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Abstract— A new  normally-off Metal-Insulator-  the density of the 2DEG. In the case of fluorine implantation,
Semiconductor High-Electron-Mobility-Transistor (MISSHEMT)  getting closer will increase the probability of fluorine ions
is proposed. The design is based on the implantation of fluorine  getting into the channel and hence degrade the mobility of the
ions in the GaN layer below the gate electrode under the 2DEG [16].

AlGaN/GaN interface. Sensitivity analyses are carried out,
showing the effects of the fluorine concentration and the II.  SIMULATION STRATEGY

thickness of the insulator on the threshold voltage. The : . .
limitations and scalability of thistechnique are pointed out. In this work, a new normally-off MIS-HEMT s studied.
Our proposed method is based on the implantation of fluorine
Keywords— Metal Insulator Semiconductor High Electron bdow the channel layer. Although this technique has been
Mobility Transistor (MIS-HEMT); Fluorineimplantation belowthe ~ Previously studied with the HEMT [17], its potential in

channel; TCAD simulation; normally-off; wide bandgap devices increasing the threshold voltage was limited by the voltage at
which the Schottky gate opens. According to the use of the
. INTRODUCTION insulator below the gate, the limitations of the technigue

AlGaN/GaN HEMTs are very promising candidates forstudied. Moreover, the effect of the thickness of the insulator

high frequency applications with high power and low noise®" the th_resh(_)Id voltage, and that for various fluorine
such as microwave and millimeter wave communicationsconcentrations, is pulled out.

imaging and radars [1]. While switching applications strongly  To perform this study, ATLAS, a physically-based TCAD
demand normally-off operation [2], conventional HEMTS simulation tool from Silvaco is used. Physical models used in
attain a channel populated with electrons at zero gate voltagge simulation include Shockley-Read Hall recombination,
making them normally-on. For the sake of achieving normallyfFermi-Dirac statistics and field-dependent mobilitg][ The

off HEMTs, several structures have been proposed such gfnulator was calibrated using a normally-on HEMT device as
recessed gate structures [3], fluorine ion treatment [4], PBhown in figure 1.

junction gate structures [5], thin AlGaN barrier [6], AIN/GaN

structure [7] and InGaN cap layer [8]. However, with the above 2um 2um  2um 5um 2 um
mentioned structures having a low threshold voltage, noise
blocking would be a problem. To prevent misoperation due to [N VA e Gate

noise, the threshdl voltage should be above 3 V [9]

Moreover, the gate leakage occurring during on-state operation
strongly limits the device's performance, especially when high
threshold voltage and high current densities are required. UID-GaN-doping 10°cm®

Al »sGaN-doping 165cm?®

For the aim of reaching high threshold voltage with no gate
leakage, an insulating layer is introduced between the gate
metal and the semiconductor material. The insulating material,
also known as the gate dielectric, varies from,Ji®], SiN
[11], HfO, [12] to AlOs; [13]. These devices are known as Silicon
Metal-Insulator-Semiconductor HEMTs (MIS-HEMTS). Most
of the_ norma”y'Oﬁ MS-HEMTSs use one [10] [12] [:!-4br a Fig. 1. Cross section of the normally-on HEMT used tobcate the
combination [15] of the above mentioned techniques. Theimulator.
effectiveness of the agent used to obtain normally-off, whether
it is recessing the gate, introducing a cap layer or implantin .
fluorine, inc?easesg as the agegnt cof)nesy closer pto thge To match  the  simulated threshold — voltage,

AlGaN/GaN interface. Unfortunately, when introducing a capi@nsconductance and off-state = current with the ones
perimentally measured (figure 2), the energy and the

layer or recessing the gate, coming closer to the interface® . :
means decreasing the barrier thickness, which strongly affect@ncentration of the acceptor traps, as well as the density of the




two dimensional electron gas, were tuned. Some of the Ill.  RESULTS AND DISCUSSION
parameters used during the simulation are shown in Table 1. Although the aim of fluorine implantation is to achieve

TABLE | PARAMETERS USED IN THE SIMULATION normally-off operation, it also can be used to reduce the off-
' state current of a normally-on MIS-HEMT. Figure 4 shows the

[ Paamee [ Vaue | transfer characteristicgl(Vq9 for a MIS-HEMT with fluorine

Band offset [eV] 0.7 (E (Al,GaN) - E (GaN)) implanted _below_the channe_l at varioys concentrations. In the
semole fraction of Aluminum in AlGaN * x" 0.25-0.18 following S|mulat|on_s, t.he thlcknes\%gls equal to 10 nm. It
Band Gap of ALGaN [eV] 6.2x+34 (10 -13x(1-x) | &N be seen that, with increasing the fluorine concentration, the
Dielectric Constant of Al,GaN [eV] 9.5 - 0.5¢ threshold voltage increases and reaches positive values _maklng
_ _ R the MIS-HEMT normally-off. Moreover, implanting fluorine
Interfacial char ge density [cm-7] K (Poan - Pancan) / G ions helps to reduce the off-state current. It is worth noting that
Fitting parameterk 0.61 further increase in the fluorine concentrati@y,, > 4 x10°

cm®) will not cause further reduction in the off-state current.
The lowest off-state current reached is equal to that of the
normally-on HEMT (the one used for calibration).
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Fig. 2. Comparison of the experimental and simulatgfl/4) transfer
characteristics of the conventional normally-on HEMitting the simulated i
threshold voltage, transconductance and off-stateret to the ones
experimentally measured.
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The studied structaris shown in figure 3. The insulator '
used is SNy, with a relative permittivity of 7.5. The distance 4' 7
[

between the AlGaN/GaN interface and the implanted fluorine 01
ions is equal to 10 nm. The thickness and doping of the AlGaN
and GaN layers are taken the same as the normally-on HEM

used for calibration. All the device parameters remain constant 0.01
throughout the simulation. However, the concentration of the
implanted fluorine ions "R," and the thickness ;@' of the 6 5 4 3 -2 -1 0 1 2 3 4

'.--._._.‘_

Drain to Source Currentgd (mA/mm)

insulator will be varied to analyse their effects on the threshold Gate to Source Voltagegy (V)
voltage. Fig. 4. k{Vg9 transfer characteristics of the MIS-HEMT at variolsfine
2pum concentrations for,d = 10 nm.
2um  2um Gate 5um 2um In figure 5 the variations_of_the threshold.voltage witheF
! at dys = 10, 20 and 40wm, is illustrated. It is clear that the
Source | SiN ! id_ Drain threshold voltage increases with increasing the fluorine
4 : ins concentration. Howeveg point is reached (f, = Foptimum=
Al ,:GaN <« 30nm 12 x 10” cm®), where a further increase in the concentration
: I will no longer affect the threshold voltag€o explain this
I$10 nm limitation, the band diagram along the CWT figure 3, is
'T“" shown in figure 6. Introducing fluorine ions in a semiconductor
UID-GaN  Fuorine lons CuT 1.1um will shift the Fermi level towards the valence band, thus
increasing the gap between the conduction band and the Fermi
Fimp level. However, since at equilibrium the Fermi level is
Silicon constant, the increase in the gap will r_nanifest itself thro_ugh
uplifting the conduction band. The uplift of the conduction

] ) ) ) band due to fluorine implantation will elevate the triangular
Fig. 3. Cross section of the studied MIS-HEMTn,Fand d were varied  \ye|| gt the AIGaN/GaN interface. It is worth noting that the
during the simulation. . . . .

elevation of the triangular well, with respect to the Fermi level,



causes the shift in the threshold voltage. Nonetheless, the gap Therefore, the threshold voltage will keep on increasing as
between the Fermi level and the conduction band cannting as the gap between the conduction band and the Fermi
surpass the bandgap of the material in which fluorine i¢evel is less than the bandgap. Once the gaps are equal, fluorine

implanted, which is GaN in our case.
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Fig. 5. Variations of the threshold voltage witte thuorine concentration at
various thicknesses of the insulator.
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Fig. 6. Band diagrams of MIS-HEMT at various fluorisencentrations
Oins =10 Nm.

ions will be incapable to increase the gap and hence lifting
further the triangular well, which causes the increase in the
threshold voltage.

It should be noted from figure 5, that all the curves
corresponding to various,g intersect at a common point. The
fluorine concentration associated with this point is named
Foiica- TO further explore the effect of the thickness of the
insulator on the threshold voltagg,s@ varied from 10 nm to
320 nm. The variation of the threshold voltage with the
thickness of the insulator at various fluorine concentrations is
shown in figure 7It is clear that the variation of gWwith ds
strongly depends onf. The concentration of fluorinefca ,
at which the threshold voltage is not affected by the thickness
of the insulator, is equal to 8.8310" cm?®. Two cases are
pulled out: for &y, < Fiicar the threshold voltage decreases
with increasing fs, and for Fp > Feriica, the threshold voltage
increases with increasing,d The different variations in the
threshold voltage with respect to the thickness of the insulator
is directly related to the direction of the y-component of the
electric field "E" in the AlGaN layer, above the region where
fluorine ions are implanted. Wheny £0, the threshold voltage
will be unaffected by the thickness of the insulator. Jfi€
pointing towards the gate electrode, the threshold voltage will
decrease with increasing the thickness of the insulator, and vice
versa: if E points towards the substrate the threshold voltage
increases with increasing the thickness of the insulator. The
direction of E can be extracted from the profile of the
conduction band shown in figure 6 (&y-dEJ/dy; y = depth).

In our simulation, the positive y-direction points towards the
substrate. Whenf,= Fuigea = 8.83 x 167 cmi?, the conduction
band is constant and hencg=£0. At F,,= 8 x 16° cm? <
Fericar the conduction band is decreasisgE, > 0 and at
Fimp = 1 X 16° cmi® > Fyiica the conduction band is increasing
=>E,<0.
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Fig. 7. Variations of the threshold voltage with thekness of the insulator at
various fluorine concentrations.



IV. CONCLUSION [6]

A sensitivity analysis is carried out for the normally-off
MIS-HEMT with fluorine implanted below the channel. The
limitation in the capability of fluorine implantation to increase[7]
the threshold voltage is addressed and explained. Moreover, the
effect of the thickness of the insulator on the threshold voltage
at various fluorine concentrations is studied. Simulation result$!
have confirmed the ability of fluorine ions to increase the
threshold voltage when implanted below the channel 9]
However, a point is reached where further increase in th{e
fluorine concentration will not affect the threshold voltage.
This is due to the fact that the gap between the Fermi level and
the conduction band becomes equal to the bandgap of tk&]
material in which fluorine is implanted. Moreover, the effect of
the thickness of the insulator on the threshold voltage strongly
depends on the fluorine concentration implanted. An increa

in the thickness of the insulator will increase the threshol 1
voltage if the concentration implanted is abovg (in our
simulation Fgiewr = 8.83 x 10" cm®), decrease it if the
concentration implanted is below.fzy and the threshold [12]

voltage is unaffected if the concentration implanted is equal to
Fcritical-
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