEMT has been largely proved in literature, and although the reliability of such a device is still the main concern [START_REF] Meneghesso | Reliability of GaN high-electron-mobility transistors: State of the art and perspectives[END_REF][10], commercial power devices are already available. Nevertheless, an important limitation of GaN HEMTs is their normally-on behavior. Although cascade solutions can be implemented, there is a significant effort in developing normally-off solutions [START_REF] Uemoto | Gate injection transistor (GIT) -A normally-off AlGaN/GaN power transistor using conductivity modulation[END_REF] [START_REF] Kim | Normally-off GaN MOSFETs on insulating substrate[END_REF]. The device considered in this paper is an AlGaN/GaN MOS-HEMT, in which a metal/oxide/ semiconductor stack is adopted to switch-off the current at zero gate voltage. The performance of AlGaN/GaN HEMTs is typically limited by the current collapse phenomenon, which consists of a current reduction due to the application of a negative stress [START_REF] Jin | Methodology for the study of dynamic ON-resistance in high-voltage GaN field-effect transistors[END_REF]- [START_REF] Arulkumaran | Study of current collapse by quiescent-bias-stresses in rf-plasma assisted MBE grown AlGaN/GaN high-electron-mobility transistors[END_REF]. In the case of MOS structure, another important issue affecting device performance is the bias temperature instability (BTI), i.e. a degradation of electrical parameters (such as threshold voltage and charge carrier mobility) induced by the application of high gate voltages and high temperatures. This phenomenon has been extensively studied in CMOS devices for logic applications [START_REF] Crupi | Positive bias temperature instability in nMOSFETs with ultra-thin Hf-silicate gate dielectrics[END_REF]- [START_REF] Franco | On the recoverable and permanent components of Hot Carrier and NBTI in Si pMOSFETs and their implications in Si0.45Ge0.55 pMOSFETs[END_REF]. Recently, experimental studies on BTI have been performed also in the case of AlGaN/GaN MOS-or MIS-HEMTs [START_REF] Crupi | Low Frequency Noise and Gate Bias Instability in Normally OFF AlGaN/GaN HEMTs[END_REF]- [START_REF] Wu | Toward Understanding Positive Bias Temperature Instability in Fully Recessed-Gate GaN MISFETs[END_REF], in order to analyze the impact of different gate dielectrics and to understand the physics associated with the defects responsible of BTI (spatial and energy distribution).

In [START_REF] Crupi | Low Frequency Noise and Gate Bias Instability in Normally OFF AlGaN/GaN HEMTs[END_REF] we have recently conducted a correlation study between 1/f noise and BTI degradation in AlGaN/GaN MOS-HEMTs. We found out that defects originating 1/f noise are responsible for a significant dispersion in the fresh threshold voltage, while different defects (perhaps with different energy or spatial localization) lead to BTI effect. Following the study in [START_REF] Crupi | Low Frequency Noise and Gate Bias Instability in Normally OFF AlGaN/GaN HEMTs[END_REF], this paper aims at carrying out a more comprehensive analysis of BTI on such devices, by evaluating and modeling the influence of stress voltage and temperature on the threshold voltage shift. Moreover, we investigate the time constants and the activation energy of traps involved during BTI. Even though AC measurement techniques have been proposed to capture the behavior of fast traps [START_REF] Lansbergen | Threshold voltage drift (PBTI) in GaN D-MODE MISHEMTs: Characterization of fast trapping components[END_REF], we focused our work on the study of the slow components of the threshold voltage degradation by using DC characterization.

The remainder of the paper is organized as follows: in Section 2 we provide the details of the devices under test and of the characterization methodology; in Section 3 we report and discuss the results of the experimental analysis; finally in Section 4 the main achievements of the paper are summarized.

Experimental

The structure of the AlGaN/GaN MOS-HEMT studied in this work is shown in Fig. 1. It is grown Al0.25Ga0.75N/GaN heterostructure on 150 mm Silicon (111) substrates in a MOCVD reactor. First of all, the ohmic contacts were formed evaporating the Ti/Al-based metallizations and carrying out a rapid thermal annealing at 850 °C [START_REF] Iucolano | Correlation between microstructure and temperature dependent electrical behavior of annealed Ti/Al/Ni/Au Ohmic contacts to AlGaN/GaN heterostructures[END_REF]. After that, the recession of the AlGaN layer was performed with a dry chemical process based on chlorine to ensure a normally-off operation. The 50 nmthick SiO2 layer was deposited by plasma enhanced chemical vapor deposition (PECVD) by using a tetraethyl orthosilicate precursor, followed by a thermal annealing at 850 °C in N2 [START_REF] Crupi | Low Frequency Noise and Gate Bias Instability in Normally OFF AlGaN/GaN HEMTs[END_REF]. Gate contacts were evaporated on the SiO2 by using Ni-based metals [START_REF] Iucolano | Influence of properties of Si3N4 passivation layer on the electrical characteristics of Normally-off AlGaN/GaN HEMT[END_REF].

In order to study the complete dynamics of the trapping and de-trapping process in our devices, a set of stress-recovery experiments was performed at different stress voltages and temperatures with the parameter analyzer Keithley 4200-SCS. All measurements were done at high temperatures ranging from 75°C to 190°C and with VDS=50 mV. The threshold voltage is determined using the fixed current criterion at 10 µA. The adopted measurement procedure consists of three phases: initial stabilization, stress, and recovery.

The initial stabilization is performed by applying a negative gate voltage (typically -1 V) for 3000 s. During this phase, the virgin device is stabilized by releasing the charges originally contained in trapping centers [START_REF] Wu | Analysis of slow de-trapping phenomena after a positive gate bias on AlGaN/GaN MIS-HEMTs with in-situ Si3N4/Al2O3 bilayer gate dielectrics[END_REF] [START_REF] Zhang | Observation of threshold voltage instabilities in AlGaN/GaN MIS HEMTs[END_REF]. It is worth noting that without applying the initial stabilization, positive and negative ΔVth were observed in different samples and in different stress conditions, due to the concomitant charge trapping and releasing during the stress. After this phase, we measured a complete ID-VGS curve sweeping VGS from -3 V to 3 V. It was necessary to measure the curve up to 3 V, which is significantly higher than Vth in fresh device, in order to be able to measure the Vth after stress also in the case of high ΔVth shifts. As shown in Fig. 2, the ID-VGS curve after the initial stabilization is significantly different from the ID-VGS curve measured in a virgin device. This stabilization is performed each time that we change the temperature because it allows the device to reach a reproducible reference state for the subsequent experiments. As a matter of fact, after the recovery stage following the stress phase for different stress voltages, the ID-VGS curve always comes back to this reference state.

During the stress phase, the device is biased with a positive gate voltage (Vstress) ranging between 6 V and 14 V.

Temperatures above 190°C and higher voltages were not used in order to avoid oxide breakdown. In order to monitor the evolution of the stress-induced degradation, the stress was interrupted at fixed time intervals and an ID-VGS curve was measured and compared with the reference curve obtained in the stabilization step to calculate ΔVth.

Immediately after the stress phase, we executed the recovery phase, by biasing the device with a gate voltage (Vrecovery) ranging between 0 V and -2 V for at least 1000 s. Also in this phase, in order to monitor the recovery evolution, we interrupted the recovery at fixed time intervals and an ID-VGS curve was measured and compared with the reference curve obtained in the stabilization step. Fig. 2 illustrates that by applying the recovery procedure after the stress, the ID-VGS curve comes back to the initial stabilized state indicating that no permanent damage was introduced during the stress phase. It is worth noting that the absence of permanent damage is related to the investigated gate voltage values during the stress (6 V to 14 V) and it cannot be extended to higher gate voltages.

Results and discussion

A. Stress Phase

In Fig. 3 we report the evolution of ID-VGS curves with stress in the case of a representative sample. It can be seen that after each stress interval, the ID-VGS curve moves toward the positive VGS direction, showing the notorious threshold voltage degradation. The observed ΔVth shift can be ascribed to the electron trapping from the channel (under the gate oxide) into the traps located in the SiO2 energy gap (see Fig. 4 (a)). Fig. 5 shows ΔVth during the stress at different stress voltages and temperatures. In order to determine the ΔVth evolution, we evaluated the trapping rate parameter defined as . It can be noted that if b is constant, ΔVth evolution follows a classic power law function, i.e.

[31] [START_REF] Mahapatra | A predictive reliability model for PMOS bias temperature degradation[END_REF]. As shown in Fig. 6 (a), the trapping rate parameter significantly decreases during the stress, thus indicating that ΔVth evolution does not follow a power law. Fig. 6 (b) and Fig. 6 (c) also illustrates that b considerably declines by increasing stress voltage and temperature.

In order to understand the physics behind these phenomena, we plot the trapping rate parameter b, which is a measure of the PBTI charging rate, as a function of the number of trapped charges per unit area, ΔNOT (see Fig. 7), for different experimental conditions (i.e. time, voltage and temperature) and different samples. The density of trapped charges has been estimated as ΔNOT = (COX *ΔVth)/q, where COX and q are the oxide capacitance per unit area and the elementary charge, respectively. The overall measurement results illustrate a universal decreasing behavior of the charging rate as a function of the number of filled traps independent of stress time, stress voltage, stress temperature, and device-to-device variability. This trend suggests that the probability of charging traps is associated with the number of available empty traps that exist in the analyzed time window. As an additional cause, this decreasing tendency could be explained by a charge feedback mechanism in which the electrons accumulated near or in the SiO2/GaN interface during the stress increase the barrier potential and diminishes the effect of the forward bias [33][34]. The longer the stress, the more the barrier potential is increased and this could be related to the decreasing trend of the trapping parameter b observed in Fig. 6 (a).

Additionally, we observe a linear correlation by plotting the transconductance variation as a function of the threshold voltage shift for different stress voltages in Fig. 8. This observation suggests that there is also the additional contribution of the charge trapping at the SiO2/GaN interface [START_REF] Zhang | Observation of threshold voltage instabilities in AlGaN/GaN MIS HEMTs[END_REF][24], which causes mobility degradation.

B. Recovery Phase

Fig. 9 shows the relaxation data measured after different stress voltages, temperatures and recovery voltages. For a sufficiently high recovery time, ΔVth tends to zero, thus indicating that in our experimental conditions no permanent damage was introduced during the stress phase. In other words, the observed PBTI is fully recoverable. The observed ΔVth evolution during the recovery phase is ascribed to the release of electrons from the energy states of the SiO2 band-gap into the GaN layer (see Fig. 4 (b)). Several models have been proposed to describe the BTI relaxation dynamics [START_REF] Joh | A Current-Transient Methodology for Trap Analysis for GaN High Electron Mobility Transistors[END_REF]- [START_REF] Pobegen | On the Distribution of NBTI Time Constants on a Long, Temperature-Accelerated Time Scale[END_REF]. As shown in Fig. 9, we considered a simple model based on the superimposition of two exponential functions "

where A1 and A2 represent the amplitudes and τ1 and τ2 are the time constants. The good agreement between experimental data and fitting lines indicates that in the observed time window (between 1s and thousands of seconds), the recovery dynamics under different conditions is well described by two effective sets of oxide traps located at different energy and/or position [START_REF] Tallarico | Modeling spatial and energy oxide trap distribution responsible for NBTI in p-channel power U-MOSFETs[END_REF]. As an
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example, we can observe the final fitting and the individual contribution of trap 1 and 2 for the recovery data after Vstress=14V in Fig. 10. As shown in Fig. 11 (a), both time constants are independent of the stress voltage (between 6V and 14V). This result suggests that the same sets of traps have been filled independently of the applied stress voltage. From the Fig. 11 (b) it can be seen that the two-time constants strongly decrease with temperature. Furthermore, both time constants decrease with more negative gate voltage (Fig. 11 (c)). As previous studies indicate [START_REF] Arulkumaran | Study of current collapse by quiescent-bias-stresses in rf-plasma assisted MBE grown AlGaN/GaN high-electron-mobility transistors[END_REF][17], a reverse electric field accelerates the de-trapping process of the charges by enhancing the electron tunneling back to the semiconductor layer. The main limitation of using a negative gate voltage for the recovery is to find the appropriate value to rapidly release charges from the traps without inducing a new stress phase.

In addition, we illustrate the ratio between the two amplitudes which is independent of the stress voltage (Fig. 11 (d)) and gradually increases with temperature (Fig. 11 (e)) and recovery voltage (Fig. 11 (f)). It is worth noting that the ratio less than one implies a dominant trap characterized by time constant τ2.

In general, a wide distribution of time constant is expected for such a device, since a Gaussian distribution of the energy barrier is foreseen for the emission of single defects. Therefore, we tried to fit the relaxation data with a higher number of time constants. By comparing these results with the ones obtained by using only two exponentials, we observe that the data fitting is only slightly improved, but the trends of the time constants are quite noisy and unstable due to the limited set of experimental points. For this reason, we prefer to adopt the parsimonious model with only two effective time constants, but this is a simplified and purely empirical description of the underlying complex physical mechanism behind the BTI relaxation phase. Furthermore, we evaluated the fitting of the recovery data by using the universal relaxation law [START_REF] Grasser | The Universality of NBTI Relaxation and its Implications for Modeling and Characterization[END_REF] with the assumption of a negligible permanent component. The trends of the β parameter (see Eq. 8 in [START_REF] Grasser | The Universality of NBTI Relaxation and its Implications for Modeling and Characterization[END_REF]) as a function of experimental parameters (stress voltage, stress temperature and recovery voltage) completely agree with the results obtained by using the sum of two exponentials (clearly, since β measures the recovery speed, the observed agreement means that β shows the opposite behavior of the two-time constants). However, we prefer to adopt the two-time constants model since it shows a better match with the experimental data.

In order to determine the apparent activation energies for the two sets of traps, we used the Arrhenius plot reported in Fig. 12. The two extracted activation energies, Ea1 and Ea2, in diverse samples and by applying different recovery voltages can be found in Fig. 13. On the one hand, the average activation energy of the slower trap (Ea2) is 0.93 eV and this value is almost independent of the recovery voltage and the investigated sample. On the other hand, the estimated value of the activation energy of the faster trap (Ea1) exhibits a significantly higher dispersion, falling in the range between 0.45 eV and 0.82 eV. The larger energy spread is ascribed to the lower accuracy in the evaluation of the time constant of the faster trap, due to the lower amplitude. It is important to highlight that the extracted activation energies are related to the traps that exist in the analyzed time window (1 to 100 s) and cannot be extended to fast traps in the regime of µs and ns.

Conclusions

The observed completely recoverable PBTI in AlGaN/GaN MOS-HEMT is ascribed to the initial trapping of electrons from the GaN layer into the traps located in the SiO2 energy gap (stress phase) and the successive electron de-trapping (recovery phase). The PBTI trapping rate parameter exhibits a universal decreasing behavior during the stress phase as a function of the number of filled traps, independently of stress time, stress voltage, stress temperature, and device-to-device variability. In the observed time window (between 1 s and thousands of s), the recovery dynamics is well described by the superimposition of two exponential functions. Both time constants decrease for more negative recovery voltages and for higher temperatures, while they are stress-voltage independent. Relaxation measurements at different temperatures indicate that the slower trap, which is the dominant, exhibits an average activation energy of 0.93 eV, while the average activation energy of the faster trap shows a large spread in the interval between 0.45 eV and 0.82 eV. ΔN OT (cm -2 ) 
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 12457 Figure 1: Schematic of AlGaN/GaN MOS-HEMT analyzed in this work."
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 6 Figure 6: The trapping rate parameter " significantly decreases during the stress (a), and by increasing stress voltage (a) and temperature (b).
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 891011 Figure 8: Transconductance variation vs. correlation is observed (straight line).
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 12 Figure 12: Arrhenius plot of the characteristic recovery time constants extracted from the exponential fitting during the recovery phase. The two activation energies are obtained by the slope of the fitting lines.
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 13 Figure 13: Apparent activation energy of the two traps (Ea1 and Ea2) obtained in different samples (A, B, C and D) at different recovery voltages. These values include the acceleration of trapping and de-trapping at the same time while the chuck is maintained at the same temperature during the whole measurement. The activation energy of the faster trap (Ea1) exhibits a lower mean value and a higher dispersion.
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