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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/AlN/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 SiO2 layers may cause electrical breakdown of the 
gate dielectric, when the device is biased at less than ±20 V. 
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I. 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-HEMTs. 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 AlGaN/AlN/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-µm GaN buffer layer, a 2-nm AlN spacer 
and a 15-nm Al0.2Ga0.8N barrier layer. The source-gate and gate-drain distances are equal to 4.5 and 16 µm, 
respectively. The gate length is 2 µm. 

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: 

  (1) 

where E is the electric field intensity (V/m) and 

  (2) 

  (3) 

where q is the elementary charge (C), h is the Planck constant (m2·kg⋅s−1), meff is the effective electron mass 
(in non-dimensional units), φb – barrier height (eV), me is the electron mass (kg). 

For Fowler–Nordheim tunneling simulations, the effective electron mass in SiO2 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 9.40·10-7 A/V2 and 3.59·1010 V/m, respectively. 

III. 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. 

  

Figure 1. AlGaN/AlN/GaN MIS-HEMT device 
structure 

Figure 2. Drain current vs gate-source voltage 
characteristics for 4–10-nm-thick SiO2 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.  

  

Figure 3. Gate current vs gate-source voltage 
characteristics for 4 and 6-nm-thick SiO2 gate 

dielectrics. The gate is negatively biased 

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 SiO2 layer begins to rise 
sharply at +18 V. 

IV. CONCLUSIONS 

The Fowler–Nordheim tunneling current through the thin SiO2 gate dielectric of an AlGaN/AlN/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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Аннотация: основной вклад в ток утечки через затвор со структурой металл–диэлектрик–полупроводник 
транзистора с высокой подвижностью электронов (МДП-ТВПЭ) на основе нитрида галлия вносят два 
физических механизма. При слабых полях в подзатворном диэлектрике преобладающим механизмом 
является эмиссия Пула – Френкеля. При достаточно больших полях ток утечки через подзатворный 
диэлектрик состоит преимущественно из тока туннелирования по механизму Фаулера – Нордгейма. 
Последний процесс показывает сильную зависимость от величины электрического поля и свойств 
диэлектрического материала, что делает его критически важным при проектировании структуры 
затвора транзистора. В этой статье выполнена количественная оценка тока туннелирования по 
механизму Фаулера – Нордгейма через тонкий слой подзатворного диэлектрика SiO2 МДП-ТВПЭ со 
структурой AlGaN/AlN/GaN при малых и средних значениях обратного и прямого напряжения затвор–
исток. Показано, что ток утечки через сверхтонкие (толщиной 2–4 нм) слои SiO2 может вызывать 
электрический пробой подзатворного диэлектрика при напряжениях менее ±20 В. 

Ключевые слова: диоксид кремния, моделирование, модель Фаулера – Нордгейма, нитрид галлия, 
подзатворный диэлектрик, ток туннелирования, ток утечки, транзистор с высокой подвижностью 
электронов. 

  


