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Abstract—The interplay of self-heating and polarization 

affecting the current is studied in 
Al0.32Ga0.68N/AlN/GaN/Al0.1Ga0.9N Transmission Line Model 
(TLM) heterostructures with a scaled source-drain distance. The 
study is based on meticulously calibrated TCAD simulations 
against I-V experimental characteristics using an electro-thermal 
model. The electro-thermal simulations show hot-spots at the 
edge of the drain contact due to a large electric field affecting the 
device reliability. Due to the applied electrical stress, the total 
polarization, relative to the 18 μm heterostructure, decreases by 7 
%, 10 % and 17% during a reduction of the source-to-drain 
distance to the 12 μm, 8 μm, and 4 μm, respectively, as a result of 
the additional strain induced by electrical stress. This additional 
stress on source/drain contacts reduces the polarization at the 
surface as a result of the inverse piezoelectric effect. 

Keywords—AlGaN/AlN/GaN/AlGaN Heterostructure; Self-
Heating; style; Polarization; Electro-Thermal Simulation 

I.  INTRODUCTION 
Gallium Nitride (GaN) wide bandgap semiconductor 

material possesses attractive properties such as a high 
breakdown electric field of 3.3 MV/cm, a high carrier mobility 
in two-dimensional electron gas (2DEG) of 2000 cm2/Vs, a 
high electron saturation velocity of 2.5×107 cm/s, a large 
energy bandgap of 3.4 eV, a low relative permittivity of 10.4, 
and a high thermal conductivity (k) of 130 Wm-1K-1 [1, 2]. In 
addition, III-Nitride based semiconductors possess a large 
polarization, which is the result of an asymmetrical 
distribution of electron clouds. This property, together with a 
large band discontinuity at the heterostructure interface, leads 
to a very effective creation of a 2DEG [3]. Spontaneous and 
piezoelectric polarizations play a vital role in AlGaN/GaN 
heterostructure based devices. 

In this paper, we study the self-heating and polarization 
behavior of scaled AlGaN/AlN/GaN/AlGaN Transmission 
Line Model (TLM) heterostructures with low resistive Ohmic 
contacts aimed for AlGaN/GaN High Electron Mobility 
Transistors (HEMTs). Understanding the physical transport 
processes in Ohmic contacts is crucial for the following 
reasons: (i) reducing the access-resistance and (ii) achieving a 
higher extrinsic transconductance (gm) [4]. 

The studied epi-structure was grown by Molecular Beam 
Epitaxy (MBE) on HP-Si [111] substrate with a thickness of 
480 μm followed by low-temperature AlN/GaN/AlN 
nucleation layers, a 1.7 μm Al0.1Ga0.9N back-barrier layer to 
improve the carrier confinement in the 2DEG, and then by a 
15 nm GaN channel. A 1 nm AlN spacer has been used to 
reduce alloy disorder scattering and enhance electron mobility 
in the channel [5]. This is followed by a 25 nm undoped 
Al0.32Ga0.68N barrier and a 1 nm GaN cap layer. The 
fabrication process flow is similar to that reported in [6]. The 
spacing between Ohmic contacts varies from L1 = 4 μm, L2 = 
8 μm, L3 = 12 μm and L4 = 18 μm. Ti/Al/Ni/Au 
(10/200/40/100 nm) multilayers metallisation scheme was 
used for the contacts. The contact length (LC) is 50 μm for the 
various distances between contacts, as shown in Fig. 1(a). The 
energy band diagram overlapped with electron concentration 
in the heterostructure cross-section is presented in Fig. 1(b). 
The 2DEG has an electron mobility of 1950 cm2/Vs at room 
temperature, an electron sheet density of 1.5×1013 cm-2 and an 
Ohmic contact resistance of 0.3 Ω.mm. The I-V characteristics 
are measured at DC and dark conditions using Agilent 
B1500A framework. 

The used electro-thermal model combines the two-
dimensional (2D) Drift-Diffusion (DD) simulations with 2D 
heat transport model using the commercial tool Atlas-Silvaco. 
In the calibration step, shown in Fig. 2(a), we have used an 
electron mobility of 1950 cm2/Vs (the same as observed 
experimentally) and a saturation velocity of 1.9×107 cm/s 
within concentration dependent mobility model [7], in a 
combination with the nitride specific field dependent mobility 
model for the high-fields [8]. Additionally, we have included 
the experimentally measured external resistance at the 
source/drain (0.3 Ω.mm), Shockley-Read-Hall (SRH) 
recombination model and Fermi-Dirac statistics in the 
simulations. In the simulations without self-heating, the 
Poisson and continuity equations are solved self-consistently. 
The simulations with self-heating include a thermal model 
solved also self-consistently.  

II. EASE OF USE ALGAN/GAN TLM HETEROSTRUCTURES

 

III. SIMULATION OF THE ALGAN/ALN/GAN/ALGAN TLM 
STRUCTURES 
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Fig. 1. (a) Schematic cross section of the GaN based TLM heterostructure 
and (b) energy band diagram and electron concentration in 2DEG at 
equilibrium across. 

The thermal mode uses the thermal conductivity 
approximated by a power function and calibrated to 
experimental data.  The AlGaN/AlN/GaN/AlGaN TLM 
heterostructures have a p-type doping concentration of 1×1016 
cm-3. In the GaN buffer, we use carbon acceptor traps at an 
energy of ET=EV+0.9 eV with a density of 1×1017 cm-3 which 
act to reduce a leakage current in the buffer. Additionally, we 
have used traps corresponding to iron with a concentration of 
4×1018 cm-3 at ET=EV+0.6 eV in the Al0.1Ga0.9N back barrier 
[9]. The GaN cap donor concentration was set to be 5×1020 
cm-3, which is similar to that reported in [10] with energy level 
of ET=EC-0.5 eV [9]. 

Fig. 2(a) presents the calibrated DD I-V characteristics, of 
the TLM structure, against the experimental measurements, 
where self-heating effect is excluded from the simulations. 
The large difference between the measurement results and the 
simulations, that occurs for the shortest contact spacing of L1 
= 4 μm at an applied voltage V = 15 V, is caused by high 
electric field value. Fig. 2(b) compares the simulation results 
obtained from electro-thermal simulations that include self-
heating effects. A good I-V calibration has been obtained 
when including self-heating effects [Fig. 2(b)]. 

The 2D lattice temperature distribution in the TLM 
structure of L1 = 4 μm is shown in Fig. 3. The lattice 
temperature profiles in the 2DEG along the channel for all the 
structures are presented in Fig. 4. The hot spot is located next 
to the drain contact for all structures [11]. The shortest 
structure (L1) exhibits the highest lattice temperature peak of 
~566 K, although a smaller voltage is applied than for other 
structures. Results indicate that there is not much self-heating 
effect in the TLM structure with largest contact spacing of L4 
= 18 μm. The hot spot remains at the drain side for all TLM 
structures. 

The study on the effect of high electric filed and hot 
electron on the electrical degradation under applying electrical 
stress (applied voltage) is studied in details in [12]. It has been 
demonstrated that an external electrical stress or a voltage, 
applied on the TLM structure via contacts, can modify the 
wurtzite crystal structure of III-Nitrides. This phenomenon is 
known as the inverse piezoelectric effect [13-14]. wurtzite 
crystal structure of III-Nitrides. This phenomenon is known as 
the inverse piezoelectric effect [13-14]. 

 

 

 

Fig. 2. I-V characteristics of AlGaN/AlN/GaN/AlGaN TLM structures. DD 
simulations have been calibrated against measured data: (a) I-V characteristics 
without self-heating effect, (b) electro-thermal simulations of the I-V 
characteristics including self-heating effect). 

To study this phenomenon at different spacing between the 
contacts, we altered the polarization factor for the TLM 
structures to mimic the electrical stress that is applied after 
each measurement and changing the total value of 
polarization. Fig. 5 illustrates hypothetical I-V characteristics 
when the polarization factor is fixed at a value calibrated for 
the TLM structure with L4 = 18 μm, the largest source-to-
drain distance. By applying this value on L1 = 4 μm, the 
current increased by 66.8% in the simulation without self-
heating, while it is increased by 44.4% when including the 
self-heating. For spacing between contacts of L2 = 8 μm, the 
current increased by 33.5% without self-heating and 22% 
when the self-heating is included. And for L3 = 12 μm, there 
is an increase of 17.7% in the current without self-heating and 
13.6% with self-heating effects. 

We assumed that the electrical stress (voltage applied) 
during the measurements on Ohmic contacts is causing a 
lattice deformation at the vicinity of the drain, as shown in Fig 
6.  
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Fig. 3. 2D Lattice temperature distribution in the TLM structure of L1 = 4 
μm at an applied voltage V = 20 V. The source/drain contact has a length of 1 
μm so that the channel starts at x = 1 μm and ends at x = 5 μm. The black line 
is interface between the Al0.1Ga0.9N back-barrier layer and the silicon 
substrate. 

 

Fig. 4. Lattice temperature profiles in the 2DEG along the channel. The hot 
spot is located at the drain contact, for all structures. The location of the 
source and drain contacts are indicated. 

The total polarization value decreases when compared to the 
largest contact of 18 μm for 12 μm, 8 μm, and 4 μm by 7 %, 
10 %, 17%, respectively. The inverse piezoelectric effect 
induced decrease in total polarization is caused by the 
additional stress imposed by the applied electric field on the 
drain contact. The decrease in total polarization in the 
heterostructure reduces a 2DEG in the channel, which would 
reduce the drain current of a transistor in on-conditions [10-
11]. 

We have investigated the interplay of self-heating and 
polarization in GaN/Al0.32Ga0.68N/AlN/GaN/Al0.1Ga0.9N 
TLM structures grown on Si-HP (111) substrate. The 
measured I-V characteristics were simulated via a 2D electro-
thermal drift-diffusion model using Fermi-Dirac statistics and 
the SRH recombination model by commercial tool Atlas by  

 

Fig. 5. Measured I-V characteristic of TLM structures (red lines) plotted 
against the hypothetical low-field calibrated results (black dashed line without 
self-heating and black line with self-heating) assuming fixed polarization 
value for the largest structure L4 = 18 μm.Example of a figure caption. (figure 
caption) 

 

Fig. 6. Schematic diagram of 4 μm TLM structure illustrates the strain 
induces by applied electrical stress. 

Silvaco. The electric transport in the drift-diffusion model 
used mobility model with a low-field mobility of 1950 cm2/Vs 
and a saturation velocity of 1.9×107 cm/s assuming the 
experimental source/drain resistance (0.3 Ω.mm). Thermal 
model was employed to study the self-heating effects with the 
thermal conductivity approximated by a power function and 
calibrated to experimental data. 

We have found that the current becomes soon limited by 
increase in a lattice temperature up to 13% (the 4 μm 
structure) with the increase in an applied bias and that this 
limitation occurs sooner in shorter structures. The maximum 
temperature (566 K) was predicted at a vicinity of the drain. In 
addition, we have observed that, by applying electrical stress 
(voltage) on the Ohmic contacts, the total polarization value is 
reduced when compared to the largest contact distance of 18 
μm for the 12 μm, 8 μm, and 4 μm TLM structures by 7 %, 10 
%, 17%, respectively. This decrease in the total polarization is 
due to the inverse piezoelectric effect caused by the additional 
stress induced by the applied electric field on the contacts, 
which then changes the total polarization in the 
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heterostructure, thus affecting density of a 2DEG in the 
channel [12-13]. 
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