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I. INTRODUCTION

Gallium Nitride (GaN)-based high-electron mobility transistors (HEMTs) have attracted a lot of attention in power electronics and RF applications which require high breakdown voltage and low ON-resistance [START_REF] Nifa | Characterization and modeling of 2DEG mobility in AlGaN/AlN/GaN MIS-HEMT[END_REF]- [START_REF] Zhao | Effects of recess depths on performance of AlGaN/GaN power MIS-HEMTs on the Si substrates and threshold voltage model of different recess depths for the using HfO2 gate insulator[END_REF]. However, the extraction of electrical parameters is a key point to understand the physical phenomena that govern the operation of power transistors mainly for short channel devices.

Recently, the process influence on two-dimensional electron gas (2DEG) transport properties in Al0.25Ga0.75N/AlN/GaN heterostructures has been discussed extensively on various technological splits (normally on & off) [START_REF] Nifa | Characterization and modeling of 2DEG mobility in AlGaN/AlN/GaN MIS-HEMT[END_REF], [START_REF] Mizue | Capacitance-Voltage Characteristics of Al 2 O 3 /AlGaN/GaN Structures and State Density Distribution at Al 2 O 3 /AlGaN Interface[END_REF]. Since for GaN-based HEMT devices, the ONstate resistance is a critical issue [START_REF] Zhang | Large area GaN HEMT power devices for power electronic applications: switching and temperature characteristics[END_REF], a relevant extraction methodology should include the impact of access resistance.

For Si device technology, a specific methodology has been proposed [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF]- [START_REF] Ortiz-Conde | Revisiting MOSFET threshold voltage extraction methods[END_REF] using a Y-function based Id-Vg characteristic.

The Y-function eliminates the influence of biasindependent source-drain series resistance [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF] and we presented on a previous work [START_REF] Kammeugne | Y-Function Based Methodology for Accurate Statistical Extraction of HEMT Device Parameters for GaN Technology[END_REF] its first use for GaN HEMT devices.

The aim of this study is to extract threshold voltage (Vth) and effective mobility (μeff) independently of access resistance (RSD). We will first describe the experiment performed in this study: process technology, studied wafers and electrical characterization. We will then introduce the Yfunction method and its interest for parameter extraction. We 

III. EXPERIMENTAL EXTRACTION METHODOLOGY

Gate oxide capacitance (Cox), Vth and µeff were first extracted using classical methodologies. We report in Fig. 2, Cox measurements at maximum Vg, showing an increase at shorter lengths. This may be due to an effective length Leff larger than designed Lg, with an influence of recess depth.

Using both Cgc-Vg and Id-Vg characteristics in the linear regime (low Vd), split-CV mobility [START_REF] Romanjek | Improved Split C-V Method for Effective Mobility Extraction in sub-0.1-<tex>$muhbox m$</tex>Si MOSFETs[END_REF] (1) has been extracted versus channel carrier concentration NCh (Fig. 3).

μ split N ch = L g W I d V g Q Ch V g V d (1) 
where, QCh(Vg) =q.Nch(Vg) is the total charge in the accumulation channel obtained from integration of Cgc-Vg characteristics.

Whereas C ox C gc V g =5V W•L g values are quite similar for the two wafers, mobility dependence with Lg appears different, with a significant reduction for small Lg, especially for wafer 2. In order to investigate the origin of the reduction of μ split with Lg, the Y-function method has been applied. The Y-function ( 2) is based on the Id-Vg characteristic and its transconductance gm, g m = dI d dV g [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF].

Y(V g )= I d (V g ) g m 1 2
(2)

It was demonstrated analytically that in accumulation regime, Y-function (2) must follow a linear trend [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF] for wich β is the transconductance parameter β = ⁄ .

Y V g = β•V d • V g -V th,Y
Experimentally, two GaN-HEMT devices (A and B) having different access resistances were selected on wafer 2. Indeed, Y-function ( 2) provides an easy and reliable way to extract, from its linear, a threshold voltage Vth value and a

slope β•V d = WC ox μ 0 V d /L g 1/2
that is the gain factor on MOSFET devices free from series resistance [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF]. A low field mobility µ0 can be extracted from the trans-conductance parameter β.

Using Y, β and Id, an additional θeff function (3) can be calculated for each device in order to extract the mobility attenuation factor θeff. 

As already demonstrated [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF], when the gate voltage increases, θeff saturates towards a value θ1 called mobility reduction factor. As we compare GaN HEMTs with different Lg and thus different β, θ1 is expected to follow a linear trend versus β such as ( = + ! "# • % [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF]) from which the source/drain access resistance ! "# can be extracted. 

where ,0

C gc,i V g =5V W•L g is the oxide capacitance for the device i.

IV. RESULTS AND DISCUSSION

A. Experimental results in MIS-HEMT GaN using the Yfunction and 2B respectively

L g = 2 µm T = 25 °C V d = 10 mV θ 1,B ≈ θ 0 + R SD,B .β B θ eff [ V -1 ] Gate voltage [ V ] θ eff -device 2A θ eff -device 2B θ 1,A ≈ θ 0 + R SD,A .β A
Fig. 6. Various median threshold voltages versus Lg on wafer 1 (solid line) and wafer 2 (dashed line).
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Fig. 7 reports the dependence of θ1 (median, standard deviation) for all tested devices versus gain factor β. A θ0 value is obtained from the y-axis intercept at zero gain, providing θ0 ≈ 0.038 V -1 for wafer 1 and θ0 ≈ 0.018 V -1 for wafer 2. θ0 can be considered as an intrinsic parameter of each processed wafer. Using a logarithmic scale (Fig. 8), with θ1 variation we see larger scattering of the source/drain access resistance (RSD) value on wafer 2 (≈×10 compared to ≈×1.4 for wafer 1).

For each device, we can estimate RSD using θ0, θ1 and β (Fig. 9). Note that the estimation is more reliable for small gate lengths for which the hypothesis on the intrinsic mobility reduction factor θ0 is less important. On wafer 1, RSD is controlled at a moderate value of around 60 Ω whereas RSD median value can reach up to 400 Ω for wafer 2 due to degraded Ohmic contact process. 
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Using RSD value extracted for each device, the split-CV mobility (µsplit) can be corrected according to the following equation:

μ split_corrected =μ split • V d V d -R SD •I d (5)
where, μ split (1) is the effective mobility obtained by classical split-CV method [START_REF] Romanjek | Improved Split C-V Method for Effective Mobility Extraction in sub-0.1-<tex>$muhbox m$</tex>Si MOSFETs[END_REF]. R SD is the global access resistance of the HEMT device, it is obtained from θ1 the asymptotic value of , and it corresponds to the source and drain access resistance. R SD value can be also estimated with the contact resistance (! * at source and drain, and the 2D gas resistance R ABCD leading:

2R C + R 2DEG •
L SG +L DG W ⁄ ( "M and #M the source-to-gate and drain-togate length respectively).

In Fig. 10, we compare three mobility parameters: µ0 obtained from β parameter, µsplit and µsplit_corrected extracted for

N Ch = 7×10 12 cm -2 .
Note that, the classical µsplit underestimates effective mobility, mainly for small Lg, due to parasitic bias drop in access resistances. As expected from literature [START_REF] Romanjek | Improved Split C-V Method for Effective Mobility Extraction in sub-0.1-<tex>$muhbox m$</tex>Si MOSFETs[END_REF], µ0 slightly overestimates mobility, but it provides the same trend as µsplit_corrected versus gate length. μ split_corrected can be considered as the best estimation of the HEMT mobility. The mobility measured at the Oxide/semiconductor interface is significantly degraded compared to the 2DEG mobility usually seen with an undamaged AlGaN/GaN interface [START_REF] Nifa | Characterization and modeling of 2DEG mobility in AlGaN/AlN/GaN MIS-HEMT[END_REF],

[2] [START_REF] He | Performance and VTH Stability in E-Mode GaN Fully Recessed MIS-FETs and Partially Recessed MIS-HEMTs With LPCVD-SiNx/PECVD-SiNx Gate Dielectric Stack[END_REF]. Fig. 11 reports µsplit_corrected for the same devices that are reported in Fig. 3, but using the RSD correction obtained for each device. Dependences for wafers 1 and 2 appear now similar with a similar decrease with gate lengths. The strong decrease of mobility seen on μ split for wafer 2 (Fig. 3) can be explained by the large value of RSD. Using Y-function, even in the case of large access resistance, it is possible to extract the mobility in HEMT channel for short lengths for which the impact of access resistance is the strongest. A new Y-function based extraction methodology applicable from weak to strong inversion and not limited to above or near threshold region has been developed for MOSFET parameter extraction under low voltage operation [START_REF] Henry | New Yfunction based MOSFET parameter extraction method from weak to strong inversion range[END_REF]. By analogy to the Y-function (Eq. 2) built from the drain current and transconductance, Henry et al. [START_REF] Henry | New Yfunction based MOSFET parameter extraction method from weak to strong inversion range[END_REF] proposed a Yfunction build from accumulation charge and capacitance (Eq. 6). In strong accumulation, P -follows a linear trend.

P -= Q RS * T = • -2+ (6) 
Assuming an exponential variation of ) *+ in depletion,

() *+ ≈ ) *+ VWX -2+ YZ [ ⁄ ) with Z [ = \] ⁄ being
the thermal voltage.

-≈ ) *+ YZ [ ⁄ , yields for P - [START_REF] Henry | New Yfunction based MOSFET parameter extraction method from weak to strong inversion range[END_REF],

P -≈ YZ [ ) *+ (7) 
In Fig. 13, the two asymptotic trends (Eqs. 6 & 7) are clearly identified on a ) *+ P -plot.

As a result, combining both asymptotic laws, a general expression of ) *+ P -valid from weak to strong accumulation can be proposed [START_REF] Henry | New Yfunction based MOSFET parameter extraction method from weak to strong inversion range[END_REF].

) *+ = _ ` ab c d _ef g h ` ab c (8) 
Considering the classical model for the drain current in linear operation:

N O = i j • • ) *+ • O (9) 
where is the effective mobility, ) *+ the channel charge and O the drain voltage. Assuming to be constant with (= ) in depletion and considering a single mobility degradation factor , the mobility in accumulation, can be expressed using the conventional formulation (10) [START_REF] Ghibaudo | New method for the extraction of MOSFET parameters[END_REF].

V g = m > h: ; _ n RS b R 45 c (10) 
From Equations. 8, 9 and 10 we get:

d = o = YZ [ + • p1 + • q (11) 
Equation [START_REF] Ortiz-Conde | Revisiting MOSFET threshold voltage extraction methods[END_REF] indicates that the variation of

P A N O ⁄ (= N O r s ⁄ ) with Y(V g ) should follow a parabolic
behavior with coefficients providing the three parameters Y, % and [START_REF] Henry | New Yfunction based MOSFET parameter extraction method from weak to strong inversion range[END_REF].

Fig. 14 summarizes experimental values and model for different gate lengths. To fit the parabolic dependence, we get a set of and % parameters for each gate length. We can see the good fit obtained for all gate lengths. Moreover and % obtained by this method are similar to values obtained using respectively asymptot (Eq.3) and P slope (Fig. 15).

This extraction procedure proposed by [START_REF] Henry | New Yfunction based MOSFET parameter extraction method from weak to strong inversion range[END_REF] can be used 

Fig. 1 )

 1 Fig. 1) is performed by Metal-Organic Chemical Vapor Deposition (MOCVD), on a 200 mm diameter silicon (111) substrate. Starting with an AlN nucleation layer followed by AlGaN and unintentionally doped (UID) GaN buffer layer,an AlN spacer and an AlxGa1-xN barrier layer are then grown on top, followed by in-situ deposition passivation layer[START_REF] Charles | The effect of AlN nucleation temperature on inverted pyramid defects in GaN layers grown on 200 mm silicon wafers[END_REF],[START_REF] Charles | The Characterization and Optimization of GaN Cap Layers and SiN Cap Layers on AlGaN/GaN HEMT Structures Grown on 200 mm GaN on Silicon[END_REF]. In this study, fully recessed MIS gate normally-off GaN transistors are processed by dry etching the AlGaN and UID-GaN layers at the gate.

Fig. 1 .

 1 Fig. 1.Schematic cross section of Al2O3/GaN MIS-HEMT stack.

Fig. 4

 4 Fig.4 confirms the theoretical independence of Y-function with access resistance whereas Id-Vg is significantly impacted. Y-function can be then used to extract HEMT parameters without any influence of the access resistance.
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 2 Fig. 2. Capacitance at Vg =5V for different Lg on wafer 1 and 2.

Fig. 3 .

 3 Fig. 3. Split-CV mobility versus NCh for different Lg on wafer 1 (solid line) and wafer 2 (dashed line).

Fig. 4 .

 4 Fig. 4. Drain current and Y-function on the MIS-HEMT GaN technology for two devices (black line 2A and red line 2B) on wafer 2 having different access resistances.

Fig. 6

 6 Fig. 6 compares the median values of threshold voltages related to different definitions. Vth,lin at low constant current (I d • W L g ⁄ with I d =1nA) appears as the most stable parameter as we vary Lg, however it is below the effective onset of current. Vth,gm extrapolated from Id slope at maximum transconductance and Vth,Y extrapolated from Y-function follow similar trends with a small gate length dependence. They both qualify the threshold of HEMT device but Vth,Y is obtained from strong inversion regime and without any impact of series resistance. On the contrary, Vth,lin at 10 -5 A.mm -1 evidences a non-expected linear trend with increasing gate lengths likely due to an extraction in medium inversion especially for large Lg. It therefore cannot be considered as reliable indicator of HEMT threshold voltage.

Fig. 5 .θ 1 ,

 51 Fig. 5.-function on the MIS-HEMT GaN technology on wafer 2 for two devices (black solid line 2A and red solid line 2B) having

Fig. 7 .Fig. 8 .

 78 Fig. 7. Dependence of θ1 function with β (median) for different Lg obtained from Y-function for wafer 1 (θ0 ≈ 0.0382 V -1 ) and wafer 2 (θ0 ≈ 0.018V -1 ).

Fig. 9 .

 9 Fig. 9. Full report of plots of : ; <= > ? corresponding to the source/drain access resistance RSD value, plotted here for each device on wafer 1 and wafer 2.

Fig. 12 Fig. 10 .

 1210 Fig.12 shows N O characteristics of raw data (a). When we apply the correction process (Eq.5) using ! "# obtained by Yfunction (1), we obtain the N O characteristics with ! "# correction (Fig12(b)) for the same devices comparing these two figures, we can note the elimination of the parasitic

Fig. 11 .

 11 Fig. 11. Split-CV mobility corrected from RSD effect versus NCh for different gate lengths for wafer 1 (solid line) and wafer 2 (dashed line).

  effect due to the bias drop in the access region. Wafer 2 was obtained with a preliminary process having non optimized Ohmic contact.B. Y-function dependence with channel charge and capacitanceIn this section, we propose using the Y-function from depletion to accumulation for different gate lengths using the parameters extracted experimentally such as θ 1 =θ 0 +R SD •β and slope β•V d . This was performed on the MOS-HEMT GaN devices of wafer 2 for which the parameters are more degraded.

Fig. 12 .

 12 Fig. 12. N O characteristics raw (a) and corrected (b) data in linear scale on the MIS-HEMT GaN technology for wafer 2.

Fig. 13 .

 13 Fig.[START_REF] Charles | The effect of AlN nucleation temperature on inverted pyramid defects in GaN layers grown on 200 mm silicon wafers[END_REF]. Experimental variations (symbols) of ) *+ with P k showing the asymptotic limits from weak to strong accumulation varying respectively as P k 2 and P k 1 (dashed lines).
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 14215 Fig. 14. Experimental (solid-lines) and modeled (dashed lines) N t r u ⁄ Characteristics for various gate lengths on the MIS-HEMT GaN technology for wafer 2.