ABSTRACT

RAMANAN, NARAYANAN. Investigation of ALD Dielectrics for Improved Threshold
Voltage Stability and Current Collapse Suppression in AlGaN/GaN MOS-HFETs. (Under the
direction of Dr. Veena Misra).

Owing to a high critical electric field and high electron mobility, GaN based lateral
Heterojunction Field Effect Transistors (HFETS) are sought after for high voltage power and
RF applications. But, device reliability continues to be a critical challenge to be overcome
before successful commercialization. In this work, different dielectrics deposited by Atomic
Layer Deposition are investigated for improving the threshold voltage stability and dynamic
reliability of AlGaN/GaN based Metal-Oxide-Semiconductor-HFETs (MOS-HFETS). But
more importantly, this work includes a first-of-its-kind comprehensive analysis of electrical
characterization techniques and physics-based models required to evaluate and recommend
any dielectric for mitigating surface trapping phenomena in the gate stack or the access-

regions.

In an investigation of the impact of MOSHFET device structure on the efficacy of
different methods for characterization of dielectric/AlGaN interface traps, it is found that the
popular conductance method has a severely constrained detection limit when the AlGaN
barrier offers high resistance to the de-trapping electrons. A capacitance-based method is
immune to the issue of barrier resistance, but is still restrictive in its range. To improve the
range and accuracy of trap detection, a novel pulsed-1V-based methodology is developed and
demonstrated to be applicable for detecting both shallow and deep traps.

Identical electrical thickness of different high-k and low-k ALD dielectrics are
evaluated for gate leakage and magnitude and stability of threshold voltage. It is established
that the high-k dielectrics (Al,O3, HfO, and HfAIO) harbor a high density of shallow traps at
the dielectric/AlGaN interface. In contrast, ALD SiO,, annealed in N at 700°C, creates a
very low density of interface traps (< 2x10* cm™) and is an excellent candidate for a gate
dielectric. It provides strong gate leakage suppression, minimal threshold voltage shift and

highly reliable ON-state characteristics.



With the use of physics-based simulation models, it is identified that the leakage at the
surface of the AIlGaN, whether through the passivation dielectric bulk or the
dielectric/AlGaN interface, must be minimized to restrict the formation of a “virtual gate”
and minimize current collapse. An optimal passivation dielectric must also create a high
density of shallow interface donor traps to quicken the de-trapping of electrons from the

“virtual gate” and the recovery of the channel underneath.

In order to create a high density of shallow interface donor traps a thin ALD HfAIO
film is used. Surface leakage is also minimized by capping with a thick layer of PECVD SiO,
and annealing in N, at 700°C. The effectiveness of the resulting optimal dual dielectric
passivation stack in mitigating current collapse and ensuring contact isolation is also

demonstrated.

Therefore, the optimal ALD dielectrics for a reliable gate stack and access-region
passivation in an AlIGaN/GaN MOSHFET are identified to be SiO, and HfAIO, respectively,
annealed at 700°C in Na.
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CHAPTER 1: Introduction

1.1 Overview of GaN based electronics market

According to an analysis by the Lawrence Livermore National Laboratory and the
Department of Energy, of the total raw energy from many resources, almost 55% was wasted
due to conversion and transmission losses in the US alone in 2009 [1]. Conversion losses
from petroleum usage in transportation constituted almost half of this wasted energy, while
the rest was primarily losses in electricity generation and transmission. With diminishing
stable oil reserves and surging oil prices, governments are increasingly promoting the use of
“green” energy like solar and wind power. Further, they are also providing tax breaks
promoting the use of hybrid and electric vehicles, due to which their popularity is on a steady
rise today. All these measures are introduced with the belief that electricity, however
generated, is a much more controllable source of power that can be more efficiently utilized
for any utility. Since these developments are bound to increase the contribution of electricity
in the overall share of the energy market in the future, there is a rapidly rising demand for
innovation in the power electronics industry to minimize the losses in power generation,

conversion and transmission by enabling higher voltage operation at minimum losses.

The variety of electrical systems in use today is optimized for best efficiency at
different voltage and current levels. Power transmission is typically at high voltages in order
to minimize transmission losses. In contrast, due to issues of safety, most consumer
electronics and electrical equipment run at much lower voltages. Figure 1.1 shows the ranges
of voltage and current ratings of different electrical systems [2]. Power converter circuits
perform the crucial role of interfacing between the wide variety of power supply systems and
the load systems.
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Figure 1.1: Typical voltage and current ratings of different electrical systems in use around us. [2] © 2008
Springer Science.

Any power electronic circuit which conditions power for a load consists of passive

capacitive and inductive elements which store energy in the form of voltage (Ecap = %CVZ)

or current (Eind = %LIZ). The work horse of this circuit is a switch which is driven to

convert one form of energy to another and produce the rated voltage and current for the load.
While the capacitive and inductive elements can be, in principle, made lossless, the power
loss in this circuit is dominated by losses in conversion between Eca, and Eing through the

power switch.

Figure 1.2 shows the typical waveforms of voltage, current and the power dissipated in
a power transistor, used as the power switch. There are three main components of power loss
in the switch during operation: ON state conduction loss, Pon; OFF state isolation loss, Porr;
and switching losses, Pswon + Psw.orr. Typically, the OFF state isolation losses are orders of
magnitude lower than the conduction or switching losses. The conduction loss can be

reduced by a reduction in the ON state resistance of the device. Switching losses can be



minimized with a reduction in the voltage/current waveform transition times, ie. the
responsiveness of the device to the drive voltage. A reduction in device switching time can
also afford a higher operating frequency for the circuit, which affords a significant reduction

in the size of the passive elements and the harmonic distortions in the output waveforms.
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Figure 1.2: Simplified sketch of the typical transient waveforms of current, voltage and power loss in a power
switch.

Silicon power devices have dominated the power electronics field from the 1950s with
significant improvements introduced to push device efficiency to silicon’s theoretical limits.
The industry has migrated from the early bipolar transistors through thyristors and MOSFETSs
to insulated gate bipolar transistors (IGBTs) and super-junction MOSFETSs. But in order to

further improve performance, other material systems like SiC and GaN are being extensively



explored. Table 1.1 compares a few key material parameters of Si, SiC and GaN and shows
that GaN outperforms the rest in the Baliga Figure of Merit (BFOM) for high voltage power
operation, which applies to systems operating at lower frequencies where conduction losses
are dominant [4]. GaN also outperforms the rest at the Baliga High Frequency Figure of
Merit (BHFFOM) for high frequency operation, dominated by switching losses [5].
Unfortunately, fabrication of high breakdown voltage vertical GaN MOSFET devices is
complicated by the difficulty in p-doping and sub-optimal inversion mobility along with the
possibility of a high interface trap density at the dielectric/GaN interface [5]. In comparison,
a lateral GaN High-Electron-Mobility-Transistor (HEMT) relies purely on electron transport
along a channel at a high-quality hetero-interface, away from the surface. The presence of a
high density 2-D electron gas at this high-mobility interface affords a further improved ideal
specific ON-resistance, shown in Figure 1.3 [6]. A HEMT also requires ohmic contacts with

electrons as majority carriers, which are relatively much simpler to form [5].

Table 1.1: Material parameters of Si, SiC and GaN. Figures of Merit are normalized with respect to Si [4], [5].
Values in “*’ correspond to conduction at GaN hetero-structure interface.

Si 4H-SiC GaN
Band gap, Eq (eV) 1.1 3.3 3.4
Critical field Ec (MV/cm) 0.3 3 33
Saturation velocity (x10” cm/s) 1 1.8 1.5-2
Mobility p (cm? (V.s)™) 1400 800 1000-2000*
Thermal Conductivity (W (cm.K)™) 1.5 4.9 15
BFOM ratio (o< epEZ) 1 12 17-34*
BHFFOM ratio (< pE2) 1 57 86-172*

While GaN substrates are significantly more expensive than Si, recent advances in the
growth of GaN on large diameter Si substrates have cleared the path towards obtaining
highly competitive and cheap GaN on Si wafers and lateral HEMT based power transistors

on them. The GaN on Si epiwafer supplier base is also steadily increasing (Azzurro, DOWA,



NTT, EpiGaN, Soitec, etc.), indicating significant market competition. Therefore, while GaN
HEMTSs were originally considered for adoption in the high power high frequency RF market
[4] (wireless base stations, military radar, etc.), they are now being positively considered for
power device applications as well, by various manufacturers and developers like Avogy,
EPC, Fujitsu, GaN Systems, International Rectifier, Micro GaN, NXP, POWDEC, RFMD
and Transphorm. According to various market surveys and production cost estimates, GaN
devices would provide the best performance/cost benefit for <900V power electronics
applications and dominate the power supply and photo-voltaic inverter markets by 2019 [7],

beside other markets like electric vehicles, industrial motor drives and wind turbines.
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Figure 1.3: Comparison of ideal specific ON-resistance between different material systems over breakdown
voltage [6].



1.2 Background of lateral GaN device physics

GaN is a IlI-V semiconductor with a band gap of 3.4 eV. Figure 1.4 shows the sketch
of typical lateral AlIGaN/GaN Heterojunction Field Effect Transistor (HFET) and Metal-
Oxide-Semiconductor HFET (MOS-HFET) devices where the source and drain are
connected with a 2-D Electron Gas (2DEG) channel, a part of which is controlled by a gate.

GaN

Sapphire/SiC/Si

Gate Dielectric

MOSHFET

GaN

Sapphire/SiC/Si

Figure 1.4: Simple schematic of an AlGaN/GaN based HFET and MOSHFET.

The Ga-face GaN and AlGaN crystal structure is polar in nature as shown in Figure
1.5. This manifests in the form of spontaneous (inherent) and piezo-electric (lattice strain
induced) polarization along the c-axis in the direction out of the bulk substrate [4]. A
significantly higher total polarization in the AlGaN barrier results in a higher inbuilt electric
field and band bending in the AlGaN, with respect to the GaN. In the gate-drain and gate-



source access regions, the existence of a large number of surface states at the AIGaN surface,
due to dangling bonds or surfacial oxides [8], pins the surface at the Fermi level. The
resulting unoccupied surface donor states provide the equal and opposite positive charge to
compensate for the 2-D electron gas (2DEG) that forms at the AlGaN/GaN hetero-interface.
This helps maintain charge neutrality and a zero electric field outside of the AlGaN layer. For
a very thin AlGaN barrier, these surface donors are completely filled and neutral, resulting in
no channel formation as shown in Figure 1.6a [9]. Once the AlGaN thickness is increased
beyond a critical point, when the surface donor level reaches the Fermi level, the electrons
from the surface donors get transferred to the AlGaN/GaN interface forming the 2DEG

channel, shown in Figure 1.6b.
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Figure 1.5: Crystal structure at the interface between AlGaN and GaN. Also shown are the polarization
components and the resulting equivalent fixed charge at the AlGaN barrier boundaries [4].



The 2DEG concentration under the gate can be controlled by applying a gate voltage.
Although, the threshold voltage (V) of the device can be controlled by choosing a gate metal
of an appropriate work function, achieving a positive Vr, along with a high 2DEG in the
access regions, with only the use of high work function metals, is very hard. Thus, the simple

HFET device is normally-ON, i.e. a depletion mode device.

AlGaN thickness < critical thickness AlGaN thickness > critical thickness
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Figure 1.6: Conduction band diagram of an AlGaN /GaN HEMT device along the depth from the metal gate
when the a) AlGaN barrier is thin, and b) AlGaN barrier is thick. Also shown is the resulting 2DEG at the
AlGaN/GaN interface [9].

1.3 Technical challenges to lateral GaN device adoption

Replacing even the state-of-the-art Si power devices with GaN based power transistors
can result in significant performance advantages like enabling higher frequency operation,
minimizing power converter circuit losses and size, ability for higher operation temperature
and radiation hardness. Despite these advantages, establishing device operation reliability is
currently the most important concern for GaN HEMT manufacturers aiming to compete with
the well-established Si super-junction MOSFET in the high power market and the Si and
GaAs devices in the high power RF market. Several other associated issues also need

solutions or “work-arounds” in order to propose lateral GaN devices as serious contenders to



displace Si power MOSFETSs. Each of these issues can be tied to phenomenon in the gate

stack or access regions, illustrated in Figure 1.7 and explained in subsections 1.3.1 and 1.3.2.

It is to be noted here that the primary focus of this dissertation is an investigation of the
phenomena at the surface of the AlGaN or at the interface between a dielectric and the
AlGaN. While issues due to the substrate bulk properties are also important, they are
dependent on the substrate growth parameters. Since the AlGaN/GaN substrates used in this
work are high quality substrates, obtained from commercial vendors like RFMD, KOPIN and
AZZURRO, reliability issues due to the AlIGaN/GaN bulk or the buffer layers are not

emphasized.

2 Access

Gate Regions
Stack

Sapphire/SiC/Si

Figure 1.7: Simple schematic of an AlGaN/GaN based MOSHFET illustrating the locations of the gate stack
and the access regions.

1.3.1 Challenges associated with access regions

Variation in the device characteristics during operation is detrimental to the
performance of any circuit. Lateral GaN devices suffer from gate or drain-voltage stress-

induced, short-term reversible and long-term irreversible degradation of drain current. The



sharp edges of a rectangular gate create a region of high electric field, especially at the drain
side of the gate. This high field stress can result in long-term irreversible degradation of the
barrier morphology via TDDB (Time Dependent Dielectric Breakdown) or inverse-piezo
effect [10], [11], [91], [92]. Short term reversible current collapse (Figure 1.8b) is the
degradation of the drain current during ac operation, compared to DC [4], [12]. This
phenomenon is called “current collapse”. The primary cause of this degradation has been
found to be the formation of a “virtual gate” in the access regions (Figure 1.7a), especially
near the drain edge of the gate, due to the trapping of electrons in the donor states at the
AlGaN surface [12]. A gate, with a high negative voltage, can supply electrons which can
migrate through the passivation dielectric bulk [18] or hop at the passivation
dielectric/AlGaN interface [19] and get trapped at the surface traps. The resultant reduction
of the surface positive charge leads to the reduction of the 2DEG density, in order to
maintain electrostatic equilibrium. After the removal of the negative voltage, this reduction
of the access-region 2DEG results in a temporarily degraded Ron. This recovers slowly as the
electrons detrap from the surface states. The increase in the device response time to a gate
turn-ON pulse significantly increases the switching losses and reduces the efficiency of the

power converter.

Silicon nitride is commonly used as a passivation dielectric as it is known to
significantly reduce “current collapse” associated with surface traps [13]. To this effect,
unconventional dielectrics like Teflon that keep ambient moisture away, have also been
proposed [36]. Leakage through the dielectric bulk and at the dielectric/AlGaN interface [18],

[37] has been found to play a crucial role in improving/worsening current collapse behavior.

Compared to ambient air, silicon nitride has a high dielectric constant (> 6) [14]-[16].
It has also been predicted that passivation dielectrics with a lower dielectric constant can
further reduce current collapse by reducing the access region fields and potentially
minimizing ionization of air [17]. (A lower passivation dielectric constant can also afford a
lower parasitic gate capacitance and an improved power gain cut-off frequency, frnax, for RF
applications.) Additionally, field plates are often used to further reduce the surface electric

10



fields at the gate edge and reduce current collapse [35]. While all such methods of device
structure engineering can help, the exact role of the passivation dielectric bulk,
dielectric/AlGaN interface and the substrate material properties are still unclear. Thus, a
critical investigation into the impact of the device structure and the material properties of the
passivation dielectric bulk, dielectric/AlGaN interface and the substrate is needed. Further,
the proposal of a passivation dielectric that minimizes current collapse and has a lower

dielectric constant than silicon nitride is also desired.
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Figure 1.8: (a) Development of a virtual gate in an AlGaN/GaN HFET under the application of a high negative
gate bias [12]; (b) Typical current collapse between AC and DC, observed in an AlGaN/GaN HFET [4].

In order to provide serious competition to Si MOSFETS, a passivation dielectric must
not degrade the breakdown voltage inherently afforded by the AlGaN/GaN system. A
passivation dielectric that minimizes surface trapping and current collapse by minimizing
surface leakage is also generally expected to provide an improved breakdown voltage. This is
because a shorter virtual gate reduces the field at the edge of the drain and results in a more

moderate field distribution near the drain edge of the gate [20].
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1.3.2 Challenges associated with gate stack

Gate leakage via trap-assisted-tunneling is promoted by the presence of high electric
fields at the drain edge of the gate. The high field and the injection of high energy electrons
from the gate can generate or enhance defects at certain sites along the edge. These defect
sites, in turn, can further enhance gate leakage and thus, eventually, lead to premature
permanent breakdown of the device [10], [21], [91], [92]. The insertion of an additional thin
dielectric between the gate and the AlGaN has been observed to reduce gate leakage by
orders of magnitude [22]-[26]. Such a reduction in gate leakage is expected to significantly
delay the onset of time-dependant-dielectric-breakdown (TDDB) mechanism and improve
the life of the device. An AlGaN/GaN MOSHFET device has already been demonstrated by
Fujitsu Inc. to provide more than 100 W output power with a lifetime exceeding a million hrs
[27]. Additionally, for power applications, a reduced forward bias gate leakage is very useful
as it provides a larger positive gate bias window to maintain the device in an overdrive (ON)
state and potentially, further reduce ON resistance.

While there is a critical need to use a gate dielectric for the AlGaN/GaN system,
identifying the right dielectric becomes a significant challenge due to the factors highlighted

herewith.

1. A high conduction band offset between the dielectric and AlGaN is required to minimize
tunneling and thermionic current, dominated by electron transport. A high dielectric
constant material helps maintain good gate control over the channel and is especially
useful for smaller gate lengths which help reduce Ron and gate charge. Typically, a
material with lower dielectric constant has a higher band gap. But, a higher band-gap may
not imply a high band offset with AlGaN. Hence, a trade-off exists in choosing a
relatively higher dielectric constant material with a reasonably high band offset for the
gate dielectric.

2. The gate dielectric may host positive charge in the dielectric bulk or at the
dielectric/AlGaN interface. Additionally, donor traps at the dielectric/AlGaN interface
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may act as positive charge, when unoccupied. The presence of positive charge can shift
the threshold voltage in the negative direction. Circuit designers prefer to use an
enhancement mode normally-OFF device with a positive threshold voltage. Such a device
is inherently safer to operate in a power electronic circuit, in case of a failure. While the
HEMT is inherently a normally-ON device, the presence of a large density of donor traps
or fixed positive charge can make even it harder to achieve normally-OFF operation
using other techniques like recessed gate [28], fluorine treatment [29], p-GaN gate [30],
flash gate [31] or piezo-neutralization layers [32]. It is to be noted, though, that circuit
approaches to normally-OFF operation like Cascode [33], [34] are increasingly being
championed as a near-term solution to this issue. Transphorm [33] and International
Rectifier [34] have already begun commercializing GaN HEMT technology for power
applications with the Cascode architecture.

3. Traps in the dielectric bulk and at the dielectric/AlGaN interface can influence dynamic
reliability, ie. threshold voltage instability, depending on their energy depth and response
time. It is critical to ensure that the gate dielectric minimizes the concentration of bulk
and interface traps and provides a reliable ON state dynamic operation.

Table 1.2: Key advantages of thermal ALD over other techniques for this dielectric reliability investigation.
PVD = Physical Vapor Deposition; CVD = Chemical Vapor Deposition; ALD = Atomic Layer Deposition.
RBB - undesirable; YELLOW = moderately constrained; GREEN = desirable.

Thin film Plasma damage Dielectric Conformality
thickness control variety and uniformity

PVD-Sputtering
PVD-others
Thermal Oxidation
Low temperature CVD
Plasma Enhanced CVD
Plasma Enhanced ALD
Thermal ALD
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1.4 Key technological solution: Dielectrics deposited by Thermal

Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a thin film deposition technique that provides
monolayer control over the film thickness and is well established in modern CMOS
technology. It is similar in chemistry to chemical vapor deposition (CVD) except that in
CVD the surface is exposed to both reactants at the same time whereas in ALD, only one
reactant is present at a time. ALD film growth is self-limited and based on surface reactions,
which makes monolayer growth control possible. The use of self-limited reactions means that
ALD is surface-controlled process where process parameters other than the reactants, such as
temperature, pressure and substrate, have little influence. This surface control guarantees

extremely conformal films, uniform in thickness [38].

ALD can enable the exploration of a variety of high quality dielectrics, low-k and high-
k, both for the gate and passivation, like Al,O3, SiO,, HfO, and HfAIO. Since thermal ALD
does not use plasma, there is no damage to the AlGaN surface during the dielectric
deposition. Hence, the 2DEG density and mobility are not expected not deteriorate. Table 1.2

summarizes the advantages of thermal ALD over other methods in this reliability study.

1.5 Dissertation goals and organization

The goal of this dissertation is to identify the optimal ALD dielectrics for use in the
gate stack and access-regions for reliable operation, primarily as a power switch. But, this
process involves the development of some key experimental and modeling methods to
improve the fundamental understanding of the physical phenomena at the AlGaN surface in

the two regions.

CHAPTER 2 describes the details of the device fabrication flow and the equipment
utilized for electrical characterization of the fabricated devices. All the experimental results

examined in this work are based on the methods described here.

14



Any investigation of device reliability is incomplete without an investigation of traps at
the dielectric/semiconductor interface. CHAPTER 3 is a critical investigation of techniques
for electrical characterization of traps at dielectric/AlGaN interface in a MOSHFET device.
Here, a new methodology is developed for accurate characterization of both shallow and
deep traps at this interface. Subsequently, the method is successfully utilized for
characterization of traps at different ALD dielectric/AlGaN interfaces in CHAPTER 4.

In CHAPTER 5, MOSHFET devices fabricated with different gate dielectrics are
evaluated for gate leakage, ON-state dynamic reliability and threshold voltage performance.
Along with critical inputs from the interface traps measurement in CHAPTER 4, a

recommendation for an optimal gate dielectric is made.

CHAPTER 6 investigates the crucial role of the passivation dielectric in mitigating
surface trapping phenomena for improved reliability of access regions. Armed with critical
experimental gate-lag results, a sound simulation model to emulate surface leakage and
surface trapping is developed. This is utilized to identify the requirements of the passivation

dielectric, substrate and device structure to minimize current collapse.

In CHAPTER 7, using the recommendations of CHAPTER 6, a dual dielectric stack
incorporating ALD dielectrics is evaluated for access-region passivation and contact
isolation. Along with critical inputs from the interface traps measurement in CHAPTER 4, a

recommendation for an optimal passivation dielectric stack is made.

The final conclusions of this work and recommendations for future work are provided
in CHAPTER 8.
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CHAPTER 2: Experimental Methods

2.1 Transistor Fabrication

This section presents the details of transistor fabrication. While subsections 2.1.3 and
2.1.4 provide an overview of the entire HFET/MOSHFET fabrication process flow,
subsection 2.1.2 provides specific detail on the ALD process used for the dielectric
deposition. The properties of the AlGaN/GaN substrates used in this work are provided in

subsection 2.1.1.

2.1.1 Substrate properties

High quality AlGaN/GaN substrate wafers were procured from different vendors.
Combinations of different substrates have been used for different sections of the work.
Appropriate references are made in the dissertation to the specific wafers outlined in Table
2.1. Fig. 2.1 shows a schematic of a typical substrate which has a Si (111), sapphire or SiC
carrier wafer with 1.5-2 um of semi-isolating GaN. The barrier is composed of the following

layers.

1. AIN layer to improve 2DEG carrier confinement with reduced alloy scattering [39], [40].
2. The undoped AlGaN layer which is the primary barrier material with polarization charge.
3. GaN cap layer, added to improve dynamic reliability of the HFET device [41], [42].

Table 2.1: Properties of the AlGaN/GaN substrates used in this work.

Wafer ID Substrate Aluminium  Total barrier  GaNcap  AlINlayer  Substrate
composition thickness thickness  thickness source
GaN-SiC_1 GaN on SiC 23.5% 25 nm Unknown  Unknown RFMD
GaN-SiC_2 GaN on SiC 21 % 27 nm Unknown  Unknown RFMD
GaN-Sap GaN on sapphire 25% 21 nm 2.5nm Unknown KOPIN
GaN-Si GaN on 1.5 mm Si 23 % 25nm 4 nm <1nm AZZURRO
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SiC/Sapphire/Si

Figure 2.1: Simple schematic of the AlGaN/GaN substrates procured from vendors, as listed in Table 2.1.

2.1.2 Atomic Layer Deposition (ALD) process

In this work, ALD dielectric films were deposited in a commercial Savannah S100
system from Cambridge Nanotech. Details on the system and chamber design are available
in [38] and [43]. The deposition process involves the repeated cyclic execution of four

critical steps:

1. A metalorganic precursor compound is flown in the ALD chamber by an inert carrier gas
like N. Sufficient time is provided for the precursor molecules to get chemisorbed on the
hydroxylated/oxidized surfaces of the substrate. This is a self-limited reaction which
stops once the entire surface is saturated by the precursor molecules.

2. The unreacted precursor molecules are purged out of the chamber.

3. An oxidizing precursor like water or ozone is flown into the chamber by the carrier gas.
Given sufficient time, this precursor oxidizes the new surface and eliminates the organic
ligand as a gaseous by-product.

4. The unreacted precursor and the gaseous by-products are purged out of the chamber.
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Table 2.2: ALD deposition conditions used for different dielectrics.

. . . Oxidizing Metalorganic precursor Chamber
Dielectric Metalorganic precursor .
precursor cylinder temperature temperature

Tri-methyl Aluminium o o

Al,O3 (TMA) H,O 23°C 200°C
Tetrakis-dimethyl-amino- o o

HIO, hafnium (TDMAH) H:0 sC 200°C
. 3-amino-propyl-triethoxy- o o

SiO; silane (APTS) H,0, O; 100°C 150°C

Depending on the reactivity of the metalorganic precursor, multiple oxidizing

chemistries may be required to ensure completeness of the oxidizing step. Also, an

optimization of the ALD process recipe is required to ensure sufficient precursor quantity

and reaction time for each precursor step. This may also require heating the precursor

cylinder to increase the vapor pressure. Details of the specific precursors and the recipe

conditions used for different ALD dielectrics are provided in Table 2.2. Note that for a mixed

dielectric like HfAIO, an HfO, cycle was followed immediately by an Al,O3 cycle.

2.1.3 HFET fabrication flow

Figure 2.2 shows a cross-sectional schematic and a top view image of the fabricated

100 um wide HFET device. The HFET fabrication process is illustrated in Figure 2.3 and

comprises of the processes explained here.

1. CLEAN: The sample is cleaned using solvents (acetone, methanol, iso-propylalcohol),

followed by HCI (20% by volume) and HF (1% by volume). This clean process has been

found to reduce the surface carbon and native oxide concentrations [38], [47].

2. OHMIC: A source-drain ohmic contact pattern is formed using deposition of Ti/Al/Ni/Au

metal stack by RF-sputtering and e-beam evaporation followed by lift-off in NMP. The

ohmic contact is formed by annealing the sample in a Rapid Thermal Anneal (RTA)
furnace at 850 °C for 30 s in N, ambient.

3. 1SO: Isolation is achieved by the formation of a mesa around the device using Reactive

lon Etching (RIE) with BCl; gas.
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. GM: The gate is formed by the deposition of TaN, capped with W, by RF-sputtering
which is followed by lift-off in NMP.

PASS: Passivation dielectric is deposited by ALD or Plasma Enhanced Chemical Vapor
Deposition (PECVD), as appropriate. The conditions for ALD dielectric deposition are
specified in section 2.1.2. PECVD deposition is performed in an Advanced Vacuum
Vision 310 PECVD system at a temperature of 250°C. Typical growth rates are 10
nm/min and 35 nm/min for silicon nitride and SiO;, respectively.

. CONTACT: Contact holes are etched through the passivation dielectric using Buffered
Oxide Etch (BOE) wet-etch or RIE dry etch with BCl3 gas.

. ANNEAL.: Annealing of the dielectrics are performed at temperature <= 700°C for 60 s
in an RTA furnace in N, ambient, as needed. In case of the HFET, this anneal is also
referred to as a post-deposition-anneal (PDA).

ﬂ'“t"c
Source Drain
Ti/aNi/Aw | _ | _ _AGaN_ | Ti/Al/Ni/Au
| | | 2DEG

LSG ' I-G I'GD GaN
(a)

(b)

Figure 2.2: (a) Cross-sectional schematic of the fabricated HFET device. Lgp = gate-drain spacing; Lg = gate
length; Lsg = gate-source spacing. (b) Top view image of the fabricated line device.
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Figure 2.3: Simple schematic showing the HFET fabrication flow.

2.1.4 MOSHFET fabrication flow

The MOSHFET fabrication process is illustrated in Figure 2.4, with stages 1, 2 and 3
common as the HFET process flow in Figure 2.3. While the processes required here are the

same as those listed in section 2.1.3, a few additional ones are listed here.

1. GD: The gate dielectric deposition is performed by ALD or PECVD, as appropriate.
2. ETCH: The dielectric is wet-etched by diluted HF or BOE.

The main difference here is that the fabrication of the gate stack involves two steps, 3a
and 3b. Here, before the formation of the gate metal, a gate dielectric is deposited and
annealed (PDA), if required. Next, there are two potential fabrication schemes. In scheme A,
the gate dielectric is etched from the access regions and a new passivation dielectric is
deposited. In scheme B, the gate dielectric is not removed and an additional passivation
dielectric is deposited, as needed. An additional anneal, referred to as a post-metallization
anneal (PMA), may also be performed at step 6, as required. The fabricated MOSHFET

devices look similar to the HFET shown in Figure 2.2b and are 100 um wide.
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Figure 2.4: Simple schematic showing the MOSHFET fabrication flow.

2.2 Characterization Equipment

In this section, details of the instrumentation used for characterization of the fabricated

devices are presented.

2.2.1 Cascade probe-station

On wafer characterization of the fabricated devices is performed on a versatile Cascade
probe station, shown in Figure 2.5a, which has a provision for a heated chuck (23°C -
250°C). The station is placed on a vibration-free air-table. Figure 2.5b shows an image of the
probe needles, inside the enclosed chuck, which are capable of low noise gate leakage
measurements (fA range). The station is also capable of high voltage measurements upto 200

V with a safety interlock capability.
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Figure 2.5: (a) Picture of the Cascade on-wafer probe station with heated chuck. (b) Image of a fabricated
sample under measurement in the probe station.

— — e —
Keithley 8x8 switching matrix - 4

WA

m
L
0
0
0

g 00F| 8 oom
gon| m

Figure 2.6: Equipment used for DC IV, CV and GV measurements.
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2.2.2 DC I-V and LCR meters

Figure 2.6 shows the equipment used for the DC current-voltage (IV), capacitance-
voltage (CV) and conductance-voltage (GV) measurements. The Keithley 4200-SCS is a
versatile IV measurement tool capable of 2 W of power with currents in the 10 pA - 100mA
range and a maximum applied voltage of 200V. IV measurements are useful for evaluating
the device transfer characteristics. This tool is also capable of applying stress
currents/voltage (stress time > 500 ms) in conjunction with IV measurements. This is useful
for high drain voltage stress measurements, discussed in subsection 7.3.1. The HP 4155b IV
meter is capable of low noise gate leakage measurements with 10 fA resolution. CV and GV
measurements are performed with an HP 4284 LCR meter, which is capable of measuring
frequencies in the 20 Hz — 1 MHz range. These measurements are used for estimating layer
thicknesses in the gate stack and for characterization of interface traps in section 4.3. A
Keithley 8x8 line switching matrix makes it convenient to switch between different
connections and equipment by software, for different measurements on the device under test,

without manually altering the connections.

2.2.3 Pulsed-1V meter

At any applied bias voltage, a pulsed-1VV meter measures the current response of the
transistor to an applied voltage perturbation. In this work, we use a pulsed-1V meter to
measure the source-drain current response to a gate voltage perturbation. These
measurements are useful for reliability and interface traps characterization as explained in
sections 3.3.3 and 6.2.

Figure 2.8 and Figure 2.8 show an image and a schematic of the custom built pulsed-I1V

measurement setup comprising of the following elements.

1. Gate pulse voltage source (HP 8112A): This instrument is used to apply a gate pulse train
with a voltage range of (-16 V, 16V) and a resolution of 0.2 V. A rise time of 100 ns
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ensures minimum ripple in the measured transient currents. The maximum pulse period is
990 ms.

DC drain voltage source (HP 8116A): While this instrument can be used to apply pulses
as well, here it is used to apply a DC drain voltage in the range (-16 V, 16V) with a
resolution of 0.2 V.

Source resistor: The use of a source resistor helps in making a low noise source voltage
measurement and current estimation (Isource = Rsource * Vsource). The value of the
source resistor, Rsource = 10 Q, is chosen to be much smaller than that of the transistor
devices fabricated using the methods in Chapter 2 (> 50 Q).

Oscilloscope (Tektronix TDS-420): A powerful oscilloscope with a full bandwidth of 50
MHz is used to acquire gate, drain and source voltage waveforms with a minimum time
resolution of 1 ns and a 16-bit Analog-to-Digital-Converter (ADC) accuracy.
Measurement error due to thermal noise at low voltages is reduced by averaging over
multiple acquisitions of the gate pulse train.

Desktop computer: Custom designed software compiled with Visual C++ is used to
control the oscilloscope and the voltage sources using GPIB interfaces and generate
transient current waveforms or pulsed-1V curves. The software is capable of acquiring
and stitching together waveforms over multiple timescales for high temporal resolution.
Algorithms are built in to automatically estimate the required sense voltage range for
maximum voltage/current resolution. Moving average filters are used to further improve

measurement noise immunity.
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Figure 2.7: Picture of the custom built pulsed-1V setup with a Tektronix TDS-420 oscilloscope and two HP

pulse generators (HP 8112A, HP 8116A) as the voltage sources. Also seen is a simple source resistor (10 Q) for
the source-drain current measurement.
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Figure 2.8: Simple schematic of the custom built pulsed-1V setup with an oscilloscope and a pulse generator.
Also shown is the custom designed software graphical user interface on a PC to control the instruments and
acquire the transient current response.
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CHAPTER 3: Methods for Accurate
Characterization of Interface Traps in GaN
MOSHFET Devices

3.1 Introduction

High critical electric field with high electron mobility makes GaN-based
Heterojunction-Field-Effect Transistors (HFETS) very attractive for high voltage power and
RF applications [4]. But, reliability is a critical concern preventing their widespread
adoption. Different dielectrics have been explored in the access region for surface passivation
and improvement of dynamic reliability [44]-[47]. Further, gate dielectrics have been used to
reduce gate leakage and improve long term reliability [25], [45], [48]-[50]. In either case, an
accurate assessment of traps at the interface between the dielectric and the barrier material is

necessary in order to evaluate the effectiveness and reliability of the dielectric.

At present, conventional methods of interface trap characterization using capacitance
(CV) and conductance (GV) measurements are often replicated on the GaN MOS-HFET
(Metal-Oxide-Semiconductor HFET) system [48]-[53]. These methods were originally
developed for the SiO,/Si MOS system where it was reasonable to assume relatively slow
variations of trap capture cross-sections and energy distributions [54]. In contrast, dielectrics
on I11-V semiconductor systems have often shown very high and rapidly varying density of
states and capture cross sections, especially near band edges [55]. Therefore, these methods
are potentially prone to significant error when used on GaN. Being a wide bandgap system,
additional care is needed to ensure that the sweep measurements are slow enough for deeper
traps to achieve quasi-steady state before the ac measurement is taken. Most importantly, in
the GaN MOS-HFET system, the dielectric/barrier interface that contains the traps

responding to the ac voltage is separated from the barrier/GaN interface which hosts the 2-D
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electron gas (2DEG) underneath. This structural difference compared to the SiO,/Si MOS
system behooves a critical investigation into the accuracy of these methodologies when used
with the GaN MOS-HFET system.

Even at elevated temperatures, electrical measurements are restricted to probing
shallow traps within ~1 eV away from the conduction band (Ec) [56]. In order to probe
interface traps deeper in the barrier band gap, optical methods like Deep Level Optical
Spectroscopy (DLOS) are often used [56]. In this chapter, a novel methodology to
characterize dielectric/AlGaN interface and border trap density extraction is demonstrated
using common electrical measurement techniques such as DC CV, IV and pulsed-IV. With
the use of a generic ultra-violet (UV) lamp, this method can easily be used for accessing traps
across the entire AlGaN band gap, without the need for sophisticated optical instrumentation
that is typically required for DLOS. The method is demonstrated on a MOS-HFET device
and a critical assessment of its accuracy in comparison to the traditional capacitance and
conductance based techniques is conducted. Analytical models and TCAD simulations are
used to theoretically compare the accuracy limits of capacitance, conductance and pulsed-1V
techniques for the GaN MOS-HFET system. While AlGaN/GaN substrates are used for this

work, the conclusions are easily translated to the INAIN/GaN system as well.

PECVD SiO,

2DEG

4 alg
L

Lsg=4 pm Lg=9 pm Lep=8 pm

L

GaN

Figure 3.1: A cross section of the fabricated MOSHFET device with HfAIO gate dielectric.
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3.2 Background

3.2.1 Fabrication Flow

MOS-HFET devices were fabricated on AlGaN/GaN on SiC substrate samples (GaN-
SiC_1) with the SCHEME B fabrication flow specified in Figure 2.4. A 7 nm HfAIO
dielectric deposited by thermal Atomic Layer Deposition was used as the gate dielectric. An
additional 200 nm layer of PECVD SiO, was also added to improve device passivation. The
dielectric received a post-deposition anneal (PDA) at 600°C for 60 s in a Rapid Thermal
Anneal furnace in N, ambient. Subsequent IV and CV characterization was used for
calibrating simulated curves, described in subsection 3.2.2. Figure 3.1 shows a cross-

sectional view of the final device structure with a gate length of 9 um and gate width of 104

gm.

3.2.2 Simulation Framework

The MOS-HFET device structure in Figure 3.1 was simulated with Synopsys Sentaurus
TCAD. Fixed charge sheets of opposite polarities (+1.154x10* cm™) were used on either
side of the AlGaN barrier to emulate the polarization charges. For ease of convergence,
quantization and tunneling models were disabled and simple Fermi-Dirac statistics were
used. A total donor trap concentration of 5.24x10*® cm™ is placed at the HfAIO/AIGaN
interface in order to match the threshold voltage (V1 = -7.8V) extracted from the DC Ip-Vg
curve measured for the device, shown in Figure 3.2a. Figure 3.2b shows a good agreement
between measured and simulated CV curves at the first CV step, near V1. We also observe a

shift of the second CV step towards more negative voltages with lower ac frequencies.

The value of the dielectric capacitance (Co.x), extracted at positive gate voltages
corresponding to electron accumulation at the interface, is underestimated by about 15%.
This has been experimentally observed before in other I11-V material systems as well [55]

and is attributed to the low conduction band density of states in GaN and AlGaN compared to
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traditional Si. Errors in trap extraction due to the error in Cox estimation can be minimized by

extracting the Cox from the accumulation or inversion capacitance on Si.

At gate voltages below Vr, traps at the dielectric/AlGaN interface are typically
unoccupied. Since acceptor traps are neutral when unoccupied, their presence is expected to
have negligible impact on V1. In contrast, unoccupied donor traps act as positive charge,
thereby shifting the Vt in the negative direction, as seen in Figure 3.2a. Since donor traps
alone were found to sufficiently describe the 1V and CV characteristics near both the CV
steps, acceptor traps have not been considered in this work. Regardless, all the trap extraction
methods considered here cannot distinguish between donor and acceptor traps and acceptor

traps are expected to follow similar trends as the donor traps.

Most commercially available AlIGaN/GaN substrates have an additional thin AIN layer
at the AlGaN/GaN interface to increase 2DEG concentration and confinement and reduce
interface alloy scattering [39], [40]. The incorporation of this layer can significantly affect
the resistance of the barrier and alter the observed CV and GV characteristics, as will be
explained in section 3.2.3. A realistic simulation requires the inclusion of tunneling models to
accurately predict the barrier resistance for a given AIN layer thickness. But, since this work
is a first order attempt at investigating the effect of the MOS-HFET structure on the efficacy
of interface trap characterization methods, tunneling models have not been included. Hence,
in simulations that include the AIN layer, the total barrier resistance is dominated by the high
Schottky barrier on either side, and is therefore very large. The total barrier thickness was

kept unchanged to ensure a constant barrier capacitance, Cg, throughout the study.

The matching at the second CV step in Figure 3.2b can be improved by incorporating a
more sophisticated trap distribution in the simulation, closer to the measured distribution, as
will be discussed in section 3.4. Also, while this simple CV simulation did not include the
AIN barrier, a better model for the barrier resistance is required. All the parameters used for

the simulations are listed out in Table 3.1.
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It is to be noted here that rapid variations in interface trap density and trap capture

cross-section are known to affect the accuracy of CV and GV based trap measurement

techniques [54], [57], [59]. But, in this work, we focus on traps at a single energy level or

uniformly distributed, along with a constant capture cross-section, to simplify the analysis of
the effect of the MOS-HFET structure on trap estimation.
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Figure 3.2: Measured and simulated Ip-Vg curves for the fabricated MOS-HFET. An exponential trap
distribution was used, with the form D;=1.6x10" exp(-E+/0.5), where E is trap depth in eV.

Table 3.1: Parameters used for the MOS-HFET TCAD simulations.

Parameter Value
GaN bandgap (eV) 3.4 [53]
GaN electron affinity (eV) 3[53], [57]
GaN electron mobility (cm?V's™) 1230
GaN buffer acceptor doping (cm™) 1x10"
Gate work function (eV) 4.6
Al percentage in AlGaN (%) 21
AlGaN thickness (nm) 23
AlGaN E density of states, 23°C (cm™) 3.14x10%
AlGaN electron mobility (cm?Vs™) 400
AIN and AlGaN dielectric constant 9
Trap capture cross-section (cm?) 1x10"
Electron thermal velocity (cm s™) 2.6x107 [48]
MOS-HFET series resistance (Q.mm) 6.45
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3.2.3 Equivalent small-signal circuit model

An equivalent small-signal circuit model, illustrated in Figure 3.3, was developed for
the AlGaN/GaN system based on the theory formulated in [54]. The circuit includes two
paths: (a) the capacitive path; and (b) the trapped charge path. For simplicity, all the circuit
models are derived for traps at a single energy level, E+ below Ec, with a characteristic
response time given by (3.1).

ol
L kT (3.1)

Here o is the trap capture cross-section, vy, is the electron thermal velocity and Nc¢ is the
density of states in the AlIGaN Ec. The capacitance contribution due to trapped charge is
given by C;; = qD;;, where Dy is the density of traps. The resistance contribution due to
trapped charge, Ri, is derived from the characteristic response time as R;; = t/C;; [52], [54].
Depending on the growth parameters, the barrier may also add an additional R-C impedance
to the de-trapping electron path [52]. The barrier resistance Rg is negligible when the bulk
AlGaN mobility is high and there is no AIN layer. But, in reality, it can be significantly
higher, especially when the barrier includes an AIN layer. Additionally, while the parallel R-
C impedance is expected to be a distributed R-C network, the circuit shown in Figure 3.3 and

Figure 3.4a is a simplification.

Figure 3.4 shows reductions of the equivalent circuit into various representations, used
for extracting the trap density. Cp and Gp in Figure 3.4b are the equivalent capacitance and
conductance of the semiconductor. When Rg—0, they are expressed by (3.2), which are the
same as those derived for n-Si MOS capacitor under depletion [54].

G, C,to

C.,,=C.+ ; = 3.2
PoTE 1+(mr)2 ® 1+((,0‘C)2 (3:2)

31



2DEG

Path for
trapped
charge

'

Dielectric

>~ Ce Capacitive
circuit path

Figure 3.3: Energy band diagram under the MOS-HFET gate stack, illustrating the construction of the
equivalent small-signal circuit.
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Figure 3.4: Various representations of the MOS-HFET small-signal equivalent circuit: (a) same as Figure 3.3;
(b) combines all the semiconductor components into an equivalent parallel capacitance and conductance, Cp and
Gp; () represents the equivalent capacitance and conductance of the device as measured, C,, and G,
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The same equation is modified to (3.3) for a continuous trap distribution [54].

— Ci -1 . GP,O _ Ci 2
CP,O _CB +Etan ((DT), o —2—m1n[l+(60‘c) :| (33)

When Rg— o0, a factor a = Cg/(C;; + Cg) is introduced to express Cp and Gp as (3.4).

G o’C. 10
C.. =C,+ B, D i 3.4
3 ° 1+(mar)2 0] 1+(mar)2 (3.4)

Figure 3.4c represents the simplified equivalent circuit of the device during a CV or
GV measurement. The equivalent semiconductor capacitance and conductance, Cp and Gp,
can be extracted from the measured capacitance and conductance, Cr, and Gp, using (3.5) and
(3.6).

& — (DGmcoxz (3 5)
® G2+ (Co—C,) '
mzcm (Cox _Cm)_Gm2
c.=C, i (36)
sz + 0 (COX —Cm)

3.3 Theoretical Comparison of Interface Trap Characterization
Methods

Three popular methods for characterizing interface traps are investigated. The use of
frequency dependence of CV curves for Dj; extraction has been demonstrated in [50], [52].
Interface trap characterization using the frequency and amplitude of conductance peaks is
very popular in Si MOS characterization and has been used with AlGaN/GaN MOS-HFETs
in [48], [49] and [51]. The use of pulsed-IV measurements for traps characterization is
demonstrated in section 3.4. In this section, equivalent small-signal circuit models derived in

section 3.2.3 are used to predict accuracy limitations for the methods using CV and GV
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measurements. For each method, simulations of the appropriate trap extraction measurements
are also performed to confirm the predicted trends. A comparison between the trap
concentrations set at the dielectric/AlGaN interface and the value extracted from the
measurement simulation is used as an indicator of the accuracy expected from each method.
Note that, in this section, the terms ‘measurement’ or ‘measured’ refer to the simulation of

the measurement, unless specifically stated to be an experimental measurement.

3.3.1 Conductance Method

The conductance method is a very popular technique for traps characterization,
especially with Si MOS [54]. This is because the peak value and peak frequency extracted
from the fits of the semiconductor conductance with (3.2) or (3.3) can be directly used to
calculate Cj; and 1, and consequently Dj; and Et. This works well for the GaN MOS-HFET
system also, but only if Rg—0. In reality, the value of Rg is higher, especially when there is
an AIN layer sandwiched between the GaN and AlGaN. Therefore, in most situations, there
is potentially a gross underestimation of Dj, unless it is corrected for. Figure 3.5 illustrates
the effect of Rg on the frequency location and value of the conductance peak. For any given
Di: with a certain characteristic time constant, two peaks are observed: the main peak
corresponding to the interface traps at the dielectric/AlGaN interface, and the other an
artefact due to the presence of Cg in the trapped charge path illustrated in Figure 3.4a. In
cases of high Rg, the main peak of interest may well be pushed beyond the measurement
frequency. As a result, the value of the secondary peak could be mistranslated into a constant
Dit of Cg/q.

Figure 3.6a shows a contour plot of the extracted Dj; by using the highest conductance
peak in the measurement range of 1 Hz-1 MHz for a trap time constant t=10s. It is evident
here that as Rg increases to large values, for a device with large Dj;, the extracted Dj; saturates
at Cg/q, resulting in a large error of almost 3 orders of magnitude. Figure 3.6b shows a

contour plot of the error in extracted trap response time, 1, indicating a wide swing of around
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3 orders of magnitude in both faster and slower directions. The faster and slower time

constants correspond to the secondary and the main peak, respectively.

LLRLULL L B L L R L | Il 1 0 LLRLULL R RLLL IR R ELL R BRI B

Dﬂ,aclual=5X1 012 Cm*2eV*1 4 - __ Dﬂ,aclual=1013 cm’QeV"; T=10-4 S __
<~084T=10"s 1 o084 R =(10%10°) © |
IS | e | indecades ]
u(f 0.6 Main peak shifts ut_) 064 S\ ' M;ain p%akl shifts|
3 0 4t towards lower | = | ' ?V\Br s lower’]
g R;=(10710") 2 frequencies “é’ requencies
<047 in decades 1 5047 Secondary
O 1 s K el © ] peak value -
0.2+ unaffected 0.2+ unaffected |
0.0+ 0.0
10° 10" 10° 10° 10° 10" 10° 10° 10' 10> 10° 10" 10° 10°

(@) Measurement frequency (Hz)  (b) Measurement frequency (Hz)

Figure 3.5: Conductance, Gp/w, calculated for the circuit model in Figure 3.4a over a range of barrier resistance
values, for two different trap densities: (a) 5x10™ cm? eV?; (b) 10" cm? eV™. A representative trap
characteristic response time of 10* s was chosen to obtain a main peak within the typical measurement
frequency range of 100 Hz - 1 MHz.
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Figure 3.6: (a) Trap density, Dy, and (b) error in the response time, t, estimated from the peak positions and
values of the tallest peaks of the calculated conductance in the frequency range 1 Hz - 1 MHz. The contour plots
are made over a range of actual trap density and barrier resistance values used for the circuit.
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Figure 3.7: TCAD simulation results of the conductance method on the MOS-HFET device with different
interface trap densities distributed uniformly in energy: estimated trap density (a) without and (b) with AIN
layer; error in the estimated trap response time (c) without and (d) with AIN layer.

Simulations of the MOS-HFET device were performed with/without the AIN layer,
representing the limiting cases Rg—oo or 0, respectively. Different trap concentrations
uniformly distributed over the band gap were placed at the dielectric/AlGaN interface and the
conductance method was used, with fits to (3.3), to estimate the trap density, Dit estimated, and
the trap time constant, Tesimated- IN the absence of the AIN layer, there is negligible error in
estimation of the trap parameters. In contrast, with the introduction of the AIN layer,
Ditestimated 1S Never above Cg/q. The trap time constant is also severely underestimated by 3
orders of magnitude at high Dj. Thus, the equivalent circuit model has been able to
successfully predict the trends in error derived from the simulations for the two limiting cases
of Rg.
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3.3.2 Capacitance Method

The use of the CV for trap estimation was proposed in [50] and [52] to avoid the error
in the conductance arising of out interference from a finite and unknown Rg. This method is
illustrated in Figure 3.8 and involves the use of the gate voltage shift, AV, with measurement
frequency, f, of the second CV step to estimate Dj;.. We assume that only traps near the
Fermi level with a response time, Ty, below 1/f,, can respond to the ac measurement signal.
Hence, the second CV step starts rising at a gate voltage that produces sufficient band
bending to bring the traps with response time, T = 1, to the Fermi level. From (3.1), interface
traps in the energy range AEt can be probed by two measurement frequencies, f; and f, such
that:

AE, =k, Tln-"2 :kBTln;—l 3.7)

Tma 2
The total charge at the interface corresponding to this energy range is AQj; = Dji. AEr.
Using electrostatic equations, this charge can also be expressed in terms of AV as (3.8), with

which Dj; can be estimated as in (3.9).

AQ, =AV, C,y —(Cyy+Cy) 2ET (3.8)
C, +C
p, =&V o (CotCo) (3.9)
AE; q

MOS-HFET simulations with/without the AIN barrier confirmed that this method is
relatively unaffected by the value of Rg (Figure 3.9a). But, its efficacy critically hinges on
the resolution of the CV measurement, illustrated in Figure 3.8. An accurate extraction of
AV requires a noise-free measurement of a capacitance increase, ACgetect, Which is to be
chosen to be lower than the capacitance corresponding to the traps, Ctmax. Further, the gate
voltage sweep resolution, Vg gres, should be low enough, such that AV; > Vg ges. Finally, AEt

depends on the measurement frequency step, according to (3.7). Figure 3.9b shows the error
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in Dj; extraction by using (3.9) for different values of Vg ges, with the circuit model described
in Figure 3.4a. The measurement frequencies were chosen to be 1 kHz and 2 kHz. It is
evident from Figure 3.9b that the minimum detectable trap density reduces with a reduction
in Vg res. Additionally, for any given Dy, the resolution of trap density estimation improves

as well.

It is also to be noted that (3.10) derived in [52], for trap density estimation using this

method significantly underestimates the trap density, as is also shown in Figure 3.9b.

AV,
Dit = CCOXCB AVf :Cfloor : (310)
o« TCg JAE; AE,

Capacitance method

hh=Hh =13
AVs> VGREs

CT:max

f3

Catact

Capacitance

ACdetect

Ciloor
Gl AV AVig
Cg + Co

Gate Voltage (V)

Figure 3.8: Schematic showing the extraction of the gate voltage shift, AVy, of the second CV step in Figure
3.2b, for the capacitance method of extracting interface trap density.
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Figure 3.9: (a) Trap density estimated using TCAD simulations of the capacitance method for the barrier
with/without the AIN layer. The lowest detectable trap density was ~3x10* cm? eV™. (b) Trap density
estimated using (3.9) with capacitance calculated with the circuit model in Figure 3.4a. The calculated AV was
forced to be an integral multiple of V¢ ges before the calculation of Dy, in order to model the effect of the sweep
resolution. Also shown is the estimated D;, using (3.10). The grey line in both the plots is a visual guide for the
curve: estimated D;; = actual Dj;.

3.3.3 Pulsed-1V Method

The pulsed-1V method, illustrated in Figure 3.10, takes advantage of the fact that the
MOS-HFET’s conducting channel is separated from the traps at the dielectric/AlGaN
interface. During a negative gate voltage sweep, change in the interface charge density, ni;,
by the addition of positively charged unoccupied traps above the Fermi level or the reduction
of negatively charged acceptor traps below the Fermi level, affects the threshold voltage of
the device. Thus, by keeping track of the device V1 over a quiescent gate voltage (Vg)
sweep, the trap density can be conveniently back-calculated as (3.11).

An. C. AV
nlit - _ A\;llt — 0X T (311)
G.Q q AVG,Q
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The pulsed-1V system shown in section 2.2.3 can be used to perform a quiescent gate
voltage sweep with quick and short perturbations to a fixed voltage, Von. By making the
perturbation quicker than the response time of the interface traps, a measurement of the
channel conductance, Gg, during the perturbation can be used to track the changing Vr, and
the rate of change of interface charge, ni, as given by (3.12). The trap density, Dj;, can be
subsequently calculated by multiplying ni" with the rate of band bending, dV; o/dEr, in
(3.13).

C L AGg

'y =— (3.12)
Cfloor qMW A\/VG,Q

av, av,
6Q _ _ Co +Cp . D, =—qn’, —22 (3.13)
dE, C,—qgn' dE,

[0)4

q
it

Pulsed-1V simulations of the MOS-HFET device were performed with different
magnitudes of trap density uniformly distributed in energy. Figure 3.11a shows minimal error
in estimated Dj;, using this method, for both the cases with/without the presence of the AIN

barrier.

The channel resistance, Rg, used in (3.12) as Gg=1/Rg, is calculated from the measured
source-drain resistance, Rsp, by subtracting the series resistance, Rs. This series resistance is
a combination of the resistances due to the ohmic contacts and the access regions. In
calculating n'j;, using (3.12), the correct estimation of the channel mobility, p, and Rsg, is
therefore very critical. Both p and Rs can be extracted by using a fit of the transistor 1p-Vg
characteristics to (3.14). Errors can appear in this process due to the interference of high
density of interface traps in the Ip-Vg characteristics. For any given source-drain resistance,
Rsp, calculated from the Ip-Vg sweep, an overestimation of Rs by dRs results in an

overestimation of p by dy, according to (3.15).
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Ry =Re+Rg Re = 3.14
0 ¢ ° ¢ HWCfloor (VGS _VT) ( )
de _ dR, (3.15)

po Rg

Figure 3.11b shows a plot of the error in Dj; estimation over different values of R and
estimated Rs. The error in estimated mobility has been calculated using (3.15). A trivial
observation from the plot is that if Rs is accurately estimated, Dj; is also always accurately
estimated, along the x=0 line. For Rg<Rsactual, Dit can potentially be under/over-estimated.
For higher values of Rg, the error is small and relatively insensitive to errors in Rg
estimation. Therefore, if it is ensured that the channel resistance during the Von pulse is
higher than Rs throughout the quiescent gate voltage sweep, one can simply assume Rs = 0

and extract p using the peak trans-conductance method, illustrated in section 3.4.2.

s Ve,

VG,Q,Z

Quickly measure

-
n; 7,_current at Vo
S

AlGaN

-
yﬂfnl—l e

14 GaN

2DEG forming
electron channel

Dielectric

Figure 3.10: Energy band diagram under the MOS-HFET gate stack (with donor traps) at an applied quiescent
gate voltage, Vg o, with an interface charge ni. Also shown is the sequence of applied pulses over time to
measure the channel current at a fixed voltage Vo, the band diagram for which is shown in red.
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Figure 3.11: (a) Trap density estimated using TCAD simulations of the pulsed-1V method for the barrier
with/without the AIN layer. (b) Contour plot of error in estimated D;, as a function of the channel resistance, Rg,
and the estimate of the device series resistance, Rs. As an example, an actual Dy value of 10** cm? eV was
used for the calculation.

It is important to note that the pulsed-1V method, as explained here, cannot distinguish
between traps located at different spatial positions in the gate stack. It is assumed that the
GaN substrate is defect-free and that the trap density at the dielectric/barrier interface is

much higher than in the barrier.

3.3.4 Inferences

Table 3.2 summarizes the pros and cons of each method discussed in this section. The
conductance method has a severely low upper limit of detection (Cg/q) of interface traps
when the barrier resistance is significant. While the capacitance method is relatively
unaffected by the barrier resistance, it has a high lower limit of detection determined by the
resolution of the voltage sweep. In contrast, the pulsed-1V method is expected to be accurate

over a wide range of trap densities, irrespective of the barrier resistance.
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Table 3.2: Summary of the pros and cons of different trap characterization methods: conductance (GV),
capacitance (CV), pulsed-IV (PIV) and a combination of PIV and GV (PIV+GV). [RBl indicates restrictive,
while green indicates favorable.

Feature

Trap density detection lower limit
Trap density detection upper limit
Total trap density detection range
Ability for E; estimation vs. Vg
Ability to detect deep traps

While the conductance and capacitance techniques have been used only for shallow
traps, the pulsed-1V method can be used for detecting deep traps as well, as is demonstrated

in section 3.4.

Regardless, the pulsed-1V technique has to be used in conjunction with the
conductance technique in order to estimate Dj; as a function of Er, instead of Vg. Although
the conductance method can significantly underestimate the response time, t, it only creates a
small shift in estimated Er, according to (3.1). Therefore, a combination of the pulsed-IV
technique for Dj; estimation and the conductance method for Et estimation is suggested for

accurate interface trap characterization.

3.4 Experimental Demonstration of Accurate Interface Trap

Characterization

3.4.1 Introduction

In this section, the MOSHFET device fabricated in section 3.2.1 is used to demonstrate
the effectiveness of the combination of pulsed-1V and conductance method for accurate
interface traps characterization. This involves the following four steps, which are elaborated

in this section:
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1. Quasi steady state 1p-V and C-V characterization to extract the channel mobility for use
in (3.12).

2. Pulsed-1V measurements to extract the trap density as a function of gate bias, for use in
(3.12).

3. Conductance measurements for estimating trap depth as a function of gate bias.

4. Estimation of trap density vs. trap depth.

In the pulsed-1V measurements, the gate voltage sweep is performed from positive to
negative with a 1 s hold time under 365 nm 10 mW/cm? UV illumination. This ensures that
all the traps are filled to begin with. Then, during the slow sweep in the negative direction,
the illumination provides sufficient stimulus for electrons above Fermi level to detrap and
help the device reach quasi-steady state faster. This method is also applicable for deep trap
measurement because the UV irradiation can excite electrons from traps more than 3 eV

deep.
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Figure 3.12: (a) CV measured from 0V to -10V at 1 MHz under UV; (b) GV measured at room temperature and
200°C with a drain voltage of 0.2V. Channel mobility was extracted using the peak trans-conductance in (3.16).
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3.4.2 Quasi-steady state characterization

DC source-drain conductance-voltage (GV) measurements at low drain bias were
obtained under UV illumination at room temperature and 200°C, as shown in Figure 3.12.
The accumulation capacitance from a CV measurement is used in (3.16) to extract the

channel mobility from the value of the peak trans-conductance (dIp /dVg).

L(ij
dVG peak

" WC, V..

1) (3.16)

floor

3.4.3 Trap density measurement

Figure 3.13a shows the transient pulse response of the device from two extreme
quiescent gate biases of 3 V and -2 V. It is observed that when Vg o=3V, the recovery current
during the 5 ps pulse of Von=-4V is almost zero. But, when Vg o=-2V, the recovery current
during same pulse reaches the maximum DC value. These two cases indicate that the
HfAIO/AIGaN interface and border traps are mostly occupied with electrons at V¢ o=3V and
a significant number are empty at Vgo=-2V, thereby temporarily shifting the device
threshold voltage in the positive or negative direction, respectively. The measurements
shown in Figure 3.13a are performed as a progressive gate voltage sweep and the transient S-
D conductance at time To=1 ps from the pulse rise is noted down for each Vg g, shown in
Figure 3.13b. In order to minimize the error associated with the series resistance, three
different ON voltage ranges were chosen to ensure that the channel resistance was higher
than the series resistance. Elevated temperature at 200°C was also used in order to improve
the efficiency of electron de-trapping and ensure a faster attainment of quasi-steady state.
The pulsed-I1V measurements from Figure 3.13b were subsequently used in (3.12) to estimate
trap density n'i, shown in Figure 3.14. Note that at very high Dj;, the dielectric/AlGaN
interface can get pinned. Under such circumstances, any additional gate charge is
compensated purely by these interface traps. Thus, the oxide capacitance limits the maximum
detectable trap density, by any method.
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Figure 3.13: (a) Two transient pulse measurements, under UV, at quiescent gate voltages of 3V and -2V and a
fixed Vo (for time Ton). The pulsed-1V measurement is taken at To = 1 us. (b) S-D conductance measured at 1
us into the measurement pulse at Voy over a quiescent gate voltage, V¢ o, sweep with a hold time of 1 s.
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Figure 3.14: Trap density extracted using (3.12) from the S-D conductance values measured in Figure 3.13b.
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3.4.4 Trap depth estimation

The rate of band bending, dV; /dEt can be evaluated by using the estimated n'j in
(3.13). But, at high Dy, error in n'y can significantly amplify the error in dV;o/dEr.
Therefore, the use of (3.13) is restricted to more negative gate voltages with n';; below 40%
of Cox/q. Conductance method was used to estimate Er and dV, /dEr for shallow energies,
as shown in Figure 3.15. In order to obtain a continuous and differentiable relation between
Er and Vggo, a linear interpolation of the band bending rate was performed over the
intermediate region. Subsequently, the Et-Vg o relation was reconstructed, as shown in
Figure 3.16.
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Figure 3.15: (a) Extracted Gp/w curves and curve-fits for different applied quiescent gate voltages at 23°C; (b)
Trap depth extracted using the peak position of the conductance curves. Two different capture cross sections
have been used at different temperatures to ensure continuity of the curve.
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predicted by (3.13).
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3.4.5 Final trap density profile reconstruction and validation

The results in Figure 3.14 and Figure 3.16 were combined to obtain the final trap
density plot over the trap depth, E1, as shown in Figure 3.17a. It is evident here that the
exclusive use of conductance method grossly underestimated the trap density and is hence,

unreliable.

For a given estimated trap density, Figure 3.17b demonstrates a reasonable adherence
of the estimated band bending rate with the theoretically expected value predicted by (3.13).
This is a critical indicator to the success of this method at accurately characterizing interface

traps.

3.5 Summary

While conductance (GV) and capacitance (CV) methods have been used with GaN
MOS-HFET devices for characterization of traps at the interface between the dielectric and
the barrier material, these methods are limited in their scope. Due to the presence of a thin
AIN layer between the barrier and GaN or the substrate growth parameters, the barrier can
offer a resistive path to the trapped electrons. Under such circumstances, the conductance
method can severely underestimate the trap density, especially in devices with high Dj. The
exclusive use of CV sweeps for trap density estimation is relatively immune to interference
from the barrier resistance. But, both the resolution and the lower detection limit of the
method are limited by the resolution of the CV sweep. In addition, both the methods are
developed only for probing shallow energy depths and are, therefore, insufficient for

describing interface traps spread across the wide bandgap of the barrier material.

The use of pulsed-1V measurements, for both shallow and deep traps characterization,
was found to be immune from issues of barrier resistance and applicable over a wide range of
trap density values. The use of this method, along with conductance method, was
experimentally demonstrated on an AlGaN/GaN MOS-HFET with HfAIO gate dielectric. A

good match between the estimated band bending and the theoretically predicted value,
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accounting for interface traps, confirms a superior accuracy of this method over exclusive use
of CV or GV methods. Henceforth, this method is used for characterizing dielectric/AlGaN
interface traps for different dielectrics in Chapter 4.
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CHAPTER 4: Characterization of Traps at ALD
Dielectric/AlGaN Interface

4.1 Introduction

In this chapter, different dielectrics deposited by ALD are investigated for traps at the
dielectric/AlGaN interface. Silicon nitride, a common passivation dielectric, deposited by
PECVD is also looked at, for the sake of comparison. A combination of pulsed-IV and
conductance methods, as elaborated in section 3.4, is used for this purpose. The findings of
this chapter have a direct bearing on the choice of the best gate dielectric and passivation
dielectric for the AlGaN/GaN MOSHFET device.

4.2 Sample preparation

MOS-HFET devices were fabricated on AlGaN/GaN on Si substrate samples (GaN-Si)
with the SCHEME B fabrication flow specified in Figure 2.4. Different dielectrics (ALD
SiO,, ALD Al,03, ALD HfAIO, ALD HfO; and PECVD silicon nitride) with a nominal
electrical thickness of 5 nm were used as the gate dielectric. The electrical thickness of a
dielectric film, commonly referred to as the Equivalent Oxide Thickness (EOT), is the
thickness of SiO; that has the same capacitance as that of the dielectric film. An additional
200 nm layer of PECVD SiO, was also added to the samples with ALD gate dielectrics in
order to improve device passivation. Details of the process conditions are provided in section
2.1.2 and 2.1.4. The dielectrics do not receive any anneal until step 6 in Figure 2.4, when the
device fabrication is complete. The effect of a couple of subsequent post-metallization
anneals (PMA, step 6) at increasing temperatures is also investigated. Figure 3.1 shows the
lateral dimensions of the fabricated MOSHFETS with a gate length of 9 um and gate width of
104 pm.
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4.3 Extraction of gate stack capacitance

Accurate knowledge of the capacitance of the deposited dielectric, Coy, is critical for
extraction of trap characteristics. The accumulation capacitance measured on the fabricated
AlGaN/GaN MOSHFET devices is underestimated due to the lower density of states in the
AlGaN conduction band, as mentioned in section 3.2.2. Therefore, accumulation capacitance
from capacitors made on monitor n-Si wafers was used for accurate EOT determination.
These monitor wafers were inserted along with the AlGaN/GaN samples during the gate
dielectric deposition step. Post capacitor fabrication, these monitor samples underwent the
same anneal conditions as their corresponding MOSHFET counterparts.

The total capacitance of the gate stack, Croor, IS estimated from CV measurements of
the fabricated MOSHFET device as illustrated in Figure 3.2. The EOT of the AlGaN barrier
layer can be calculated by subtracting the dielectric EOT from the EOT of the entire gate
stack. Details of the extracted gate stack EOTs for different anneal conditions are provided in
Table 4.1. Physical thickness of as-deposited dielectrics was measured by ellipsometry on

control Si wafers.

Table 4.1: Thickness of different layers of the fabricated MOSHFETS.

As dep. physical thickness | AlGaN EOT (nm) | Anneal condition | Dielectric EOT (nm)

As deposited 3.6

22.6 nm ALD HfO, 14.1 400°C PMA 4.8
600°C PMA 4.8

As deposited 4.2

10.4 nm ALD Al,O; 13.6 600°C PMA 45
700°C PMA 4.3

As deposited 4.3

15.7 nm ALD HfAIO 13.9 600°C PMA 4.4
700°C PMA 4.1

As deposited 3.3

5.1 nm ALD SiO, 14.4 600°C PMA 3.9
700°C PMA 3.9

9.7 nm PECVD Si3N, 15.1 As deposited 4.6
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4.4 Interface traps at ALD HfO,/AlGaN interface

The fabricated MOSHFET with ALD HfO, gate dielectric was characterized for
interface traps using the method described in section 3.4. Figure 4.1 shows a high density of
shallow traps before and after PMA at 400°C and 600°C. The density of deeper traps is seen
to increase with every anneal. But, it is also very likely that an anneal-related improvement in
passivation quality permits the measurement of deeper traps, which were always present. The
total measured density of traps for the as-deposited, 400°C PMA and 600°C PMA are
5.75x10" cm?, 4.59x10" cm? and 5.11x10" cm™, respectively.

As predicted in section 3.3.1, it is found that the conductance method severely

underestimates the trap density.
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Figure 4.1: Lines show the interface trap density detected at the ALD HfO,/AlGaN interface using pulsed-1V
method for different anneal conditions. Open symbols are the estimates from the conductance method only for
600°C PMA. Similar estimates are obtained by conductance method for other anneal conditions.
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4.5 Interface traps at ALD HfAIO/AIGaN interface

The fabricated MOSHFET with ALD HfAIO gate dielectric was characterized for
interface traps using the method described in section 3.4. Figure 4.2 shows a high density of
shallow traps before and after PMA at 600°C and 700°C. The density of deeper traps is seen
to increase with every anneal. But, it is also very likely that an anneal-related improvement in
passivation quality permits the measurement of deeper traps, which were always present. The
total measured density of traps for the as-deposited, 600°C PMA and 700°C PMA are
5.28x10™ cm?, 5.14x10" cm? and 6.05x10" cm, respectively.

As predicted in section 3.3.1, it is found that the conductance method severely

underestimates the trap density.
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Figure 4.2: Lines show the interface trap density detected at the ALD HfAIO/AIGaN interface using pulsed-1V
method for different anneal conditions. Open symbols are the estimates from the conductance method only for
700°C PMA. Similar estimates are obtained by conductance method for other anneal conditions.
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4.6 Interface traps at ALD Al,O3/AlGaN interface

The fabricated MOSHFET with ALD Al,O3; gate dielectric was characterized for
interface traps using the method described in section 3.4. Figure 4.3 shows two distinct
shallow peaks of high trap density in the as-deposited case, which are strongly suppressed
and spread out deeper after PMA at 600°C and 700°C. The density of deeper traps is seen to
increase with every anneal. But, it is also very likely that an anneal-related improvement in
passivation quality permits the measurement of deeper traps, which were always present. The
total measured density of traps for the as-deposited, 600°C PMA and 700°C PMA are
2.38x10" cm™, 2.59x10" cm? and 2.16x10" cm™, respectively.

On the average, it is found that the conductance method estimates are reasonably
accurate for the device after the 600°C or 700°C PMA. But in this case, we are fortunate that
the main conductance peak is well visible and higher than the secondary peak artifact
(explained in section 3.3.1) at around 1 kHz, shown in Figure 4.4.
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Figure 4.3: Lines show the interface trap density detected at the ALD Al,Os/AlGaN interface using pulsed-1V
method for different anneal conditions. Open symbols are the estimates from the conductance method only for
700°C PMA. Similar estimates are obtained by conductance method for other anneal conditions.
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Figure 4.4: Conductance curves obtained at 200°C with the MOSHFET having ALD Al,O; gate dielectric after
a 700°C PMA.

4.7 Interface traps at ALD SiO,/AlGaN interface

The fabricated MOSHFET with ALD SiO, gate dielectric was characterized for
interface traps using the method described in section 3.4. Figure 4.5 shows a high shallow
trap density peak in the as-deposited case, which is strongly suppressed and spread out
deeper after PMA at 600°C and 700°C. The density of deeper traps is seen to increase with
every anneal. But, it is also very likely that an anneal-related improvement in passivation
quality permits the measurement of deeper traps, which were always present. The total
measured density of traps for the as-deposited, 600°C PMA and 700°C PMA are 8.46x10'2
cm?, 1.73x10% cm™ and 1.63x10* cm?, respectively. It is remarkable that after a PMA, the
total interface trap density at the ALD SiO,/AlGaN interface is more than an order of
magnitude lower than that of high-k dielectrics like ALD Al,O3, ALD HfO, and ALD
HfAIO. This low trap density results in a significantly reduced hysteresis in Ip-Vg

measurements, in section 5.3, and hence, proving to be an excellent gate dielectric.
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Conductance method is found to significantly overestimate the trap density in the case
of ALD SiO,/AlGaN interface, especially after subsequent anneals. This is possibly due to a
rapid variation of trap capture cross-section close to the conduction band [54], [59].
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Figure 4.5: Lines show the interface trap density detected at the ALD SiO,/AlGaN interface using pulsed-1V
method for different anneal conditions. Open symbols are the estimates from the conductance method only for
600°C PMA. Similar estimates are obtained by conductance method for other anneal conditions.

4.8 Interface traps at PECVD silicon nitride/AlGaN interface

The fabricated MOSHFET with PECVD silicon nitride gate dielectric was
characterized for interface traps using the method described in section 3.4. Figure 4.6 shows
a low density of interface traps below 10™ cm™ eV™. The total measured density of traps is
found to be 4.08x10%? cm™. This is significantly lower than that in high-k dielectrics, but is
still about 2.5 times higher than that with ALD SiO, after a 700°C PMA. Regardless, like
ALD SiO;, PECVD silicon nitride shows a significantly reduced hysteresis in Ip-Vg
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measurements, in section 5.3. Unfortunately, since it is much leakier than ALD SiO, (section

5.2), itis not a strong candidate for a gate dielectric.

Conductance method is found to slightly overestimate the trap density in the case of
PECVD silicon nitride/AlGaN interface. More interestingly, Figure 4.7 shows that during a
negative gate sweep, the location of the conductance peak is seen to move to lower
frequencies and then rise up again. This is possibly due to a rapidly increasing trap capture-

cross section with deeper traps.
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Figure 4.6: Lines show the interface trap density detected at the PECVD silicon nitride/AlGaN interface using
pulsed-1V method for the as-deposited condition. Open symbols are the estimates from the conductance method,
until Vg =0V, corresponding to the tallest observed peak.
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Figure 4.7: Conductance curves obtained at 200°C with the MOSHFET having PECVD silicon nitride gate
dielectric in the as-deposited state.

Table 4.2: Minimum total measured density of traps for different dielectrics and annealing conditions.

Dielectric Anneal condition | Total Dy (cm™?)

ALD SiO, As dep. 8.46x10%
600°C PMA 1.73x10%

700°C PMA 1.63x10%

PECVD Si3Ny As dep. 4.08x10%
ALD Al,04 As dep. 2.38x10"
600°C PMA 2.59x10"

700°C PMA 2.16x10"

ALD HfO, As dep. 5.75x10%
400°C PMA 4.59x10"

600°C PMA 5.11x10%

ALD HfAIO As dep. 5.28x10"
600°C PMA 5.14x10"

700°C PMA 6.05x10"
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Figure 4.8: Bar graph showing the minimum total measured density of traps for different dielectrics and
annealing conditions from Table 4.2.

4.9 Summary

Table 4.2 and Figure 4.8 summarize the total trap density measured for all the dielectric
and anneal conditions explored in this work. High-k ALD dielectrics like Al,03, HfO, and
HfAIO are found to create a high density of interface traps with AlGaN. In comparison, ALD
SiO, creates a significantly lower interface trap density (< 2x10' cm™), after post-

metallization annealing in N at 700°C.
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CHAPTER 5: ALD Dielectrics for Gate Stack

5.1 Introduction

In this chapter, ALD dielectrics are evaluated for threshold voltage stability and gate leakage
performance on AlGaN/GaN substrates. Additionally, the impact of the dielectric on the
magnitude of the threshold voltage is also investigated. Using the results of Chapter 4 and the

findings of this chapter, a recommendation for an ideal gate dielectric is made.

5.2 Dielectric/AlGaN gate stack leakage

5.2.1 Introduction

Gate leakage in AlGaN/GaN devices is typically dominated by electron transport. A
high conduction band offset between the dielectric and AlGaN is required to minimize
thermionic emission. Increasing the dielectric physical thickness increases the tunneling
distance for electrons and hence, can effectively reduce the tunneling component of leakage.
But, a greater physical thickness reduces the gate capacitance and the gate’s control over the
conducting channel. A higher dielectric constant material can help improve gate control over
the channel. But, typically, a dielectric with higher dielectric constant has a lower band gap.
Overall, a trade-off exists in choosing a relatively higher dielectric constant material with a

reasonably high band offset for the gate dielectric.

In order to evaluate dielectrics with different dielectric constants for their effectiveness
in gate leakage suppression, MOSHFETs were fabricated with identical gate capacitance.
The electrical thickness of a dielectric film, commonly referred to as the Equivalent Oxide
Thickness (EOT), is the thickness of SiO, that has the same capacitance as that of the
dielectric film. By using different dielectrics with identical EOT on AlGaN/GaN substrate
samples from the same wafer (GaN_Si, Table 2.1), the impact of band offsets and physical

thickness on gate leakage is more clearly visible. Details of the fabrication process for the
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MOSHFETSs and extraction of EOTs for the different dielectrics are mentioned in sections

4.2 and 4.3, respectively.

5.2.2 Gate leakage trends

The addition of any dielectric between the AlGaN and the gate metal reduces gate
leakage by orders of magnitude, as seen in Figure 5.1. A greater dielectric physical thickness
helps reduce gate leakage by increasing the tunneling distance for the electrons. This trend is
seen clearly in Figure 5.1 with the physically thicker higher-k films providing much lower
leakage levels. ALD SiO, and ALD HfAIO are exceptions as they are expected to have a
much higher conduction band offset with AlGaN, compared to PECVD SisNy and ALD
HfO,, respectively [38], [53]. Additionally, as-deposited PECVD Si3Nx may also host a

high density of bulk traps assisting Poole-Frenkel conduction or trap-assisted tunneling.
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Figure 5.1: Best case gate leakage curves measured for different dielectrics in Table 4.1 with identical EOTSs.
Also included for comparison is the HFET, which has no gate dielectric. The curves for ALD SiO,, HfAIO and
Al,O; gate dielectrics are after a PMA at 600°C. The curve for ALD HfO, is after a PMA at 400°C and that of
PECVD SigN, is in the as-deposited state. Hysteresis is observed in the 1s-Vs due to the changing conduction
band shape from the changing dielectric/AlGaN interface trap occupancy during positive and negative gate
voltage sweeps.
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Figure 5.2: Gate leakage (Ig-Vg) measured for the MOSHFETSs with ALD dielectrics, before and after anneals
as described in Table 4.1: (a) SiO,; (b) Al,Os; (c) HfO,; and (d) HfAIO.

Figure 5.2 shows a general trend of reduction in leakage with a PMA, possibly due to a
reduction in bulk trap density leading to a reduction in Poole-Frenkel or trap-assisted
tunneling leakage. But, a consecutive higher temperature anneal is found to increase leakage,
potentially indicating densification, re-crystallization, and a reduction in the physical

thickness of the dielectric layer.

5.3 ON-state gate stack reliability

An assessment of ON-state gate stack reliability was performed by looking for signs of
hysteresis in DC Ip-Vs measurements, and the resulting threshold voltage instability.
MOSHFET devices fabricated in section 4.2 were used for this purpose. Measurements in the

dark, at room temperature, can only reveal the effect of shallow traps on Ip-Vg hysteresis.
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While symptoms of deeper traps are not visible in such relatively fast gate voltage sweeps, a
change in their occupancy over longer timescales can result in changing device
characteristics during long term use. The use of UV illumination during Ip-Vs sweeps can
excite electrons from deeper traps and reveal their presence more clearly in 15-Vg hysteresis.

DC Ip-Vg transfer curves at low drain bias, under UV illumination, were obtained for
the MOSHFET devices fabricated in section 4.2. Figure 5.3 shows the representative
measurements for ALD dielectrics after post-metallization anneal (PMA). Similar hysteresis
was observed in all the other conditions mentioned in Table 4.1, as well. Significant
clockwise hysteresis was observed with the high-k ALD dielectrics, Al,O3, HfO, and HfAIO.
ALD SiO, showed much lower hysteresis, both before and after anneals. Clockwise
hysteresis indicates electron trapping in the high density of interface traps with the high-k
dielectrics. The size of the hysteresis window, for each dielectric, is found to be proportional

to the density of traps characterized in Table 4.2.
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Figure 5.3: DC Ip-Vg curves measured for the following MOSHFETS, at low Vps: HFAIO after 700°C PMA,
HfO, after 600°C PMA, Al,O; after 700°C PMA, SiO, after 700°C PMA and PECVD Si;N, as-deposited.
Saturation current levels showed minor change before and after anneals.
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Figure 5.3 also reveals a saturation of drain current = 4 V beyond the threshold voltage
during the positive gate voltage sweep. This phenomenon is observed with all the attempted
dielectrics. In the case of high-k dielectrics with high density of shallow interface traps, the
saturation could be caused due to a pinning of the dielectric/AlGaN interface and a loss of
gate control over the channel. Further, a low interface-mobility may make any additional
conduction due to free electrons, at the dielectric/AlGaN interface, insignificant compared to
the channel current in the AIGaN/GaN 2DEG. The presence of a 2DEG-confining AIN layer
[39], [40] between the AlGaN and GaN may further increase the barrier layer resistivity.
Therefore, unless the AlGaN barrier conductivity is improved and the dielectric/AlGaN
interface is made a high mobility trap-free interface, it is not possible to obtain a MOSHFET

ON-resistance significantly lower than that of an HFET, even at high positive gate overdrive.

5.4 MOSHFET threshold voltage

5.4.1 Influence of gate dielectric on threshold voltage

Using models developed for Si-MOS and AlGaN/GaN HFETSs [60], [61], the threshold
voltage (V1) of the MOSHFET device is given by (5.1).

VT = \VGaN,MOS + \Vpol + Wcharge (51)

*  Wemnmos = %+ws’max + 20 = threshold voltage component for an ideal MOS gate

floor

stack without any polarization in the barrier. ®ys is the work function difference
between the gate metal and the GaN bulk. Ws max IS the potential drop in the depleted
GaN bulk required for the formation of the 2DEG and is approximated as Ec — Er. Qp
is the depletion charge in the semi-isolating GaN bulk and Cyr is the total
capacitance of the gate stack. Wsmax and Qp are dependent on the nature of the GaN

bulk and can be ignored for an unintentionally n-doped GaN buffer layer.
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Vool == c = threshold voltage component accounting for the polarization charge,

B
Gpol, across the AlGaN barrier having capacitance Cg.
t., X
R Qit+QF+It—pOX(X)dX = threshold voltage component due to
€ 0

[0):¢ [0):¢

dielectric charges. Qj; is the areal charge density due to traps at the dielectric/AlGaN
interface. Note that unoccupied donor interface traps contribute positive charge to Qi
and unoccupied acceptor interface traps are neutral. Q is the areal charge density due
to fixed charge at the dielectric/AlGaN interface. pox(X) is the volume fixed charge

density in the dielectric bulk.

5.4.2 Threshold voltage trends

For a fixed gate capacitance, the threshold voltage is a strong indicator of the charges
in the dielectric or the dielectric/AlGaN interface. Threshold voltage was extracted by linear
extrapolation of the Ip-V curve at low Vps for the different dielectrics with identical EOTs
listed in Table 4.1, and is shown in Figure 5.4. In order to observe the potential impact of
deep traps on Vr, the sweep was done under UV illumination from negative to positive gate
voltages such that the deep traps were unoccupied before Vg = V. It is seen that ALD SiO,
provides the least change in V1 from the HFET. The overall trend in V1 is seen to be HFET >
annealed ALD SiO, > as-deposited PECVD SiO, > annealed ALD Al,O3; > annealed ALD
HfO, > annealed ALD HfAIO.

In order to acquire a more accurate picture of the spatial distribution of charge with the
high-k dielectrics, a new set of samples was prepared from the GaN_Si wafer (Table 2.1)
with gate dielectrics of varying thickness. MOSHFETSs were fabricated by scheme B in
Figure 2.4. At stage 4a, after a blanket deposition of thick ALD gate dielectric, a timed wet-
etch of parts of the sample by dipping in diluted HF/BOE provided MOSHFETS with varying
gate dielectric thicknesses on the same sample. After completing MOSHFET fabrication, a

post-metallization anneal at 400°C was performed in step 6.
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Figure 5.4: Threshold voltage, V1, extracted using the linear extrapolation method on Ip-Vg curves at low Vp,
for different dielectrics and two different annealing conditions listed in Table 4.1.
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Figure 5.5: Threshold voltage of MOSHFETSs with dielectrics of varying thickness after a PMA at 400°C,
extracted using CV curves in UV vs. equivalent oxide thickness (EOT) of the gate dielectric. The lines connect
the corresponding threshold voltage values predicted by the fit. Gate dielectric EOT was estimated using CV
measurements of capacitors on monitor-Si wafers which went through the same gate dielectric
deposition/etch/anneal processes. Also shown is an estimate of the AlGaN barrier EOT obtained by subtracting
the dielectric EOT from the EOT of the total stack, measured from MOSHFET CV.
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CV measurements of large gate area MOSHFETs were taken under UV illumination
with a positive direction gate sweep. An estimate of the threshold voltage was extracted as
the gate voltage corresponding to a gate capacitance of 0.5*Cyqor. Figure 5.5 shows a plot of
the same as a function of dielectric EOT. By assuming a uniform bulk fixed charge density in

the dielectric and normalizing all thicknesses to EOTSs, (5.1) can be reduced as (5.2).

fo
SiO,
pox ]tox,EOT

VT N |:¢MS :|+ QD (tox,EOT + tB,EOT) _ quoItB,EOT _ tox,EOT Qit + QF + ( Sox

T*’Ws,max

€sio, €sio, €sio0, 2

(5.2)

While the same trend in V't is seen between the dielectrics for all dielectric thicknesses,
prediction of spatial charge using (5.2) is complicated by variation in the AlGaN thickness
over the wafer. Therefore, to minimize potential errors in fitting, a larger set of dielectric

thickness values is recommended. But, in the current scenario, in order to obtain reliable fits,
¢Ms qcpol

the term | ™=+, ... | and —— are set to constant values of 1.6 V and 0.5878 V/nm,
q ' €sio,

assuming:

e ¢nv = metal work function = 4.6 eV,
e ¢s = GaN work function = electron affinity + band gap = 3+3.4 = 6.8 eV [57];
® \smax = Maximum potential drop in semi-isolating GaN = band gap = 3.4 eV;

® opo = 1.2685E13 cm™ corresponding to 23% Al concentration in the barrier.

In Figure 5.5, connecting lines show the threshold voltage values predicted by the
extracted fitting parameters, taking into account the variation of the AlGaN thickness. A
good match is observed with the measured values. Further, the background GaN acceptor

doping concentration back-calculated from the estimate of Qp is also found to be reasonable
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and uniform across samples. These are good indicators of a reliable fit. The interface and

bulk charge densities extracted for different dielectrics are listed in Table 5.1.

All the attempted ALD dielectrics are found to create a positive interface charge of
similar magnitudes (1-3 x10*® cm™). The interface positive charge extracted by this method
is a combination of positively charged donor traps and fixed charges. While a clear trend in
trap densities has been observed in Figure 4.8, the exact contribution of donor traps to the
extracted interface charge is currently unknown. More significantly, Table 5.1 shows a wide
variation in bulk dielectric fixed charge between the different dielectrics. ALD HfO, and
HfAIO are found to possess a high density of positive bulk charge. In contrast, ALD Al,O3
contains negligible bulk charge and ALD SiO, potentially has a high density of negative bulk
charge.

Table 5.1: Interface and bulk charge densities extracted for different ALD dielectrics from measured values of
threshold voltage from Figure 5.5 using (5.2). All the dielectrics have been annealed in N, at 400°C. The
asterisk (‘*’) indicates a fit for the ALD SiO, case assuming no bulk fixed charge. The reliability of fit can be
improved by having a larger set of dielectric thicknesses, especially in the case of SiO.,.

Dielectric Dielectric Interface»2 Uniform bu_l3k Root mean Back—calculgted Gal_\gl
constant | charge (cm™) | charge (cm™) | square error | acceptor doping (cm™)

ALD SiO, 3.9 2.23x10% -3.03x10" 0.155 3.03x10"

ALD SiO,* 3.9 1.19x10% 0 0.4431 2.94x10"

ALD Al,O; 9.6 2.63x10% 2.29x10% 0.868 2.91x10%

ALD HfO, 18.5 2.97x10" 3.78x10" 0.469 2.92x10"

ALD HfAIO 14 2.90x10% 7.96x10" 1.000 2.65x10"

5.5 Summary

The use of high-k dielectrics enables a significant reduction in gate leakage by
allowing a physically thicker dielectric that increases the tunneling distance, for the same
gate capacitance. But, in Chapter 4, all the high-k ALD dielectrics (Al,O3, HfO, and HfAIO)
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are found to create a high density of donor traps at the dielectric/AlGaN interface. These

traps are found to make the ON-state characteristics unreliable.

Owing to a high conduction band offset with AlGaN, ALD SiO, after a post-
metallization anneal at temperature > 600°C, is found to reduce the gate leakage more than
three orders of magnitude below that of a HFET. A low density of traps at the SiO,/AlGaN
interface helps achieve very reliable ON-state characteristics. Additionally, the smallest
interface charge density with the possible presence of a negative bulk fixed charge ensures a
minimal negative shift in device threshold voltage. Therefore, this is a highly suitable

candidate for use as a MOSHFET gate dielectric.
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CHAPTER 6: Role of Surface Passivation for

Improved Access-Region Reliability

6.1 Introduction

While Chapter 5 investigates dielectrics for gate stack reliability, Chapters 6 and 7 are
dedicated towards understanding the issues of access region reliability. In this chapter, we
use gate-lag measurements to develop a fundamental understanding of the parameters that
affect surface trapping phenomena in the access regions. We then use this knowledge to

identify the best ALD dielectrics for improved access region reliability in Chapter 7.

Note that in a MOSHFET, trapping phenomena at the dielectric/AlGaN interface in the
gate stack can interfere with signals associated with access region trapping. But in contrast,
the HFET has a very reliable Schottky gate which screens any traps located at the gate
metal/AlGaN interface. Therefore, the HFET structure is preferred over the MOSHFET for
investigation of access region trapping. All the results in this chapter are from HFETSs

fabricated by the process flow outlined in section 2.1.3.

OFF state ON state

Surface traps

= e_
/- '8\/ -e\{UnchargedtrapS ﬁ _1V ﬁ lose electrons
I -y | A

2DEG regrows

Figure 6.1: A sketch showing an HFET device cross section and the trapping phenomena during a gate lag
measurement. Here, the HFET V¢ = -3 V. The gate is kept at V-5V, when OFF, and V1 + 2V, when ON.
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Figure 6.2: Experimental transient drain current, in symbols, and gate voltage, normalized to their respective dc
values, for an HFET device (on GaN-SiC_2 wafer, Table 2.1) before and after passivation with 200 nm of
PECVD SiO,. Also shown is the ideal current response expected in a reliable HFET device. The HFET V1 = -3
V. The gate voltage is kept at V-5V for 250 ms, when OFF, and V1 + 2V for 750 ms, when ON.

6.2 Gate-lag measurement: A window into surface trapping

Surface traps are believed to be the primary cause for “current collapse” due to the
formation of a “virtual gate” [4], [12], as has been highlighted in section 1.3.1. Gate-lag
measurements have been used as an effective technique for evaluating the characteristics of
surface trapping and the extent of current collapse [62], [63].

The gate-lag measurement involves two steps. In the first step (Figure 6.1), the channel
is turned off with a gate voltage much lower than the device threshold. Electrons trickle at
the AlGaN surface from the gate, which is at a higher energy, to the traps at the AlGaN
surface, which are at a lower energy. In order to maintain charge neutrality, this “virtual gate”
[12] creates an equal opposite charge at the 2DEG underneath, depleting the 2DEG. After
reaching steady state, Figure 6.1 shows the application of a quick voltage pulse to turn the
device on, a few volts above threshold voltage. The transient drain current response to this
gate pulse is now influenced by the slow de-trapping of the surface traps, reduction of the
“virtual gate” and a replenishment of the access-region 2DEG, as shown in Figure 6.2. The

72



drain voltage is held at a constant voltage (10 V) throughout the measurement. The faster the
transient drain current reaches steady state, the lower the current collapse or the AC-DC IV
dispersion is expected to be. Figure 6.2 shows that, ideally, the current should recover fully
and immediately to the steady state value by the end of the gate pulse rise time. But in reality,
for a fabricated HFET device, an unpassivated sample shows a complete collapse of current
at 1 ps after the pulse and only recovers = 40 % of the steady state value in 1 s. When
passivated with PECVD SiO,, the same device shows significant improvement in time of

recovery, ~ 90% recovery in 10 ms.

Figure 6.3: A sketch of the generic AlGaN/GaN HFET structure, with large negative gate voltage. Current paths
Isureace (along the AlGaN surface) and lIschottiy (Schottky leakage under the gate) constituting the total gate
leakage are also illustrated.

6.3 Impact of passivation dielectric on gate-lag

6.3.1 Introduction

As evident in Figure 6.2, the use of a passivation dielectric has been found to subdue
current collapse, with PECVD SiN being the most popular choice among many dielectrics
under active investigation [17], [18], [36], [44]-[47], [64]-[66]. Some of the previously
proposed mechanisms of current collapse are leakage at the AlGaN surface [18], [19], [66],
ionization of air under high electric field at the gate edge [17] and interaction of the AlGaN
surface or the passivation dielectric with moisture [36]. Although seemingly unrelated, they

all point toward the same issue of a worsening passivation quality and a promotion of
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leakage either through the passivation bulk or the passivation dielectric/AlGaN interface,
when the device is turned off. Both these leakage paths are commonly referred to as leakage
at the AlGaN surface [18], [19], Isurrace, @s shown in Figure 6.3, which can enable the gate
to interact with the surface traps and cause current collapse. Therefore, a reduction of the
surface current, with the use of an optimal passivation dielectric, can be expected to

minimize current collapse.

In effect, in a simple HFET device with a rectangular gate, the nature of a passivation
dielectric (composition, thickness, etc) and the fabrication process (PECVD, ALD, additional

post-deposition anneals) can affect the following fundamental properties of the access region.

1. Magnitude of surface leakage, either through the passivation dielectric bulk or at the
dielectric/AlGaN interface.
2. Profile and density of traps at the dielectric/AlGaN interface and the dielectric bulk.

3. Dielectric constant of the passivation dielectric.

Two preliminary experiments were performed to assess the impact of these factors in

the resulting gate-lag behavior.

6.3.2 Preliminary experiment 1

An HFET was fabricated on the GaN-SiC_2 wafer (Table 2.1) with a passivation stack
comprising 10 nm ALD HfAIO and 200 nm PECVD SiO,. Gate-lag measurements were
performed on the device at the following five stages and are shown in Figure 6.4:

Stage 1: Fresh HFET device is fabricated with 10 nm ALD HfAIO and 200 nm PECVD SiO,
as passivation dielectric.

Stage 2: 140 nm PECVD SiO; is wet-etched using a Buffered Oxide Etch (BOE) solution.
So, the passivation dielectric comprises of 10 nm ALD HfAIO and 60 nm PECVD
SiO..

Stage 3: All the PECVD SiO, is wet-etched using the BOE solution. So, the passivation
dielectric comprises of 10 nm ALD HfAIO.
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Stage 4: The sample is annealed at 600°C in N, for 60 s in a rapid thermal anneal furnace.
So, the passivation dielectric comprises of annealed 10 nm ALD HfAIO.

Stage 5: 200 nm PECVD SiO2 was re-deposited on the sample. So, the passivation dielectric
comprises of annealed 10 nm ALD HfAIO and as-deposited 200 nm PECVD SiOs.

Leakage current measured between contacts, isolated by mesa etching, is relatively
unaffected between stages {1-2-3} or {4-5}, but shows a reduction of around three orders of
magnitude after annealing, between stages {3-4}. Since annealing is not expected to change
the substrate properties, this leakage is expected to be predominantly at the surface of the
etched GaN.

] IIIIII|T| IIIII|'|T| IIIIII|T| IIIII|T|'| IIIIII|T| T TTTTI IIIIII|T| IIII_I-
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= 1 o v
o ] o]
5047 £ ]
3 g —— 11— 2] v
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Figure 6.4: Gate-lag curves for HFET fabricated on GaN-SiC_2 wafer (Table 2.1) with a passivation stack
comprising 10 nm ALD HfAIO and 200 nm PECVD SiO,. Stages 1-5 refer to measurements after different
process steps and are elaborated in this subsection 6.3.2.
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Figure 6.5: Gate-lag curves for HFETSs fabricated on GaN-SiC_2 wafer (Table 2.1) with different passivation
dielectrics: 8 nm ALD Al,O3, 10 nm ALD HfAIO and 200 nm PECVD SiO,. Also shown are the gate-lag
curves measured after post-deposition annealing at 600°C.

6.3.3Preliminary experiment 2

Two more HFET samples were fabricated on the GaN-SiC_2 wafer (Table 2.1) with two
different passivation dielectrics: 8 nm ALD Al,03 and 200 nm PECVD SiO,. The results of
gate lag measurements on these devices, before and after annealing, are shown in Figure 6.5,
along with the results from stages 3 and 4 of the ALD HfAIO passivated device in subsection
6.3.2.

6.3.4 Preliminary conclusions

The following hypotheses can be used to explain the gate-lag curves measured in Figure 6.4

and Figure 6.5.

1. Comparing stages (1, 3) and (4, 5) in Figure 6.4, it is likely that the thick PECVD SiO,
layer slightly reduces the surface leakage through the bulk of the passivation stack and
results in an improvement in recovery current.

2. Comparing stages 1 and 2 in Figure 6.4, no change in gate-lag is seen after etching 140

nm of PECVD SiO,. But, the curve slightly worsens after removing the remaining 60 nm
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of SiO,. Therefore, it appears here that the surface leakage through the passivation bulk is
limited to within 60 nm of the PECVD SiO,.

. Comparing stages 3 and 4 in Figure 6.4, a post-deposition anneal is seen to significantly
improve both the recovery time and the recovery current. Additionally, a reduction in
leakage measured between isolated contacts indicates that annealing results in a
significant reduction of surface current. Therefore, the improvement in gate-lag
characteristics could be attributed primarily to a reduction in surface leakage. Further, a
change in the trap profile at the dielectric/AlGaN interface, during annealing, may also
affect the recovery time of the traps and the current.

It is evident from the results in Figure 6.5 that post-deposition annealing (PDA)
significantly improves gate-lag behavior in all the attempted passivation dielectrics. The
annealing step is expected to densify as well as improve the quality of the passivation
dielectric bulk [23], [25], [26], [67], thereby reducing the surface leakage and improving
the current collapse behavior.

. Significant difference of recovery times and gate-lag curve shapes between different
dielectrics is observed in Figure 6.5. This may be due to a combination of variation in
magnitude of surface leakage, difference in the profile and density of traps at the

dielectric/AlGaN interface or a difference in the dielectric constant.

6.4 Device Modeling for Understanding AlGaN/GaN HEMT
Gate-Lag

6.4.1 Introduction

None of the attempted passivation dielectrics in Figure 6.5 are able to provide the quick

recovery of an ideal device portrayed in Figure 6.2. In order to identify the reasons for the

same, there is a critical need to develop fundamental understanding of how different device

parameters influence the gate-lag curve shape. In this section, a simulation approach, with

experimental validation, is used to model the surface leakage and assess its impact on gate-

lag. The framework is then used to develop a critical understanding of how parameters like
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the device structure, AlGaN barrier and the passivation dielectric can be engineered for
minimum gate-lag. The conclusions from this exercise are then used to propose the optimal
passivation dielectric stack for the access regions in Chapter 7. The results and discussions in
this section are adapted from the original publication in [76].

6.4.2 Simulation Framework
6.4.2.1 Background

Figure 6.6 shows a sketch of the generic AlGaN/GaN HEMT structure under
consideration. The high piezoelectric and spontaneous polarization of AlGaN results in the
formation of a 2-dimensional electron gas (2DEG) at the AlGaN/GaN interface. It is widely
believed that donor traps at the AlGaN surface are the primary source of electrons for the
2DEG [9], [68]. Measurements of gate-lag over different drain voltages reveal that the de-
trapping process from these traps is thermionic in nature, but is enhanced by an external
field, because of the Poole Frenkel (PF) effect [63], [69]. Surface acceptor-type traps are
considered to be sufficiently compensated by donors in fresh devices, not subject to long-

term stressing, and have therefore been ignored in this study [68], [70], [71].

Kelvin probe measurements of the AlGaN surface during stress indicated that electrons
can migrate to lengths of 0.5-1 um from the gate edge [72]. Since gate-lag is observed even
under low drain biases [63], [69], electron migration to such lengths during gate stress is
likely due to low-field conduction processes like variable range hopping (VRH) at the
(dielectric or air)/AlGaN interface [19] or PF field-enhanced conduction through bulk traps

in the passivation dielectric [18].

Figure 6.7a shows a sketch of the critical physical models required to obtain a realistic
simulation of gate-lag. Figure 6.7b summarizes the simplified set of physical models, used in

this work and described in the next subsection.
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Figure 6.6: Sketch of the generic AlIGaN/GaN HEMT structure under investigation. Most simulation results in
this section use these device parameters unless mentioned otherwise.
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Figure 6.7: (a) Sketch of the critical physical models required to obtain a realistic simulation of gate-lag. (b)
Sketch of the simplified physical models adopted in this work. [76] © 2014 IEEE.

6.4.2.2 Model development

The AlGaN/GaN HEMT structure in Fig. 1 is simulated with Synopsys Sentaurus
TCAD. Fixed charge sheets of opposite polarities (+1.15x10* cm™) are used on either side
of the AlGaN barrier to emulate the AlGaN polarization charges. The passivation dielectric is
chosen to be 100 nm of SiO, and modeled as a semiconductor with appropriate band

structure such that Sentaurus solves for the current through the dielectric [73].

The inclusion of the PF model of trap emission requires significant computational
overheads. This being a fundamental study aimed at understanding the physics behind the

gate-lag phenomenon, a simpler model is devised to reduce the system to a more reasonable
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computational complexity that is sufficient to predict the general trends of gate-lag. Both
VRH current at the dielectric/AlGaN interface and PF field-enhanced conduction current
through the dielectric bulk [74], [75] can be expressed as (6.1).

J=qgnpuF (6.1)

Here J is the areal or volume current density, n is the areal or volume free electron
density, u is the electron mobility, and F is the applied field. Sophisticated models have been
developed to incorporate the additional dependence of p and n on temperature and applied
field [74], [75]. Yet, both these conduction mechanisms are combined together and
represented by a simpler drift model by emulating the passivation dielectric with a lightly
doped semiconductor. For consistency, the gate metal contact with the passivation dielectric
is also made ohmic. At a given temperature, these simplifications ignore the additional
exponential dependence of the PF current on the applied field [75] from the negative gate
voltage, and therefore underestimate the surface current. Although this can underestimate the
gate-lag, for a given AlGaN/GaN substrate condition, we expect that this model is sufficient
to show the important trends with the varying device parameters, within the confines of this

work.

With the presence of a passivation dielectric, de-trapping of electrons from traps, both
at the dielectric/AlGaN interface and in the dielectric bulk, can potentially contribute to the
observed gate-lag. For simplicity, both these contributions are combined and represented by
thermionic emission of electrons from the traps only at the dielectric/AlGaN interface. At a
given temperature, this simplification ignores the additional PF field-enhanced emission from
the traps, with a high drain or gate voltage, as shown in measurements from a sample
fabricated HFET in Figure 6.8. Although this can overestimate the gate-lag recovery, we

expect that it is sufficient to predict the important trends with the varying device parameters.
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Figure 6.8: Measured gate-lag curves from the HFET at stage 4 in subsection 6.3.2. (a) Enhancement in
recovery owing to PF field-enhanced emission with higher drain voltages. (b) Enhancement in recovery with
higher ON gate voltages. [76] © 2014 IEEE.

To model a bulk resistivity > 10® Q.cm, with a reasonable bulk dielectric electron
mobility of 20 cm?V's™ [77], a donor concentration per unit area less than 3.12x10° cm™ is
required. This donor concentration is many orders of magnitude lower than the donor trap
density placed at the dielectric/AlGaN interface (10™* cm™, [9], [62]) and the resulting 2DEG
sheet concentration (8.5x10% cm). This ensures that the contribution of the charge state of
the dielectric bulk to the virtual gate formation or reduction is insignificant. Therefore, with
the aforementioned simplifications, the physics behind the gate-lag phenomenon is
conveniently represented with two decoupled processes. During the OFF state, electrons are
supplied to the traps at the dielectric/AlGaN interface through a conductive passivation
dielectric of a fixed resistivity. After the removal of negative gate voltage, the thermionic
emission of electrons from these traps results in a delayed recovery of the access region
2DEG and the drain current.

It should be noted that the use of a high bandgap SiO, passivation dielectric, with no
PF model in the bulk traps, inadvertently forces the electrons from the dielectric/AlGaN
interface to de-trap only across the relatively lower bandgap material, the AlGaN barrier.
But, this is expected to be the preferred direction of de-trapping even in a real device, when

the electric field at a surface site in the direction across the thin AlGaN barrier is much
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higher than in the direction along the surface. This is the typical operation scenario of an
AlGaN/GaN HEMT when the gate is at or below a reasonable positive overdrive (Vgs <
Schottky gate turn-on voltage ~ 2 V), the drain has a high positive bias and the virtual gate
length is much longer than the AIGaN barrier thickness [72]. Therefore, although this
reduced model is expected to closely emulate the PF or thermionic emission de-trapping
behaviors observed in most literature [63], [69], [70], [78], [79], it is insufficient to describe

cases where de-trapping is found to happen back to the gate via surface conduction [80].
6.4.2.3 Gate-lag simulation

The device is solved for a steady state gate voltage 5 V below the threshold voltage, at
Ve orr =—8 Vand Vp =1 V. It is followed by a gate-lag transient simulation for a gate step
going to Vg = 0 V, bringing the device to the linear region of operation at DC. The surface
donors with capture cross section of 4x10™ cm? [48] were kept 0.65 eV below conduction
band (Ec) for most simulations, to minimize the initial recovery current at to = 1 ps, Io.
Hence, any improvement in gate-lag with variation in a parameter is more easily visible.
Although other trap energies are explored in Fig. 8, this value is chosen to be similar to those
extracted in [63], [69], [81] and from Figure 6.5 (< 0.7 eV) using the same capture cross
section, density of states in Ec and thermal velocity as in [48]. The choice of ty is
representative of an intended application in a switch mode power supply circuit, at around 1

MHz operation frequency [82], [83].
6.4.3 Modeling results
6.4.3.1 Passivation dielectric

A wide range of bulk resistivities (10° - 10* Q.cm) have been reported for many
dielectrics at dc or ac [84]-[87]. In subsection 6.3.4, it was proposed that the reduction of
bulk traps in the passivation dielectric owing to high temperature anneals can significantly
improve gate-lag. Figure 6.9 corroborates our hypothesis by using simulations and shows that
lo is close to the dc value, Ipc, only when the equivalent dielectric bulk resistivity > 10*
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Q.cm. This is because with a higher dielectric bulk resistivity, the access region sees lower
influence from the gate, as is indicated by the reduction of the depletion region distance at
the gate edges under V¢ orr (Figure 6.10). Figure 6.11 shows the development of the electron
density in the channel with time, illustrating the depletion of the 2DEG in the access regions
owing to the filled surface donor traps (virtual gate [12]). Eventually, it recovers to the dc
profile after the surface donor electron de-trapping process by thermionic emission is
complete. Note that in these simulations, Isurrace, through both the dielectric bulk and the
dielectric/AlGaN interface, are represented by a simplified bulk leakage through the
dielectric. While the contribution of each component may vary in a real device depending on
the properties of the dielectric, these simulations suggest that the total lsyreace Must be

minimized to eliminate gate-lag.
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Figure 6.9: Gate-lag for devices simulated with different passivation dielectric bulk resistivities, p, in the
structure shown in Figure 6.6. [76] © 2014 IEEE.
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concentrations. This shows up as a reduced drain current that recovers in time (gate-lag). [76] © 2014 |IEEE.
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Figure 6.12: Gate-lag for different surface trap energies. A deeper trap is more likely to hold on to an electron
during the application of Vg ore. Therefore, deeper traps create a longer depletion region and reduce I,. The de-
trapping process is primarily through leakage across the AlGaN barrier. Therefore, depending on the AlGaN
properties, every trap energy corresponds to a unique characteristic time of recovery, tpc. [76] © 2014 IEEE.

The passivation dielectric deposition process can also strongly affect the energy
distribution of the surface donors. Although this distribution is complex, a simulation of
surface traps at a single discrete energy location with respect to the AlGaN conduction band
shows a strong influence on tpc, as well as Iy (Figure 6.12). Electrons from deeper traps find
it harder to de-trap. Since this process is exponential with respect to the trap energy depth
[63], [69] and given by (3.1), even a 60 meV deeper trap can result in an order of magnitude
increase in recovery time. Further, a deeper trap is more likely to hold its electron and
therefore, results in a longer virtual gate and a lower lo. Experimentally measured curves in
Figure 6.5 showing quicker recovery after a PDA indicate a changing surface chemistry and
a trap distribution becoming shallower in the case of high-k passivation. With the PECVD
Si0O, passivation, the rise in Iy and the negligible change in recovery time indicate that the
surface leakage reduction with the PDA dominates the enhanced recovery over any trap
distribution changes. All the measured curves show dispersion in the curve shape which is

representative of the energy dispersion of the surface traps.
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Figure 6.14: Gate-lag versus dielectric constant of the passivation dielectric. A higher capacitive coupling (high-
k) with the gate helps in lowering the potential of the surface traps close to the gate edge, after the removal of
Vg, orr This results in a minor improvement in the access region 2DEG and |,. Regardless, tpc is unaffected and
is determined only by Ey,. [76] © 2014 IEEE.
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In a real device, traps at the dielectric/AlGaN interface are spread out in energy, as has
been found in Chapter 4. In order to understand the effects of a trap distribution on gate-lag,
a simple simulation with traps at two energy levels was performed. The ‘shallow’ and ‘deep’
traps were placed at 0.5 eV and 0.6 eV below Ec. Figure 6.13 shows simulated gate-lag
curves for multiple trap energy levels with a fixed total concentration of 10* cm™. It is
observed that both Iy and tpc show progressive improvement with higher ratios of shallow

traps.

More importantly, it is found that a device with 10** cm™ each of shallow and deep
traps shows exactly the same gate-lag response as that with 10 cm™ of only shallow traps.
In section 1.2, the physics behind the formation of the 2DEG at the AlGaN/GaN interface has
been elaborated. Surface donors above Fermi level are positively charged and result in the
formation of the 2DEG with equal and opposite charge. The charge density in the 2DEG is
always less than the total barrier polarization charge [9]. In this case, the 2DEG concentration
is < 10" cm™. In the presence of 10'° cm™ each of shallow and deep traps, the shallow trap
concentration is more than sufficient to lose their electrons and compensate the entire 2DEG
electron density. The deeper traps stay permanently occupied and benign. Hence, in the gate-
lag measurement of Figure 6.13, since only the shallow traps actively participate in trapping
and de-trapping, the visible gate-lag is close to the case which has only shallow traps.
Thereby, it is also concluded that for a quick current recovery, irrespective of the presence of
deep traps, the presence of a high density of shallow traps is highly desirable.

The dielectric constant of the passivation dielectric only had a minor effect on the gate-
lag curves (Figure 6.14), but favors a low-k dielectric to minimize the parasitic gate

capacitance and maximize the switching frequency.

With the use of a high resistivity passivation dielectric, a reduction in the virtual gate
length implies a smaller potential drop across it, during the application of Vg orr. This leads
to a higher field at the gate edges owing to a higher potential drop across the AlGaN barrier.

The resulting reduction in the tunneling distance promotes tunneling current at the gate
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edges, which dominates the total Schottky gate leakage [88]-[90], IscHotTky, as shown in the
simulated conduction band profiles and the corresponding leakage currents shown in Figure
6.15. Figure 6.15b also shows a saturation of Schottky gate leakage both at low (<10° Q.cm)
and high (>10" Q.cm) passivation resistivities, because of the potential dropping primarily

across the virtual gate or the AlGaN barrier, respectively.
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Figure 6.15: (a) Conduction band profiles, for different passivation bulk resistivities, p , at the drain side edge of
the gate, at Vg orr = — 8 V. (b) Simulated gate leakage (I —V ) from the Schottky gate (IscqorTiy, tunneling
across AlGaN barrier) and the sides (Isyrrace, through the passivation dielectric). [76] © 2014 IEEE.

This phenomenon of gate leakage increase with the deposition of passivation
dielectrics has been previously observed and systematically studied by Tan et al. [18], [66],
over different temperatures. Tunneling leakage across the Schottky barrier is relatively more
temperature independent than drift-diffusion transport in the depletion region, created by the
virtual gate [88]. Therefore, a change in the observed gate leakage activation energy from
their unpassivated (0.2 eV) to the well-passivated SiN samples (0.05 eV, i.e., relatively
temperature independent) confirms a higher contribution of the virtual gate to the gate
leakage in the unpassivated case. The authors also confirmed a correlation between a low

surface leakage and good current collapse behavior [66]. Further, a significant difference in
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leakage current between different passivated samples indicates that certain dielectrics in [18],

deposited by PECVD, do have an equivalent effective bulk resistivity lower than 10%* Q.cm.
6.4.3.2 Barrier material properties

For traps located at the dielectric/AlGaN interface, the surface trap energy profile can
be assumed to be relatively immune to small changes in the AIN content in the AlGaN
barrier and determined more by the dielectric/AlGaN interface chemistry [8]. Hence, a higher
AIN concentration in the AlGaN barrier reduces the electron affinity of AlGaN and increases
the depth of the trap profile below the conduction band. This scenario is shown in Figure
6.16, where a change in AIN concentration from 21% to 25% increases the trap depth by 60
meV, thereby increasing tpc by an order of magnitude, according to (3.1), and reducing lo.
The AIN concentration has a relatively minor impact on Ipc owing to a small change in the
2DEG from the AlGaN polarization charge. Regardless, it is also seen that a passivation
dielectric with a high resistivity (p > 10'® ©.cm ) can completely eliminate gate-lag. While a
thicker AlGaN barrier improves the 2DEG concentration and Ipc, it has minimal impact on

lo, as is shown in Figure 6.17.
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Figure 6.16: Gate-lag simulated for different Al concentrations in the AlGaN barrier layer. E, of 3.2 eV below
vacuum is the same as 0.55 eV below Ec of Aly,1Gag79N. Also shown is the excellent gate-lag curve for a
passivation dielectric with p = 10*® Q.cm and a 27% Al concentration. This indicates that passivation dielectric
quality is more dominant than substrate properties in determining gate-lag. [76] © 2014 IEEE.
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Figure 6.18: (a) Gate-lag measured for HFETSs fabricated on GaN-SiC_1, GaN-SiC_2 and GaN-Sap substrates
with different barrier properties mentioned in Table 2.1. (b) Gate-lag for HFETs simulated with the same
AlGaN barrier properties and using lateral dimensions from Figure 6.6. Because of the difference in device
lateral dimensions, dispersion in realistic trap energies and the lack of FP field-enhanced emission model, it is
difficult to accurately match the simulated result with the experiments from (a). Nevertheless, the experiments
follow the same trends as the simulations. [76] © 2014 IEEE.
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Following the fabrication and measurement process outlined in section 2.1.3 and 6.2,
gate-lag was measured on PECVD silicon nitride passivated HFETS, fabricated on three
substrates, from Table 2.1, with different AlIGaN barrier properties, as shown in Figure 6.18a.
These experimental curves follow the same trend as predicted by gate-lag simulations with
the same set of substrate properties, shown in Figure 6.18b, thereby confirming the findings
of the model. Note here that Iy normalized to Ipc is dependent on both the energy location of
the trap and the AlGaN thickness. Yet, it appears that the trap energy is the more dominant
factor, especially since the 2DEG is already maximized with a sufficiently thick AlGaN
barrier in each of the three cases. The time of recovery is purely dependent on the trap energy
location. Therefore, we find that, for example, the device with 25% AIN in the AlGaN
creates a deeper trap and provides a longer tpc than the one with 21% AIN. Since the barrier
properties are experimentally found to influence the trap energy depth, we also conclude that,
for the PECVD silicon nitride passivated devices, the surface traps are primarily located at
the dielectric/AlGaN interface.

6.4.3.3 HFET structure

A reduction in the source-gate (Lsg) and gate-drain (Lgp) spacing improves Ipc (Figure
6.19). As trapping in the access regions is the dominant mechanism for gate-lag, we also find
an improvement in lo if we reduce Lsg or Lgp below the virtual gate length (maximum of
1.25 um, from Figure 6.10), at the expense of breakdown voltage. Gate length (Lg) can have
a strong impact on the lo/lpc ratio (Figure 6.20). This is primarily because while Iy is
relatively constant, Ipc is dominated by the resistance of the channel under the gate, which is

proportional to Lg, when short channel effects are negligible.
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Figure 6.19: Gate-lag simulated for different values of Lgs and Lgp. In general, an increase in either of these
values increases the overall distance between the source and the drain, thereby resulting in a reduction of Ipc.
An improvement in Iy becomes visible only when both Lgp and Lsg are <1 um. [76] © 2014 IEEE.
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Figure 6.20: Gate-lag simulated for different values of Lg. Inset: that the ly/lpc ratio follows approximately a
straight line versus Lg. A large gate only impacts the resistance of the channel under the gate, and therefore
results in a reduction in overall Ipc. At 1 ps, the effective resistance between the source and the drain is
primarily dominated by the length of the virtual gate. Since the virtual gate length is relatively unaffected by L,
it has minimal impact on l,. The reduction in I, seen at Lg=0.1 um is due to edge effects when short channel
effects start becoming more dominant. Under such conditions, additional tunneling models at the gate edges
should be included to further improve our understanding of the correlation between gate-lag and Lg. [76] ©
2014 IEEE.
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6.5 Summary

On the basis of the hypothesis that surface leakage is the major cause of gate-lag [18],
[19], [66], this chapter has provided a much needed simulation framework with which
important device parameters that can potentially influence gate-lag have been studied. The
inclusion of more sophisticated physics models like the PF field-enhanced emission is
essential to improve the correlation between the simulated and experimental gate-lag curves.
The optimal passivation dielectric must minimize surface leakage, through both the
passivation dielectric bulk and the dielectric/AlGaN interface, and create a high density of
shallow traps at the surface. While controlling both these parameters may be difficult,
reducing surface leakage with a high-quality passivation dielectric having an equivalent bulk
resistivity more than 10*° Q.cm may be sufficient to eliminate gate-lag. Such a dielectric with

low surface leakage could also potentially minimize long-term device degradation.

In an ideal Field Effect Transistor, the choice of the passivation dielectric should not
influence the gate leakage. Owing to the creation of a virtual gate, this is not true in the
AlGaN/GaN HEMT system. Use of a passivation dielectric with minimal surface leakage
(equivalent bulk resistivity > 10 Q.cm) increases the total gate leakage because of higher
fields and current crowding at the gate edge, but potentially makes the device more reliable

and reproducible by eliminating the virtual gate.

AlGaN barrier properties like thickness and AIN concentration are also expected to
affect the observed gate-lag. Nevertheless, the resulting variation may be minimized by
choosing a passivation dielectric that reduces surface leakage. Improvements in the device
structure, like access region scaling can further improve gate-lag. If Lgp scaling is not
possible owing to breakdown voltage concerns, at least Lsg scaling is critical to minimize the
virtual gate formation near the source edge of the gate. Considerable effort is required in
evaluating different passivation dielectrics and substrates for best performance (ac or dc), but
it is essential to characterize current collapse with short gate lengths, in order to maximize

the observable gate-lag and ensure that any evidence of gate-lag is not missed.
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CHAPTER 7: ALD Dielectrics for Access-Region
Reliability

7.1 Introduction

In section 6.4, it was concluded that a passivation dielectric, used for improving the
access-region reliability of an HFET device, must reduce the leakage between the gate and
the donor traps at the AIGaN/GaN interface. Also, the donor traps must be shallow in order
to ensure that they can respond to a gate pulse faster and quickly restore the charge in the
access region 2DEG channel. In preliminary experimental investigations of section 6.3, it
was observed that a post-deposition anneal significantly reduced surface leakage and also
improved the gate-lag recovery time. But, while a post-deposition anneal always improved
gate-lag, none of the attempted dielectrics in Figure 6.5, thick or thin, provided an ideal gate-
lag response. This may have been due to a combination of sub-optimal surface leakage or
dielectric/AlGaN interface properties.

In this chapter, a dual stack approach for the passivation dielectric is investigated,
aimed at creating an optimal combination of low surface leakage and dielectric/AlGaN
interface properties. The first layer is a thin ALD dielectric, which is used to optimize the
dielectric/AlGaN interface properties and create shallow traps. The second layer is a thick
PECVD SiO, layer, which is expected to densify and reduce the extent of surface leakage
after post-deposition annealing. The use of thick SiO, as the bulk of the passivation dielectric
also helps reduce the effective bulk dielectric constant and the resulting parasitic gate
capacitance, for RF applications.

The dual stack approach is first investigated on a simple HFET device, using gate-lag

measurements, in section 7.2. This section is adapted from the original publication in [47].
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Subsequently, it is also verified on MOSHFET devices, using drain-stress measurements up

to 200 V, for power applications.

7.2 ALD dielectrics for HFET passivation

HFETs were fabricated on GaN-SiC_1 wafer with the fabrication flow outlined in
subsection 2.1.3. The passivation stack consists of 8 nm of dielectric (Al,O3, HfAIO or SiOy)
by ALD followed by a thick 200 nm layer of SiO, by PECVD. A control HFET sample with

the popular PECVD silicon nitride as passivation was also fabricated, for comparison.

1.6— --H--1d: ALD:SiO2, PECVD: SiO2, no PDA
14_- --@--1d: ALD'SiO2, PECVD: SiO2, 600°C PDA
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Figure 7.1: Gate-lag for HFETs with a double stack of 8 nm ALD SiO, and 200 nm PECVD SiO, as passivation,
with and without PDA (at 600°C and 700°C). Also shown is the similar plot for the PECVD silicon nitride
passivated HFET. Parameters for the measurement are mentioned in Figure 6.2. Lg = 3 um, Lsg = 2 um and
LGD =8 Hm

Figure 7.1, Figure 7.2 and Figure 7.3 show the results of gate-lag measurement on
these devices, before and after post-deposition annealing at different temperatures. In all the
three cases, every post-deposition anneal (PDA) improved the gate-lag behavior by
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quickening the recovery. In the case of a dual stack with thin ALD SiO,, the recovery did not
become faster than the control sample passivated with PECVD silicon nitride, even after a
PDA at 700°C. In contrast, dual stack comprising of high-k dielectrics, Al,O3 or HfAIO, after
PDA, were found to be as fast as, or even faster, in recovery than the control. Interestingly,
while the HFETs with ALD SiO, or ALD HfAIO showed their best recovery after a PDA at
700°C, the HFET with ALD Al,O3 showed improvement after a PDA of 600°C but slightly
degraded with a PDA at 700°C.

--M--Id: ALD-AlI203,PECVD SiO2; no PDA
1_4_- --@--|d: ALDAI203 'PECVD Si02; 600°C PDA
a --y--ld: ALD 'AI203,PECVD S|02 700° O PDA
1.2 --%--|d: PECVD Nltlrlde

- é—VG Normallzed gate voltage

10" 10° 10° 10 10° 10° 10" 10° 10°
Time (ns)

Figure 7.2: Gate-lag for HFETs with a double stack of 8 nm ALD Al,O; and 200 nm PECVD SiO, as
passivation, with and without PDA (at 600°C and 700°C). Also shown is the similar plot for the PECVD silicon
nitride passivated HFET. Parameters for the measurement are mentioned in Figure 6.2. Lg =3 um, Lsg =2 um
and Lgp =8 um. [47] © 2013 I0OP Publishing Ltd.

The overall trend in the recovery time for these dual stack passivated samples after a
PDA at 700°C is seen to be ALD HfAIO < ALD AIl,O3; < ALD SiO,. The exact opposite
trend in dielectric/AlGaN interface trap density was observed in Figure 4.8 and Table 4.2.

The trap extraction results had also revealed that the total interface trap density was
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dominated by shallow traps, most of which are expected to be donor-like owing to their
proximity to the conduction band. This confirms the findings of Figure 6.12 and Figure 6.13
that the presence of shallow donor traps quickens current recovery.

In summary, a dual passivation stack comprising of a thin ALD HfAIO layer capped
with a thick PECVD SiO, layer, after a post-deposition anneal at 700°C, is recommended as
the best candidate for access region passivation.

1.6+ & |d: ALD HfAIO, PECVD SiO2, no:PDA
14— --@-- Id: ALD HfAIO, PECVD Si02, 600°C PDA
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Figure 7.3: Gate-lag for HFETs with a double stack of 8 nm ALD HfAIO and 200 nm PECVD SiO, as
passivation, with and without PDA (at 600°C and 700°C). Also shown is the similar plot for the PECVD silicon

nitride passivated HFET. Parameters for the measurement are mentioned in Figure 6.2. Lg =3 um, Lsg =2 um
and Lgp =8 um. [47] © 2013 I0OP Publishing Ltd.

7.3 ALD dielectrics for MOSHFET passivation

Having identified the trends of access region reliability with different dual passivation
dielectric stack combinations on HFETS, the same combinations have to be qualified for the
final MOSHFET application. To this effect, MOSHFETSs were fabricated on a GaN-Si wafer
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with scheme B in the fabrication flow outlined in subsection 2.1.4. These samples are the
same as used for the trap characterization experiment in section 4.2. Reliability
measurements were performed on the MOSHFETs with ALD dielectrics after the second
post-metallization anneal (PMA), ie. 700°C in the case of ALD SiO,, ALD Al,O3 and ALD
HfAIO and 600°C in the case of ALD HfO,. The MOSHFET sample with PECVD SiN

dielectric was not annealed.

7.3.1 Drain stress measurements

Compared to an HFET, the MOSHFET has a gate that is separated from the
dielectric/AlGaN interface by the gate dielectric. The magnitude of surface leakage depends
on the quality, band offset and thickness of this dielectric. The gate-lag measurements using
the pulsed-1V setup, described in subsection 2.2.3, are restricted to a total pulse period below
1s. This includes both the negative gate pulse and the ON recovery window where the
transient gate-lag measurement is taken. In the case of the fabricated MOSHFETS, when the
device is turned OFF, this total time duration may be insufficient for the surface leakage
current to provide electrons to the surface traps and reach steady state. Additionally, this
pulsed-1V setup is incapable of high drain voltage measurements. In order to make a more
rigorous measurement of access region reliability at high drain voltages, a new measurement
scheme using the Keithley 4200 SCS system (subsection 2.2.2) for long-time drain-stress
testing up to 200 V is devised.

The new measurement scheme for MOSHFET access region reliability testing is
illustrated in Figure 7.4. A fast Ip-Vs sweep at low Vps is performed for a fresh device. The
device threshold voltage, V1, is defined as the voltage at which the drain current is at 0.1% of
the maximum ON current, lon o, at @ gate voltage, Vg on = OV. Next, the device is turned off
with a gate voltage, 5V below the threshold voltage of the fresh device, V1. Also, the drain
voltage is incremented by 10V for a stress time of 60 s. Immediately after the application of
this OFF-state drain voltage stress, a positive direction Ip-Vg sweep at low-Vps is performed
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up to Veon =0V. A threshold voltage can be extracted from this sweep as the voltage at
which the drain current starts recovering and is at 0.1% of the maximum ON current of the
fresh device. With the application of increasing drain stress, the visible threshold voltage is
also seen to progressively increase, as shown in Figure 7.5. This is because the electrons
trapped in the access regions take a finite time to de-trap and create a recovery in the drain
current. The current recovery time, t,, can be estimated as the product of the change in
apparent threshold voltage, AVr, and the sweep rate (0.3 s/V) used in the Ip-Vg
measurement.

TOFF,stress:60 S TON,measurezlo >
€ "hi‘l“ :i vD,str'ess +10V =
VD,str'ess E = Drain
__lVD,measur'e =0.1V - VOItage
| ,"----VG,ON =0V ] Gate
| Vsorr = Vio-5V ,’ Ve, 0rr i voltage

||O|\I m .
- Drain
current

V1=V @ lp=lon,0/1000
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Figure 7.4: Waveforms illustrating a new drain voltage stress reliability measurement methodology using a
Keithley 4200 DC measurement setup. Subscript 0 indicates fresh device.
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Figure 7.5: 1p-Vs sweep measurements at the end of each drain stress, illustrated in Figure 7.4, on a MOSHFET
with Al,O3 gate and passivation dielectric, after post-metallization annealing at 700°C. Lg =9 um, Lsg = 4 um

and Lgp = 12 um.
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Figure 7.6: Recovery time, t,, measured for different MOSHFETS as 0.3xAVy s. Stress measurements were
performed after PMA at 700°C in the case of ALD SiO,, ALD Al,O3 and ALD HfAIO and 600°C in the case of
ALD HfO,. The MOSHFET with PECVD Si3N, gate dielectric was not annealed. In case of SiO,, beyond a
drain stress of 50 V, AVt was outside the range of the 1p-Vg sweep. Lg =9 um, Lsg =4 um and Lgp = 12 um.
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Figure 7.7: Percentage of current collapse with respect to a fresh device, measured at Vg = 0V during the 1p-Vg
sweep after each drain stress. Stress measurements were performed after PMA at 700°C in the case of ALD
SiO,, ALD Al,O3 and ALD HfAIO and 600°C in the case of ALD HfO,. The MOSHFET with PECVD Si3Ny
gate dielectric was not annealed. In case of SiO,, complete current collapse was seen beyond 50 V of drain
stress. Lg =9 um, Lsg =4 um and Lgp =12 pum.

10_4:|||||||||||||||||||||||||||||||||||IIII|I: 10742|||||||||||I|I||||||||I|||||I||||||||I||I§

5 ] Sweep rate = 0.5 s/V 3 o~ 1q5] Sweeprate = 0.5 s/V 3

< 19 vy by R 1y ey -
10°9 o= — == = — - - o Ao 10°] - - =t o - 75
S o Si,N, !‘;"ﬂ’ 12, .3, . Si,N, m;"fm 3
g1y . A 1210y T
§ 1078_é l_":Og :v _é 3 10_8_§ f Hfozn _g
© 10° HAIO b 1 = 1004 HIAID — 3
o 10°4  HAO . : s c10°97 MR pera
© .. et . i & 7 T e e L, 3
0] 10—10_§- e et S S|O2 2 a 1010_%",»& 4
10711:IIII|IIII|IIII|IIII|IIII|I"III|-IIII|IIII|I: 10-11:|||||||||||I|I||||||||I|||||I||||||||I|||:
(a) 0 25 50 75 100 125 150 175 200 (b) 0 25 50 75 100 125 150 175 200

Drain voltage (V) Drain voltage (V)

Figure 7.8: OFF-state (a) gate and (b) drain leakage measured over a drain voltage sweep for different
MOSHFETSs with Lgp=12 um. Measurement was performed after PMA at 700°C in the case of ALD SiO,,
ALD Al,03; and ALD HfAIO and 600°C in the case of ALD HfO,. The MOSHFET with PECVD Si3N, gate
dielectric was not annealed. Lg =9 pm, Lsg =4 pmand Lgp = 12 pm.

Figure 7.6 shows a trend in recovery time as ALD HfAIO < ALD HfO, < PECVD
SisNy < ALD Al,03 < ALD SiO,. The same trend has been observed in section 7.2 where
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these passivation dielectrics were tested on HFETs. The exact opposite trend in
dielectric/AlGaN interface trap density was observed in Figure 4.8 and Table 4.2. The trap
extraction results had also revealed that the total interface trap density was dominated by
shallow traps, most of which are expected to be donor-like owing to their proximity to the
conduction band. This confirms the findings of Figure 6.12 and Figure 6.13 that the presence

of shallow donor traps quickens current recovery.

Figure 7.7 shows the percentage of current collapse with respect to a fresh device,
measured at Vg = 0 V during the 15-V sweep after each drain stress. A comparison between
Figure 7.6 and Figure 7.7 can be used as an estimate of dispersion in the gate lag recovery
shape. The current collapse trend seen here is ALD SiO; > ALD HfO, > ALD Al, 03 > ALD
HfAIO = PECVD SisNy. Comparing with the trend in recovery time, it is observed that
although HfO, starts recovery soon, at drain stress values below 75 V and above 160 V, it

takes a longer time to de-trap some deeper traps and recover completely.

7.3.2 Gate-drain isolation

The passivation dielectric strongly influences the surface leakage and the resulting
contact isolation. This is a critical parameter that influences device breakdown. The lower the
surface leakage, the higher the device breakdown is expected to be. Figure 7.8 shows the
measurement of MOSHFET OFF-state gate and drain leakage for different dielectrics with
the gate biased at 5 V below V. It is observed here that both ALD SiO, and ALD HfAIQ,
after PMA at 700°C, provide the best isolation with a breakdown voltage much beyond
200V.

7.4 Summary

Gate-lag measurements on HFETs and drain-stress measurements up to 200 V on
MOSHFETSs confirm that an optimal passivation dielectric must minimize surface leakage

and create a high density of shallow traps at the dielectric/AlGaN interface in the access
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regions. This helps in minimizing “virtual gate” length and ensuring a quick recovery of

interface traps and the access region 2DEG after the removal of a gate and drain stress.

A dual dielectric stack approach, comprising of a thin ALD dielectric capped with a
thick PECVD SiO; layer, was investigated for improved passivation capabilities compared to
the popular PECVD silicon nitride. The thin ALD dielectric was used to optimize the
properties of the dielectric/AlGaN interface, while the thick SiO, helped reduce the
magnitude of bulk surface leakage. Additionally, the effect of post-metallization annealing

on access region reliability was also investigated.

Owing to a high density of shallow traps, dual dielectric passivation stacks containing
high-k dielectrics (ALD HfAIO, ALD HfO, and ALD Al,Oz3) provided significantly quicker
recovery in drain current than that containing low-k ALD SiO,, after post-metallization
annealing (PMA). Overall, a dual stack containing ALD HfAIO and PECVD SiO,, after
PMA at 700°C, provided a faster current recovery and lower current collapse than PECVD

silicon nitride passivation.

Next, passivation stacks containing ALD SiO, or ALD HfAIO, after PMA at 700°C,
were both found to provide much better source-drain isolation compared to PECVD silicon

nitride.

Overall, a dual dielectric passivation stack comprising of a thin ALD HfAIO layer
capped with a thick PECVD SiO, layer, annealed at 700°C, is recommended as the best
candidate for reliable passivation of the access regions and providing good device

isolation/breakdown properties.
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CHAPTER 8: Conclusions and Future Work

8.1 Conclusions

The objective of this dissertation research is to investigate different dielectrics for
improving the reliability of the gate and the access-regions in AlGaN/GaN devices. Atomic
layer deposition (ALD) was chosen as the preferred method of dielectric deposition since it is
a well-established process that affords the growth of high quality uniform films, low-k and
high-k. First, an accurate and comprehensive pulsed-1V based measurement methodology
was adopted to characterize traps at the interface between the AlGaN and each different
dielectric. Subsequently, MOSHFETSs with different gate dielectrics, deposited by ALD, were
investigated for gate stack reliability. Next, focusing on the reliability of access-regions,
simulation models were used to identify the requirements for an ideal passivation dielectric.
This know-how was then utilized to design an optimal passivation dielectric stack
incorporating ALD dielectrics. The conclusions of each effort are highlighted herewith. A

comparison of results for the different ALD dielectrics is also summarized in Table 8.1.
Characterization of traps at the dielectric/AlGaN interface:

1. Traditional conductance measurement technique for characterizing traps at the
dielectric/AlGaN interface has severe limitations when the AlGaN barrier is highly
resistive. This is especially so, when an additional thin AIN layer is intentionally
sandwiched between the AIGaN and GaN. The exclusive use of capacitance
measurements for trap estimation is also restricted in scope by the resolution of the C-V
sweep. Additionally, these methods are only capable of measuring shallow traps.

2. A novel methodology using pulsed-1V measurements, under UV illumination, was
developed to characterize both shallow and deep traps. This method is found to be

immune from issues of barrier resistance and is applicable over a wide range of trap
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density values. The accuracy of the novel method was successfully experimentally
demonstrated and validated on an AlGaN/GaN MOSHFET device.

3. High-k dielectrics are found to harbor a high density of traps at the dielectric/AlGaN
interface, both before and after post-metallization annealing. The overall trend in total
trap density is seen to be ALD HfAIO ~ ALD HfO, > ALD Al,O3 > as-deposited
PECVD silicon nitride > ALD SiO,, where all the ALD dielectrics have been annealed in
N, at or above 600°C. ALD SiO,, after annealing at 700°C, has the lowest total interface

trap density below 2x10* cm™.
ALD dielectrics for a reliable gate stack

1. The use of high-k dielectrics enables a significant reduction in gate leakage by allowing a
physically thicker dielectric that increases the tunneling distance, for the same gate
capacitance. But, owing to the high density of interface traps, all the high-k ALD
dielectrics (Al,03, HfO, and HfAIO) are found to make the ON-state characteristics
unreliable. Owing to a high conduction band offset with AlGaN, ALD SiO, after a post-
metallization anneal at 700°C, reduces the gate leakage more than two orders of
magnitude below that of a HFET. A low density of traps at the SiO,/AlGaN interface also
helps achieve very reliable ON-state characteristics. Therefore, this is a highly suitable
candidate for use as a MOSHFET gate dielectric.

2. All the attempted ALD dielectrics (SiO,, Al,03, HfO, and HfAIO) are found to create
similar magnitudes of positive charge (1-3 x10™ cm™) at the dielectric/AlGaN interface.
The exact contribution of donor traps to the extracted interface charge is currently
unknown. But more importantly, a wide variation in bulk dielectric charge between the
different dielectrics is observed. ALD HfO, and HfAIO are found to possess a high
density of positive bulk charge. In contrast, ALD Al,O3 contains negligible charge and
ALD SiO, potentially possesses a high density of negative charge. This, again, makes
ALD SiO, a preferred gate dielectric candidate for achieving minimal negative threshold

voltage shift, compared to an HFET.
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Requirements for reliable access-region operation

1. The optimal passivation dielectric must minimize surface leakage, through both the
passivation dielectric bulk and the dielectric/AlGaN interface, and create a high density
of shallow donor traps at the surface. This helps in minimizing “virtual gate” length and
ensuring a quick recovery of interface traps and the access region 2DEG after the
removal of a gate stress. While controlling both these parameters may be difficult,
reducing surface leakage with a highly resistive passivation dielectric may be sufficient to
eliminate gate-lag. Such a dielectric with low surface leakage could also potentially
minimize long-term device degradation.

2. The requirement of an optimal passivation dielectric/AlGaN interface to possess a high
density of shallow traps immediately makes it unsuitable as a gate dielectric. Therefore, it
is to be expected that the recommendations of the dielectrics for use in gate stack and the
access regions are invariably, different. This is expected to add complexity to the
fabrication process of a MOSHFET with different gate and passivation dielectrics.

3. AlGaN barrier properties like thickness and AIN concentration are also expected to affect
the surface trapping/de-trapping characteristics. Nevertheless, the resulting current
collapse may be minimized by choosing a passivation dielectric that reduces surface
leakage.

4. Improvements in the device structure, like access region scaling can further improve
gate-lag. If Lgp scaling is not possible owing to breakdown voltage concerns, at least Lsg

scaling is critical to minimize the virtual gate formation near the source edge of the gate.
ALD dielectrics for reliable access-regions

1. A post-deposition anneal is found to significantly improve the gate-lag characteristics of
all the ALD dielectrics. This is attributed to a strong reduction in the surface leakage

enabled by the densification of the film and a reduction in the bulk traps. The optimal
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annealing temperature, in Ny, is different for different ALD dielectrics: 600°C for ALD
Al,0O3 and 700°C for ALD SiO, and ALD HfAIO.

None of the attempted single passivation dielectrics provided a quick HFET current
recovery close to ideal, or that of PECVD silicon nitride passivation. This may have been
due to a combination of sub-optimal surface leakage or dielectric/AlGaN interface
properties. Hence, a dual stack approach for the passivation dielectric is proposed, in
order to create an optimal combination of low surface leakage and dielectric/AlGaN
interface properties. The first layer is a thin ALD dielectric, which is used to optimize the
dielectric/AlGaN interface properties and create shallow donor traps. The second layer is
a thick PECVD SiO; layer, which is expected to densify and reduce the extent of surface
leakage after post-deposition annealing. The use of thick SiO, as the bulk of the
passivation dielectric also helps reduce the effective bulk dielectric constant and the
resulting parasitic gate capacitance, for RF applications.

. Gate-lag measurements on HFETs and drain-stress measurements up to 200 V on
MOSHFETSs confirm that an ideal passivation dielectric must minimize surface leakage
and create a high density of shallow donor traps at the dielectric/AlGaN interface in the
access regions. Owing to a high density of shallow traps, dual dielectric passivation
stacks containing high-k dielectrics (ALD HfAIO, ALD HfO, and ALD Al,03) provided
significantly quicker recovery in drain current than the low-k ALD SiO,, after post-
metallization annealing (PMA). The dual stack containing ALD HfAIO, after PMA in N,
at 700°C, provided a faster current recovery and lower current collapse than PECVD
silicon nitride passivation.

. The dual dielectric passivation stacks containing ALD SiO;, or ALD HfAIO, after PMA
in N2 at 700°C, were both found to provide much better source-drain isolation compared
to PECVD silicon nitride.

. Overall, a dual dielectric passivation stack comprising of a thin ALD HfAIO layer capped
with a thick PECVD SiO; layer, annealed in N at 700°C, is recommended as the best
candidate for an optimal combination of reliable access-region passivation and good

device isolation/breakdown properties.
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Table 8.1: Simplistic comparison of performance of different ALD dielectrics evaluated in this work for use as a
gate dielectric or as a thin passivation dielectric in a dual dielectric stack. The color range @l — orange —
green indicates [GESMERIE to GESIFABIE. The matrix considers the best curves obtained in this work for the
different dielectrics at different annealing conditions.

Region Performance metric Al,O4 ‘ HfO, HfAIO

Reduction of gate leakage, for a given
gate capacitance

Gate stack Threshold voltage stability

Minimal V+ shift to negative direction,
for a given gate capacitance

. Current collapse suppression
Access region

passivation

Gate-drain isolation

8.2 Future Work

This work lays a solid foundation for investigating dielectrics for gate stack and access-
region reliability. While the focus here has been the AIGaN/GaN system, all the
methodologies and know-how, developed in this work, are also applicable to other GaN
based systems with different barrier materials like AIN or INAIN. These barrier materials are
under active investigation to achieve much higher 2DEG concentrations and lower ON-
resistance, along with a higher gate capacitance.

In this work, only four different ALD dielectrics, deposited after surface-cleaning in
HCI/HF and annealed in N, at different temperatures have been explored on AlGaN/GaN.
But, ALD offers much more variety in dielectric options than attempted in this work, ranging
from binary compounds to ternary/quaternary alloys. The properties of the dielectric/AlGaN
interface can also be strongly affected by a different surface preparation technique (eg.
plasma pre-treatment with different gases, NH,OH clean) or a different annealing ambient
(eg. N2O, NH3, NOy, Oy, Hy). Thus, this work has only revealed the tip of the iceberg that is
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the variety of different combinations of dielectrics, surface preparation and annealing

conditions.

Within the limited options explored in this work, ALD SiO, annealed in N, at 700°C, is
recommended as the optimal gate dielectric. But, ALD HfAIO, annealed in N, at 700C, is
recommended for use in the optimal dual dielectric passivation stack. Incorporating different
dielectrics for the gate and the access-regions can potentially add significant fabrication
challenges. In this particular case, since SiO; is easily wet-etched by a dilute HF solution, the
gate metal could be used as a hard mask for etching the SiO, gate dielectric from the access
regions. Then a new film of ALD HfAIO could be deposited for the dual dielectric
passivation stack. This process has been illustrated in scheme A of Figure 2.4. This approach
for fabricating an optimal MOSHFET with both a reliable gate and a reliable access-region
operation needs to be investigated and validated.

Using the concept of FLASH memory, enhancement mode MOSHFET devices have
been fabricated on AlGaN/GaN in [31]. ALD SiO, was deposited on AlGaN and used as a
tunnel dielectric. Reliable gate stack operation was also demonstrated. But, since the gate
dielectric was also used as a passivation dielectric, the ALD SiO,/AlGaN interface in the
access-regions has a low density of shallow traps and can be expected to create significant
current collapse. Using the gate metal as a hard mask, the gate dielectric from the access
regions could be etched and new film of ALD HfAIO could be deposited for the dual
dielectric passivation stack. This process has been illustrated in scheme A of Figure 2.4. This
approach for fabricating an enhancement mode FLASH-MOSHFET with both a reliable gate

and a reliable access-region operation needs to be investigated and validated.
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