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RESUME

-AlGaN/GaN HEMTs are very promising candidates for high frequency applications with high power and low noise. Unfortunately, while switching applications strongly demand normally-off operation, conventional HEMTs are normally-on. For the sake of achieving normally-off HEMTs, several structures have been proposed. One of the major normally-off HEMTs uses fluorine implantation in the AlGaN layer. We suggest in this work the implantation of fluorine ions under the AlGaN/GaN interface only below the gate electrode rather than implanting in the AlGaN layer. Simulation results show that the proposed method is capable of achieving normallyoff operation and more effective when it comes to the fluorine concentration required to obtain the desired threshold voltage. Neither the vertical breakdown voltage, nor the off-state current are affected by this approach.

INTRODUCTION

The High Electron Mobility Transistor (HEMT) is a field effect transistor in which two layers of different bandgaps and polarization fields are grown upon one another. As a consequence of the discontinuity in the polarization field, surface charges at the heterointerface are created. If the induced charge is positive, electrons will tend to compensate the induced charge resulting in the formation of a two dimensional electron gas (2DEG) [START_REF] Chen | Enhanced device performance of AlGaN/GaN HEMTs using thermal oxidation of electron-beam deposited aluminum for gate oxide[END_REF]. Thanks to the GaN properties and the HEMT's topology, AlGaN/GaN HEMTs are now promising devices for high frequency applications with high power and low noise, such as microwave and millimeter wave communications, imaging and radars [START_REF] Mishra | AlGaN/GaN HEMTs-an overview of device operation and applications[END_REF].

In the conventional HEMT, the energy levels of the triangular quantum well, formed in the GaN layer below the AlGaN/GaN interface, are below the Fermi level at equilibrium. This will make the channel populated with electrons at zero gate voltage, hence making the HEMT normally-on. However, for power switching applications, normally-off operation is strongly required [START_REF] Kambayashi | High field-effect mobility normally-off AlGaN/GaN hybrid MOS-HFET on Si substrate by selective area growth technique[END_REF]. In order to achieve normally-off operation, the energy levels must be lifted above the Fermi level. Several structures have been proposed

for the realization of normally-off AlGaN/GaN HEMT such as recessed gate structures [START_REF] Burnham | Gate-recessed normally-off GaN-on-Si HEMT using a new O2-BCl3 digital etching technique[END_REF], fluorine ion treatment [START_REF] Chen | Self-aligned enhancement-mode AlGaN/GaN HEMTs using 25 keV fluorine ion implantation[END_REF], pn junction gate structures [START_REF] Hu | Enhancement mode AlGaN/GaN HFET with selectively grown pn junction gate[END_REF], thin AlGaN barrier [START_REF] Ohmaki | Enhancement-Mode AlGaN/AlN/GaN High Electron Mobility Transistor with Low On-State Resistance and High Breakdown Voltage[END_REF], AlN/GaN structure [START_REF] Higashiwaki | Enhancement-Mode AlN/GaN HFETs Using Cat-CVD SiN[END_REF] and conventional HEMT with InGaN cap layer [START_REF] Mizutani | AlGaN/GaN HEMTs With Thin InGaN Cap Layer for Normally Off Operation[END_REF]. In the normally-off HEMT reported in [START_REF] Chen | Self-aligned enhancement-mode AlGaN/GaN HEMTs using 25 keV fluorine ion implantation[END_REF], fluorine ions are implanted in the barrier layer (AlGaN layer). When this approach is used, small amount of fluorine ions penetrate into the channel formed at the AlGaN/GaN interface, presenting themselves as impurities that lead to mobility degradation [START_REF] Chen | Physics of fluorine plasma ion implantation for GaN normally-off HEMT technology[END_REF]. In this paper, we propose to implement the ions below the channel (in the GaN layer) under the AlGaN/GaN interface, and that only below the gate electrode. To obtain this structure, the following can be done: after growing the buffer and GaN layers, fluorine ions will be implanted. Then the channel layer of GaN (15 nm) will be introduced, and above all comes the AlGaN layer (barrier layer). This way, no scattering will occur between the 2DEG and the fluorine ions since the fluorine ions are below the channel region.

SIMULATION STRATEGY ATLAS, a physically-based TCAD simulation tool from

Silvaco, is used to analyze the new HEMT structure. Physical models of the simulator are based on Shockley-Read Hall recombination, Fermi-Dirac statistics and field-dependent mobility [START_REF] Silvaco | ATLAS User's Manual DEVICE SIMULATION SOFTWARE[END_REF]. The simulator is calibrated by using real parameters of a normally-on HEMT device, as shown in figure 1. Add "cm-3" after 10 15 and 10 16 in the figure 1.

In figure 2, the simulation results are presented and compared with the experimental transfer characteristics I d (V gs ). A good match is observed for the threshold voltage (V th ) and the transconductance (g m ). During calibration, the energy and the concentration of the acceptor traps as well as the density of the 2DEG were tuned. In Table 1, some of the parameters used for the simulation are illustrated. 

Table 1: HEMT simulation parameters

To simulate the effect of the implanted fluorine ions, negative charge was added inside the GaN (or AlGaN) layer. To do that using ATLAS, the GaN (or AlGaN) layer was split into two layers. This will generate an interface (GaN/GaN or AlGaN/AlGaN homo-interface) inside the layer. At this interface, a fixed negative charge is added. Although the profile of the fluorine ions concentration, resulting from this approach, differs from the profile experimentally obtained, its effect on the transfer characteristics can be imitated by varying the concentration of negative charge at the interface.

SIMULATION RESULTS

Fluorine implantation in AlGaN layer

Figure 3 shows the transfer characteristics of the conventional normally-on HEMT of figure 1 ("Null") and HEMTs with fluorine implanted in AlGaN (figure 4) at various concentrations (from 4 × 10 12 to 1.4 × 10 13 cm -2 ). The distance between the fluorine ions and the AlGaN/GaN interface is taken 15 nm. It is clear that, at a certain fluorine concentration (1.4 × 10 13 cm -2 ), this technique is capable of shifting the threshold voltage to a positive value (0.5 V), making the HEMT normally-off.

Fluorine implantation in the GaN layer

Figure 5 shows the transfer characteristics of the conventional normally-on HEMT of figure 1 ("Null") and HEMTs with It can be seen from figures 3 and 5 that although the same threshold voltage (0.5 V) was achieved after implantation in both cases, the fluorine concentration required to achieve the desired threshold voltage is lower (8×10 12 < 14×10 12 ) when implantation is performed in the GaN layer rather than in the AlGaN layer, making our proposed technique more efficient.

ENERGY BAND DIAGRAM

To further explore the consequences of the two different techniques, the band diagrams for the two structures are shown in figure 7. It can be concluded from this figure that the implantation in GaN is more effective: since HEMTs attain Schottky gates, the conduction band at the top of the AlGaN layer is pinned at a fixed energy equals to the Schottky barrier. If it was not for that pinning, the conduction band in AlGaN would have risen higher when fluorine is implanted, causing a higher shift in the threshold voltage. Moreover, it can be noted, from the band diagram, that the confinement of the 2DEG under the gate is superior in the case of Fluorine implanted in GaN (see zoom in Figure 7).

BREAKDOWN AND OFF-STATE CURRENT

To examine the off-state current and the breakdown voltage, the structure shown in figure 6 was studied. However, an x-mole fraction of 0.15 was used instead (YOU HAVE TO EXPLAIN HERE, IN ONE SENTENCE, WHY YOU HAVE CHANGED THE X-MOLE FRACTION). In this case, a fluorine concentration of 4.2 × 10 12 cm -2 is necessary to achieve normally-off operation with a threshold voltage of 0.5 V. The same HEMT with no fluorine implantation attains a threshold voltage of -2 V.

Figure 8 shows the variation of the drain current with the applied drain to source voltage I d (V ds ). The applied gate to source voltage is: V gs = V th -1 V, in order to study the two HEMTs in the off-state, i.e. below their threshold voltage. It is clear that neither the vertical breakdown voltage, nor the offstate current are affected by the implanted fluorine ions. A breakdown voltage of 280 V was obtained in both cases.

CONCLUSION

In this work, for the sake of obtaining a normally-off HEMT, we suggest the implantation of fluorine ions in the GaN layer, under the AlGaN/GaN interface only below the gate electrode, rather than the implantation in the AlGaN layer as previously proposed in other papers. Using numerical simulations, we have shown that this approach is capable of shifting the threshold voltage to positive values. In addition to that, this technique is more effective when it comes to the concentration required to achieve normally-off operation. Moreover, with this technique, the channel electrons will be better confined below the gate and scattering with fluorine ions will vanish, since fluorine is implanted below the channel layer. Finally, the implantation of fluorine ions below the channel does not affect the vertical breakdown voltage and the off-state current.
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 1 Fig. 1. Schematic cross-section of the normally-on HEMT structure used for the calibration of the TCAD simulations.
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 2 Fig. 2. Comparison of experimental and simulated Id(Vgs) transfer characteristics showing a clear match for the threshold voltage and transconductance.
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 3 Fig. 3. Id (Vgs) transfer characteristics of the conventional normally-on HEMT and HEMTs with fluorine implanted in AGaN at various concentration.
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 4 Fig. 4. Schematic cross-section of the simulated HEMT with fluorine implanted in the AlGaN layer.
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 5 Fig. 5. Id (Vgs) transfer characteristics of the conventional normally-on HEMT and HEMT with fluorine implanted in GaN at various concentration.
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 6 Fig. 6. Schematic cross-section of the simulated HEMT with fluorine implanted in the GaN layer
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 7 Fig. 7: Band diagrams of HEMT with fluorine implanted in AlGaN at concentration 1.4×10 13 cm -2 and HEMT with fluorine in GaN at concentration 8×10 12 cm -2 ; both HEMTs attain a threshold voltage of 0.5 V.
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