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Abstract: in metal-insulator—-semiconductor high electron mobility transistors (MIS-HEMTS) based on GaN,
two main conduction mechanisms contribute to the gate leakage current. At low electric fields across the gate
dielectric, the dominant mechanism is Poole—Frenkel emission. At sufficiently high electric fields, the gate
leakage current is primarily governed by Fowler—Nordheim tunneling. The latter process is strongly dependent
on the applied electric field and the dielectric properties, which makes it a critical factor in the design of the
gate stack. In this paper, we estimated the Fowler—Nordheim tunneling current through the thin SiO2 gate
dielectric of an AlGaN/AIN/GaN MIS-HEMT at low to medium reverse and forward gate-source biases. It is
shown that the leakage current through ultrathin 2—4-nm SiO:2 layers may cause electrical breakdown of the
gate dielectric, when the device is biased at less than £20 V.
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[. INTRODUCTION

In field-effect transistors that have a metal-insulator—semiconductor gate structure, the conductance of the
dielectric layer would ideally be considered zero. However, for devices with very thin gate dielectrics, significant
conductance is measured at the gate contacts. The gate leakage current is responsible for the degradation in
device performance over time. This reliability issue is important because the lifetime of electronic parts has to
be guaranteed. There are a variety of conduction mechanisms across an insulating layer, but only two main
conduction processes are relevant in MIS-HEMTSs. At low electric fields across the gate dielectric, the dominant
mechanism is Poole—Frenkel emission. At sufficiently high electric fields, the gate leakage current is primarily
governed by Fowler—Nordheim tunneling. We estimated the Fowler—Nordheim tunneling current through the
thin SiO2 gate dielectric of an AIGaN/AIN/GaN MIS-HEMT at low to medium reverse and forward gate-source
biases.

II. SIMULATION DETAILS

The device structure is shown in Fig 1. Its active area consists of a 5.2-um GaN buffer layer, a 2-nm AIN spacer
and a 15-nm Alo..Gao.sN barrier layer. The source-gate and gate-drain distances are equal to 4.5 and 16 pm,
respectively. The gate length is 2 ym.

When the electric field across the dielectric is very high, electrons may tunnel from the metal Fermi level into
the dielectric conduction band. The Fowler—Nordheim equation [1] describes the tunneling current through the
dielectric and has the following form:

J., = AE? exp(—gj, 1)

where E is the electric field intensity (V/m) and
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where q is the elementary charge (C), h is the Planck constant (m?-kg-s™1), mes is the effective electron mass
(in non-dimensional units), @b — barrier height (eV), me is the electron mass (kg).

For Fowler—Nordheim tunneling simulations, the effective electron mass in SiO:z is usually an adjustable
parameter, with values ranging from 0.3 to 0.5. In this work, we used a value of 0.4 [2]. For the work function
of the gate metal, a value of 5 eV was assigned, which corresponds to nickel [3], since Ni/Au is a standard
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choice for Schottky gates of MIS-HEMTs based on GaN. For the electron affinity of SiO2, we set a value of
0.9 eV [4]. As a result, the barrier height between the metal and the gate dielectric equals 4.1 eV. Finally, the
A and B coefficients are 9.40-107 A/V2 and 3.59-10° V/m, respectively.

[ll. SIMULATION RESULTS

The Fowler—Nordheim model can be implemented using either the self-consistent or the post-processing
scheme. In the first case, the tunneling current is directly added to the current continuity equations. In the post-
processing version, the tunneling current is calculated from the solution to the device equations at each bias
step. In Fig. 2, the drain current vs gate-source voltage characteristics of the MIS-HEMT under consideration
are presented. The thickness of the SiO2 gate dielectric is varied from 4 to 10 nm. The characteristics were
obtained by the post-processing method thus precluding the gate current from being added to any terminal
current. The drain-source voltage is 0.1 V.

=
N

10
Gate < 8
Gate dielectric, passivation layer — SiO, g/
8 sl 5
3 © o6 ——4nm
3 a =]
% o
c 4 —6nm
- =
02 8 nm
0 —10nm
Buffer layer — GaN )
_ -20 -15 -10 -5 0 5 10 15 20
Substrate — BH-SIC Gate-source voltage (V)

Figure 1. AIGaN/AIN/GaN MIS-HEMT device
structure

Figure 2. Drain current vs gate-source voltage
characteristics for 4-10-nm-thick SiO: gate
dielectrics

A potential barrier as high as 4.1 eV between the gate metal and SiO2 makes the device normally off and shifts
its threshold voltage deep into the negative range. The device structure with a 10-nm-thick SiO2 layer exhibits
a threshold voltage of around —10 V. The negative and forward gate current vs gate-source voltage
characteristics are shown in Figs. 3 and 4 respectively.
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Figure 3. Gate current vs gate-source voltage
characteristics for 4 and 6-nm-thick SiO2 gate
dielectrics. The gate is negatively biased
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Figure 4. Gate current vs gate-source voltage
characteristics for 2—10-nm-thick SiO2 gate
dielectrics. The gate is positively biased
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According to our simulation results, the device structures with gate dielectric thicknesses of 6 nm or thicker
can withstand high negative biases up to at least —20 V. However, a thinner 4-nm gate dielectric leads to
electrical breakdown of the MIS-HEMT at approximately —11 V. The situation is entirely analogous for positive
biases, where the gate leakage current of the device structure with an ultrathin 2-nm SiO: layer begins to rise
sharply at +18 V.

[V. CONCLUSIONS

The Fowler—Nordheim tunneling current through the thin SiO2 gate dielectric of an AIGaN/AIN/GaN MIS-HEMT
at low to medium reverse and forward gate-source biases was simulated. It was shown that the leakage current
through ultrathin 2—4-nm SiO2 layers may cause electrical breakdown of the gate dielectric when the device is
biased at less than 20 V. Further study is needed to determine the SiO2 gate dielectric thickness and the gate
metal that allow the device to operate within the £30 V range.
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AHHOTaLMSA: OCHOBHOW BKNaf B TOK YTEYKMN Yepes 3aTBOP CO CTPYKTYPON MeTan1—auaneKkTpuk—nonynpoBogHMK
TPaH3UCTOpa C BbICOKOW MOABMXHOCTLIO anekTpoHoB (MAM-TBI13) Ha ocHoBe HUTpuAa rannmnsa BHOCAT ABa
duanyeckmx mexaHuama. Npu cnabbix NOMsiX B NOA3aTBOPHOM OMINEKTPUKE npeobnagaroum MexaHn3mMom
aBnsdeTca amuceus Nyna — ®penkens. Mpu gocTatodyHO BOMbLUMX MOMSX TOK YTEYKU Yepe3 noa3aTBOpHbIN
ON3NEKTPUK COCTOUT MPEMMYLLECTBEHHO M3 TOKa TYHHENUpPOBaHus no mexaHuamy daynepa — Hoparenma.
MocnegHun Npouecc nokasbiBaeT CUIbHYK 3aBWCMMOCTb OT BEITUYMHBI 3NEKTPUYECKOro Mofs U CBOWCTB
ONSNEKTPUYECKoro marepuana, YTo Jenaet ero KpUTUYeCKU BaXKHbIM MpW MPOEKTUPOBAHWU CTPYKTYpbI
3aTBOpa TpaHaucTopa. B aTon craTtbe BbINOMHEHA KONMMYECTBEHHas OUEHKa TOKa TYHHENMpOBaHMSA MO
mexaHnsmy ®aynepa — Hoparenma yepes TOHKMIA CNoOW nog3aTtBopHOro auanektpuka SiO2 MAMN-TBIM3 co
ctpyktypon AlGaN/AIN/GaN npu manbix N cpegHNX 3HaYeHMsaX obpaTHOro M NPAMOro HanpsXXeHns 3aTBop—
NCToK. [loka3aHo, YTO TOK YTEYKM Yepe3 CBEPXTOHKME (TonwmHou 2—4 Hm) cnon SiO2 MOXeT Bbl3blBaTb
3NEeKTpUYEcKuin Npobor noa3aTBOPHOIO ANANEKTPUKA Npu HanpsbkeHusx meHee +20 B.

KnioyeBble crioBa: OMOKCMA KpeMHUsi, ModenupoBaHue, modenb ®aynepa — Hopareiima, HATpUA rannus,
noa3aTBOPHbIA AMSNEKTPUK, TOK TYHHENIMPOBaHWS, TOK YTEYKWU, TPAH3UCTOP C BbICOKOM MOABUKHOCTBIO
3MNEeKTPOHOB.
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