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We discuss the characteristics of In0.17Al0.83N/GaN High Electron Mobility Transistors (HEMTs) with barrier thicknesses between 33 nm and 3 nm, grown on sapphire substrates by MOCVD. The maximum drain current (at VG = +2.0 V) decreased with decreasing barrier thickness due to the gate forward drive limitation and residual surface depletion effect. Full pinch-off and low leakage is observed. Even with 3nm ultra thin barrier the heterostructure and contacts are thermally highly stable (up to 1000°C).

I. INTRODUCTION

Many high speed applications require devices with high power, high efficiency and high linearity at mmwave frequencies and beyond. In this field, GaAs and InP-based HEMTs with gatelengths below 100 nm have been used employing gate recess [START_REF] Streit | High performance Wband InAlAs-InGaAs-InP HEMT[END_REF][START_REF] Medjdoub | InP HEMT downscaling for power applications at W band[END_REF], however limited in power by their breakdown strength. On the other hand GaN-based HEMTs with AlGaN barriers have enabled more than 1 order of magnitude higher power densities.

Nevertheless, it has been difficult to extend the frequency of operation into V-band (50-75 GHz) [START_REF] Quay | AlGaN/GaN HEMTs on SiC: towards power operation at V-band[END_REF] and W-band (75-111 GHz) [START_REF] Micovic | GaN HFET for W-band power applications[END_REF] due to their difficult technology. To obtain very high frequency performance, it is necessary to shrink the gate length while maintaining the structural aspect ratio of gate length to gate to channel separation [START_REF] Awano | Short-channel effects in subquarter-micrometergate HEMTs: simulation and experiment[END_REF][START_REF] Jessen | Short-Channel Effect Limitations on High-Frequency Operation of AlGaN/GaN HEMTs for T-Gate Devices[END_REF]. However in planar AlGaN/GaN devices, the channel sheet carrier density starts to decrease already at a barrier thickness of around 20 nm [START_REF] Tilak | Influence of Barrier Thickness on the High-Power Performance of AlGaN/GaN HEMTs[END_REF][START_REF] Higashiwaki | Barrier Thickness Dependence of Electrical Properties and DC Device Characteristics of AlGaN/GaN Heterostructure Field-Effect Transistors Grown by Plasma-Assisted Molecular-Beam Epitaxy[END_REF]. Consequently, surface depletion of the interfacial induced polarization occurs for thin barriers due to the location of the polarization dipole countercharge on the surface in a deep level (often referred as surface donor [START_REF] Ibbetson | Polarization effects, surface states, and the source of electrons in AlGaN/GaN heterostructure field effect transistors[END_REF]). This level is approx. 1.6 eV below the conduction band edge in the case of AlGaN/GaN with 30 % Al-content. The deep surface donor level can only be removed by surface passivation like with Si-Nitride [START_REF] Hyungtak | Effects of SiN passivation and high-electric field on AlGaN-GaN HFET degradation[END_REF] and indeed 10 nm barrier thickness AlGaN/GaN MISHEMTs have been demonstrated using a 2 nm SiN dielectric [START_REF] Higashiwaki | AlGaN/GaN MIS-HFETs with fT of 163 GHz using cat-CVD SiN gate-insulating and passivation Layers[END_REF]. Recently, 3.5 nm barrier highly strained AlN/GaN MISHEMTs have been demonstrated with an extremely high current level [START_REF] Cao | Ultrathin MBE-Grown AlN/GaN HEMTs with record high current densities[END_REF]. However, these approaches rely on the deposition of an amorphous defect free dielectric overlayer with high dielectric strength and are therefore difficult to realize. These problems have prevented the use of gate lengths smaller than 100 nm in planar devices without apparition of short channel effects. Another possibility to obtain a high HEMT aspect ratio is the use of a gate recess.

However, AlGaN possesses a ceramic-like stability and cannot easily be etched with wet solutions. However, dry etching of the strained barrier layer may generate defects. In fact defects in the strained barrier layer have been found one of the main limiting factors in reliability [START_REF] Joh | Mechanism for electrical degradation of GaN High Electron Mobility Transistor[END_REF]. Thus, although AlGaN/GaN recess techniques have been developed [START_REF] Chini | Power and linearity characteristics of field-plated recessed-gate AlGaN-GaN HEMTs[END_REF], planar approaches may still be more robust.

Recently, In0.17Al0.83N has been proposed as an alternative to AlGaN barrier layers [START_REF] Kuzmik | Power Electronics on InAlN/(In)GaN: Prospect for a Record Performance[END_REF]. In this case a high interfacial sheet charge density of 2.8 x 10 13 cm -2 has been predicted and has indeed been verified by CV and Hall measurements [START_REF] Gonschorek | High electron mobility lattice matched AlInN/GaN field-effect transistor heterostructures[END_REF] and by the analysis of HEMT devices with output current densities above 2 A/mm [START_REF] Medjdoub | Can InAlN/GaN be an alternative to high power / high temperature AlGaN/GaN devices?[END_REF].

Hall measurements on heterojunctions with various barrier thicknesses have indicated a constant sheet charge density down to approx. 10 nm barrier thickness and even at a barrier thickness of 5 nm a sheet charge density of 1.6 x 10 13 cm -2 is observed [START_REF] Medjdoub | Barrier layer downscaling of InAlN/GaN HEMTs[END_REF]. These results have encouraged this investigation of barrier thickness scaling of InAlN/GaN HEMT structures.

II. MATERIAL GROWTH AND DEVICE FABRICATION

The heterostructures were grown by Metal Organic Chemical Vapor Deposition on sapphire substrates.

The structures consisted of a 2 μm thick GaN buffer, a 1.0 nm thick AlN spacer and various In0.17Al0.83N barrier layer thicknesses. The total barrier thicknesses (InAlN barrier and AlN spacer) have been between 33 nm and 3.0 nm. The heterostructures have been characterized by HRXRD (High Resolution X-Ray Diffraction). The 3.0 nm barrier thickness is not detectable by HRXRD, which on the other hand indicates the growth of an extremely thin InAlN film. The sheet carrier densities (NS Hall) of the different layers resulting from Hall measurements are shown in Fig. 1. The HEMT structures were fabricated as follows: Mesa isolation was performed by dry etching using argon plasma. Ti/Al/Ni/Au metal stack annealed at 870°C for 30 s has been used for the ohmic contacts.

The drain-source distance was 3 μm. Ni/Au Schottky gates with 0.25 µm footprint were defined by e-beam lithography and placed asymmetric between source and drain, 1 μm apart from source contact.

III. SURFACE BARRIER PROPERTIES

The Hall measurements indicate a reduction in channel sheet charge density below 10 nm barrier thickness. To understand this behaviour, a model of the InAlN surface properties has been developed, especially the location and density of surface traps. The Atlas simulation tool was used to simulate the sheet charge density as a function of the barrier thickness, not distinguishing between the 1 nm AlN spacer layer and the InAlN barrier layer to simplify modelling (no influence of the AlN smoothing layer on the sheet charge density has been observed experimentally). We have considered three cases: (1) a high (infinite) density of surface traps comparable to the case of the GaAs surface, (2) a deep donor sheet charge density located near the surface equal to the interfacial polarization dipole charge corresponding to the surface donor model of AlGaN [START_REF] Ibbetson | Polarization effects, surface states, and the source of electrons in AlGaN/GaN heterostructure field effect transistors[END_REF] and (3) a fully ionized surface sheet charge density equal to the interfacial polarization dipole charge in combination with a discrete surface state level (donor-like traps) of identical density, located on the surface. Case (1) would result in an accessible channel sheet charge density decreasing with barrier thickness. This is not observed. Case [START_REF] Medjdoub | InP HEMT downscaling for power applications at W band[END_REF] only results in the full undepleted sheet charge density for thin barriers, if the surface donor level is located within the conduction band. In this case the polarization countercharge would fully obey the semiconductor carrier distribution statistics, which is not obvious for example for adsorbed molecules. In case (3) the surface potential is only dominated by the surface state properties, where this state could be also considered as a chemical redox couple on the free surface. This third case is illustrated with Fig. 1. Fitting the surface potential (φs) dependence on barrier thickness with the experimental data, reveal a surface state level between 0.4 and 0.6 eV below the conduction band edge (in this case 0.6 eV). This value is considerably lower than the one discussed in [START_REF] Ibbetson | Polarization effects, surface states, and the source of electrons in AlGaN/GaN heterostructure field effect transistors[END_REF]. In consequence planar InAlN/GaN HEMTs can be fabricated with barrier thicknesses down to the tunnelling thickness in a well controlled way and can be evaluated even before passivation.

IV. DEVICE CHARACTERISTICS

The dependence of maximum HEMT output current (IDSS) on barrier thickness shown in fig. 2 V as can be extracted from the extrapolation in fig. 3. In the insert (Fig. 2) the FET output characteristics are shown for the 0.25 µm gatelength FETs (w = 50 µm) with 15 nm and 3.0 nm total barrier thicknesses. For thick barriers IDSS is approx. 1.8 A/mm and decreases to 0.6 A/mm for the 3.0 nm barrier. It can be seen that current compression is not seen in the thin barrier device prior to forward gate breakdown. Thus, for thin barriers IDSS is gate barrier limited and not NS limited. After passivation by PECVD Si3N4 at 300 °C the saturation current IDSS at VG = +2 V is increased, especially for the thin barrier devices. This may again be a consequence of a reduction or removal of the surface potential φs in the access regions together with a modification of the field redistribution at the point where the gate metal, the barrier layer surface and the passivation layer meet.

Scaling of the barrier thickness could not easily be controlled down to 3 nm by HRXRD and verification would be needed by TEM. However, scaling the FET pinch-off voltage as shown in Fig. 3 results in a linear relationship for all data points, confirming the growth data. After passivation, a maximum output current of 0.9 A/mm has been obtained in conjunction with pinch-off voltage of VP = -1.0 V for the 3.0 nm barrier device. Enhancement mode of operation would be reached for a total barrier thickness of 2.0 nm.

V. THIN BARRIER THERMAL STABILITY

Even at the smallest barrier thickness the stability of the barrier layer and contact/barrier layer interfaces can tolerate high processing temperatures up to 1000 °C, promising potentially high robustness of these ultra thin barrier devices. In the stress experiment (in vacuum), the samples have been heated in intervals of 100°C and kept at each temperature for 30 min. The temperature has been determined as described earlier [START_REF] Kuzmik | Power Electronics on InAlN/(In)GaN: Prospect for a Record Performance[END_REF]. At each temperature step the sample has been cooled down to Room Temperature (RT) and data were taken to evaluate permanent degradation. Temperatures above 1000°C were not possible because of Au-melting. The room temperature DC characteristics after cycling and final heating for 30 min at 1000°C are shown in Fig. 4. In spite of the extensive thermal stressing, the gate forward drive capability, the open channel current and pinch voltage are preserved. No gate sinking has occurred. Thus, the metallurgical interface properties and the properties of the InAlN/AlN barrier layer stack have not been degraded and ohmic as well as Schottky contacts have also not suffered. Thus, stable interface compounds have been formed. Their analysis will have to be subject of an additional materials oriented investigation. As shown in fig. 4, the reverse Schottky barrier leakage after temperature stress is almost identical to the virgin one. In contrast, Ni/Au Schottky barrier contact on Al0.3Ga0.7N/GaN devices with 25 nm barrier thickness show ohmic behaviour after such a temperature stress experiment.

VI. CONCLUSION

Barrier layer scaling of InAlN/GaN HEMTs has been studied for the first time down to 3 nm. The results indicate that InAlN/GaN HEMT device structures can be reliably designed and fabricated with barrier layer thicknesses approaching the tunnelling thickness and approaching enhancement mode characteristics. The thermal stability of 3 nm barrier thickness InAlN/GaN devices has been also evaluated up to 1000°C. No degradation of the InAlN/GaN interface towards the GaN buffer and the surface metals occurred at such high temperatures, which is promising for highly reliable ultra short, ultra high frequency GaN-based devices. Semienhancement mode of operation (VP = -1.0 V) with 0.9 A/mm has been obtained. Improving the gate breakdown characteristics further, would enable enhancement mode of operation with channel current densities well above those, which can be obtained by the conventional AlGaN/GaN counterparts.
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  follows the trend observed for the sheet charge density obtained from Hall-measurements NS Hall shown in fig. 1. However, the correlation between IDSS and NS Hall for the free surface is only indirect. Underneath the gate no reduction in sheet charge density with thinner barrier is expected, if no stress is added by the gate metal. The surface potential of the free surface can only act in the source/gate and gate/drain access regions mainly as parasitic current limiter on the FET open channel current. In this first analysis the open channel current has been approximated by the saturated output current IDSS obtained at VG = + 2.0 V, and the correlation with Ns Hall cannot be quantitative. At this gate bias gate leakage becomes noticeable, which is consistent with a Schottky barrier height of approx. 1.7

Figure 1 :

 1 Figure 1: Simulated NS Hall data as a function of the In0.17Al0.83N/GaN HEMT barrier thickness. The experimental results are indicated by the squares. Corresponding electron mobility are approx. 1000 cm 2 /Vs down to 9 nm barrier thickness and 600 cm 2 /Vs for the 6 nm and 3 nm barrier thicknesses.

Figure 2 :

 2 Figure 2: DC maximum output current density (IDSS) at VG = + 2V as function of barrier thicknesses of In0.17Al0.83N/GaN HEMTs at room temperature. The inserts show the DC output characteristics of a 15 nm (VGS swept from +2 V to -10 V by step of 2 V) and 3.0 nm barrier thickness (VGS swept from +2 V to -1 V by step of 1 V) 0.2550 μm 2 In0.17Al0.83N/GaN HEMT.
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 3 Figure 3: Pinch-off voltage dependence on barrier thicknesses of In0.17Al0.83N/GaN HEMTs.
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 411023 Figure 4: DC output characteristics of a 3.0 nm In0.17Al0.83N/GaN HEMT after 30 min 1000°C thermal stress. The corresponding R.T. characteristics are shown in the insert of fig. 2. VGS swept from +2 V to -1 V by step of 1 V. The insert shows the Schottky diode characteristics at R.T. and after 30 min 1000°C thermal stress.