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Abstract of the Dissertation 
 

Environmental Effects on Indium Arsenide Composite Channel (IACC) High Electron Mobility 

Transistors (HEMTs) Performance 

 

By 

 

Besmeh Farhan Raya 

 

Doctor of Philosophy in Engineering, Materials and Manufacturing Technology 

 

 University of California, Irvine, 2019 

 

Professor G.P. Li, Chair 

 

The nanometer-range Indium Arsenide Composite Channel (IACC) High Electron 

Mobility Transistors (HEMTs) are fabricated on 100 mm Indium Phosphide (InP) substrates. 

This technology offers the best performance for low-noise and high-frequency, space and 

military applications. Typical failure mechanisms are observed in III-V HEMT technologies, 

including gate sinking and oxidation. Experiments were conducted to determine if these failure 

mechanisms degrade the IACC HEMTs after updating the new HEMT. The experiments 

conducted were life tests completed at accelerated temperatures and biases with a thin Si3N4 

passivation layer; the devices’ electrical characteristics were measured at each stress interval. 

The failure mechanisms examined within this dissertation include: gate sinking, which is the 

interdiffusion of the metal gate into the semiconductor. Therefore, a temperature stress was done 

to initiate the mechanism; oxidation is the migration of oxygen atoms into materials are induced 

by a high electric field and high temperature. The Si3N4 passivation thickness was then increased 

to determine if the degradation of the electrical parameters could be decreased. Four HEMTs 

were placed on a Low-Noise Amplifier (LNA) circuit, therefore, an additional LNA assessment 

was completed to determine which device degraded and where the defect might be located; the 

Low-Noise Amplifier (LNA) Circuit assessment determines the limiting HEMT in the LNA 
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circuit. Since many of the known III-V semiconductor failure mechanisms physically degrade or 

damage HEMTs, cross-sections are important to prepare to detect these mechanisms. Advanced 

microscopy techniques, with sub-nanometer resolutions, examined physical characteristics of the 

HEMT at the atomic scale. Each device was cross-sectioned with a Focused Ion Beam/Scanning 

Electron Microscope (FIB/SEM) and polished with a Nanomill to about 100 nm thickness at the 

gate fingers to look for the failure mechanisms. The Scanning Transmission Electron Microscope 

(STEM) along with Energy Dispersive Spectroscopy (EDS) was then used to see the oxygen in 

the titanium gate layer and no gate sinking. TCAD modeling simulations were used to verify 

these results and show that the Schottky barrier height changes and the oxygen diffuses faster 

through the titanium gate layer due to the electric-field increase. 
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 The High Electron Mobility Transistor (HEMT) 

Introduction 
 

Background 
 

The High Electron Mobility Transistor (HEMT) is a type of Field Effect Transistor (FET) 

that was demonstrated in 1979 by Dr. Takashi Mimura [1]. The gate length of the first HEMT was 

2 µm [2]; since then, the HEMTs have decreased exponentially in size due to shrinking 

technologies. Moore’s Law is an observation made by Intel co-founder Gordon Moore in 1965 

that suggested the number of transistors per square inch on integrated circuits would double every 

two years for the foreseeable futur  [3] e. His prediction has remained true, except for the fact that 

they have been increasing faster than “every two years.” The smaller HEMTs require smaller gate 

lengths, which have now reached the nanometer range [4]. 

Figure 1.1: Moore’s Law: extrapolation of number of transistors placed on a circuit over 

time  [3] 

 

Even though the HEMTs have become smaller, their performance has not diminished. It 

has been shown in [5] that as the HEMTs decreased in size, and the gate-to-channel distance 
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decreases, their cutoff frequencies (fT) have increased. Recently, Mei, et. al. developed a Terahertz 

Monolithic Integrated Circuit (TMIC) amplifier based on a 25 nm InP HEMT process. It 

demonstrated amplification at 1.0 THz (1000 GHz) with 9 dB measured gain at 1.0 THz; this is 

the first ever demonstration of amplification in a transistor-based circuit at 1.0 THz reported. Table 

1.1 below shows the roadmap of the development to the terahertz circuit [4].  

Table 1.1 Summary of InP HEMT processes developed to reach the THz cutoff frequencies 

Gate length 100 nm 70 nm 35 nm 30 nm 25 nm 

Year introduced 1998 2503 2507 2010 2013 

In(x)Ga(1-x)As channel indium 

composition 

60% 75% 100% 100% 100% 

Source-Drain spacing (µm) 2 2 1.5 1.0 0.5 

Rc (mΩ.mm) 0.12 0.1 0.04 0.04 0.04 

Gmp @ 1 V (mS/mm) 1000 1400 2500 2500 3000 

fmax (THz) 0.4 0.6 1.1 1.3 1.5 

Associated fT (THz) 0.2 0.25 0.4 0.5 0.61 

Highest frequency amplifier 

demonstrated (THz) 

0.19 0.24 0.48 0.85 1.0 

Associated amplifier device 

width (µm) 

30 30 20 14 8 

 

InP HEMTs offer the best performance for low-noise and high frequency applications [6] 

due to their superior inherent transport properties [7]. For these reasons, and others, InP HEMTs 

are widely used in Low-Noise Amplifier (LNA) Monolithic Microwave Integrated Circuits 

(MMICs). These devices are used in space and military applications including deep space 

communications and radio astronomy, where the signal amplification requires cryogenic operation 

of the HEMTs at temperatures of ~10 Kelvin.  

This paper investigates the indium arsenide (InAs) composite channel (IACC) InP HEMT 

with a 250 Å Si3N4 passivation later. This technology offers state-of-the-art performance for low-

noise and high-frequency applications due to its inherent material properties such as high electron 

mobility, high saturation velocity and high sheet carrier density. This sub-50 nm IACC HEMT 

profile provides 25% higher electron mobility than InGaAs (indium/gallium/arsenide), which 
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provides ultra-low power at low frequencies, fast speed and highest gain. It has demonstrated 

transconductances (Gm) up to 2500 to 2500 mA/mm and cut-off frequencies (ft) in the range of 

250 to 300 GHz. 

The sub-50 nm Indium Arsenide Composite Channel (IACC) High Electron Mobility 

Transistors (HEMTs) are fabricated on 100 mm Indium Phosphide (InP) substrates. Figure 1.2A 

shows a top view SEM image of an IACC HEMT and 1.2B displays the cross-section of a 35 nm 

InP HEMT T-gate [7]. 

 
Figure 1.2: (A) Top view SEM image of InP HEMT. The red dotted line indicates the 

location of the cross-section. (B) Cross-section of a 35 nm InP HEMT 

 

Figures 1.3A and B show the extrapolated device Fmax based on unilateral gain (U) of 1.2 

THz and maximum stable gain (MSG)/maximum available gain (MAG) of 1.1 THz, which is the 

first extrapolated device Fmax above 1 THz [7].  
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Figure 1.3: (A) SEM cross-section image of a 35 nm InP HEMT T-gate; Calculated and 

extrapolated Fmax based U (B) and MAG/MSG (C) for 2f20 um InP HEMT from 

measured S-parameters (theoretical extrapolation with 20 dB/decade for U and MAG and -

10 dB/decade for MSG; calculated from equivalent circuit model) 

 

Previous InP HEMT technologies were manufactured using a titanium/platinum/gold 

(Ti/Pt/Au) gate metal stack without a barrier layer between the metal gate and the semiconductor 

[8] and with a platinum barrier [9]. In both instances, gate sinking i.e. metal diffusion into the 

semiconductor, was the main degradation mechanism but for space and military applications, it 

was deemed sufficient. Then, in 2005, a new Northrop Grumman Metal Electrode Technology 

(NGMET), was shown to improve the gate sinking effects from the previous technologies [10] in 

a nitrogen environment. This paper will focus on the reliability of this new NGMET material 

through electrical lifetests in air, with a silicon nitride (Si3N4) passivation layer, to determine if 

these space and military application devices, placed in hermetically sealed instruments, can 

withstand being outside of nitrogen-filled environments for commercial-use advantages. The new 

NGMET material, which has shown to reduce the interdiffusion of the metal into the 

semiconductor, is shown in a schematic diagram in Figure 1.4. The devices undergo electrical bias 

lifetesting and are then cross-sectioned with the Focused Ion Beam/Scanning Electron Microscope 

(FIB/SEM) to relate the physical behavior of the Schottky barrier to its electrical characteristics. 

The Scanning Transmission Electron Microscope/Energy Dispersive Spectroscope (STEM/EDS) 

will then be used to analyze the physical features of the cross-section and its chemical structure. 

A B 
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Figure 1.4: Schematic diagram of a cross-section of Schottky gate 

 

Operation and Structure 
 

The HEMT works by the current flowing between two Ohmic contacts, source and drain, 

and controlled by a third contact, the gate. The gate is a Schottky contact, which is a metal-

semiconductor union with a large barrier height and a low doping concentration that is less than 

the density of states in the conduction or valence band [1]. The current flows into the source and 

out of the drain as a voltage is applied through the gate. Varying the voltage alters the amount of 

current traveling through the transistor. The transistor then takes these current signals and can 

either amplify them into larger signals, or turn them on and off, similar to a switch. Figure 1.5 

shows the current flow and layers of an IACC HEMT structure. 
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Figure 1.5: Cross-section of a HEMT structure and layers 

Each layer of the HEMT provides a unique function to enhance the HEMTs electrical 

characteristics. The silicon delta-doping (δ-doping) layer is a highly doped layer that is only a few 

angstroms thick. The δ-doping layer is grown by Molecular Beam Epitaxy (MBE) by the crystal 

growth suspension and evaporation of impurities on the non-growing crystal surface. The δ-doping 

layer is placed between the Schottky Barrier and Spacer layers to provide electrons to the channel. 

When two semiconductors come into contact, they form a heterojunction. Heterojunction 

structures benefit from the improved electron mobility appearing in the quasi-triangular quantum 

well formed at the boundary of the heterojunction. The 2DEG forms in the quantum well at the 

interface of the heterojunction, in the channel layer side. Initially, the electron concentration 

depends on the doping density of the barrier layer. The electrons drain into the potential well and 

form the 2-dimensional electron gas (2DEG) in the channel since they occupy the lowest energy 

state. The Spacer layer assures the separation between the electrons and the silicon-donors. This 

reduces impurity scattering, which in turn, improves electron mobility in the channel. The Cap is 

a highly n-doped layer (n = electron concentration) that helps minimize the contact resistance of 

the source and drain contacts. When the heterojunction is formed, the excess of electrons of the n-

type doped InGaAs barrier layer will move to the InAs channel layer trying to minimize their 

Source Drain 
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Current flow 

Substrate 

Channel 
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energy until the balance of the Fermi level between the two materials takes place and equilibrium 

state is established, Figure 1.6 [11]. This delivers high doping levels with high electron densities 

[2]. Therefore, high transconductances, current densities and cut-off frequencies are possible. If 

the channel is built only by a single heterojunction, the electrons are penetrating into the buffer 

under the channel very easily where their mobility is usually lower and the control of the gate is 

poor. To keep the electrons in the channel, a second energy barrier below the channel can be 

introduced by a material with a higher Ec than the channel material. 

 

Figure 1.6: (A) Diagram of the band structures of InGaAs and InAs at equilibrium; (B) 

Semiconductors in contact at equilibrium. A 2DEG is formed at the interface 

 

The Schottky Barrier layer provides rectifying characteristics between the gate-metal and 

semiconductor materials. It prevents large currents from flowing through the gate and limits 

tunneling to the channel [3], which will be described further in detail in the next section. The 

substrate is the semiconductor material used to move charges. 

Metal-Semiconductor Contacts (Schottky Junction) 
 

The Schottky Barrier 
 

To understand the environmental effects on the Schottky gate, we treated the HEMT as the 

simplest semiconductor, a diode, by biasing the Schottky gate under various conditions. The 
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Schottky gate typically passes current in only one direction, therefore, making it easier to see what 

is happening within the device by its electrical characteristics in this one region. The band diagrams 

of the metal and semiconductor will provide an understanding on how the electrical characteristics 

relate to the physics of the semiconductor shown in Figure 1.7. In order to form a Schottky contact, 

the metal work function must be larger than the semiconductor work function. Otherwise, an 

Ohmic contact is formed if the metal work function is smaller. When the Schottky junction is 

formed, the Fermi levels must line up at equilibrium. The Fermi level (EFermi) is the energy point 

where the probability of occupation of an electron is 50%, or 0.5. Metals do not have band gaps 

(Eg), unlike semiconductors; the valence (EV) and conduction bands (Ec) overlap where free 

electrons are available for electrical conduction. The n-type semiconductor includes a band gap 

where electrons are forbidden to have energy in this region. When the electron from Ev acquires 

enough energy to detach from the atom, it reaches Ec. Since the semiconductor is an n-type 

material, the majority mobile carriers are free electrons and the average energy of the electrons is 

close to the conduction band. Therefore, the electrons in the n-type semiconductor sit in the 

conduction band, and since the metal work function is larger, the conduction band of the 

semiconductor is higher than the Fermi level of the metal. Therefore, as the two materials come 

together, the electrons in the semiconductor move into the empty energy states above the Fermi 

level of the metal and the Fermi levels come to equilibrium. This then leaves a positive charge in 

the semiconductor and an excess of electrons, a negative charge, in the metal, creating a contact 

potential in the opposite direction of the movement of electrons. Figure 1.8 shows the contact 

potential being formed. [12] 
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Figure 1.7: (A) Band diagram of a metal; (B) Band diagram of an n-type semiconductor 

 

The semiconductor Fermi level will lower relative to the metal by an amount equal to the 

difference between the two work functions. The work function is the energy difference between 

the vacuum level and the Fermi level. The metal work function is denoted as 𝜑𝑚 and the 

semiconductor work function as 𝜑𝑠 = 𝜒 + 𝜑𝑛, where 𝜒 is the electron affinity from the bottom 

of 𝐸𝑐  to vacuum level and 𝜑𝑛 is the energy difference between 𝐸𝑐 and the Fermi level. The 

contact potential is the potential difference between 𝜑𝑚 − (𝜒 + 𝜑𝑛) [12]. 

When the metal and semiconductor come into contact, the gap is transparent to the 

electrons and we get the limiting value of the barrier height (𝑞𝜑𝐵𝑛0). 

𝑞𝜑𝐵𝑛0 = 𝑞(𝜑𝑚 − 𝜒) 

The Schottky barrier height is the difference between the metal work function and 

electron affinity of semiconductor. In an ideal contact: 

𝑞𝜑𝐵𝑝0 = 𝐸𝑔 − 𝑞(𝜑𝑚 − 𝜒) 

Therefore, the sum of the barrier heights on n-type and p-type substrates is equal to the 

bandgap. 

𝑞(𝜑𝐵𝑛0 + 𝜑𝐵𝑝0) = 𝐸𝑔 
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This contact potential is a barrier which prevents further motion of the electrons to the 

metal, called the Schottky barrier (𝜑𝐵) given as: 

Equation 1.1 𝜑𝐵 = (𝜑𝑚 − 𝜑𝑠) + (𝐸𝐶 − 𝐸𝐹−𝑛) = 𝜑𝑚 − 𝜒𝑠 

 

After contact, the Schottky junction is formed and the semiconductor’s bands bend upward 

towards the metal in the direction of the electric field (positive to negative charge, opposite of 

the contact potential), shown in Figure 1.8. The band bending is a result of the electrons that are 

removed from the surface of the semiconductor with a certain depth, called the depletion region 

(WD), Figure 1.9. A built-in potential is created in the Schottky junction, V0, and is the difference 

between the work functions.  

Equation 1.2 𝜑𝑚 − 𝜑𝑠 = 𝑒𝑉0 

The work function of the metal is constant, where the work function of the semiconductor varies 

depending on the dopant concentration. [12] 

 

Figure 1.8 Schottky junction band diagram showing the upward band bending of the 

semiconductor as the materials come into contact 
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Figure 1.9 Schematic of how the contact potential is formed as the metal and 

semiconductor come together 

 

With an external bias, the Fermi levels no longer line up and the magnitude of their shift 

depends on the applied voltage, Figure 1.10. This is due to the external electric field that opposes 

the built-in potential and the voltage drop is across the depletion region, it has the highest 

resistivity. As a forward bias is applied between the two ends of the Schottky junction, free 

electrons and holes will gain enough energy to cross the junction as the depletion layer width is 

decreased. The current in the circuit then increases with increasing bias. The current in the 

Schottky under forward bias is given by 

Equation 1.3 𝐽 = 𝐽0[exp (
𝑒𝑉

𝑘𝐵𝑇
) − 1] 

Where J is the current density for an applied potential of V. J0 is the saturation current and 

depends on the Schottky barrier (𝜑𝐵) for the system and the expression is  

Equation 1.4 𝐽0 = 𝐴∗𝑇2 exp (−
𝑞𝜑𝐵

𝑘𝐵𝑇
) 

Where A* is the Richardson constant for thermionic emission and is a material property. 

Equation 1.3 (J) shows that in the forward bias, the current exponentially increases with applied 

voltage. [12] 
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Figure 1.10: Band diagram of Schottky junction under forward bias 

 

In the reverse bias, shown in Figure 1.11, the external bias is applied in the same 

direction as the built-in potential. The Fermi levels, like in the forward bias, do not line up but 

the barrier increases for the electrons that move from the semiconductor to the metal. The 

electron flow moves from the metal to the semiconductor and the barrier is shown as (𝜑𝐵). The 

following equation shows that there is a constant current in reverse bias equal to 𝐽0. With this 

equation, it can be shown that the current in the forward bias is orders of magnitude higher than 

the current in the reverse bias (due to the exponential dependence on potential). The Schottky 

junction acts as a rectifier i.e., it conducts in forward bias but not in reverse bias. [12] 
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Figure 1.11: Band diagram of Schottky junction under reverse bias 

The work functions of metals and electron affinities of semiconductors are established 

quantities; the materials focused in this paper are shown in Table 1.2. The values of the work 

function are very sensitive to surface contamination. Main deviations for experimental barrier 

heights from ideal conditions: (1) an unavoidable interface layer, where there is something 

between the metal and semiconductor and they are not in complete contact with each other and 

(2) the presence of interface states. [12] 

Table 1.2: Work function and electron affinities of the materials used in the IACC HEMT 

Material Work 

Function (eV) 

Electron 

Affinity (eV) 

Tungsten (W) 4.5 - 

Titanium (Ti) 4.33 - 

Indium/Aluminum/Arsenide 

(InAlAs) 

- 0.55 

Indium/Gallium/Arsenide 

(InGaAs) 

- 0.752 

 

Interface States 
 

The barrier heights of the metal-semiconductor system are determined by the metal work 

function and the interface states. Two assumptions are made for the barrier height expression: (1) 

the barrier height is transparent to electrons with an interfacial layer of atomic distances but can 
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withstand a potential across it, (2) the interface states per unit area per energy at the interface are 

a semiconductor surface property and are independent of the metal [12]. 

Figure 1.12: Energy band diagram of metal-semiconductor contact with an interfacial layer 

(vacuum) on the order of atomic distances 

 

The neutral level, qφ0, is above Ev at the semiconductor surface. It is above the interface 

states that are of acceptor type (neutral when empty, negatively charged when full) and below the 

states that are of donor type (neutral when full of electrons, positively charged when empty). 

When the Fermi level lines up with the neutral level, the net interface-trap charge is zero. This 

energy level pins the semiconductor Fermi level at the surface before the metal contact was 

formed. qφ
Bn0 

is the barrier height of the metal-semiconductor contact that is overwhelmed by 

electrons flowing from the metal to the semiconductor. In our assumptions, the interfacial layer 

has a thickness of a few angstroms and is essentially transparent to electrons. The density is D
it 

[states/cm2-eV] and is constant to the Fermi level and the interface-trap charge density on the 

semiconductor is then negative. D
it
 (the interface-trap density) times the energy difference gives 

the number of surface states above the neutral level that are full. 𝜀𝑖 is the permittivity of the 
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interfacial layer. 𝛿 is the thickness of the interfacial layer. 𝛥 is defined in the equation below; this 

equation validates that the Fermi level must be constant throughout the system at thermal 

equilibrium. [12] 

Equation 1.6 𝛥 = 𝜑𝑚 − (𝜒 + 𝜑𝐵𝑛0) 

 

From the barrier height, 𝜑𝐵𝑛0, we can include the interfacial properties that have two 

limiting cases: (1) when the interface-trap density is infinite,  

Equation 1.7 𝑞𝜑𝐵𝑛0 = 𝐸𝑔 − 𝑞𝜑0. 

The Fermi level at the interface is pinned by the surface states at 𝑞𝜑0 above the valence band. 

The barrier height is independent of the metal work function and is determined entirely by the 

surface properties of the semiconductor. When (2) 𝐷𝑖𝑡 is zero, then 

Equation 1.8 𝑞𝜑𝐵𝑛0 = 𝑞(𝜑𝑚 − 𝜒). 

This equation is identical to ideal Schottky barrier height equation where surface states are 

neglected. [12] 

Schottky Barrier Height Measurements 
 

Several methods are used to measure the Schottky barrier height of a metal-

semiconductor contact. We will be using two in this paper: (1) current-voltage and (2) threshold 

voltage. 

Current-Voltage Measurements 
 

The total current density, which consists of both thermionic emission and tunneling 

shown in Equation 3 and for doped semiconductors, the I-V characteristics in the forward 

direction with 𝑉𝐹 > 3𝑘𝑇 𝑞⁄  is given by:  

Equation 1.10 𝐽 = 𝐽0 [𝑒𝑥𝑝 (
𝑒𝑉

𝑘𝐵𝑇
) − 1] 

Where the barrier height is: 
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Equation 1.11 𝜑𝐵𝑛 =
𝑘𝑇

𝑞
ln (

𝐴∗𝑇2

𝐽0
) 

For reverse bias when 𝑉𝑅 > 3𝑘𝑇 𝑞⁄ , the main voltage dependence is due to the Schottky 

barrier lowering: 

Equation 1.12 𝐽 = 𝐴∗𝑇2 exp [−
𝑞(𝜑𝐵0−√𝑞𝐸𝑚 4𝜋𝜀𝑠⁄ )

𝑘𝑇
] 

When the barrier height 𝑞𝜑𝐵0 is much smaller than the bandgap so the depletion layer 

generation-recombination current is small in comparison with the Schottky emission current, 

then the reverse current will increase gradually with the reverse bias mainly due to the barrier 

lowering effect. [12] 

The I-V characteristics are shown in Figure 1.13 below with gate current (Ig) versus gate 

voltage (Vg). The Ig-Vg characteristics show how the gate current exponentially increases in 

forward bias and is small in reverse bias. This is important to determine and understand the 

Schottky barrier characteristic behavior of the HEMT gate.  

 

Figure 1.13: Ideal Ig-Vg characteristic curve of a Schottky junction 
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Threshold Voltage 
 

The threshold voltage (Vth) is the turn-on voltage of the device defined by Equation 1.13 

below. The threshold voltage is directly related to the Schottky barrier height, therefore, 

observing the threshold voltage in the electrical characteristics of the HEMT during accelerated 

stress, will illustrate what is happening with the Schottky barrier height. 

 

Equation 1.13 𝑉𝑡ℎ = 𝜑𝐵 +
𝐸𝐹0

𝑞
−

𝑞𝑛𝐷𝑑

𝜀
−

∆𝐸𝐶

𝑞
 

Motivation for Work 
 

 Previous InP technologies are used in hermetically sealed instruments for space and 

military applications. In order to determine if the new devices can be used for additional 

applications including for commercial uses, the IACC HEMTs will have to be tested in ambient 

air environments. These devices are protected with a 250 Å Si3N4 passivation layer. After the 

accelerated life tests, the passivation thickness was increased to 1000 Å to understand whether 

the Schottky barrier height is changed due to environmental effects. Table 1.3 lists the 

differences between the InGaAs technologies and the IACC HEMTs. 

Table 1.3: Differences of the IACC compared to previous InP technologies 

Differences from InGaAs 

Uses IACC channel 

Higher mobility carriers in the channel 

Includes refractory metal barrier layer 

Sub-50 nm gate lengths vs. 0.1 µm 

G
m

 up to 2500 mS/mm 

Epi profile scaling for the sub-50 nm gate 

 

 The difference between these IACC HEMTs and previous technologies is that the 

previous technologies were manufactured with an InGaAs channel. They had various 

degradation mechanisms that included gate sinking. The InGaAs technologies were then scaled 
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down in size as the maximum cutoff frequencies increased to the THz range and the active 

channel layer was updated to an InAs composite channel (IACC). The IACC channel has higher 

mobility than other InP HEMT technologies that use In0.53Ga0.47As. Increasing the percentage of 

indium, increases electron mobility in the channel. The IACC HEMTs also include an NGMET 

barrier layer that is placed between the titanium gate metal and the semiconductor. The new 

barrier layer is placed to decrease gate sinking. These properties provide maximum cutoff 

frequencies in the THz range with sub-50 nm gates and transconductances up to 2500 mS/mm. 

The maximum THz cutoff frequencies and the new materials open doors for new applications 

including for commercial uses.  

Outline of the Dissertation 
 

The objectives of this dissertation is to give a better understanding of how InAs/InP 

HEMTs have recently developed and what those advantages are for the future. Chapter 1 has 

gone into an introduction of the InP HEMT technologies and the motivation for this work. 

Chapter 2 will go into reliability testing of the new IACC HEMT devices and why certain 

experiments were chosen. Chapter 3 will give an overview of the microscopy tools chosen to 

analyze the IACC HEMTs and what information we were able to gather. Chapter 4 will discuss 

how we were able to improve these devices in air and Chapter 5 simulates the device data in 

TCAD Sentaurus to verify our hypothesis and results. Chapter 6 explains our conclusions and 

further work for this technology. 

Chapter 2 InAlAs/InAs/InP Reliability Evaluation 
 

InP HEMT Failure Mechanisms and Reliability 
 

Reliability is the quality in the confidence of device performance. The device 

performance over a long period of time can be shown by accelerated life testing. The accelerated 
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life tests are chosen based on the types of failures that are of concern in the specific 

environments that the devices will be exposed to. This chapter will define the accelerated life 

tests that will help to expand the customer base of the HEMTs into the commercial world. In the 

commercial world, the devices could be exposed in an ambient air environment. In an ambient 

air environment, the concerns are gate sinking and oxidation. An illustration of these physical 

mechanisms is shown in Figure 2.1 below and how these mechanisms are induced is in Table 

2.1. 

Figure 2.1 Examples of typical III-V failure mechanisms 

 

Table 2.1 List of typical III-V failure mechanisms 

Failure Mechanism Initiation 

Gate Sinking High temp, electrical bias 

Oxidation High temp, electrical bias, 

ambient air environment 

 

Since in previous technologies with titanium barrier layer exposed to an ambient air 

environment, gate sinking occurred and updating that barrier layer to an NGMET and exposing it 

to an oven-nitrogen-filled environment and found high reliability [13], these new devices with 
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the NGMET barrier layer will need to be exposed in ambient air environments to determine their 

reliability for commercial use. 

The accelerated life tests chosen were based on its known conditions such as 

environment, temperature and electrical bias. Due to the HEMTs wide array of applications, 

different operating conditions were chosen, shown in Figure 2.2. First, a temperature only test 

was chosen to see how the device behaves without electrical bias at elevated temperatures to 

serve as a baseline. Then, three different electrical biases were selected: (1) a normal operating 

condition was tested at elevated temperatures to determine its typical behavior under electrical 

bias in ambient air under elevated temperatures. This mode increases the channel current and the 

electric field. The stresses at knee voltage and pinch-off conditions are opposite of one another: 

(2) the knee condition maximizes the channel current and decreases the electric field, while (3) 

the pinch-off condition minimizes the channel current and increases the electric field. Each of 

these conditions promotes the specific failure mechanisms of concern. 

 
Figure 2.2 Id-Vd curve showing the operating conditions for the accelerated life tests 
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Gate Sinking 
 

Gate sinking is the interdiffusion of materials from the gate metal into the semiconductor. 

This sinking causes a reduction in the spacing between the metal and active channel where the 

electrons flow. The Ti/Pt/Au gate is known to physically sink into the semiconductor without the 

proper barrier and greatly degrade a HEMT DC performance. A 0.15 um Ti/Pt/Au gate GaAs 

PHEMT was stressed at Vds of 5.2 V and Ids of 250 mA/mm in an ambient air environment at 

Tambient of 210°C, 235°C, and 250°C. This showed gate sinking of the titanium into the AlGaAs 

Schottky barrier layer. 

 

  
Figure 2.3 STEM image of 0.15 um InP HEMT (A) unstressed, (B) with Pt diffusion at 

Tchannel 235°C for 96 hours [14] 

 

Later, a 0.1 um Pt/Ti/Pt/Au gate was used on an InAlAs/InGaAs/InP HEMT. The devices 

were subjected at Tchannel of 220°C and 235°C with Vds at 1.5 V and Ids at 150 mA/mm [9]. These 

devices showed Pt diffusing into the InAlAs Schottky barrier layer with transconductance 

increase (Gm) and positive threshold voltage (Vth) shift, shown in Figure 2.4. 

 

(A) (B) 
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Figure 2.4 STEM image of 0.1 um InP HEMT (A) unstressed, (B) with Pt diffusion at 

Tchannel 220°C for 2528 hours, (C) positive shift in Gm and Vth [9] 

 

The improvement of this degradation mechanism was to use a New Gate Metal Electrode 

Technology (NGMET) refractory metal [10], instead of the Pt-sunken gate, which showed to 

alleviate the Schottky junction degradation in a nitrogen-filled oven. This research continues to 

thoroughly investigate the reliability of this new gate metal in an ambient air environment. 

Accelerated Life Tests 
 

Temperature Acceleration 
 

A temperature stress was first conducted to serve as a baseline without electrical stress. 

The IACC HEMT wafers were placed on a hot chuck instrument in ambient air at 175°C without 

(A) (B) 

(C) 
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electrical stress. The electrical plots measured included the transconductance (Gm), maximum 

drain current (Idmax), gate leakage current (Ig) and Id-Vd curves (DCIV).  

Typical Operating Conditions 
 

In previous papers, gate sinking occurred at high temperatures with high electric fields 

and high current densities. Therefore, one of the electrical accelerations was done at 175°C with 

Vds at 1.0 V and Ids at 300 mA/mm. 

Electric-field Acceleration 
 

The electrical acceleration test labeled as pinch-off stress was done at a high electric-field 

and low current density. These stresses were completed with Vds at 1.0 V and Ids at 0.9 

mA/mm. When enough of an electric field is induced in a HEMT, the electrons traveling through 

the high electric field will gain enough energy to undergo scattering events with bonded 

electrons in the valence bands. The excess energy will transfer to an electron which is lifted into 

conduction band creating a new electron-hole pair. This second electron-hole pair can also have 

high enough energy to continue creating additional electron-hole pairs. This can either create an 

Avalanche breakdown, in which, more and more carriers are generated and multiplication results 

in thermal runaway and carrier density increases or impact ionization where the electron-hole 

pair is separated by the electric field and the holes close to the gate contact are trapped. This 

causes a negative shift of the threshold voltage [15]. Increasing the electric field can also cause a 

positive shift in the threshold voltage and increases the drain resistance due to the generation of 

surface traps between the SiN passivation layer and the semiconductor between the gate and 

drain [16]. 

Current-induced Acceleration 
 

The HEMTs were also induced by high current densities and low electric-field. The 

purpose of this test was to understand if the effects we see are exacerbated by the electric field or 
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the current density. The current induced stress was completed at Vds of 0.3 V and Ids at 450 

mA/mm. 

Reliability Parameters 
 

Depending on how certain characteristics behave, it is telling on what is physically 

happening to the device. The electrical plots monitored in this research include the DCIV curves, 

maximum peak transconductance (Gmp), threshold voltage (Vth) and maximum drain current 

(Idmax). With the DCIV curves, we are looking at the initial linear slope which is calculated and 

labeled as Ron. These parameters will help us try to understand what might be happening to the 

device and what physical features we should be looking for.  

As previously stated, transconductance was one of the parameters measured during the 

accelerated life tests. Transconductance is defined as the gain of the device, which is the change 

in output drain current over the change in input gate voltage: 

Equation 2.1 𝐺𝑚 =
𝜕𝐼𝑑

𝜕𝑉𝑔𝑠
. 

 
Figure 2.5 Gm-Vg curve showing Gm peak 
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𝐺𝑚 is related to the distance between the gate metal and the channel, gate width (𝑊) and the 

electron’s saturation velocity (𝑣𝑠𝑎𝑡) by the following equation [17]: 

 

Equation 2.2 𝐺𝑚~
𝜀𝑣𝑠𝑎𝑡𝑊

𝑑
 

 

The gate sinking failure mechanism decreases the distance between the gate metal and the channel, 

therefore, increasing the transconductance value. 

The threshold voltage (Vth) is when the device turns on; it is the minimum voltage at 

which conduction happens. The Vth equation is defined in Equation 1.13 [17], where 𝜑𝐵 is the 

Schottky barrier, 𝐸𝐹0 is the Fermi level at zero 2DEG density, 𝑞 is the electron charge, 𝑛𝐷 is the 

ionized donor charge, 𝑑 is the distance between the gate metal and the channel, ∆𝐸𝐶 is the 

conduction band discontinuity of the heterojunction and 𝜀 is the dielectric constant. If 𝜑𝐵 

changes, that will directly affect 𝑉𝑡ℎ. Vth is determined by extrapolating the Id-Vg curve. 

 
Figure 2.6 Source-to-drain current versus gate-to-source voltage plot determining 

threshold voltage (Vth), maximum drain current (Idmax); Id at Vd = 0.5 V 

 

The DCIV curve will show lots of information regarding the behavior of the device. The 

parameter we are focusing on is Ron. The wafer on-resistance (Ron) is the transistor resistance 
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and is built up of several components: the source and drain resistances, and channel resistance 

(Equation 2.4):  

Equation 2.4: 𝑅𝑜𝑛  =  𝑅𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑅𝑑𝑟𝑎𝑖𝑛 + 𝑅𝑐ℎ𝑎𝑛𝑛𝑒𝑙 

  

As previously stated, if the drain resistance increases under the electric field stress, this could be 

due to the traps increase between the passivation layer and the semiconductor or between the 

gate and the semiconductor. 

 
Figure 2.7 DCIV curve showing Ron 

Hot Chuck System Evaluations 
 

The hot chuck system is used for device characterization in air. It is a thermal chuck with 

a probing station to heat or cool a wafer during electrical testing. The hot chuck used in this 

paper is a Cascade Microtech with a Temptronic temperature controller. The top surface of the 

chuck has vacuum holes to stabilize the wafer during testing and probes to bias the devices as the 

temperature changes. 
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Experimental  
 

Four experiments were chosen to verify the reliability of these devices. First, a 

temperature only lifetest was completed to see how increasing temperature affects the InP 

HEMT; the devices were annealed at 175°C without electrical bias stress. Then, electrical bias 

was taken into consideration in addition to increasing temperature. The next group of 

experiments were done at 175°C at three different electrical bias stresses: (1) typical operating 

conditions at Vd = 1.0 V, Id = 300 mA/mm, (2) pinch-off at Vd = 1.0 V, Id = 0.9 mA/mm, and (3) 

knee voltage at Vd = 0.3 V, 450 mA/mm. All devices were subjected in a laboratory air 

environment.  

The temperature stress was used to see how the HEMT behaves with thermal acceleration 

only before taking electrical bias into consideration. Stress under typical acceleration is used to 

identify how the device works with higher temperature as it is turned on. Biasing the HEMT into 

pinch-off reduces the channel current by injecting the electrons in the gate into the empty surface 

states that maintain the 2DEG, and reduces the 2DEG [18]. This decreases the current and 

increases the electric-field. Stress at the knee voltage is at high current and low electric-field. 

Each of these experiments determines the behavior of the HEMT devices at various operations to 

further identify its failure mechanisms. 

Results 
 

The Ig-Vg curves in Figure 2.8 show the IACC technology before and after temperature 

stress; (A) Ti/Pt/Au gate without a metal barrier layer, (B) with the new NGMET material. 

Figure 2.8A shows an increase in gate current leakage, compared to the HEMT with the 

NGMET, in both the reverse and forward bias. In Figure 2.8B, the two curves almost identically 

overlap. This supports the data shown in [9] where gate sinking has been reduced. This also 
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shows that the device, even at higher temperatures in an ambient air environment, is more stable 

than the Ti-gate. 

  
Figure 2.8 (A) Ig-Vg curve of Ti-metal-gate HEMT before temperature stress and after; (B) 

Ig-Vg curve of refractory metal-gate HEMT before temperature stress and after 

 

The other three life tests Ig-Vg curves compared to the temperature stress are shown in 

Figure 2.9. 

 
Figure 2.9 Ig-Vg curves of refractory metal-gate HEMT after temperature (blue), typical 

(pink), pinch-off (orange) and knee voltage stress (brown) 
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Table 2.2 Percent change of Ig 

Stress ΔIg%  

Temperature -8.3 

Pinch-off -75.1 

 Knee Voltage -29.5 

Normal -46.1 

 
 

The gate leakage current of the pinch-off and knee stresses are very similar to each other 

in both reverse and forward bias. The temperature only stress increases in Ig leakage slightly, a 

little more in the forward bias. The typical operating condition at elevated temperature is at an 

even higher Ig. Even though the Ig leakage increases slightly, it does not increase not even an 

order of magnitude. This shows the stability of the NGMET technology and the gate over time at 

various electrical biases in an ambient air environment. 

Transconductance (Gm) curves are shown below in Figure 2.10. These curves show Gm 

decreasing and moving in a negative gate voltage direction, except for the pinch-off life test 

where Vg shifts positively. Equation 2.2 above shows the relation between Gm and the distance 

(𝑑) between the gate metal and the channel. The equation shows as Gm decreases, 𝑑 increases, 

which is what happened in our plots. Therefore, according to Equation 2.2, since Gm decreases 

and the gate metal and channel is increasing, gate sinking is probably not a failure mechanism 

degrading these HEMTs. The distance, 𝑑, would decrease if gate sinking was a mechanism 

because the gate metal would sink into the semiconductor and it would be at a closer distance 

from the channel. So far, there is no electrical parameter indicating that gate sinking is occurring. 
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Figure 2.10 Gm at Vd = 1.0 V before and after (A) temperature, (B) typical operating 

conditions, (C) knee voltage and (D) pinch-off life tests 

 

Table 2.3 Percent change of Gm 

Stress ΔGm% 

Temperature -3.8 

Pinch-off -27.5 

Knee Voltage -5.6 

Normal -38.5 

 

The transfer curves, Id-Vg, were measured and are shown in Figure 2.11. This is the 

maximum drain current as gate voltage is increased. Again, a higher percentage decrease of 

Idmax after the pinch-off stress than after the other life tests. The extracted Vth, in Figure 2.11, 
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taken at the intercept of the gate voltage of the linear extrapolation of the drain current, was 

found after each stress condition [19]. The life tests show that Vth shifts positively after each 

accelerated life test; however, stays the same after temperature only stress. Similar thermal 

results were shown in the AlGaN/GaN HEMT in [19]. A positive Vth is attributed to electrons 

being injected and trapped into the barrier layer from the 2DEG due to tunneling. When Vth 

decreases, the gate voltage is high and holes are injected and gate leakage increases [11]. This is 

consistent with our experimental Ig leakage curves in Figure 2.7. Summary tables in Tables 2.2 

and 2.3 show the Vth percent change along with Ig. They are consistent with each other, which 

was expected since they are both related to the Schottky barrier height. 

Looking back at Equation 1.13, Vth is directly related to the Schottky barrier height. The 

Schottky barrier height is also related to the work function of a material in Equation 1.1. The 

work function changes due to material changes. There might be another type of diffusion or the 

potential change across the interfacial layer and the occupation of the interface states as a result 

of the applied forward voltage [18]. The plots show that the pinch-off stress has the most effect 

on the HEMT behavior, which directs us to believe the failure mechanism is induced by a high 

electric field than a high current. 
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Figure 2.11 Transfer curve Idmax at Vd = 1.0 V before and after (A) temperature stress, (B) 

typical operating conditions, (C) knee voltage stress, (D) pinch-off stress 

 

Table 2.4 Percent change of Idmax and Vth 

Stress ΔIdmax% ΔVth% 

Temperature -4.5 0 

Pinch-off -34.8 -28.6 

Knee Voltage -8.3 -20 

Normal -40.3 -60 

 

Direct-current (DC) I-V curves were generated in Figure 2.12 below. These curves also 

show the greatest degradation under pinch-off stress when looking at the slope of the linear 

region of the curves, Ron.  
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Figure 2.12 DCIV curves before and after (A) temperature, (B) typical operating 

conditions, (C) knee voltage and (D) pinch-off stresses 

 

Ron was calculated at Vg 0.4 V as the slope in the linear region of the DCIV curves, where 

𝑅𝑜𝑛 = 𝐼𝑑/𝑉𝑑. According to Table 2.4, Ron increases by 124.1% after pinch-off stress whereas it 

only increases by 7.8% after knee voltage stress. With an increase in on-resistance, this indicates 

an increase in the contacts resistances, channel resistance or both. 

Table 2.5 Percent change of Ron 

Stress ΔRon% 

Temperature 0.7 

Pinch-off 124.1 

Knee Voltage 7.8 

Normal 135 
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The plots above show that the pinch off stress decreases the HEMT electrical 

characteristics degradation faster than under the knee voltage stress. Therefore, we can conclude 

that with a higher electric field, the higher degradation of the electrical behavior. To determine 

the physical and chemical features of the HEMT after the increased electric field, the devices 

were cross-sectioned at the gate. 

Chapter 3 Microanalysis Characterization of InAlAs/InAs/InP 

Scanning Electron Microscope/Focused Ion Beam (SEM/FIB) 

 

The electron microscope was invented by Max Knoll and Ernst Ruska in 1931 [Tim 

Palucka, Early History of Electron Microscopy, Caltech]. In 1965, the first commercial Scanning 

Electron Microscope (SEM) was introduced. The SEM is used to look at small samples and 

features that cannot be seen by a light microscope. It uses an electron beam which scans focused 

beam of electrons on a sample and creates an image. This image will reveal information regarding 

the surface topography and composition of the sample. The main components of a SEM include: 

• Electron gun: includes condenser lenses, apertures, scan coils, and objective lens 

• Vacuum electron column with electromagnetic lenses 

• Electron detector 

• Sample chamber 

• Computer and display to view images. 
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Figure 3.1 SEM schematic drawing 

 

The electron beam of the SEM comes from a thermal field emission source with a chosen 

accelerating voltage. An aperture, condenser and objective lens are selected and the beam is 

focused with magnetics coils. The beam hits the surface of sample and an interaction volume goes 

into the surface a few micrometers depending on the accelerating voltage. Figure 3.2 below shows 

the interaction volume that goes into the surface at a 20-kV accelerating voltage. 
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Figure 3.2 SEM interaction volume into a sample surface at a 20 kV accelerating voltage 

[19] 

 

The SEM used in this research is combined with a Focused Ion Beam (FIB). The FIB is 

similar to a SEM except it uses an ion beam instead of electrons in order to remove material. With 

the combination of the SEM, the operator can view the sample as the material is removed. The 

FIB can be used for various operations, but in this work, the FIB was used to create cross-sections 

of the HEMT and the Scanning Transmission Electron Microscope (STEM) was used to look at 

the HEMT layers. It was important to see the layers of the HEMT before and after life testing to 

see how the materials physically and chemically reacted inside the device.  
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Figure 3.3 FEI Quanta 3D FEG SEM/FIB of IMRI 

 

 In order to analyze the device in the STEM and to see the details of the layers, the sample 

must be carefully prepared and thin enough, approximately 80 to 100 nanometers thick for this 

project, for the electron beam to transmit electrons through the material. The FIB uses a gallium 

ion source to mill away material and prepare the sample with nanometer precision. In order to 

create a thin cross-sectional sample of our area of interest, chemical vapor deposition (CVD) 

injects an approximate 1-3 micrometers of platinum gas to protect our area of interest. Figure 1 

below shows SEM images from the top of the HEMT. This particular device included a gold 

airbridge which acted as a protectant of the gate fingers, which in turn, helped us to skip the 

platinum vapor deposition step. However, with other samples without the airbridge, a platinum 

layer was first placed before milling the sample. Next, two trenches are created by milling material 

on either side of the area of interest and to expose the sample. Then, three J-shaped cuts are created 

under the sample, a probe comes in and attaches to the edge of the sample by CVD and then one 
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final cut is made to remove the cross-sectioned sample from the HEMT. The probe then attaches 

the sample to a copper grid to continue thinning and polishing. At this point, the sample is 

approximately 1 micrometer in thickness. The thinning process continues to reduce the thickness 

of the sample; however, it is very difficult to thin the sample uniformly and without damaging the 

area of interest. With a homogenous material, you may be able to damage some of the area of 

interest without completely ruining it. However, with a semiconductor, there are very specific 

features that just cannot be damaged in any way. The operator must be as precise as possible and 

the ion beam can easily damage your sample and create amorphous layers where nothing can be 

seen. Therefore, another instrument called the Nanomill can continue polishing the sample and 

removing the amorphous layers to create a very thin, uniformly polished sample.  

 
Figure 3.4 SEM images of FIB steps 

 

Nanomilling 
 

The Fischione Nanomill 1040 assists in preparing STEM samples for post-FIB 

processing and conventionally prepared specimens. The Nanomill also uses an ion beam similar 
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to the FIB, however, it’s targeted with a beam size as small as 1 micrometer and it allows 

specimens to be prepared without amorphization, implantation or redeposition, unlike the FIB.   

For the HEMT sample, an accelerating voltage of 700 eV for 20 minutes was used twice 

for a coarser polish. Then, 300 eV for 10 minutes was used for a fine polish of the sample site. 

Figure 2 below shows an image that is generated by the ion-induced secondary electrons from 

the targeted area of the specimen. 

 
Figure 3.5 Ion image of nanomilled sample 

Scanning Transmission Electron Microscope/Energy Dispersive Spectroscopy 
 

The STEM/EDS was used to identify the physical and chemical changes of the access 

region under the HEMT gate. The STEM uses the concepts of the Scanning Electron Microscope 

(SEM) and the Transmission Electron Microscope (TEM). The STEM includes an electron beam 
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with scan coils which scans the surface and includes brightfield (BF) and annular dark field 

(ADF) detectors. The BF detector intercepts the transmitted beam and the dark field detector 

surrounds the transmitted beam to collect scattered electrons. Figure 3 below shows a schematic 

diagram of the main components of a STEM [20]. 

 
Figure 3.6 Schematic diagram of a STEM 

 

The electron beam in the STEM transmits through a thin sample and looks at those beam 

electrons transmitted by the sample. The advantage of the STEM over the TEM is that it can be 

used other signals including secondary electrons, scattered beam electrons, characteristics X-rays 

and electron energy loss. The advantage of the STEM over the SEM is the improvement in 

special resolution due to the decreasing electron wavelength where atomic configurations can be 

seen. A bright field (BF) detector includes the transmitted beam and the holes appear bright. The 

dark field (HAADF) detector excludes the transmitted beam and the holes appear dark [20]. 
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Figure 3.7 (A) Examples of a STEM-HAADF image and (B) STEM-BF image 

 

A vast amount of time is put into sample preparation to get the sample thickness 100 

nanometers or thinner to see the atomic-range features. If the sample is not prepared properly, 

the features are blurred and it is back to thinning the sample in the FIB or Nanomill. Figure 3.8A 

below shows how the sample was not properly prepared to see the important features under the 

gate. It is impossible to see if any metals diffused into the semiconductor or if the gate metal 

stacks had physically changed in any way. Once the sample was properly polished, Figure 3.8B 

below shows how it is clear if there were physical changes to the gate metal stacks and the 

semiconductor.  

    
Figure 3.8 (A) STEM image of HEMT gate after nanomilling once; (B) STEM image of 

HEMT gate after nanomilling twice 

(A) (B) 

(A) (B) 
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Energy Dispersive Spectroscopy (EDS) helps to chemically identify materials. An EDS 

spectrum is generated based on the x-ray energy of electrons. As a beam of electrons hits the 

sample surface, it can collide with another electron, and with enough energy, can remove the 

electron from its orbit, shown in Figure 3.9. An electron vacancy appears and an electron from 

an outer electronic layer with higher energy will fill it. As this electron with higher energy fills 

the vacancy to a lower energy, the electron loses energy by emitting an X-ray. The X-ray emitted 

value is characteristic for each element, shown in Figure 3.10 [21]. 

 
Figure 3.9 Schematic diagram of characteristic X-ray radiation 

 

 

Figure 3.10 Schematic diagram of how an atom behaves in EDS [21] 
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Results 
 

The results of the STEM/EDS analysis were surprising. Since the pinch-off conditions 

showed a higher electrical parameter degradation than under current-induced, it should show the 

worst-case scenario with the most physical changes. Therefore, STEM images were taken of an 

unstressed device and after the pinch-off stress, shown in Figures 3.11A and 3.11B, respectively. 

 

  
Figure 3.11 (A) STEM image of an unstressed IACC HEMT; (B) STEM image of IACC 

after pinch-off conditions 

 

The STEM images of the IACC HEMTs show that there is no gate sinking occurring 

which confirms that that the NGMET refractory metal is preventing the gate sinking failure 

mechanism to happen. The electrical characteristics showed the prevention of gate metals into 

the semiconductor and the STEM images confirm that; we continue to see this deterrence after 

stressing under the normal operating conditions. Even with a high electric field, gate sinking still 

does not happen in ambient air. This shows that the new NGMET refractory metal is doing its 

job and we found the right barrier layer for this device.  

The other issue was to find out what other failure/degradation mechanism is degrading 

the device if it is not gate sinking. EDS was taken of the gate metal and the semiconductor to see 

(A) (B) 
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if there was a chemical change to the materials because it cannot necessarily be seen. EDS of the 

inner and outer areas of the titanium were taken because the titanium looks lighter in the STEM 

on the outer edges of the titanium and darker inner of the titanium.  

 
 

 
keV 

Figure 3.12 EDS spectrum of the (A) outer edge of titanium in unstressed device (B) inner 

and (C) outer titanium gate metal 

 

The EDS spectra in Figure 3.12 show a higher concentration of oxygen on the outer 

edges of the titanium than the inner. This shows that the Si3N4 is porous enough to allow oxygen 
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atoms to diffuse all the way into the titanium gate metal. Figure 3.13 below shows that oxygen 

did diffuse into the Si3N4 passivation layer. With the higher degradation rate of the devices under 

higher electric fields,  

 
keV 

Figure 3.13 EDS spectrum of Si3N4 with oxygen diffusing through the passivation layer 

 

Chapter 4 Improvement of IACC HEMTs 

Silicon Nitride (Si3N4) Passivation 
 

Silicon nitride has shown to be a necessary mtaerial of the InP HEMT [22]. It is an 

insulator which protects the HEMT from external damage and the environment [23], [24], [25], 

[26]. As shown from the results of this paper, a 250 Å Si3N4 could be too thin in an ambient air 

environment under high electric fields, predicting impact ionization and oxygen diffusion as 

failure mechanisms. However, these devices are not gate sinking and the NGMET has proved to 

be a reliable barrier layer for this technology even in ambient air environments.  
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Since the Si3N4 is a porous material, increasing its thickness might support to decrease the 

rate of the oxygen diffusion into the gate metals and the degradation rate of the IACC HEMTs. 

Therefore, the thickness of the passivation was increased to 1000 Å to understand what role the 

Si3N4 plays in the degradation rate of the HEMT under high electric fields. The same typical 

operating conditions were used to life test the devices in an ambient air environment since this 

was the higher degrading life test. 

Reliability Test Results 
 

The reliability tests included hot chuck evaluations to compare to the thinner  

passivated devices. Table 4.1 below shows the percent change comparison of the 250 Å and 

1000 Å Ig. The leakage current (Ig) has a larger change after the pinch off stress than the knee 

voltage stress, which shows how the electric field has a larger impact than current density. 

However, the change has decreased significantly after increasing the thickness of the passivation 

layer. It appears that the thicker Si3N4 reduces the Ig leak degradation rate. 

Table 4.1 Percent change of Ig with 250 Å versus 1000 Å 

Stress 250 Å ΔIg%  1000 Å ΔIg%  

Temperature -8.3 -1.9 

Pinch-off -75.1 -29.6 

Knee Voltage -29.5 -14.0 

Normal -46.1 -26.4 

 

The drain current after pinch-off stress was then compared to the thinner nitride 

passivation. After pinch-off stress, the drain current not only was higher before stress but 

decreased at a lower rate. With the 250 Å Si3N4, Id decreased by about 34.8% while with the 

thicker nitride decreased by only 13.9%. The Vth continues to move in the positive Vg direction 

with 1000 Å Si3N4, but with less change, shown in Table 4.2. 
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Table 4.2 Percent change of Idmax and Vth 

Stress 250 Å ΔIdmax% 1000 Å ΔIdmax% 250 Å ΔVth% 1000 Å ΔVth% 

Temperature -4.5 -10.8 0 0 

Pinch-off -34.8 -13.9 -28.6 -12.5 

Knee Voltage -8.3 -8.4 -20 -8.3 

Normal -40.3 -23.5 -60 -42.9 

 

 

Analyzing the Gm curves, they follow the Id curves’ patterns. The degradation of Gm 

decreases from 27.5% to 3.4% after increasing the Si3N4 thickness with the pinch-off stress. The 

Gm peak with 1000 Å Si3N4 also increases before stress. 

Table 4.3 Percent change of Gmp 

Stress 250 Å ΔGmp% 1000 Å ΔGmp% 

Temperature -3.8 +0.9 

Pinch-off -27.5 -3.4 

Knee Voltage -5.6 -3.2 

Normal -38.5 -11.3 

 

DCIV curves degradation also decreased shown in Table 4.4. Ron degradation drastically 

decreased from 124.1% to 12.5% with the thicker passivation.    

Table 4.4 Percent change of Ron 

Stress 250 Å ΔRon% 1000 Å ΔRon% 

Temperature 0.7 3.3 

Pinch-off 124.1 12.5 

Knee Voltage 7.8 8.4 

Normal 135 47.7 

 

These numbers are considerably motivating showing how increasing the Si3N4 

passivation thickness not only decreases the degradation of the electrical parameters but also 

improves some of the HEMT performance. Further work will be required to completely 

understand how the HEMT performance can be enhanced. However, this does point towards the 

theory that the environmental effects can be reduced by manipulating the barrier (Si3N4 

passivation layer) between the environment and the HEMT device. 
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In addition to the development of the HEMT by increasing the passivation thickness, the 

HEMT devices were manufactured on a low-noise amplifier (LNA) circuit. This allowed us to 

life test four HEMT devices at a time, instead of just one. This gave higher statistics in a shorter 

amount of time. However, when testing the entire circuit, we cannot differentiate which 

transistor is the most susceptible to degradation. In order to identify the HEMT which degraded 

faster, we had to do an additional LNA circuit analysis. 

Additional Low-Noise Amplifier Circuit Assessments 
 

An entire LNA circuit is measured during the accelerated life tests. Each LNA circuit has 

four (4) HEMTs, Figure 4.7. Since the whole circuit is measured, it is difficult to determine which 

of the four transistors degraded. Therefore, an additional LNA circuit assessment was used to 

determine which HEMT was the weakest link and might be able to direct us to the failure 

mechanism we are searching for. This was helpful in narrowing down our HEMT choice for 

microscopy work. The circuits were tested after each accelerated life test. 

 
Figure 4.1 Image of an LNA Circuit with 4 HEMTs 
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LNA Circuit Assessment Results 
 

The results of a few of the LNA circuit assessments are shown in Table 4.1 below as 

examples. The highlighted HEMTs are the ones that had degraded the most from each circuit. 

Henceforth, we were able to determine the worst-case electrical degradation and try to look for 

physical degradation mechanisms by using our microscopy techniques. 

Table 4.5 LNA assessment results for five circuits 

Circuit HEMT Gmp 

(mS/mm) 

Idmax 

(mA/mm) 

Vth             

(V) 

Ron             

(Ω) 

1 Q1 1704 404 0.140 9.10 

Q2 1700 416 0.130 17.0 

Q3 1842 489 0.110 7.84 

Q4 1611 372 0.150 9.69 

2 Q1 1616 439 0.090 10.0 

Q2 1405 373 0.100 16.7 

Q3 1035 259 0.110 13.9 

Q4 1133 334 0.070 10.8 

3 Q1 895 282 0.030 22.0 

Q2 1309 423 0.030 19.1 

Q3 1298 474 -0.020 13.2 

Q4 1138 382 0.020 14.6 

4 Q1 1491 493 0.030 10.5 

Q2 1512 492 0.020 10.5 

Q3 gate current compliance 

Q4 1503 473 0.050 10.4 

5 Q1 1365 447 0.020 12.5 

Q2 1402 440 0.050 11.7 

Q3 1387 472 0.010 11.7 

Q4 gate current compliance 

 

Microscopy 

The STEM of the 1000 Å Si3N4 passivated devices after stressing them at a high electric 

field is shown in Figure 4.2 below. With the increase in passivation thickness, as suspected, gate 

sinking does not occur, similar to the thinner passivation. However, the titanium gate metal does 

not look physically expanded and there is no phase division between the inner and outer edges of 
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the titanium as there was with the thinner nitride. The lessened degradation in the electrical 

behavior of the devices shows in the physical aspects of the device. The EDS spectrum showed a 

lessened oxygen concentration of the outer edge of the titanium as well. 

 

      
                                                                                                             keV 

Figure 4.2 (A) STEM image of 1000 Å Si3N4 device after a high electric field life test; (B) 

EDS spectrum of the outer edge of the titanium metal showing less concentration of oxygen 

 

 In order to verify our results and hypothesis, TCAD Sentaurus modeling tool was used to 

understand how the Schottky barrier height is affected and how the electric field behaves 

throughout the device. 

Chapter 5 TCAD Sentaurus Modeling of Failure Mechanisms 

TCAD Sentaurus Introduction 
 

Synopsys TCAD (Technology Computer-Aided Design) Sentaurus is a computer  

modeling software which designs and simulates various types of semiconductors, including a 

HEMT. Sentaurus helps to identify the electrical behaviors of a HEMT under various conditions 

as materials and dimensions are changed before producing it to understand its behaviors and 
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reliability. In this paper, we are using Sentaurus to understand what failure mechanisms are being 

effected by the environmental factors of our experiments. 

 In order to properly model the HEMT, there is a specific process which creates the device 

and then simulates its behavior. The process flow below in Figure 5.1 shows how to verify the 

simulation works properly. 

 

 

 

 

 

Figure 5.1 Synopsys TCAD Sentaurus process flow 

 

 After opening up the Sentaurus Workbench (SWB), the various tools shown in Figure 5.2 

must be entered including Sentaurus Structure Editor (SDE) and Sentaurus Device (Sdevice). 

Figure 5.2 shows how each tool is entered in the software to analyze it. Each tool has commands 

that are entered into it which specify dimensions, parameters and definitions.  

 

 
Figure 5.2 Sentaurus Workbench (SWB) interface 
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The HEMT is first designed by entering its dimensions, layers and doping concentrations 

as commands and allowing Sentaurus Device Editor to model the structure [27]. The HEMT 

contacts, the gate, source, drain and base positions are defined as well. An example of the 

commands is shown in Figure 5.3. 

Figure 5.3 Example of commands used in the SDE tool file 

 

Once that is completed, the most important part of the HEMT analysis is the mesh. The 

mesh creates the finite-element device structure by nodes. Each node has specific material 

properties associated with it where electric fields, current and voltage are calculated. Figure 5.4 

is an example of the structure of a device with its mesh. As shown, the mesh density is higher in 

the more current and doping dense areas, including the channel and delta-doping layer since 

these layers show more variation in their physical quantities. Therefore, increasing the mesh 

density, increases the precision of the calculations. However, as the refinement of the mesh 

increases, the simulation time also increases; it is essential to find the middle ground between the 

precision and simulation time to gain the most of the modeling software. 

Geometry Dimensions ( 
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Figure 5.4 TCAD Sentaurus InP HEMT model with mesh 

After creating the model, the electrical simulations can be calculated. Another command 

file must be generated to simulate the electrical parameters needed. The Sentaurus device tool 

[28] gathers the physical models and the associated material properties and combines them with 

the electrical parameters to create the electrical simulations. For this device, we have plotted Ig-

Vg, Id-Vg, DCIV and electric-field to explain the device behavior under ambient air 

environments. 
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Figure 5.5 Example of commands used in the sdevice tool file  

TCAD Electrical Simulations 
 

Each of the simulations below were derived using separate Sentaurus device tools in 

order to be able to easily vary parameters without effecting other variables.  

 

Ig-Vg Curves 
 

The Ig-Vg curves were calculated using a diode Vg sweep from -0.5 to +0.4 V. The 

device commands were first verified by calibrating with an unstressed device, Figure 5.6A. This 

is shown as a baseline for the rest of the simulations. Figure 5.6B shows how the Ig-Vg curve has 

changed with the Schottky barrier height. This verifies our results and hypothesis that the Ig 

changes with the Schottky barrier heights. 
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Figure 5.6 (A) IgVg of unstressed device against TCAD simulation; (B) IgVg curve of 

TCAD simulation with Schottky barrier change 
 

DCIV Curves 
 

DCIV curves were also simulated with TCAD. The curves were taken with Vd from 0 to  

 

1.0 V with Vg swept from -0.5 V to +0.4 V. Figure 5.7 shows the DCIV curves simulated by 

TCAD. Figure 5.7A is also another baseline to calibrate the device commands with an unstressed 

device. With this verification, Figure 5.7B shows how the DCIV curves changed with the 

Schottky barrier height change. 

 

 
Figure 5.7 (A) Baseline DCIV with experimental DCIV versus TCAD simulations; (B) 

DCIV Schottky barrier change 
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Electric-Field 
 

The electric-field is a vector parameter which describes how the electric-field stress is 

distributed throughout the device. Figures 5.8A and 5.8B shows the electric-field distribution at 

the two stresses of concern: (1) at pinch-off and (2) knee voltage stress, respectively. 

 
Figure 5.8 Electric-field distribution through the gate at (A) pinch-off stress; (B) knee 

voltage stress 

 

 The electric-field distribution shows that the electric-field stress at pinch-off stress is 

higher than under the knee voltage stress, which is current-induced. The pinch-off stress 

simulation was taken with Vd = 1.0 V and Vg = -0.5 V. The knee voltage was taken at Vd = 0.2 

V and Vg = 0.4 V. Both distributions were taken through the gate of the device. This confirms 

the hypothesis of this work that the oxygen diffusion through titanium is induced further with a 

high enough of an electric-field. 

Chapter 6 Conclusions and Future Work 
 

 This work has shown that the new NGMET barrier layer has improved the device gate 

sinking failure mechanism. The IACC HEMT does not degrade by gate sinking even in an 

(B) (A) 
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ambient air environment, which shows very high gate sinking reliability, unlike previous InP 

HEMT technologies. With enough oxygen content and high enough electric-field, the device 

parameters degrade. However, with a thick enough passivation layer, the degradation of the 

electrical parameters decreased. The TCAD simulations along with EDS spectra show that with a 

higher electric-field, the oxygen diffuses through the titanium faster and the Schottky barrier 

height changes.  

 Future work will include optimizing the passivation thickness for maximum power and 

frequency of the IACC HEMTs. There will also be additional TCAD simulations to verify these 

results of optimal thickness.  
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