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Abstract

High electron mobility transistors (HEMTs) based on gallium nitride (GaN) exhibit
significant performance in high-frequency and high-power applications due to unique
properties. For instance, high electron mobility, substantial saturation velocity, and
elevated breakdown voltage. However, challenges including forming low resistivity
ohmic contacts, trapping effects, and Two-Dimensional Electron Gas (2DEG)
confinement impede further improvement.

The formation of deeply recessed TVAI/Ti and Ta/Al/Ta sidewall ohmic contacts, using
a low annealing temperature and achieving minimal contact resistance of 0.14 and 0.24
Q-mm, respectively, were explored. The reduced annealing temperature mitigates Al
metal melting risk, enabling sharper edges and improved surface morphology. Deep
recessing beyond the barrier layers makes the process less susceptible to variations in
etching depth since ohmic contacts are formed on the recessed sidewall. The bottom Ti
and Ta layer, Al thicknesses, and recessed sidewall angle, were optimized, successfully
demonstrating on epitaxial structures with varied barrier designs.

Passivation utilizing low pressure chemical vapor deposition (LPCVD) silicon nitride
(SiN) has emerged as an effective method for mitigating surface-related trapping effects.
However, surface traps could not be entirely eliminated with passivation, owing to the
persistence of defects, dangling bonds and a native oxide layer at the interface between
the passivation and epi-structure. Consequently, an in-situ NHs pretreatment method
preceding LPCVD SiN deposition was investigated. The pretreated sample exhibited a
38% reduction in surface-related current collapse compared to the un-pretreated
sample, culminating in a 30% augmentation in output power (3.4 vs. 2.6 W/mm) and an
enhanced power-added efficiency (44% vs. 39%) at 3 GHz. Additionally, the pretreated
samples demonstrated improved uniformity in device performance.

Traditionally, adequate buffer insulation and 2DEG confinement have been achieved
through the intentional acceptor-like dopants (iron (Fe) and carbon (C)) or the AlGaN
back-barrier in the GaN buffer. In this thesis, the impact of different carbon
concentrations in AlGaN back-barrier and GaN buffer is studied. The results highlight
that the back-barrier effectively screens the trapping effects underneath the back-
barrier and the importance of optimization C-doping level in GaN channel, back-barrier
and GaN buffer. However, solutions involving acceptor dopants, and a back-barrier have
been reported to increase trapping effects and thermal resistivity, respectively.
Therefore, a novel buffer-free epitaxial scheme, QuanFINE, was proposed. It removes
thick Fe-/C-doped GaN buffer, enabling a GaN channel thickness of 250 nm to be
directly grown on an AIN nucleation layer. Consequently, the AIN nucleation layer
serves as a back-barrier. This approach results in a lower buffer-related current collapse
(15% vs. 18%) compared to a conventional epi-structure with a thick Fe-doped GaN
buffer. Furthermore, the reduction of GaN channel thickness from 250 nm to 150 nm is
explored to facilitate the development of highly scaled devices. No degradation of 2DEG
properties was observed in the epitaxial structure with the GalN channel thickness
reduced to 150 nm. An exemplary drain-induced barrier lowering (DIBL) of 20 mV/V
was measured on a device with a Lg of 70 nm. While the sought-after 2DEG confinement
and buffer insulation can be achieved, QuanFINE is not devoid of traps. This thesis also
investigates an epitaxial structure with a band structure engineering at the interface of
GaN channel and AIN nucleation layer using Si delta doping, which exhibited a lower
buffer-related current collapse (19.8% vs. 26.8%), a more rapid current recovery speed,
and a mitigation of long time constant as compared to the standard QuanFINE
structure.

Keywords: GaN HEMT, Ohmic contact, Pretreatment, Passivation, QuanFINE.
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Chapter 1

Introduction

GaN HEMTs have showcased exemplary performance in high-frequency
applications, especially those operated under substantial power density, with
contributions related to the large bandgap. In comparison to conventional
semiconductors utilized for high-frequency applications - such as Si (1.1 eV), SiGe
(1.12 V), InP (1.34 V), and GaAs (1.42 eV) - GaN boasts a notably larger bandgap
of 3.4 eV. This substantial bandgap enables GaN to function at elevated voltages
while maintaining robustness under high ambient temperature and radiation
environments. This is partly due to the mitigation of carrier excitation to the
conduction band (Eo induced by thermal and radiation effects [1]. Initially, GaN
HEMTSs were fabricated on AlGaN/GaN heterostructures, where a two-dimensional
electron gas (2DEG) forms within the quantum well due to the epitaxial growth of a
larger-bandgap IIl-nitride material on GalN, while the pronounced 2DEG
concentration is further enhanced by polarization and piezoelectric fields. More
recently, InAl(Ga)N/GaN, AlScN/GaN, and AIN/GaN heterostructures emerge as
alternative considerations owing to their higher polarization fields, thereby
resulting in an enhanced 2DEG concentration [1]. Within the energy well, high-
concentration electrons can travel with less scattering effects, leading to high
electron mobility and saturation velocity. An augmented saturation velocity in GaN
HEMTSs can facilitate a higher cut-off frequency (fr) and maximum oscillation
frequency (fmax), thus bolstering high-frequency operating performance [1]. The
combination of a higher 2DEG concentration with elevated mobility and saturation
velocity results in a reduced 2DEG sheet resistance (Rsw) and an increased
saturation source-drain current (Ins), potentially improving high-power performance.

When combined with a high thermal conductivity SiC substrate, these
advantages enable GaN HEMTs to operate at an escalated power density,
maintaining high robustness. Compared to alternative transistors founded on Si,
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SiGe, InP, and GaAs, utilized for high-frequency power amplifier (PA) applications
up to 200 GHz, GaN HEMTs yield a higher output power (Pow) density [2]. These
merits pave the way for GaN HEMTSs to be used for compact PA designs, proving
1deal for sensing technology, satellite, and wireless communication.

Despite the advantages of GalN HEMTSs, several persisting issues limit their
performance. The formation of low contact resistance (R.) ohmic contacts on GaN
HEMTs always presents a notable first challenge while processing GaN HEMTs.
Establishing ohmic contacts with minimized R is important as it reduces resistance
at the transistor’s source and drain terminals, thereby enhancing device
performance. One approach to form ohmic contacts involves regrowing n-GalN
contact using metal-organic chemical vapor deposition (MOCVD) or molecular-beam
epitaxy (MBE). Employing heavily Si-doped regrown GaN can achieve a low Rc
(<0.15 Q-mm) [3]. However, this methodology can be complex and is not typically
compatible with industrial high-throughput requirements. An alternate approach
encompasses alloyed Ti- and Ta-based ohmic contacts, which have been reported to
have a Rc ranging from 0.06 to 0.40 Q-mm [4-8]. In this work [Paper Al, the
formation mechanism of deeply recessed Ti-based ohmic contacts, utilizing a low
annealing temperature, was explored. A R¢ of 0.14 Q-mm was achieved with Ti-
based ohmic contact, employing an annealing temperature of 550 °C on AlGaN
barrier epi-structures with various Al contents, building upon previous publication
[Paper Bl, using Ta-based deeply-recessed sidewall ohmic contacts with a Rc of 0.24
Q-mm.

Another performance-limiting factor for GaN HEMTs is the DC-RF dispersion
effects, which result from surface- and buffer-related trapping effects, as well as
thermal dissipation capability [9, 10][Paper h]. Surface trap states exist due to the
surface defects, native oxides, and polarization-induced energy states. The
accumulation of negative charges on the epi-structure's surface, acting as a virtual
gate, occurs when the surface trap states, filled by electrons due to the electric field,
are not instantaneously released, depleting 2DEG and resulting in knee-walkout
and current collapse [9]. Although surface passivation with dielectric material is
commonly employed to mitigate undesirable surface trap states, it does not fully
eliminate surface traps. Various pre-treatments, including ex-/in-situ chemical- and
plasma-based processes, have been studied. A non-plasma-based in-situ process is
preferred to minimize contamination, re-oxidation, and plasma damage risks. Yet,
no non-plasma-based in-situ pre-treatments have been reported for LPCVD SiN
passivation [11]. Commonly used gases in LPCVD systems include Dichlorosilane
(DCS), silane, ammonia (NHs), and nitrogen, with NHs being effective in removing
native oxide and recovering the dangling bond on the GaN surface [12]. Thus,
[Paper C] proposes an in-situ NHj3 surface pre-treatment process before LPCVD SiN
passivation layer deposition to mitigate surface-related trapping effects. Samples
subjected to NH3 pre-treatment exhibited a reduced surface-related current collapse
(9% compared to 16% for untreated samples) and, consequently, a higher maximum
Pou (3.4 W/mm vs. 2.6 W/mm) at 3 GHz as well as better on wafer uniformity.

In contrast to surface-related traps, which can be mitigated through passivation
layers and surface pre-treatment, addressing buffer-related traps necessitates
optimization in epi-structure design and epitaxial growth to diminish trap states



and undesirable impurities. Commonly, Fe and C are employed as acceptor-like
dopants to facilitate buffer insulation and 2DEG confinement [10, 13]. Nonetheless,
these dopants lead to trapping effects, limiting large-signal performance. In [Paper
El, a novel “buffer-free” epi-structure, trademarked QuanFINE by SweGaN AB, is
proposed, removing the conventional Fe- or C-doped thick GaN buffer. This
structure comprises merely a 250 nm thin GalN channel, directly grown on an AIN
nucleation layer (a stark contrast to the ~2 pm thick GaN buffer in conventional
epi-structures), enabling the AIN nucleation layer to function as a back-barrier,
confining the 2DEG. Furthermore, buffer-related trapping effects in QuanFINE are
reduced compared to conventional Fe-doped epi-structures (15% vs. 18%) due to the
elimination of the Fe-doped buffer.

To realize the desired 2DEG confinement for highly scaled GaN HEMTsS,
particularly those with a gate length (Iy) under 100 nm, an additional AlGaN back-
barrier is commonly deployed in conventional thick buffer epi-structures.
Nonetheless, this can inadvertently form an unwanted 2DEG channel at the
interface of the back-barrier and GaN buffer, necessitating compensation through
Fe- or C-dopants, and thereby introducing trapping effects. Therefore, [Paper D]
investigates the impact of different carbon concentrations in AlGaN back-barrier
and GaN buffer. The results highlight that the buffer-related trapping effects can be
mitigated by the AlGaN back-barrier and the optimized carbon doping profile in
AlGaN back-barrier and GaN buffer.

However, the creation of extra interfaces by the back-barrier could foreseeably
impair thermal dissipation properties [14, 15]. An alternative strategy to enhance
2DEG confinement involves diminishing the GaN channel thickness atop the
AlGaN back-barrier [16]. However, reducing GaN channel thickness without
sacrificing 2DEG properties and structural quality in a buffer-free epi-structure
presents a challenge [17]. Based on [paper El, a reduction of GaN channel thickness
from 250 nm to 150 nm—achieved without compromising 2DEG and structural
integrity—is demonstrated and further studied in [Paper Fl. Moreover, this work
investigates the tradeoff among 2DEG confinement, trapping effects, and large-
signal performance.

Despite the elimination of the Fe- and C-doped thick buffer, QuanFINE is not
entirely free from trapping effects [Paper E]. A noticeable increase in current
collapse was characterized as the thickness of the GaN channel was reduced [Paper
Fl. Consequently, the dominant trap states are hypothesized to be situated at the
bottom of GalN channel, or AIN nucleation layer, or within the semi-insulating SiC
substrate or the interface between different epi-structure layers. Furthermore, a
potential two-dimensional hole gas (2DHG) has been reported at the interface
between GaN and the AIN nucleation layer [18] with the possibility of temporary
traps the injected electron during device operation. [Paper Gl explores trapping
effects within QuanFINE with a band-structure engineering interface using Si delta
doping between GaN channel and AIN nucleation layer and compares them to the
standard QuanFINE. The QuanFINE with band structure engineered interface
demonstrated a lower current collapse and a more rapid current recovery speed
compared to the conventional QuanFINE structure. Additionally, the properties of
the traps were analysed through temperature-dependent and filling time-dependent



drain current transient measurements.

The discussions and analyses within this thesis are structured as follows:
Chapter 2 presents an introduction to GaN HEMTSs, exploring its operation,
fabrication process, and characterization methods. Chapter 3 delves into the
fundamental aspects of ohmic contacts, including alloyed-based and regrowth ohmic
contacts, and further discusses the formation mechanism of low-temperature,
deeply recessed Ti- and Ta-based ohmic contacts [Paper A and Paper B]. Chapter 4
consolidates and compares different passivation materials and pre-treatments,
placing particular emphasis on the proposed in-situ NHs pre-treatment for LPCVD
SiN passivation [Paper Cl. Chapter 5, which embodies the key of this thesis,
introduces the buffer-free QuanFINE epi-structure [Paper EIl, benchmarks it
against conventional materials, and examines different buffer designs aimed at
enhancing 2DEG confinement and mitigating trapping effects [Paper D, F, and GI.
Lastly, Chapter 6 encapsulates the conclusions drawn and delineates potential
avenues for future research.

10



Chapter 2
GaN HEMTs technology

2.1 Al1GaN/GaN heterostructure

Ever since the invention of the AlGaN/GaN heterostructure, recognized as a
third-generation semiconductor, the development of GaN HEMTs has thrived over
the past decades, thanks to the unique properties of GaN (Table 2.1) [2]. GaN
exhibits a larger bandgap (Eg) than that of Si, GaAs, and InP. A larger E; leads to a
higher critical breakdown field (Eit), resulting in a higher operation drain-source
voltage (Vps) for the transistor. Although 4H-SiC also possesses a bandgap similar
to that of GaN, it displays lower mobility and saturation velocity. Consequently, SiC
1s more suited for power switching devices rather than high-frequency applications.

Table 2.1. Summary of semiconductors properties [2].

GaAs HEMT InP HEMT GaN HEMT

Si 4H-SiC
AlGaAs/GaAs InAlAs/InGaAs  AlGaN/GaN

Bandgap [eV] 1.12 3.26 1.43 1.34 3.4
Critical breakdown field [106 V/cml] 0.3-0.4 2.5-4 0.4-0.5 0.5-0.7 3.55

. 5k-15k 10k-20k 2k
Electron mobility @300 K [cm%V-s] 1.5k 0.9k

(2DEG) (2DEG) (2DEG)

Thermal conductivity [W/m-K] 150-180 490 50 68 130
Lattice mismatch to GaN [%] -17.0 +3.5

For THz applications, GaAs and InP offer higher electron mobility than GaN.
Nevertheless, the output power of GaN can surpass that of GaAs and InP devices
when the operation frequency is below 150 GHz, due to its higher breakdown
voltage (Ver). Furthermore, the high thermal conductivity of GaN allows for
enhanced heat dissipation and improved device robustness.
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2.1.1 Substrate for GaN epitaxy

In the early stages of III-nitride development, GaN grew on sapphire and used in
light-emitting diodes (LEDs) due to its cost-effectiveness and reliability. However,
sapphire's poor thermal conductivity (0.23 W/K-cm) and significant lattice mismatch
with GaN (-16%) make it less ideal for high-frequency applications [19].
Nonetheless, with the right process optimization and thermal management, GalN-
on-sapphire can be suitable for high-power switching applications that operate at
lower frequencies (< 10 MHz) [20].

The Si substrate presents an alternative for GaN epitaxy, primarily due to its
cost-effectiveness and the capability to support larger wafer sizes. These attributes
render GaN on Si suitable for high-volume, low-voltage power devices with ratings
below 1200 V [21]. However, the pronounced lattice mismatch with GaN
necessitates a thick strain-relief buffer to maintain the desired structural quality
and inhibit crystal relaxation. Similar to sapphire, the challenges of inadequate
heat dissipation and significant trapping effects make Si a less optimal choice for
high-power microwave devices.

Alternative substrates for GaN epitaxy are also free-standing GaN and diamond.
GaN-on-GaN offers an ideal lattice match, eliminating the need for an AIN
nucleation layer [22]. However, the current limitations in GaN substrate quality
consistency and smaller wafer size make it more expensive and less viable for
commercial production. In contrast, while diamond has a significant lattice
mismatch of 12% with GaN, GaN-on-diamond holds considerable promise for high-
end RF applications, such as satellite communication, thanks to its exceptional
thermal conductivity (22.9 W/K-cm) [23].

Among the several substrate options for GaN epitaxy, the SiC substrate stands
out with its high thermal conductivity and a relatively minor lattice mismatch
(+3.5%). Furthermore, semi-insulating (SD-SiC substrates can be realized either
through a high-purity process using point defects or via vanadium doping, ensuring
the desired resistivity. Also, SI-SiC made by high-purity process provides better
thermal conductivity as compared to that by vanadium doping. These
characteristics make the SiC substrate suitable for both high-power and high-
frequency GalN HEMTSs applications. For the research presented in this thesis, all
GaN HEMTSs heterostructures were grown on SI-SiC. To address the lattice
mismatch between GaN and SiC, both an AIN nucleation layer and a thick strain-
release GaN buffer are commonly employed in conventional epi-structures. Further
details will be explored in Chapter 5.

2.1.2 Formation of 2DEG

A GaN HEMTSs heterostructure is realized by epitaxially growing a III-nitride
barrier, which has a larger bandgap than GaN, on a GaN channel layer. In the
conventional AlGaN/GaN heterostructure, an increased Al content results in a more
pronounced lattice mismatch with GaN. This mismatch raises the potential for
crystal structure relaxation, dislocation, and defects, all of which can adversely
affect device performance and surface properties including morphology.
Consequently, barriers with higher Al content necessitate a reduction in barrier
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thickness. This approach effectively mitigates short channel effects as well as
maintains high 2DEG concentration for highly scaled GaN HEMT.

Electron affinity (Ee) and Eg play crucial roles in the formation of an energy well
and 2DEG. Electron affinity is defined as the energy required to detach an electron
from the conduction band (Eo) to the vacuum state (Evac). The barrier typically has a
larger Eg; and a smaller Ee. compared to the GaN channel. This difference leads to
an energy offset at the interface, as illustrated in Fig. 2.1a. To equate the Fermi
level (Er) of the two semiconductor materials, both the E. and valence band (E,)
bend. This bending facilitates the migration of electrons from the barrier to the GaN
channel side because of the channel's lower energy state, depicted in Fig. 2.2a.
Consequently, an energy well containing 2DEG forms at the interface between the
barrier and the GalN channel.

(a) (b)
Evac """""""""""""""""""""""""""""""""""" F Y
Eeal EeaZ _________
E Barrier
‘ |EcBa +++++++++
A Ec — - — -
Barrier Channel Channel
E; + + + +
E

v

Fig. 2.1. Schematic of (a) band structure and (b) polarization charges in III-nitride
heterostructure.

Fig. 2.2. Illustration of (a) electron migration due to band structure offset and
polarization field, and (b) the formation of 2DEG in energy well.

13



In addition to the Ec offset between the barrier and the GaN channel, polarization
fields within the III-nitride also play an important role in 2DEG formation. III-
nitride materials possess a wurtzite crystal structure, inherently asymmetric in its
lattice. This asymmetry gives rise to variations in electronegativity between distinct
atoms. As a result, asymmetrical, dipole-like electron clouds emerge, known as the
spontaneous polarization field (Psp). Another type of polarization field in the III-
nitride heterostructure is the piezoelectric polarization (Py,), which arises due to the
strain built within the barrier. The total polarization field (Pit) is then defined as
the sum of Psp and Py, [24].

The crystal orientation of GaN can be either Ga-faced or N-faced. For this thesis,
all epi-structures grown using MOCVD were Ga-faced. The direction of Ps, in both
AlGaN and GaN are from the Ga-face to the N-face, and is considered negative [24].
P, for tensile strained barriers, has been verified to be negative [25]. Since the
lattice constant of AlGaN is smaller than that of GaN, AlGaN grown on GaN is a
tensile-strained barrier exhibiting a negative Pp.. The Piot of the AlGaN barrier on
GaN induces positive polarization charges on the AlGaN side at the AlIGaN/GaN
interface, and negative charges on the AlGaN barrier surface. This gives rise to an
internal electric field (as shown in Fig. 2.1b). This internal field alters the band
structure, prompting electrons to move to the GalN that has a lower energy state.
These electrons then accumulate at the AlGaN/GaN interface, culminating in the
formation of a 2DEG in the energy well (Fig. 2.2). Generally, a higher Al content
and increased thickness of the AlGaN barrier lead to a more pronounced
polarization-induced 2DEG concentration [26]. However, an AlGaN barrier with a
higher Al content displays a larger lattice mismatch to GaN, constraining the
maximum usable thickness before a barrier relaxation occurs. Since Py, arises from
strain, both the GalN cap layer and any added passivation layer on the barrier layer
significantly influence the 2DEG formation and its properties [27].

Electron mobility (1), electron density (ns), and sheet resistance (Rsn) are standard
metrics to gauge the performance of 2DEG. These characteristics can be measured
using contactless Hall measurements (Leighton), eddy current measurements, and
van der Pauw structure with Hall effects measurement. The effective n
encompasses various scattering effects, such as phonon scattering, interface
scattering, carrier-carrier scattering, and impurities scattering [28-30]. Phonon
scattering is triggered by lattice vibrations and is notably influenced by device
operation and ambient temperature. The quality (particularly roughness) at the
interface between the barrier and channel also imposes a limit on p. High ns values
increase the likelihood of electron collisions, resulting in carrier-carrier scattering.
Sometimes, higher ns tends to extend into the barrier, which will lead to more
pronounced alloy scattering. Impurity scattering originates from unintentional
contaminants introduced during epi-structure growth. Thus, a GaN channel of high
structural quality and minimal unintentional impurities is crucial to alleviate the
scattering mechanisms. The sheet resistance can be derived from equation 2.1:

1
qnsu

2.1

Rsp =

where q represents the elementary charge (approximately 1.6-1071° C).
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2.2 GaN HEMTSs fabrication

The processes for fabricating GaN HEMTSs on an epi-structure encompass the
following steps in this thesis: deposition of the passivation layer, device isolation,
formation of ohmic contacts, gate definition, and the creation of contact pads. It
should be noted that this thesis does not cover the air bridge process for multi-finger
devices or backside processes, which include substrate thinning and wvia-hole
creation.

The passivation layer can be fabricated using either a "passivation-first" or "post-
gate passivation" process scheme. Compared to the post-gate passivation scheme,
the passivation-first approach offers better protection to the epi-structure against
potential damage and contamination during processing [31]. Additionally, the
deposition temperature of the passivation layer constrains the methods available for
the post-passivation scheme, as elevated temperatures might degrade the ohmic
and gate contacts.

Device isolation in GaN HEMTSs can be achieved through either ion implantation
or mesa recessed isolation methods. Ion implantation achieves isolation by
bombarding the epi-structure outside the device's active area with high-energy ions,
such as H+, He+, F+, Mg+, Ar+, N+, or O+. This process introduces defects and
damages the structure, leading to material insulation [32]. By contrast, mesa
recessed isolation is implemented using a dry etching process, which removes the
2DEG, a portion of the GaN channel, and some of the buffer. While ion implantation
offers the advantage of a smooth surface morphology, mesa isolation can encounter
some troubles such as gate leakage currents at the mesa sidewall and potential
issues with the robustness of gate structure formation.

Ohmic contacts for HEMTs can be fabricated using either alloyed-based metal
contacts or regrowth n-GaN contacts as source and drain terminals. Alloy-based
contacts require annealing at high temperatures. These characteristics dictate that
the formation of ohmic contacts must precede the gate process or ion implantation
isolation to avoid potential gate degradation and inadvertent recovery of
intentionally damaged crystal structures during annealing. On the other hand,
regrowth n-GaN contacts involve Si doping during the GalN regrowth process,
achieved either through molecular beam epitaxy (MBE) [33] or Metal organic
chemical vapor deposition (MOCVD) [34, 35]. Though this method provides better
precision, reduced resistance, improved reliability, and thermal stability, its
complexity including soft mask, hard mask, dry etching, extra -cleaning,
pretreatment, and n-GalN growth makes it less attractive for commercial production
of cost-driven large gate length devices compared to alloyed-based contacts.

In high-frequency GaN HEMTSs, an Schottky field plate gate is a common choice.
The nickel/gold (Ni/Au) metal stack is frequently utilized as the Schottky gate.
Nickel offers excellent adhesion and a substantial work function, which produces a
high Schottky barrier height. Meanwhile, gold provides excellent conductivity,
leading to reduced gate resistance. To further enhance device reliability, other high
work function metals such as palladium (Pd), iridium (Ir), and platinum (Pt) are
often interposed between the Ni and Au layers. Another critical consideration for
device performance is the parasitic capacitance induced by the gate. An advanced
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mushroom gate structure, in comparison to the field-plate gate, can effectively
decrease this capacitance. When considering power switching applications, a
normally-off device is preferred. This can be realized with a gate deposited on a
partially removed barrier or on a p-GaN cap layer.

Fig. 2.3. Process steps of GaN HEMTS in this thesis.

In this thesis, a passivation-first process scheme was selected to fabricate GaN
HEMTS, as depicted in Fig. 2.3. Initially, the epi-structure underwent standard
cleaning processes (SC1 and SC2) and diluted NHs dipping. This was followed by an
in-situ NH3 pre-treatment and SiN deposition in LPCVD, the details of which will
be covered in Chapter 4. Using mask-free laser writer photolithography, the device's
active area was delineated, and then mesa recessed isolation was achieved through
inductively coupled plasma-reactive ion etching (ICP-RIE). Two different plasma
chemistries were used in this step: a fluorine-based one for the SiN and a chlorine-
based one to etch the epi-structure, targeting a mesa depth of approximately 120
nm below the 2DEG. For the source and drain terminals, a Ta-based deeply
recessed sidewall ohmic contact was used that required low annealing temperature.
After defining the terminals using photolithography, the SiN and the epi-structure's
barrier layer were opened up with ICP-RIE. Following a wet chemical oxide etching
procedure using diluted buffer oxide etchant (BOE) and HCI, metal stacks of
Ta/Al/Ta were deposited using an electron beam thermal evaporator. The annealing
process was executed in a rapid thermal processing (RTP) system under N2 ambient
conditions. Further details on this topic will be explored in Chapter 3. The gate's
design involved a two-step e-beam lithography process, first determining the gate
length and then the gate's field-plate. A fluorine-based plasma etched the SiN,
effectively defining the gate length. Subsequently, another round of e-beam
lithography enabled the metallization of the Ni/Pt/Au Schottky gate metal stacks,
resulting in a field-plate gate structure (Fig 2.3). The fabrication was finalized with
an in-situ Ar* plasma cleaning to remove native surface oxide followed by the
sputtering deposition of Ti/Au contact pads for device characterization.
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2.3 GaN HEMT's characterizations

2.3.1 DC characterization

The DC-IV characteristics are the most basic method for evaluating the electrical
performance of a transistor. As depicted in Fig. 2.4a, these characteristics provide
insights into drain-source current (Ips), on resistance (Ron), and drain-source
resistance (Rps). The Ips is recorded over a range of gate-source voltages (Vas) and
drain-source voltages (Vps). The saturated Ins primarily depends on the properties
of the 2DEG. In scenarios where Vgs and Vps are both high and in the saturation
region, any reduction in Ips can often be attributed to inefficient thermal
dissipation. Conversely, in the saturation region with a low Vgs and high Vps, Rps
can be derived using equation 2.2:

Rps = (2.2

In the analysis of transistor characteristics, the drain-source resistance (Rps) is
instrumental in examining the short channel effects. These effects can be a limiting
factor for the range of the high frequency load-line swing. A significantly lower Rps
value is indicative of pronounced short channel effects. Meanwhile, in the linear
operational region of the transistor, the on resistance (Ron) provides valuable
insights. Specifically, it helps identify the position of the knee voltage (Vpsknee) and
the knee current (Insknee), both of which are crucial parameters for the load-line
swing in microwave power amplifier (PA) applications. The transconductance (gn), a
measure of the capability of the transistor to control the current flow between the
drain and source for given change in gate-source voltage, is given by equation 2.3.
The higher the transconductance, the more effective the transistor is at modulating
the current flow, making it a critical parameter in microwave HEMT evaluations.

_ 8IDS
Im = 5yer (2.3)

A higher gm translates to a potentially higher cut-off frequency (fr) and maximum
oscillation frequency (fmav), which can be calculated as:

_ 9Im
fr= 21(Cys+Cga) 2.4
fr
fmax = —% (2.5)
max 2JW+2nfTRgcgd

where Cgs and Cga are intrinsic gate-source and gate-drain capacitance, respectively.
Rs and Ry are extrinsic source and gate resistance, respectively. Rin and Ras are
intrinsic input and drain-source resistance, respectively. fr represents the frequency
at which the current gain of the transistor drops to unity, and is a commonly used
figure of merit to characterize the potential speed of a transistor. Meanwhile, fmax
gives the frequency at which the power gain drops to unity, indicating the upper
limit where the transistor can effectively operate as an amplifier. Both parameters
are crucial for high-frequency applications, such as RF amplifiers and oscillators.

In addition to the aforementioned characteristics, the off-state breakdown voltage
(Ver) is another pivotal parameter when assessing GaN HEMTs. The Var refers to
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the Vps at which a sudden rise in the Ips occurs when the device is in its off state,
i.e., when the Vas pinches off the channel. During this characterization, the device
remains in the pinch-off state, and Vps gradually increases until the Ips meets or
surpasses a compliance level, typically set at 1 mA/mm for microwave transistor. A
higher Var suggests that the device can handle larger voltages without undergoing
catastrophic failure, indicating its robustness and reliability. The Var plays a critical
role in defining the maximum load-line swing for a microwave transistor,
representing the boundary at which the device transitions from its normal
operational state to a breakdown regime. The ability to achieve a high Vgr directly
correlates to the device's capacity to operate at higher power density levels and
maintain its integrity. In power applications, transistors often face high-voltage
scenarios, and a strong VBr ensures that the device can handle these stresses
without undergoing catastrophic failure. Hence, VBr is a good indicator of the
device's robustness and reliability in demanding conditions typical of power
electronics.
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Fig. 2.4. Illustration of (a) DC-IV and (b) gm characteristics.
Short channel effect

Decreasing the gate length (L) and increasing Vps can result in the short channel
effect. This effect occurs when electrons, propelled by the potent electric field
produced by Vbps, traverse beneath the depletion region created by the reverse Vas.
As the Lg becomes shorter, the capability to deplete the channel diminishes. This
situation limits the range of load-line movement, thereby reducing both the Pow: and
efficiency of HEMTs when used as power amplifiers (PA). Although reducing the
barrier thickness can mitigate the short channel effect, it can also introduce
tunneling leakage between the gate and channel as a downside. Hence, better
2DEG confinement requires the development of enhanced buffer designs, which will
be discussed in the CH5.

During DC-IV measurements, the short channel effects can often be found in
regions with high Vps and low Ips (as depicted in Fig. 2.4a). However, quantifying
these effects directly using only the DC-IV characteristics can be challenging.
Instead, the transfer characteristic offers a more insightful approach to assessing
these short channel effects (llustrated in Fig. 2.5). In this method Ips is measured
against Vs, with the Ips values presented on a logarithmic scale on the Y-axis. As
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Vps increases, a more negative Vas is required to achieve device pinch-off. The
phenomenon of drain induced barrier lowering (DIBL) can be quantified using
equation 2.6:

high _ ., low

po —Vpo

high _ ., low
Vps ~Vbs

DIBL = (2.6)

which uses the pinch-off voltage (Vpo) at VISV and V[};isgh with the pinch-off criteria,

typically Ips= 1 mA/mm. The DIBL effect refers to the reduction in the pinch-off
voltage (Vo) of a transistor due to an increase in the Vps. As devices scale down
(smaller L), short channel effects become more pronounced, impacting the device's
performance. A larger DIBL value indicates a more pronounced short channel
effect, which might pose constraints on the load-line swing in PA applications.
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Fig. 2.5. Illustration of (a) DIBL and (b) SS extraction.

Another metric for assessing short channel effects is the subthreshold swing (SS),
calculated using equation 2.7:

SV,
5§ = 65
610g10 IDS

Q.7

SS quantifies the change in Vgs relative to the logarithmic change in Ips below the
Vpo. This value is determined at the point of maximum derivative within the
transfer characteristics, expressed in units of mV/decade. A lower SS value signifies
enhanced pinch-off capabilities for the device, whereas a higher value suggests the
opposite.

2.3.2 Trapping effects characterization

Trapping effects lead to phenomena such as current collapse, knee walk-out, and
dynamic Ren degradation, all of which limit the high-frequency performance of
HEMTS as illustrated in Fig 2.6 [36]. These effects can be characterized using a
pulsed-IV system (AMCAD AM3200), which provides gate and drain voltage pulses
at a quiescent point (pinch-off condition, Vas< Vi) and an active point (on-condition,
Vas > Vpo), while measuring the Ins. Under the pinch-off condition for the quiescent
point, the traps are filled due to the electric field induced by the quiescent bias
points (Vasq, Vpsq). This condition also facilitates nearly thermal-free
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characterization. When the device is switched on at an active point, the pulse
duration is sufficiently short to prevent heat generation. The typical duty cycle
(equation 2.8) between the quiescent point and active point is kept below 1% to
ensure the device is adequately cooled down.

pulse width at active point

100 2.8

duty cycle [%] =

pulse width at quiescent point

Fig. 2.6. Illustration of the characteristics of trapping effects of GaN HEMTSs in
pulsed IV measurements.

To assess the traps mainly related to the surface, two specific quiescent points are
used on HEMTSs: (Vasq, Vbs) of (0, 0), known as Qrer, and (Vru-3, 0), referred to as
Qo. The Vbsq is maintained at 0 V to avoid activating the buffer-related traps. The
current collapse associated with surface-related phenomena, denoted as Z:
(represented by green dots in Fig 2.6) and also termed gate-lag, is defined as follows:

Ips(Qo)—Ips(Qref)

125(@oer) 100 (2.9)

Zy [%] =

When a drain voltage is applied under pinch-off conditions with quiescent biases,
specifically (Vasq, Vbsq) of (Vru-3, X), termed as Qx, the trap states within the buffer
become occupied. This leads to the buffer-related current collapse, denoted as Ze.
Also referred to as drain-lag, it is defined as:

ZZ [%] — IDS—knee(QX)_IDS—knee(Qref) B 100 (210)
IDS—knee(Qref)

where Ipsknee is the current at knee point (red dots in Fig 2.6). Moreover, buffer-
related trapping effects also lead to knee walk-out and degradation of dynamic Ron,
which are commonly defined as:

Knee — walkout [V] = VDS,knee (Qx) — VDS,knee(Qref) 211
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Ron(QX)_Ron(Qref)
Ron(Qref)

dynamic R, degradation [%] = -100 (2.12)

where knee points (Vpsknee) are defined as red dots in Fig. 2.6.

2.3.3 Drain current transient measurement

A technique to pinpoint the time constant and the energy state of traps has been
developed as drain current transient (DCT) measurements, which use varying
filling time durations and ambient temperatures [37]. Conducted using the AMCAD
AMS3200 in a temperature-controlled chamber, this method stresses the device
under pinch-off conditions with a high Vbsq for varying time spans. Given the pinch-
off state of the device, thermal effects are negligible. Following the stress period, the
device is transitioned to an active bias point (corresponding to PA operation biases,
such as the knee point, the class-AB operation point, or linear region). Throughout
this phase, the Ips is tracked over a time span that is pertinent to modulated PA
operation frequency. Typically, a lower stress bias is indicative of surface region
traps, while a higher stress bias includes traps at both surface and buffer regions.
As the stress is alleviated, electrons are de-trapped, causing a rise in the Ips (as
depicted in Fig. 2.7).
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Fig. 2.7. Illustration of DCT measurement.

From the measured Ips, the time constant of traps can be obtained by the
following stretch model [37]:

e\Fi
Ips(t) = Ips,finar — YL A e (T") (2.13)

where Ips(t) represents the Ips observed after stress release, and Ips, final denotes the
final monitored Ips following a set time period. The amplitude of the trapping effects
is symbolized by Ai, while i is the time constant associated with the traps. Bi is the
nonexponential stretching factor, which falls between 0 and 1, corresponding to the
N identified processes in which electrons are either trapped (when Ai is positive) or
released (when A; is negative).
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With the obtained time constant (r;) and applied different ambient temperature
correction [38], the activation energy (E.) and the capture cross section g,, can be
extracted by the Arrhenius’ equation [38]:

In(7;T?) =In <3h—3> +fo (2.14)

2(2m)2+/3mekpgon, kgT

where T is temperature, h is the Planck’s constant, m, is the effective mass of carriers
(0.22my), and kg is the Boltzmann constant. All data points measured at different T
can be plot as Arrhenius plot with the X-axis of g/kzT and Y-axis of In(r;T?). The
slope of the data points is the E., while the g, can be extrapolated from the
interception on Y-axis. The extracted E. and o, can be compared to literatures to
analyze the possible location and the formation mechanism of the traps [37].

2.3.4 Small-signal characterization

Small signal measurements on HEMTSs are conducted using a high-frequency
signal with power typically ranging from -10 to -20 dBm to ensure minimal non-
linear behavior. These measurements aim to extract parameters such as fr and fimax,
and an equivalent small-signal circuit model by measuring the HEMTS' scattering
parameters (s-parameters). The fr is determined at the point where the current gain
(h21) reaches 0 dB. The h21 value is derived from the s-parameters as expressed in
equation 2.15:

_ —2551
(1-511)(1+S822)+512521

hyq (2.15)

The definition of fmax requires the consideration of device stability factor (K) and A,
which are defined as:

— 141811822 =S12521 1% = 1S11 1% =122 /?
2[S1211S211

K (2.16)

A= 1511822 — $12521| (2.17)

If K> 1 and A <1, the device is stable, and vice versa. If the device is stable over the
measured frequency of s-parameters, the fmax can be extrapolated when maximum

available gain (MAG) becomes 0 dB. The MAG is defined as:

MAG =2l (k —ykZ —71) (2.18)

[S12]

If the device is unstable, the fmax can be extrapolated when unilateral power gain (U)
or so-called Mason’s gain becomes 0 dB. The U is defined as:

S21 |2
2 -1
|521| _ |512

T Q1D 152 2k [ 2R ()

(2.19)

To extract the small signal equivalent circuit model (Fig. 2.8) through s-
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parameters measurements, the bias independent extrinsic part of circuit is de-
embedded through two additional cold-FET measurements including pinch-off
condition and forward condition as defined:

#1. Pinch-off condition:

Vas= (Vo 6) V

Vps=0V

#2. Forward condition:

Ves= from 0 to 2 V (Vas sweeps until Ies= 1 mA/mm)
Vps=0 V

Upon removing the extrinsic components, the bias-dependent intrinsic portion is
ascertained through the direct extraction method outlined in [39]. Given that the
intrinsic component is only applicable for a single bias point, this thesis employs the
bias point that results in the fmax for comparing devices. The influences of varying
intrinsic parameters will be elaborated upon in Chapters 4 and 5. By employing
diverse bias points, small signal equivalent circuits serve as the preliminary method
for simulating the large signal non-linear circuit model.

Fig. 2.8. Equivalent small signal circuit model for GaN HEMTSs [39].

2.3.5 Large-signal characterization

The non-linear large signal measurements offer insights into the high-frequency
capabilities of GaN HEMTs when functioning as a microwave power amplifier. In
this thesis, parameters such as RF output power (Pow), gain, and power added
efficiency (PAE) are characterized by load-pull measurements. The operational class
of the device is determined by the Ipsq, which is regulated by Vas. When the HEMT
operates in Class-A (conducting throughout the full cycle), it delivers the highest
gain and Pouw but has the lowest efficiency. On the other hand, Class-B operation,
where the HEMT conducts for half a cycle, exhibits the opposite performance. This
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thesis primarily focuses on Class-AB operation, which maintains a balance between
the performances mentioned earlier. For an ideal Class-A operation (max 50%
efficiency), the maximum Pou: can be estimated as:

_ Vo Ig _1 Vinax Imax (VBR_VDS,knee)'(IDS,knee_Ipo)
Pout,class—A - ﬁ X ﬁ Y X 2 X 5 - 3 (2.20)

where Vgr is the breakdown voltage and I, is the pinch-off current.

Under this condition, the operation voltage (Vpsq) is set as:

VDSQ — Vbr+V2DS,knee (221)

So, the RF signal is able to swing the entire load line (Fig. 2.9). The PAE is defined
as:

PAE = Powt=Pin (2.22)

Ppc

where Pin is the RF power added to the input of HEMT, while the Ppc is the DC
power consumption defined as:

Ppc = Ipsq " Vpso (2.23)

Also, the drain efficiency (e is defined as:

Nefr = 724 2.24)

Ppc
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Fig. 2.9. Ilustration of large signal operations in HEMTs under different operation
classes.
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Chapter 3

Ohmic contacts for GaN
HEMTs

3.1 Introduction of ohmic contacts

Good ohmic contacts, characterized by a low contact resistance (Rc), are crucial for
transistors that operate at high frequencies with high power density. A reduced Rc
in ohmic contacts enhances the device's output power, efficiency, and reduces noise
and heat generation. However, forming ohmic contacts on wide bandgap III-nitride
semiconductors is challenging due to the substantial Schottky barrier height (®g)
present at the metal-semiconductor interface [40]. In contrast to intrinsic Si G-Si),
which has a smaller bandgap energy of 1.1 eV and a minor energy offset between
the conduction band and the Fermi level, intrinsic GaN (G-GaN) possesses a large
bandgap of 3.4 eV. This results in a significantly higher @ and a reduced
thermionic electron transport probability. Additionally, the broader width of the
depletion region (Wa) caused by band bending beneath the metal-GaN junction
further diminishes the electron tunneling probability (see Fig. 3.1).

Lowering the Schottky barrier height is one method to achieve low R. ohmic
contacts. This can be accomplished by choosing metals with a smaller work function
(®w), such as Ti (4.33 €V) and Ta (approximately 4.0-4.8 eV) [40, 41]. Another
alternative is to adjust the Fermi level in GaN through intentional Si doping
methods. These methods include regrown contacts [3], Si ion-implantation [6], and
epitaxially grown Si-doped GaN [42]. This leads to n-GaN having a reduced
depletion region width (shorter tunneling distance), which is inversely proportional
to the n-type doping concentration (Na) in the semiconductor:

1

= 3.1

W, x
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Nitrogen vacancies, which serve as n-type doping agents [7, 43], can also form
during the annealing process of metal ohmic contacts. Metals used in ohmic
contacts, such as Ti and Ta, extract nitrogen from GaN to produce TiN and TaN,
thereby generating nitrogen vacancies. The work functions of Ti-N and Ta-N have
been reported to be 3.74 eV and 4.75 eV, respectively, which contribute to a
decreased @z [44, 45]. However, an excessive amount of Ti in the bottom layer can
result in the creation of voids beneath the TiN [43]. In the formation of ohmic
contacts on AlGalN/GaN heterostructures, the Al layer plays multiple roles when
combined with Ti and Ta. Al is frequently used in ohmic metal stacks, where it aids
in a smooth transition of the work function and further promotes the extraction of
nitrogen from GalN in the form of the Al-N phase. Yet, when Al is present in the
metal stacks, it alloys with the Ti layer, causing Ti to lose its reactivity with GaN
[43]. Conversely, the presence of Al in the AlGaN barrier hinders the extraction of
N, given that the Al-N bond is stronger than the Ti-N bond. This protects the 2DEG
from degradation during high-temperature processing. As a result, the thickness
ratio between Ti or Ta and Al needs optimization. A limitation of using Al is that
annealing temperatures exceeding its melting point (660 °C) often lead to inferior
surface morphology and edge precision, posing challenges to the downscaling of the
source-drain distance in HEMTs.

Fig. 3.1. Schottky barriers and band structures of (a) i-GaN and i-Si with thermionic
transport dominated, and (b) n-GaN with Tunneling transport dominated.

The transmission line measurement (TLM) is a widely used method for
characterizing the electrical properties of ohmic contacts. Through this technique,
parameters such as Re, Rsh, specific contact resistance, and transfer length can be
accurately extracted [46]. A TLM characterization structure, illustrated in Fig 3.2a,
comprises multiple ohmic contacts spaced at increasing distances (for instance,
ranging from 5 to 30 pm, labelled as di to ds). The method employs a four-probe
measurement, where two probes conduct the current and the remaining two
measure the voltage. This configuration directly mitigates the influence of
resistance of the probes.
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Fig. 3.2. (a) Schematic of TLM structure and (b) extrapolate method of Re.

The total resistance (Rit) for each spacing is determined from the voltage and
current measurements. Ryt encompasses the R, the resistance of the ohmic metal
electrodes (Rm), and the semiconductor (Reem):

Riot = 2Ry + 2R + Reomi (3.3)

Given that Rm is typically much smaller than R., it can be disregarded. Reemi is
derived from the R of the 2DEG:

Rsemi = % X dy (3.4)
By assessing Rt across all spacings in the TLM structure, both Rc and Rsh can be
extracted, as depicted in Fig. 3.2b and as per equation 3.3.

While the current flow through the semiconductor is uniform, it diminishes
exponentially towards the contact edges. At the furthest edge, the current flow
ceases, resulting in the current crowding effect. The transfer length (Lir), obtainable
via TLM measurements as shown in Fig 3.2b, represents the average distance that
carriers traverse from the semiconductor to the contact. An effective area can be
deduced as Lr multiplied by W. Subsequently, the contact resistivity (po) is
computed as:

pe =R X LiW (3.5)

3.2 Ohmic process and design

3.2.1 Planar contacts

The fabrication of planar contacts involves lithography, metal deposition, and
annealing. During the lithography phase, the region designated for the ohmic is
exposed, and after metal deposition, a lift-off process is conducted. Various
pretreatments are employed within the exposed area, including both wet chemical
and plasma methods. Wet chemical treatments such as HF, buffered HF, HCI,
HNOs;, H2S0s, KOH, NaOH, NH4OH, and (NH):Sx aim to reduce surface
contamination linked to carbon or oxygen [12, 47-51]. Plasma pretreatments,
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encompassing Haz, N2, Oz (descum), Cl-based, SFs, and Ar, have been designed to
eliminate the surface's native oxide layer, any lithography residue, and to restore
surface dangling bonds, enhancing surface termination and Ga-N stoichiometry [4].
Beyond surface pretreatment, Si ion-implantation has been introduced for both
planar and recessed contacts prior to metal deposition. This process transforms the
surface i-GaN into n-GaN, resulting in a more concise tunneling path [6]. Yet,
activating the implanted Si demands high-temperature annealing (exceeding
1000°C). This is problematic as it can degrade the epitaxial properties since the
epitaxial growth temperature is typically within a similar range. Ohmic metal
stacks can be deposited via evaporation or sputtering, with further details on the
metal stack design provided in section 3.2.3. Subsequently, the annealing of the
ohmic metal stacks is executed in a rapid thermal processing (RTP) system in an
oxygen-free environment. Commonly, either Ar or N2 serve as ambient gases during
this high-temperature procedure.

The creation of planar ohmic contacts with a low Re¢ can face issues in
reproducibility and uniformity due to variations in barrier design and thickness.
Broadly, a thicker barrier extends the tunneling distance between the metal and
2DEG. An increased Al content in the AlGaN barrier heightens the barrier height,
leading to a diminished thermionic transport probability. In certain cases, an AIN
exclusion (spacer) layer is introduced between the barrier layer and the 2DEG to
further confine the 2DEG and provide a sharp interface. This additional layer can
exacerbate the challenge of crafting ohmic contacts with a low Rc. Such complexities
underscore the necessity for alternative strategies, such as deeply recessed sidewall
contacts, as discussed in [Paper A and BI.

3.2.2 Recessed contacts

While annealing in planar contacts can transform the barrier into an n-type
semiconductor by producing nitrogen vacancies in the AlGaN/GaN barrier, the
distance remains substantial, hindering efficient electron tunneling to the 2DEG.
To address this, shallow recessed contacts have been introduced. These contacts
minimize the tunneling distance by etching the barrier of the epi-structure using Cl-
based dry etching through inductively coupled plasma-reactive ion etching (ICP-
RIE). A reduced barrier thickness shortens the tunneling distance between the
metal and the 2DEG, as illustrated in Fig. 3.3a. However, this thinning also
diminishes the 2DEG concentration, which can compromise the carrier density
required for optimal tunneling transportation. As a result, a delicate balance must
be considered between barrier thickness and 2DEG density, necessitating
innovative approaches to achieve contacts with a lower Rc. Some studies suggest
that the ideal etching depth is about 1~5nm above the 2DEG [5, 8, 52]. However,
commercially available ICP-RIE systems often fail to ensure consistent and
reproducible etching depths across an entire wafer. To overcome this challenge,
deeply recessed contacts—which etch through the barrier to the GalN region
housing the 2DEG—were explored in [Paper A and Bl, as depicted in Fig. 3.3b (see
section 3.3). Such deeply recessed contacts are less affected by variations in etching
depth since the contact area is established on the recessed sidewall.
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Fig. 8.3. (a) shallow recessed contacts and a trade-off between etching depth and
2DEG density, (b) deeply recessed contacts, and (c) patterned recessed contacts [5].

A wviable solution to counteract the reduction in 2DEG density due to a thinner
barrier is the use of patterned recessed contacts. The dimensions of the via hole
pattern are tailored to be large enough for metal deposition to reach the base, yet
sufficiently compact to mitigate the effect on 2DEG density. This results in a
notably low Re of 0.12 & mm when utilizing Ti-based metal stacks, however, with a
drawback of process complexity [5].

Regrown contacts present another innovation, merging the techniques of recess
etching and Si n-type doping. This approach achieves an exceptionally low R. (less
than 0.1 @-mm), in contrast to traditional alloyed ohmic contacts which typically
have a Rc exceeding 0.1 Q-mm. This is achieved by lattice-matching the regrowth of
n-GalN with a high concentration of Si-dopants using either molecular beam epitaxy
(MBE) or metal-organic chemical vapor deposition (MOCVD) within the recessed
region. This process furnishes an abundant electron supply while simultaneously
minimizing the tunnelling distance between the semiconductor and the contact
metal situated atop the regrown n-GaN [3, 53].

3.2.3 Contact metal designs

Metal stacks need to fulfill the two requirements to form good ohmic contacts
with low R, including a low work function of the first (bottom) metal layer and a
capability of extracting nitrogen from GalN. Several reported contacts are
summarized in Table 3.1.

Table 3.1. OHMIC CONTACTS EXAMPLES REPORTED IN LITERATURE.

Metal Alx(.}al-xN AIN exclusion Anneal R .
barrier [x], o Contact categories Ref Year
stacks (o] layer [nm] temperature [°C] [Q mm]
A T”A]I/IN‘/A 26%, 18 0 825 0.18 Planar contact [54] 2013
B TYAUNVA 30%, 25 0 230 01 Planar contact with 4] 2018
u plasma treatment
c TVAUNVA 30%, 24 1 250 0.12 Patterned shallow 5] 2018
u recessed contact
p | TVAVNVA 30%, 27 0 Without anneal 0.4 Recessed, Siion le] 2006
u implantation
E Sl{/%ﬁgé A 23%, 18 0 820 0.3 Planar contact [55] 2017
Ta//f;jTFZAl 26%, 18 0 850 0.22 Planar contact [54] 2013
G TYTIN 20%, 20 2 850 0.13 Planar contact [56] 2014
H TYTIN 35%, 20 0 850 0.6 Planar contact [56] 2014
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| TVAVTVTE 25%, 20 1 550 0.21 Shallow recessed (521 2018
N contact

J TYAVYW 26.4%, 23 0 500 0.35 Planar contact [57] 2018

K i/ N VTi 23%, 19 1 830 1.1 Planar contact [58] 2020

L | TisAlL/TiIN 25%, 20 0 880 0.06 Planar contact [59] 2020

M | TiAlyAu 20%, 22 0 850-900 0.23 Planar contact [60] 2024

N Ta/Al/Ta 25%, 25 0 575 0.28 Planar contact [7] 2011

(6] Ta/Al/Ta 14%, 22 0 550 0.06 Planar contact [7] 2011

P | Tw/AlTa 30%, 15 0 550-600 0.21/0.27 Shallow recessed l61] 2015
contact

Q | TaAVTa 25%, 20 0 575 0.24 Deeply recessed [Paper B] | 2018
contact

R | TwAVTa 95%, 19 1 575 0.21 Deeply recessed [Paper B] | 2018
contact

S | TaAVTa 30%, 11 1 575 0.25 Deeply recessed [Paper B] | 2018
contact

. . - Deeply recessed

T | TYAUT 30%, 11 1 550 0.14 [Paper Al | 2023
contact

U | TvArm 52%, 3.5 15 550 0.15 Deeply recessed [Paper Al | 2023
contact

v | TVAVNIA 25%, 20 1 810 0.16 Shallow recessed l62] 2024
u contact

w 25%, 22 0 Without anneal 0.2 MBE regrown contact [63] 2011

X Ti/Au InAIN/GaN 0 Without anneal 0.05 MBE regrown contact [3] 2020

Y 0 Without anneal 0.1 MOCVD regrown (53] 2020
contact

Conventional T/AI/Ni/Au contacts are showcased in examples A-C. Typically, it's
simpler to achieve ohmic contacts with a low Rc on epi-structures that lack an AIN
exclusion layer. Example B serves as a testament to this, contrasting with Example
A, and underscores the importance of thorough surface pretreatments prior to metal
deposition. This involves eliminating surface oxides and contaminants. Example C
depicts a resilient low Rc achieved by patterning the recessed ohmic contact. By not
fully removing the barrier layer, the 2DEG remains intact. Additionally, the
tunneling distance is curtailed due to the presence of the recessed pit-hole.

Examples D-F illustrate the conventional Ti/Al-based metal arrangements paired
with Si, an n-type dopant for GaN. However, Si, possessing a high work function of
4.85 €V, results in a significant ®s [64]. This translates to a reduced probability of
thermionic transport at the metal-semiconductor junction. In Example F, Si is
deposited atop the Ta layer, which has a smaller work function, culminating in a Rc
lower than that in Examples D and E.

Al plays a pivotal role in ohmic contacts. It facilitates the extraction of nitrogen
from Gal, resulting in the formation of Ti-Al-N or Al-N phase alloys. Yet, it tends to
compromise surface morphology and edge precision. To circumvent this, there have
been suggestions to either eliminate Al or employ TiN, TaN, and Tungsten (W) as
cap layers. This alteration improves edge sharpness, especially vital for
miniaturized devices, as depicted in Examples G-K. A recent study, as referenced in
Example L and M, demonstrates that co-depositing Ti and Al as an alloy, rather
than discrete layers, yields superior ohmic contact. This approach achieves a lower
R. than traditional multilayer configurations.
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In our study [Paper B, Example Q-S], deeply recessed Ta/Al/Ta sidewall ohmic
contacts were developed with a low Rc of ~0.24 Q mm. The results highlight the
importance of process optimization including the metal coverage, sidewall angle,
metal stack thickness ratio, and annealing temperature. These works lead to the
innovation of the T/AI/Ti ohmic contacts [Paper A, Example T and U], which will be
introduced in the following section. Moreover, Example V also showed that the TI/Al
metal stacks can provide very low Rc at high annealing temperature.

Diverging from the standard metal stack ohmic contacts, regrown contacts
(Examples W-Y) forgo the annealing process. This is because the barrier is entirely
eradicated through dry etching. Subsequently, a heavily Si-doped n-type Gal,
which is lattice-matched, is regrown using MBE or MOCVD within the recessed
area. This leads to a diminished ®B and a concise tunneling distance. R. values
below 0.1 Q@ mm have been reported across various epi-structures. Especially
noteworthy are the regrown contacts on the InAIN barrier, which boasts a 2DEG
concentration surpassing the conventional AlGaN barrier, recording an
impressively low Rc of 0.05 Q mm [3].

3.3 Deeply recessed Ti based ohmic contacts

This study exhibits an innovative strategy for fabricating Ti/AlI/Ti low-resistance
ohmic contacts within AlGaN/GaN HEMTsS, as outlined in [Paper Al. A contact
resistance of approximately 0.15 & mm has been achieved and characterized using
TLM structure (Fig. 3.2a and Fig 3.4). This is achieved by initially etching the
barrier of the heterostructure beyond the depth of the channel, and subsequently
applying TV/AITi ohmic metallization to the recessed sidewalls. Annealing of this
metallization is conducted at a low temperature of 550 °C. The investigation
encompasses a thorough examination of the influences exerted by the recessed
sidewall angle, the respective thicknesses of the Ti and Al layers, and the specifics
of the annealing process. The utility of this ohmic contact method has been verified
on HEMT structures (Epi I and Epi II) as indicated in Table 3.2.

Fig. 8.4. (@) Schematic of TLM structure, (b) HR-STEM cross-section of annealed
TLM with 10° tilted tri of 3 nm on Epi II.
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Table 3.2. EPI-STRUCTURE USED IN THIS WORK

Epil Epi I
Cap layer GaN, 1.4 nm GaN, 2 nm
Barrier layer Alos2Gao.4sN, 3.3 nm Alo3GaosN, 9.7 nm
Spacer layer AIN, 1.5 nm AIN, 1.2 nm
Channel layer GaN, 260 nm GaN, 255 nm
Nucleation layer AIN, 60 nm AIN, 60 nm
GaN RC <0 02> 94 arcsec 216 arcsec
GaNRC<1 02> 353 arcsec 443 arcsec
ns [1053/cm?] 1.16 1.07
u [em?/V-s] 1746 1966
Rsh [Q/sq.] 316 298

3.3.1 TLM results

The establishment of ochmic contacts is continsgent upon the deposition of ochmic
metal stacks—consisting of Ti and Al in this research—followed by an annealing
process. The primary objective of annealing is to facilitate the extraction of N from
the (ADGaN, which leads to the formation of compounds such as titanium nitride
(TiN), aluminum nitride (AIN), and ternary phases of aluminum-titanium nitride
(AlxTiyN). This reaction sequence induces the generation of nitrogen vacancies (N-
vacancies) within the (A)GaN, which inherently function as donor-like dopants,
thereby creating a conductive n-type region as referenced in [7, 65]. Nevertheless,
this process is significantly influenced by the constitution of the metal stacks.
Consequently, there is a pronounced interest in optimizing the thickness of the
underlying Ti layer (tm) and the Al layer (ta). Such optimization is pivotal as it
facilitates the creation of N-vacancies.

In the initial experiment, samples with various thicknesses of the tri, specifically
5, 10, and 15 nm, were fabricated on Epi I, maintaining a consistent thickness for
the ta at 280 nm and the top titanium layer at 20 nm. The selection of a recessed
sidewall angle (0) of 55° was introduced by the findings of our preceding research
[Paper Bl. Due to the tri being deposited at an inclination of 10°, the resultant
effective thicknesses on the recessed sidewall for this layer were approximately 3, 7,
and 12 nm, respectively, ascertained via Scanning Electron Microscopy (SEM). It
was observed that the samples with a tn of 15 nm exhibited the highest saturated
R of approximately 0.6 & mm. Conversely, a reduction in the tri to 5 nm led to a
substantial decrease in R, recording the lowest measured value of approximately
0.16 Q mm after undergoing a total annealing period of 6 minutes, as illustrated in
Fig. 3.5a.

In the subsequent experiment, samples with a varying tai of 280, 140, and 70 nm
were fabricated on Epi I, while maintaining a uniform tri of 5 nm and a top titanium
layer of 20 nm. An increment in ta beyond 280 nm was not contemplated owing to
the resultant pronounced step height of the ohmic contacts, which could potentially
hinder the miniaturization of the gate-source distance and complicate gate
fabrication. The angle of deposition remained consistent with that of the first
experiment, with identical lithography parameters being employed. It was observed
that samples with a thinner ta manifested an earlier saturation of the R. (Fig. 3.5b).
Specifically, the sample with a ta of 140 nm reached a saturated Rc. within 3
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minutes of annealing, a swifter saturation compared to the sample with a ta of 280
nm. Notably, any annealing performed beyond the point of saturation was found to
lead to a deterioration of Rc. Furthermore, the minimal Rc recorded increased from
0.16 Q& mm to 0.35 and 0.4 Q mm for samples with a reduced ta of 140 and 70 nm,
respectively. This effect can be ascribed to the deficient coverage of Al on the
recessed sidewall, attributable to the method of metal deposition, which was
conducted without tilting, leading to inadequate Al presence.

The 2DEG properties and the tunneling distance at the ohmic
contact/semiconductor interface are significantly affected by the 6, which is
determined by the photoresist profile (Fig. 3.4a). Varying exposure doses applied to
the photoresist, while maintaining a constant reverse baking temperature of 125 °C,
result in O ranging from 47° to 63° following the recess etching process. A higher
exposure dose generates a steeper photoresist profile due to the reduced dimension
of undercut, leading to a steeper sidewall angle. A larger 0 preserves the integrity of
2DEG characteristics but at the expense of an increased tunneling distance.
Conversely, a smaller 6 can reduce the tunneling distance but may compromise the
2DEG due to the remaining thin AlGaN barrier thickness after dry etching. The
influence of 6 on the Rc was further explored on Epi I (Fig. 3.5¢). In this phase of the
study, tri of 3 and 1.5 nm was deposited with a 10° tilt, succeeded by a
perpendicular deposition of ta of 280 nm and a top Ti layer of 20 nm. The samples
underwent annealing using an identical procedure until Rc reached saturation. The
most favorable outcome, a lowest Rc of 0.14 & mm with excellent uniformity, was
observed in samples with a tr; of 3 nm and a 0 of approximately 55°. For 6 within
the 50° to 60° range, Rc remained below 0.2 Q ‘mm, demonstrating high uniformity
and indicating a generous process tolerance. Beyond this specified range of 0, a
decline in Re and uniformity was noted, likely due to suboptimal metal coverage on
the recessed sidewall coupled with diminished electron density or a more extended
tunneling distance. Samples with a tni of 1.5 nm showed higher Rc values, a
narrower 0 process window, and larger variability, which is possibly attributable to
the challenges associated with controlling the thickness and uniformity of the tr
layer.

The ohmic contacts were further assessed on epi-structure featuring distinct
barrier configurations. According to the preceding outcomes, two samples with a
tilting deposited tri of 3 nm and 15 nm (referred to as T3 and Tis, respectively) and a
perpendicularly deposited ta of 280 nm capped with a 20 nm top Ti layer were
prepared on Epi II. These samples were processed with an identical exposure dose
and a recess etching depth established at approximately 12 nm beneath the 2DEG.
The primary distinction between Epi I and Epi II resides in the aluminum
concentration and the thickness of the AlGaN barrier. Upon evaluation, a low Rc of
0.15 @ mm accompanied by a R« of 280 Q/sq. was recorded for Ts (Fig. 3.5d),
whereas Tis exhibited a higher Rc of 0.56 Q@ mm with an Rs of 282 Q/sq. A
correlation between Rc and tri similar to that observed for Epi I was also noted for
Epi II, underscoring the versatility of this ohmic contact fabrication technique
across different barrier configurations.
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Fig. 3.5. Rc versus total annealing duration on Epi I for (a) different tri (5, 10, and 10
nm). The inset shows the zoom-in for the samples with trni of 5 and 10 nm. (b)
different ta (70, 140, and 280 nm). (¢) Rc versus 0 with all the samples annealed
until the Rc saturated. The accuracy of the measurement of 8 with SEM is £2.5°. (d)
Linear fitting of the total resistance vs. TLM spacing on Ts. R? is the correlation

coefficient of linear fitting.

3.3.2 TLM structural investigation

To understand the formation mechanism of ohmic contacts, structural and
elemental analyses were conducted on T3 and Tis, both fabricated on Epi II. The
interface between the ohmic contacts and the epitaxial structure was examined
using a combination of high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), electron energy loss spectroscopy (EELS), and
energy-dispersive X-ray spectroscopy (EDS). This advanced suite of analytical
techniques provided a comprehensive characterization of the ohmic contact
interfaces, yielding crucial insights into the contact formation mechanisms at the
atomic scale.

The annealed TLM structure underwent scrutiny through high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM). This
technique enables differentiation between various materials and their respective
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interfaces by exploiting the variation in image intensity, which arises from mass
contrast differences, as demonstrated in Fig. 3.6a and 3.6b. Upon analysis, Ts and
T15 revealed a noticeable distinction predominantly in the thickness of the bottom
titanium (Ti) layer. Notably, in the case of Tis, there was evidence of diffusion,
either of the bottom Ti layer migrating into the overlying aluminum (Al) layer or the
Al into the Ti. This phenomenon of interlayer diffusion was manifested as contrast
changes within the HAADF-STEM images and is highlighted in Fig. 3.6b-Ti with
white arrows. These arrows point to regions where the density of the material
changes, suggesting a mixing of the two distinct metallic layers as a result of the
annealing process. EDS elemental maps of the ohmic contacts and the epitaxial
structure, encompassing elements such as Ga, Al, N, O, and Ti, are depicted in Fig.
3.6a and 3.6b. Al is present in the metal stacks of the ohmic contacts as well as in
the barrier layers for both sample types. An unexpected discovery was the presence
of an Al 'tail' on the sidewall of the SiN passivation layer, denoted by white ovals in
Fig. 3.6a-Al” and 3.6b-Al". This suggests a potential diffusion of Al at temperatures
below its melting point (approximately 660 °C). The uniformity of the contrast in
the images suggests that there is no discernible decomposition of the AlGaN barrier.

Fig. 3.6. HAADF-STEM images and EDS elemental maps from (a) Ts and (b) Tis.
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Given the proximity in energy of the N (0.392 keV) and Ti (0.452 keV) EDS
signals, which hinders their differentiation, EELS was employed for further
interface analysis. The corresponding EELS and EDS profiles are illustrated in Fig.
3.7a and 3.7b, respectively. The 10° tilted deposition of the bottom Ti layer is
evidenced by the detection of Ti on the sidewall of SiN. For the Ts sample, the
relatively short out-diffusion span of ~8 nm permits the co-diffusion of Ti and Al,
which is crucial for nitrogen extraction, culminating in a lower R¢ of 0.15 Q-mm.
This reduction in Rc is attributed to the formation of a Ti-Al-N alloy with a lower
work function. Conversely, for the Tis sample, the Ti out-diffusion extends 100-200
nm from the sidewall contact region and alloys with the Al layer, as indicated in
Fig. 3.6b-Ti. This extensive diffusion leads to a higher Rc of 0.56 Q-mm, which can
be ascribed to the formation of a higher bandgap Al-N alloy at the sidewall contact
region without sufficient Ti to act as a catalyst for nitrogen extraction by Al
Remarkably, no significant interaction between Al and the Ti on SiN or the top Ti
layer was observed, as highlighted by the white oval in Fig. 3.6b-Ti. The interface
analysis by EELS and EDS for the Ts sample elucidated that while N and Al could
not be spontaneously captured in EELS due to their differing energy edge onsets,
the complementary EDS data (Fig. 3.7b) indicated that Ga and N are intermixed
with Ti, with an Al diffusion into the Ti and GaN noted. The annealed Ti showcased
an out-diffusion of approximately 10 nm, aligning with the EDS mapping in Fig.
3.6a-Ti. These observations might clarify the low Rc found in Ts, potentially due to
the induced N-vacancies and the formation of a low work function Ti-Al-N alloy at
the interface between the epitaxial structure and the ohmic contacts. Additionally,
the presence of a native oxide layer at the interface is presumably a consequence of
air exposure during the transfer of the sample prior to the deposition of the ohmic
metal layers.

Fig. 3.7. Elemental profile of the Ts measured with (a) EELS, and (b) EDS.

In Fig. 3.8, this work is benchmarked against other ohmic contact concepts.
Compared to Ta-based ohmic contacts, Ti-based contacts potentially offer a lower R,

36



suggesting an exceptional process scheme for ohmic contacts suitable for both high-
frequency and high-power applications.
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Chapter 4

Passivation and surface
pretreatment for GaN HEMTs

4.1 Introduction of passivation layer

The primary functions of the passivation layer for AlGaN/GaN HEMTs are to
reduce surface-related trapping effects, minimize surface leakage currents,
maintain the device's breakdown voltage, adjust the surface stress, and shield the
surface from environmental moisture and oxygen [74-76]. Numerous passivation
techniques and materials have been explored for GaN HEMTs. These include SiNx,
SiOy, and SiO«Ny via plasma-enhanced chemical vapor deposition (PECVD); SiNx
through reactive sputtering; Al=Os, AIN, HfO:, SiO: using atomic layer deposition
(ALD); and SiNy via LPCVD and MOCVD [74, 77].

The pivotal role of the passivation layer is to suppress surface trap states. Such
trap states arise from defects like pits and threading dislocations, dangling bonds,
and the native oxide layer [78, 79]. Electrons trapped in these states function as a
virtual gate on the surface, leading to partial depletion of the 2DEG and elevated
on-resistance [80]. The passivation process can either remove the surface oxide and
reduce surface defects [81], or augment the positive charges at the interface
between passivation and epi-structure. This neutralizes the AlGaN polarization
charges, subsequently reducing the surface-related depletion of the 2DEG [82].

4.1.1 PECVD SiNg, SiOz, and SiOxNy passivation

Passivation layers, including SiNx, SiOx, and SiOxNy, are frequently deposited on
GaN HEMTSs using PECVD. This is because the material properties these layers
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offer, are promising to reduce surface trapping effects and leakage current, as well
as to provide the desired breakdown characteristics [83]. The reaction processes for
SiNx, when using either Nz or NH3, are as follows:

SiH, + NH, — SiN, + (Hy) (4.1)

SiH, + N - SiN, + (H) (4.2)
While the reaction process for SiOx is:

SiH, + N,0 - Si0, + (H, + N,) (4.3)

A combination process (equation 4.1 and 4.3) can create a SiOxNy passivation layer:

SiH, + N,0 + NH3 - SiO,Ny, + (H, + N,) (4.4)
A significant advantage of the PECVD process is its low deposition temperature,
which is in a range of 200-400°C. This is especially suitable for post-passivation
schemes and gate dielectrics, as the low processing temperature minimizes any
adverse impacts on the device. The dielectric properties of materials deposited via
PECVD are influenced by various factors, including precursor flow rates and ratios,
RF power, chamber pressure, and deposition temperature (as detailed in Tables 4.1
and 4.2). A higher SiH4 typically increases the available silicon precursor, leading to
higher deposition rates and higher refractive index for both SiNx and SiOx.
Increasing the NH3s and N2O ratio will decrease the deposition rate and yield lower
refractive index due to N-rich or O-rich film. Higher RF power increases deposition
rate due to enhanced reaction. However, extreme RF power might cause etching
[84]. Temperature has different impact on SiNx and SiOx. The bonds in SiNy (e.g.,
Si-N) are relatively short and strong, making the material less sensitive to thermal
expansion and densification compared to SiO.. Higher temperatures increase
mobility, leading to tensile stress as atomic rearrangement occurs in SilNx. However,
higher temperatures promote densification of the SiOx network, which increases the
refractive index and results in compressive stress.

Table 4.1. Impact of PECVD SiNx deposition by processing parameters.

SiNx

Deposition rate

Refractive index

Film stress

1 SiH4 flow rate 1 ) more compress
T NHs: SiH4 ratio 1 l more tensile
1 RF power 1 l more tensile
1 Temperature - l more tensile

Table 4.2. Impact of PECVD SiOx deposition by processing parameters.

SiOx

Deposition rate

Refractive index

Film stress

1 SiH4 flow rate i) T more compress
1 N20: SiH4 ratio l ! more tensile
T RF power 1 l more tensile
1 Temperature - ) more compress
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4.1.2 ALD Al20s, AIN, HfO2, SiOz passivation

Materials such as Al:Os, AIN, HfAIO, and SiO:, when deposited using atomic
layer deposition (ALD), have been identified as effective passivation layers for GaN
HEMTSs. They offer conformal coverage and effectively reduce surface-related
trapping effects. The deposition process involves introducing target elements,
carried by precursors, to the substrate surface in a process termed chemisorption.
The chamber is evacuated and purged between each monolayer deposition cycle,
with each cycle approximating 1A in thickness. Typically, an ALD monolayer
deposition cycle lasts several seconds and operates at a temperature range of 200-
500°C. This temperature range aligns with the low-temperature processing
requirements seen in techniques like PECVD. A unique advantage of ALD is its
conformal deposition capability. This enables a uniform thickness across the surface,
regardless of its morphology or defects, making it especially suitable for uniform
deposition within gate recessed trenches. Furthermore, ALD ensures excellent
adhesion to the target surface, as a result of the covalent bonding inherent in the
ALD deposition process.

4.1.3 LPCVD SiNk passivation

LPCVD is differentiated into two systems: the cold wall and the hot wall. The cold
wall system effectively minimizes the fallout of particles and reduces growth-related
memory effects. In contrast, the hot wall system offers higher throughput. Although
the deposition rate of LPCVD is relatively slow (around 10 nm/minute), It ensures
exceptional deposition uniformity of the dielectric material on multiple wafers in a
single run (with less than 3% thickness variation across a 4-inch wafer). The
formation of SiNx (specifically SisN4) is achieved through the chemical reaction of
dichlorosilane (DCS, SiCl:H2) and ammonia (NHs) under high temperatures
(ranging from 700 to 900°C) and low chamber pressures (below 500 mTorr). The
reaction proceeds as:

3SiCl,H, + 4NH; — SizN, + 6HCl + 6H, (4.5)
Table 4.3. Impact of LPCVD SiNx deposition by processing parameters.
SiNx Deposition rate Refractive index Film stress
1 SiH4 flow 1 1 more compress
1 NHs: SiH4 ratio - ! more tensile
T Chamber pressure 1 - more tensile
1 Temperature i 1 more compress

LPCVD SiNy, due to its high deposition temperature, assures reduced thermal-
related degradation during both the ohmic contacts annealing process and device
operation under elevated power density. Furthermore, LPCVD SiN: demonstrates
superior dielectric properties and lower hydrogen incorporation compared to other
low-temperature deposition methods [85, 86]. However, the high deposition
temperature restricts process step flexibility, making LPCVD SiN: suitable
predominantly for the "passivation first" process scheme. Enhancing the flow rate,
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chamber pressure,

and deposition temperature boosts the

deposition rate,

attributable to more efficient chemical reactions [87-89]. Notably, the ratio between
DCS and NHs significantly influences the refractive index and the internal stress of
the SiNj, as detailed in Table 4.3 [90].

4.1.4 Passivation layers on GaN HEMTSs

Optimal passivation necessitates meeting several criteria: minimizing surface
leakage current, reducing surface-related trapping effects, and ensuring a high
breakdown voltage. Additionally, the stress introduced by the passivation layer
significantly affects the polarization charges within the epi-structure. Nonetheless,
there are trade-offs to consider among these parameters. Table 4.4 provides a
summary of the advantages and challenges associated with different passivation
layer materials and their respective fabrication methods.

Table 4.4. Examples of passivation layer reported in literatures.

Passivation Deposition Epitaxial
dielectric material tool barrier design Advantages Comments Ref.
Reduce current collapse
A SiNy PECVD AlGaN Reduce gate lag Plasma damage [75,91]
Improve noise performance
Bilayer high Reduce plasma damage
B freq./low freq. SiNx PECVD GaNe/AlGaN Reduce Ron and dynamic Ron lo2]
C SiNx PECVD GaNZ‘i/Sl GaN/ Reduce current collapse Drain leakage [93, 94]
. GaNeap/AlGaN/ | Large bandgap Trapping is more than
b Si0x PECVD AlNex Reduce drain leakage PECVD SiN, [93, 941
Reduce drain leakage -
. GaNeap/AlGaN/ Trapping is more than
E SiOxNy PECVD AlNe, Improve tral'qsconductance PECVD SiN, [93, 94]
Improve drain current
Reduce current collapse
F | Si-rich/N-rich SiN PECVD GaNeap/AlGaN | Reduce gate leakage Stress engineering [76]
Improve isolation
) Trapping is similar or
G AlOs ALD GaNeap/AlGaN | Large bandgap lower than PECVD SiN, [95, 96]
Trapping is more than
H HfAIO ALD GaNepy/AlGaN PECVD SiN, [95]
Reduce gate leakage Trapping is similar or
I AN ALD AlGaN Reduce drain leakage lower than PECVD SiN¢ [o7]
. ALD/PEC Improve transconductance
J AIN/SIN VD GaNay/AlGaN Reduce Ron and dynamic Ron [98, 99]
K Al:04/Si02 AL%EC GaNeay/AlGaN | Reduce gate-lag [95]
Improve breakdown voltage
L SiNx LPCVD GaNey/AlGaN/ Reduce degradation after stress [100]
AlNex .
Reduce dynamic Ron
M SiN, LPCVD AlGaN/AIN,, | Reduce lateral surface leakage Vertical leakage [101]
Reduce gate and drain lag
- . . Drain-gate leakage
N Si-rich SiNx LPCVD GaNeap/AlGaN | Reduce dynamic Ron Schottky gate leakage [102]
- . Reduce drain-gate leakage .
o N-rich SiN LPCVD GaNey/AlGaN Reduce Schottky gate leakage Trapping effects [102]
Bilayer Si-rich/N- Reduce current collapse
P rich SiNyx LPCVD AlGaN Reduce gate leakage [101]
- . Reduce current collapse With in-situ NHj
Q Si-rich SiNg LPCVD GaNeap/AlGaN Reduce dynamic Ron pretreatment [Paper C]
Reduce trapping effects [103
R In-situ SiNx MOCVD AlGaN Improve radiation tolerance 10 4]’
Resistant to electric/thermal stress
S SiNx Sputter AlGaN Reduce trapping effects [105]
T Scz03 MBE AlGaN Reduce trapping effects - [106]
U MgO MBE AlGaN Reduce trapping effects React with ambient H:O [106]
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Examples A-F discuss the passivation dielectrics deposited using PECVD. In
Example A, it's evident that surface passivation reduces surface-related current
collapse in comparison to a non-passivated epi-structure. However, the mitigation of
trapping effects is constrained by plasma-induced surface defects. Example B
showcases a bilayer SiNx deposited by a high-frequency RF source during the first
layer's deposition. This process diminishes plasma damage due to the decreased ion
bombardment energy, leading to a more pronounced reduction in dynamic Ron
degradation. Example C underlines the ability of passivation to reduce surface traps,
irrespective of the GalN cap layer. Examples D and E suggest that SiOx and SiOxNy
are suitable for power devices that demand a high breakdown voltage, attributed to
their larger bandgap of 8.9 eV and superior resistivity in comparison to SiNx.
However, epi-structures passivated with SiOx and SiOxNy grapple with issues like
current collapse and knee voltage walkout, which stem from inferior dielectric/epi
interface quality. Lastly, Example F illuminates stress engineering using Si-rich
and N-rich SiNy, aiming to strike the right equilibrium among trapping effects,
leakage current, and device isolation.

Investigation of passivation layers deposited by ALD were also reported. Some of
them are listed as Examples G-K Dielectrics composed of oxide components still
exhibit trapping effects, echoing the behavior of PECVD SiNx. A post-annealing
process at around 800 °C for ALD dielectrics, including AloOs and AIN, has been
advocated to enhance the dielectric/epi interface quality, yielding reduced trapping
effects. Additionally, annealed ALD AIN augments the 2DEG properties due to the
extra polarization force elicited by AIN. Placing additional PECVD SiNy atop ALD
AIN further diminishes dynamic Ron degradation.

Compared to PECVD or ALD, the passivation layer created with LPCVD, as
depicted in Examples L-Q, might deliver superior dielectric quality. This is credited
to the elevated deposition temperature and the absence of plasma-related damage
to the epi-structure in this plasma-free process. LPCVD's Si-rich SiNx cuts down
surface-related current collapse, likely by furnishing a leakage pathway for
electrons to be de-trapped. Meanwhile, N-rich SiN yields a higher critical electric
field paired with reduced leakage current, making it ideal as an additional layer
over Sirich SiN. This combination aims for the desired low trapping effects,
minimal leakage currents, and robust breakdown performance. In the referenced
work [Paper Cl, Si-rich SiNx is chosen, having already demonstrated a reduction in
current dispersion. More insights into the LPCVD SiNx and in-situ surface
pretreatment are discussed in section 4.3.

Alternative passivation techniques, represented by Examples R-U, encompass
methods like MOCVD, reactive sputtering, and MBE. Notably, MOCVD allows for
the in-situ growth of SiNx directly atop the epi-structure. This procedure avoids
exposure to ambient conditions such as moisture and oxygen, facilitating the
creation of an oxygen-free interface. Such an interface has shown promise in
potentially reducing trapping effects [103, 104]. On the other hand, sputtered SiNx
demonstrates vulnerabilities akin to those found in PECVD SiNy, especially
concerning surface plasma damage [105]. Enhancements in this area might involve
increasing the RF frequency during the deposition process. Furthermore, innovative
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dielectric materials like Sc203 and MgO, when fabricated using MBE, are paving
new avenues for the development of passivation layers in GaN HEMTs [106].

4.2 Pretreatment prior to deposition of
passivation layer

Dangling bonds due to nitrogen-vacancy, defects from plasma damage, the native
oxide layer, and carbon-related contamination are commonly identified as the
primary causes behind the creation of surface leakage paths and trap states. To
address these challenges, both ex-situ and in-situ surface pretreatments have been
proposed.

4.2.1 Ex-situ pretreatment

Ex-situ pretreatments typically involve wet chemical processes and plasma
treatments. There are also studies that highlight the use of high-temperature
annealing with varied gas flows. Section 4.2.2 provides details on the plasma-based
treatments. Table 4.5 offers a comprehensive summary of the functions and
reactions associated with different chemical treatments applied to GaN HEMTs.

Table 4.5. Examples of ex-situ pre-treatment reported in literatures.

Pretreatment Epitaxial Function Comments Ref.
surface
Remove surface oxide Form 3D nucleation point defects .
A HCI GaN Minor remove surface carbon Chlorine residual (12, 47-50]
B HF GaN Remove surface oxide Fluorine residual [12, 47, 50]
Remove surface carbon
C Buffered HF GaN Remove surface oxide Fluorine residual [12]
NH.OH AIN and GaN | Remove surface oxide Maintain III-N stoichiometry [l[Dlaieil(]j]
Remove surface oxide .
E (NH2S GaN Provide defect-free surface Sulfide residual [49, 107, 108]
. Enhance breakdown
Prevent surface re-oxide
F KOH GaN Remove surface carbon High surface roughness [49]
G RCA SC1 GaN Remove organic resu'iual Form a thin oxide layer [109] [Paper C]
Remove surface particles
H RCA SC2 GaN Remove metallic contaminants Left carboln on th? ‘sqrface [109] [Paper C]
Form a thin passivizing layer
I Piranha GaN Remove hydrocarbons Provide smooth surface [47]
Remove hydroxylates
J UV/O3 GaN and AIN | Remove surface carbon Grow oxide layer [12, 50]
K || Annealed with SiH4 AIN Remove surface oxide Si deposition on the surface [12]
L | Annealed with NH3 In and GaN Reconstruct GaN surface Annealed at 700~900 °C [12]

Example A highlights the use of HCI as a prevalent etchant to eliminate the Ga-
O present on the epi-structure. This results in a notable reduction of yellow
luminescence and undesired surface states, which in turn diminishes the surface
trapping effects. Nevertheless, HCl only mildly addresses carbon-related
contamination. A drawback is that immersing GaN in HCI solution introduces point
defects, negatively impacting the morphology of the subsequent passivation layer.
Additional studies confirm that the residuals from chlorine-based reactions
predominantly bond with Ga on the surface, serving to saturate the dangling bond.
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Example B and C highlight HF and Buffered HF, which are oxide etchants
widely used in the silicon industry. These etchants efficiently remove surface oxides,
with fluorine bonding to Al and Ga, leaving fluorine residues on the surface due to
its strong electron affinity. This fluorine residue can be perceived in two ways: as a
pretreatment process that diminishes leakage current and elevates Vp, or as an
unwanted virtual gate that depletes the 2DEG channel. In contrast to the acids
shown in Example A-C, NH4OH, as presented in Example D, not only removes the
surface oxide effectively but also ensures no residual traces remain on the epi-
structure, preserving the stoichiometry of GalN and AIN. Example E, however,
reveals that (NH4)2S treatment results in sulfide residues on the surface. Lastly,
Example F demonstrates that while KOH is adept at eradicating carbon-related
contaminants from the surface, it compromises the surface morphology.

Examples G-I discuss treatments involving mixtures of chemicals. The RCA
standard cleaning procedures, consisting of SC1 (H20:+NH4OH+H:0) and SC2
(H202+HC1+H20), are adept at eliminating organic and metallic contaminants from
the surface, respectively. Simultaneously, these treatments form a thin oxide layer
on the surface, which serves as a protective shield against other contaminants.
Another chemical mixture, the Piranha etchant — a potent oxidizing solution formed
by blending sulfuric acid (H:SO4) and hydrogen peroxide (H202) — results in a GaN
surface characterized by a smooth morphology with negligible organic residues.

Gas-phase ex-situ treatments, highlighted in examples J-L, offer interesting
outcomes against solution-based chemical treatments. UV/Ozone treatment is
effective in removing carbon-related residues, but the downside is the formation of
an oxide layer by ozone, introducing trapping effects in GaN HEMTs. Another
method involves high-temperature annealing of GaN using SiHs4 and NHs. While
SiH: efficiently removes the surface oxide, the inadvertent formation of a Si layer
might induce surface-related leakage currents.

In [Paper Cl, a sequence of different treatments is used and described as follows.
First, RCA SC1 and SC2 ex-situ pretreatments are employed to remove organic and
metallic residues from the epi-structure's surface. This is succeeded by an NHsOH
treatment to counteract and reduce the oxide layer introduced by the RCA
procedures before proceeding with the LPCVD.

4.2.2 In-situ pretreatment

Despite the effective cleansing of the epi-structure surface by ex-situ treatments,
there remains concerns about re-oxidation and re-contamination during the
material transport to the passivation system. To address these challenges, in-situ
pretreatments have gained attention, especially those administered right before the
passivation layer deposition. The common methodologies enlisted for these
treatments are predominantly plasma-based and encompass techniques like
PECVD, PEALD, and reactive sputtering. For a clearer understanding, Table 4.6
furnishes a comprehensive breakdown of the functions and implications of various
plasma treatments on AlGaN/GaN HEMTs.
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Table 4.6. Examples of in-situ pre-treatment reported in literatures.

Pretreatment Epitaxial surface Function Comments Ref.
A Hydrogen plasma AIN Remove carbon and halogen species | Hydrogen diffusion into the barrier [9, 12,
(Hy Remove surface oxide Formation of Ga droplets 110]
Ammonia plasma Remove surface oxide Hydrogen Husion into the barrier [110,
B AlGaN and GaN Improve reliability
(NH») Remove surface carbon 111]
Reduce current collapse
Nitrozen plasma Remove surface oxide Reduce surface leakage current o 11
C g(Nl; GaN Remove surface fluorine Reduce virtual gate behavior 1 2’ 1 1’3]
2 Recover surface nitrogen-vacancy Reduce degradation of dynamic Ron ’
. . Virtual gate with lower drain current
D Fluorine plasma AlGaN and GaN Modify surface energy states Lower Vru hysteresis [114-117]
(NFs, CF4, SFe) Remove surface oxide .
Faster surface de-trapping
E NH3 gas flow GaN Remove surface oxide Reduce surface-related traps [Paper C]

Several in-situ pretreatments using plasma have been explored in the literature,
all of which aim to enhance the interface quality between passivation and the epi-
structure. The goal is to effectively eliminate surface oxide and other contaminants
without exposing the material to the atmosphere prior to passivation. Hydrogen
plasma is particularly adept at erasing surface carbon residues and the oxide layer.
Yet, its interaction with GalN results in nitrogen vacancies, attributed to the
formation of Ga-H bonds. This interaction also contributes to the degradation of
HEMTSs when subjected to the hot electron stress condition. [9, 12, 110]. NHs
plasma presents a similar issue. While the hydrogen ions in NHs plasma can seep
into the barrier and mirror the degradation observed with hydrogen plasma, it
compensates by having nitrogen radicals that restore the stoichiometry of Gal.
[110, 111]. Pure nitrogen plasma pretreatment emerges as the most promising
solution. It successfully removes the native oxide surface, carbon contaminants,
fluorine residues, and aids in surface reconstruction. This leads to a notable
reduction in current collapse and a minimized leakage path. [9, 11, 112, 113].
Fluorine-based plasma, on the other hand, exhibits varied effects on HEMTs. It can
configure a device to be normally off, achieving a positive shift of Vy.. However, the
residual fluorine on the surface behaves as additional donor states, exhibiting a
virtual gate effect, which consequently depletes the 2DEG channel in normally-on
devices. [114-117]. In [Paper Cl, an in-situ NH3 pretreatment was conducted prior to
the SiNx deposition using LPCVD.

4.3 In-situ NHs pretreatment for LPCVD SiN
passivation layer

This work showcases an efficient, plasma-free, in-situ NHs pretreatment applied
prior to LPCVD SiN passivation on GaN HEMTs. Prior to introducing them to the
LPCVD chamber for in-situ NHs pretreatment, the epi-structure’s surface
underwent ex-situ wet chemical treatments. RCA SC1, RCA SC2, and diluted
NH4OH were chosen due to their minimal side effects. These treatments effectively
removed organic and metallic contaminants from the epi-structure's surface and
significantly reduced the surface oxide thickness. The in-situ NHs pretreatment
durations varied: 0 minutes (To), 3 minutes (Ts), and 10 minutes (T1o), followed by
SiNx deposition.
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4.3.1 Structural and chemical characterization

The interface between the passivation layer and the epi-structure was analyzed
for structural and chemical properties using high-resolution scanning transmission
electron microscopy (HR-TEM) paired with electron energy loss spectroscopy
(EELS). The structural integrity of the SiN passivation layer, GaN cap, AlGaN
barrier, and their respective interfaces were assessed (Fig 4.1). Notably, there were
no discernible structural differences between the samples, suggesting that To and
T10 exhibited comparable structural quality.

Fig. 4.1. HR-TEM dark field images of the (a) passivation layer and epi-structure.
The interface of SiN and GaN cap of (b) To and (c) Ti0 samples.

Fig. 4.2. (a) EELS spectra (nitrogen K-edge, left and oxygen K-edge, right) from
different positions near the interface between SIN and epi-structure of the To
sample. The color-coding of the arrows shows the location of each spectrum (inset
top right). (b) Qualitatively comparing pseudo-concentration line profiles of oxygen
across the interface (inset top left) for the To and the Tio sample.

In the To sample, the EELS spectra displayed consistent nitrogen intensities
across varying positions but fluctuated for oxygen intensities (Fig. 4.2a). When
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comparing the normalized oxygen intensities against the background signal
between the To and Tio samples, a reduction in oxygen intensity at the interface of
the Tio sample was observed (Fig. 4.2b). This suggests that the oxide layer's
presence was diminished due to the interaction with the decomposed NHs at
elevated temperatures during the in-situ NH3 pretreatment.

4.3.2 HEMTSs characterization

HEMTSs with the Lg of 200 nm subjected to varying pretreatment durations (To,
Ts, and Tio) were analyzed using DC, pulsed-IV, and both small- and large-signal
measurements. The HEMTs from the To and Ts samples displayed comparable Ips-
max Of 0.9 A/mm and gummax of 350 mS/mm. Conversely, Tio demonstrated a
marginally reduced Ipsmax and gmmax, potentially due to undesired surface charges
functioning as a virtual gate from prolonged NHs exposure. DIBL assessments
indicated that both Ts and T samples (with values of 14 mV/V and 17 mV/V,
respectively) showcased reduced short channel effects in comparison to the To
sample's 20 mV/V. A similar pattern was observed in SS evaluations, where T3 and
T presented a smaller SS value of 200 mV/dec, contrasting with To's 270 mV/dec.
These findings affirm that the NHs pretreatment enhanced gate control.

Fig. 4.3. Pulsed-IV measurements on HEMTs with different NHs pre-treatment
duration of (a) To, (b) Ts, and (¢) Ti. (d) Uniformity of surface-related current
collapse response.
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Pulsed-IV measurements were conducted at varying quiescent biases (Fig. 4.3).
The To sample displayed a higher Zi, at 16%, in comparison to the 9% and 10%
observed for Ts and Tho, respectively. In line with this, T3 and Tio samples also
demonstrated a 50% decrease in dynamic Ron degradation at Q25 when contrasted
with To. These findings suggest that the NHs pre-treatment was successful in
eliminating surface traps at the SiN and epi-structure interface. A marginally
increased dynamic Ron and Z: for Tio relative to Ts might be attributed to an
excessive duration of the NHs pre-treatment, which could introduce surplus
nitrogen atoms at the SiN and epi-structure interface [12]. Additionally, a notable
improvement in the uniformity of Z1 was observed for Ts (4.5%) and Tio (1.9%) in
comparison to To (14.5%). As a result, there exists potential to further optimize the
balance between trapping effects and uniformity.

Large signal measurements were conducted on HEMTs under class-AB
conditions and an Insq of 20% Ipsmax at 3 GHz (Fig. 4.4). Notably, HEMTs on Ts and
Tio reached a higher Poy of 3.4 W/mm at a Vbps of 30 V, surpassing the 2.6 W/ mm
achieved by To. In tandem with this, the To sample exhibited a 5-10% reduction in
PAE relative to Ts and Tio. Given that all the samples showcased comparable DC
performance, the diminished Powt and PAE in Ty can be attributed to the pronounced
surface-related trapping effects (Fig. 4.3). These effects result in a more significant
gate-lag and Vbpsknee walkout.

Fig. 4.4. Large-signal measurements on (a) To, (b) T3, and (c) Ti. (d)
summary of Powt and PAE.
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Chapter 5

QuanFINE - a ‘buffer-free’ GaN
HEMT heterostructure

5.1 Conventional GaN HEMT heterostructures

The typical epi-structure of GaN HEMTs on SiC substrates includes an AIN
nucleation layer, a thick GaN buffer layer, a GaN channel, and a barrier layer. The
AIN nucleation layer mitigates the lattice mismatch between SiC and GaN while
also serving as a wetting layer, facilitating the two-dimensional nucleation of GaN.
The GaN buffer further decimates density of structural defects due to the lattice
mismatch, achieving proper structural quality at the GaN channel with the
dislocation density around 106 cm2 and XRD rocking curve GaN <0 0 2> FWHM
values around 200-400 arcseconds . In an ideal scenario, the intrinsic GaN layers
should be devoid of impurities. However, during the growth process in MOCVD
chambers, unintended elements and contaminants can be incorporated into the epi-
structure. These elements, such as silicon (Si) and oxygen (O), behave as
unintentional n-type dopants in GaN, leading to a characteristic n-GaN behavior.
This behavior can result in buffer-related leakages. Fortunately, MOCVD GaN
always contains carbon, which behaves as an acceptor-like dopant to compensate for
the n-type impurities, rendering the GaN semi-insulating. Additional dopants like
Fe can be introduced as well to further increase the resistivity of the GaN, resulting
in reduced buffer leakage. At the same time, these acceptor-like dopants help
diminish short channel effects and provide enhanced 2DEG confinement.
Alternative strategies to confine 2DEG, using an additional back-barrier or the
buffer-free QuanFINE heterostructure, will be explored in subsequent sections.
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5.1.1 2DEG confined by intentional acceptor-like doping

e Iron (Fe)-doped GaN buffer

Fe-doped GaN buffers are commonly utilized in HEMTs for microwave
applications due to their faster drain current recovery speed. Notably, they exhibit a
de-trapping time constant of approximately 102 seconds post device activation, in
contrast to HEMTs with C-doped GaN buffers which have a longer de-trapping time
constant of over 102 seconds [13, 118]. An optimal Fe-doping concentration of
around 1.3X10 c¢cm™ ensures a semi-insulating GaN buffer without compromising
crystal properties or surface morphology [119, 120]. However, the doping memory
effect of Fe with a slow reduction of Fe concentration after turning off the Fe
precursor makes it impossible to achieve a sharp interface between regions with
high and low Fe-doping concentration (Fig. 5.1). Depending on the specific epitaxial
growth parameters, a Fe-doped GaN buffer ranging between 500 to 1000 nm in
thickness is usually needed for the Fe doping concentration to diminish from 108 to
1016 cm3. The slow decaying rate raises concerns about potential Fe contamination
in both the channel and barrier [13, 121].

Numerous GaN HEMTSs using Fe-doped GaN buffers have shown outstanding
performance across various frequencies. For instance, AlGalN/GaN HEMTs with a
Lg of 0.55 pm and double field plates have achieved a Pout of 41 W/mm and a PAE of
60% at 4 GHz [122]. Similarly, at 14 GHz, AlIGaN/GaN HEMTs with Lg of 0.25 um
and source-connected field plates delivered a Pout of 5.2 W/mm and a PAE of 57.4%
[123]. Moving up the frequency of 40 GHz, AlIGaN/GaN HEMTs with a L of 0.1 pm
and a thin GaN channel managed a Pout of 2 W/mm alongside a PAE of 35% [124].

e Carbon (C)-doped GaN buffer

Carbon (C) is another acceptor-like dopant frequently used in epi-structures to
counterbalance unintentional impurities introduced during epitaxial growth,
ultimately achieving the desired semi-insulating GaN buffer. A notable advantage
is that higher buffer resistivities can be achieved compared to Fe-doped buffers,
thanks to a deeper energy state of approximately 0.9 eV above valance band [125].
This results in superior breakdown performance and diminished buffer leakage [10].
However, carbon is deep level trap, the C doping profile requires meticulous
optimization to strike the right balance between 2DEG confinement, breakdown
voltage, and trapping effects.

The C doping profile can be modified between regions of high and low
concentration within the epi-structure (see Fig. 5.1). This modulation is influenced
by several growth parameters, including temperature, chamber pressure, precursor,
growth rate, and the carrier gas used. Increasing the flow rate of trimethylgallium
(TMGa) can enhance carbon incorporation. Using nitrogen (N,) or a mixture of N,
and hydrogen (N,+H,) as carrier gases promotes carbon doping due to their lower
reactivity compared to pure hydrogen (H,). Additionally, reducing the growth
temperature can increase carbon concentration, as the decomposition of carbon-
containing precursors becomes less efficient at lower temperatures. Furthermore,
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raising the V/III ratio NH3/TMGa) favors carbon doping by creating conditions that
enhance carbon incorporation into the GaN lattice. Lowering the reactor pressure
also contributes to higher carbon incorporation by altering the chemical equilibrium
and slowing the decomposition of precursors [126]. Nonetheless, challenges arise as
tweaking the C doping concentration might jeopardize the structural integrity,
defect density, and surface morphology of the material. In light of this, alternate C
doping methodologies have been proposed. These include introducing
supplementary carbon or utilizing hydrocarbon-based precursors like propane
(CsHg) or methane (CH,), all in an effort to mitigate the impacts on structural
quality of GaN during epitaxial growth with C doping [127, 128].

Fig. 5.1. Fe-doping and C-doping profile in epi-structure.

Carbon (C) doping in GaN can manifest in various forms. Typically, C will bond
with either Ga or N. When it substitutes for Ga, it results in a shallow donor,
termed Ccga. Conversely, when C substitutes for N, it acts as a deep acceptor, known
as Cn [10]. Additionally, interstitial C can be formed in wurtzite GaN. In p-type
Gal, this is recognized as a deep donor, whereas in n-type Gal, it serves as a deep
acceptor [129]. Despite the deeper trap state often reported for C-doped GaN, with a
carefully optimized C doping profile, exceptional high-frequency performance can be
realized. A case in point is the step C doping profile, which has been introduced with
promising results. Devices featuring this profile have exhibited a commendably low
leakage current of 10* A/mm alongside minimized trapping effects. Consequently,
these devices have achieved a high Pou of 2.3 W/mm and drain efficiency (De) of
roughly 45% at 3 GHz [130]. For more advanced, highly-scaled devices with a Lg of
0.11 um built on an epi-structure that combines a thin undoped GaN channel with a
thick C-doped GalN buffer—the results are also promising. Such structures have
delivered a Pout of 3.8 W/mm and a PAE of 48% at 40 GHz [131].

5.1.2 2DEG confined by AlGaN back-barrier

Implementing a back-barrier in the epi-structure of HEMTs is a strategic
approach within band structure engineering, which primarily aims to enhance
2DEG confinement, especially for highly scaled HEMTs. At its essence, the back-
barrier establishes a double heterostructure, which offers an improved barrier
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height beneath the 2DEG. This acts to effectively confine the 2DEG within the
channel (Fig. 5.2). AlGaN frequently emerges as the material of choice for the back-
barrier, but it comes with its own set of challenges. For one, the thermal resistance
of AlGaN surpasses that of GaN and AIN, which can compromise the reliability and
performance of the device [132]. Moreover, inherent defects and dislocations in the
AlGaN back-barrier — predominantly induced by its lattice mismatch with GaN and
the nuances of epitaxial growth — can act as trap states, further undermining device
performance. Another concern involves the potential for a parasitic 2DEG channel
and polarization charges to form beneath the AlGaN back-barrier. This can
introduce leakages, thereby deteriorating the desired channel confinement [16, 133].
Addressing this parasitic 2DEG channel might require the use of intentional doping
(e.g., with C or Fe), but this can introduce undesired trapping effects. Although
there are issues for AlGaN back-barrier, several studies have demonstrated epi-
structure using AlGaN back-barrier with proper optimization can enhance device
performance. Stepped graded AlGaN back-barrier with a total epi stack thickness of
450nm on Si substrate provide an excellent DIBL < 50mV/V together with RF Pout of
1.1 W/mm and PAE of 45.6% at 40 GHz on device with Lg of 100 nm [134]. By
tunning the Al% in AlGaN back-barrier, an improved DIBL from 600mV/V to
26mV/V can be achieved with Al% increased from 4% to 25% for Le of 100nm
HEMTs. Moreover, this 25% AlGaN back-barrier epi-structure with proper design
of carbon doping in the buffer can achieve state of the art RF Pow >3 W/mm
combined with PAE >65% at 40 GHz [135].

Fig. 5.2. (a) TCAD simulation of the conduction band (E.) and electron density (ns)
for heterostructure (b) with and (c) without AlIGaN back-barrier.

In this work, we investigate the impact from various carbon doping
concentrations (Fig 5.3) and verified by SIMS (Fig 5.4) in AlGaN back-barrier and
GaN buffer to GaN HEMTSs performance.
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Fig. 5.3. Schematic of epi-structure and C-doping concentration.

Fig. 5.4. SIMS data of C-doping profile and Al concentration for four different epi-
structures.

DC measurements showed a similar Ins (>600 mA/mm) and gm (>300mS/mm) for
all samples. A slightly higher Ips for Mid-C/High-C may be due to lower C-doping
level at 2DEG channel compared to High-C and Mid-C. Moreover, higher C-doping
samples showed a higher degradation of Ron (Table 5.1).

Fig. 5.5. DC (a) transfer characteristics and (b) I-V measurements.
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Short channel effects were characterized by DIBL and SS (Table 5.1). Low-C
sample showed a larger degradation of DIBL and SS due to poor electron
confinement. Comparing DIBL of Mid-C/High-C and Mid-C indicates that the high
C-doping level in GaN buffer cannot contribute to the 2DEG confinement; while
comparing DIBL of Mid-C/High-C and High-C indicates that the C-doping in GaN
channel region and the interface between GaN channel/AlGaN back-barrier plays
an important role of 2DEG confinement.

Table 5.1. Summary DC results.

Further analysis of traps on these four samples were performed by pulsed-IV
characteristics (Fig. 5.6). Similar surface-related trapping effects were obtained for
all samples (~ -20%) due to identical SiN passivation, barrier design, and process
scheme. Slightly higher gate-lag on High-C is probably due to residual C-doping
level at the surface of epi-structure. A higher C-doping level in the GaN channel and
back-barrier results in a larger Ron degradation and current collapse for all wafers.
Comparing the current collapse of Mid-C and Mid-C/High-C sample shows that the
AlGaN back-barrier can effectively prevent electron trapping in the GaN buffer
beneath the back-barrier.

Fig. 5.6. (a) dynamic Ron degradation and (b) surface- and buffer-related current
collapse ratio at different quiescent biases.

This study demonstrates that higher carbon doping effectively mitigates short-
channel effects, however, with the trade-off of increased trapping effects. The carbon
tail in the GalN channel plays a significant role in trapping effects, even under low
electric fields. Notably, an AlGaN back-barrier with a low aluminum composition
(6%) can effectively screen the field, thereby preventing buffer-induced trapping
effects.
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5.2 QuanFINE - a ‘buffer-free’ concept

One potential approach to mitigate trapping effects while preserving the 2DEG
confinement is a buffer-free heterostructure, trademarked "QuanFINE" by SweGaN
AB. This design entirely removes the thick Fe-/C-doped GaN buffer, leading to a
thin unintentionally doped (UID)-GaN channel situated between the barrier layer
(e.g., AlGaN barrier, as referred to in this study) and the AIN nucleation layer, as
shown in Fig. 5.7. Given the slimness of the UID-GaN channel, the AIN nucleation
layer can effectively serve as the back-barrier to confine the channel.

Fig. 5.7. The concept of (a) conventional thick intentional-doped GaN buffer and (b)
‘buffer-free’ QuanFINE epi-structures.

The band diagram and electron distribution for both the QuanFINE and
conventional Fe-doped GalN buffer epi-structures were simulated using Synopsys
Sentaurus TCAD (Fig 5.8). Based on the electron distribution results, the
QuanFINE appears to offer superior 2DEG confinement compared to the traditional
Fe-doped buffer epi-structure.
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Fig. 5.8. Conduction band (E.) (solid line) and electron density (ns) (dashed line) of
QuanFINE and “Fe buffer” at the Vps of 0 V.
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5.3 Benchmark QuanFINE to conventional Fe-
doped thick GaN epi-structure

Performance benchmarking for HEMTs was conducted on the QuanFINE and
compared to the conventional Fe-doped thick GaN epi-structures (referred to as "Fe-
buffer", supplied from a commercial source) with nominally identical barrier
designs. HEMTs were fabricated using an identical process flow (as detailed in
Chapter 2.2.). The barrier design comprises a 2 nm GaN cap, a 10 nm Aly.sGao7N
barrier, and a 1 nm AIN exclusion layer. Below the barrier, the QuanFINE features
a thin 250 nm UID-GaN channel layer, whereas the "Fe-buffer" epi-structure
includes an 1800 nm thick Fe-doped GaN buffer layer. Both were epitaxially grown
atop a thin AIN nucleation layer on a semi-insulating SiC substrate. HEMTs on
both epi-structures were designed with an Lg of 200 nm (and 100 nm for the variant
in parentheses).

Table 5.2. Summary of 2DEG properties before and after device processing.

QuanFINE Fe-buffer

2DEG properties before and (after) device processing
ns [1013cm2] 1.16 (1.02) N/A (1.08)
1 [em? Vig] 2030 (2000) N/A (2090)
Ran [Q sq.71] 268 (306) N/A (276)

The 2DEG properties were evaluated post-device processing using van der Pauw
structures and were then compared to the properties of the as-grown epi-structures,
as shown in Table 5.2. A decrease in carrier concentration (ns) and mobility () was
observed for the QuanFINE, leading to an increased sheet resistance (Rsn). This
reduction might be attributed to the external compress strain induced by the
LPCVD SiN passivation [27, 136]. On the other hand, the "Fe-buffer" exhibited a
slightly higher ns and p, which could be a result of minor differences in the
thickness and Al composition of the barrier design.
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Fig. 5.9. DC characteristics for HEMTs with an L of 200 nm on both materials. (a)
Ips versus Vps for Vas =-4:0.5:1 V, (b) shows Ips and gm versus Vas for Vps of 10 V.
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DC measurements performed on HEMTs with a Le of 200 nm for both epi-
structures reveal an Ips of approximately 1 A/mm at a Vas of 1 V and a peak gm of
around 500 mS/mm, as depicted in Fig. 5.9. Given a similar Vrua, the HEMTSs on the
"Fe-Buffer" display a marginally higher Ips. This could be attributed to a slightly
increased p, higher ns, and reduced Re.

Fig. 5.10. Short channel effects characteristics by DIBL and SS on HEMTs with the
L of 200 nm, (a) “Fe Buffer’ and (b) QuanFINE.

The short channel effects are evaluated by examining DIBL and SS, as described
in Equations 2.6 and 2.7. DIBL was determined at Vps of 1 V and 25 V, while SS
was ascertained from the transfer characteristics, using the minimum SS value at
Vps = 10 V. HEMTSs with a Lg of 200 nm on the QuanFINE epi-structure exhibit a
DIBL of 13 mV/V. This is in the same range as the DIBL value of 10 mV/V for the
HEMTSs on the "Fe-Buffer" epi-structure, as illustrated in Fig. 5.10. Nonetheless,
these DIBL results are not in agreement with the TCAD simulations shown in Fig.
5.8, which could result from un-intentional impurities at the GaN or the interface
between GaN/AIN nucleation layer during growth of QuanFINE. Furthermore,
HEMTs based on the QuanFINE epi-structure display a leakage current with an
order of magnitude higher during deep pinch-off conditions (Vas < -4V). This could
be attributed to the direct interaction between the gate and the 2DEG at the mesa
sidewall and within the UID-GaN layer, which lacks Fe/C doping. Additionally,
there is a notable subthreshold leakage in the QuanFINE HEMTSs at a Ves of -2 V,
possibly stemming from internal leakage channels within the epi-structure.

The pulsed-IV measurements were carried out on HEMTSs with a Lg of 100 nm for
both epi-structures, as depicted in Fig 5.11. The QuanFINE structure exhibits a
lower Ips at a Vas of 1 V. This could be attributed to its lower ns and p, as well as
minor variations in the as-grown barrier compared to the Fe-buffer. Additionally,
QuanFINE demonstrates a reduced buffer-related current collapse (14.6%
compared to 17.8%) and a smaller dynamic Ron degradation (21% as opposed to
36.7%). However, both epi-structures display a consistent surface-related current
collapse of 4%. These findings underscore the advantages of omitting the Fe-doped
GaN buffer, which inherently contributes to trapping effects.
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Fig. 5.11. Pulsed-IV measurements were performed at different quiescent biases.
The results were extracted from 12 randomly selected HEMTs with a Lg of 100 nm
on QuanFINE and Fe Buffer samples.

High-frequency small-signal performances of both epi-structures were analyzed
up to 145 GHz. HEMTSs with L of 100 nm and 200 nm exhibited similar fr (72 and
46 GHz) GHz and fmax (130 and 115GHz) , respectively. These findings suggest that
the removal of the thick GaN buffer in QuanFINE does not adversely affect the
high-frequency performance.

Large-signal measurements were conducted on HEMTs under class-AB
conditions (approximately 20% of the maximum Ips) using an active load-pull
system at 3 GHz [137]. The Pou performance was assessed by referencing the Pou,
dassa as described in Equation 2.20. Both epi-structures achieved a peak Pouw of 4.1
W/mm and a similar PAE of 40% at a Vps of 30 V (Fig. 5.12). The comparable large-
signal performance can be attributed to the similar channel confinement and
breakdown voltage. Furthermore, the higher Ips observed in the Fe-buffer is offset
by the reduced current collapse in QuanFINE, leading to a consistent Ips, knee and,
consequently, a similar maximum Pout.

Fig. 5.12. 3 GHz active load-pull measurements of HEMTs with an Lg of 200 nm
performed at different drain bias on (a) “Fe-Buffer” and (b) QuanFINE.
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5.4 Impact of GaN channel thickness in
QuanFINE

Highly scaled GaN HEMT's require buffer designs incorporating Fe, C dopants, or
back-barriers to effectively confine the 2DEG channel. For these devices, achieving
proper confinement requires high doping concentration and precise placement of the
dopants and back-barrier close to the 2DEG channel. However, these methods often
introduce severe trapping effects. The QuanFINE structure utilizes an AIN
nucleation layer to achieve 2DEG confinement comparable to traditional AlGaN
back-barrier approach. The trade-off between 2DEG confinement and trapping
effects as influenced by GalN channel thickness has been systematically
investigated in this section.

The performance of GaN HEMTs on QuanFINE was explored for varying GaN
channel thicknesses. HEMTs were fabricated following the process flow outlined in
chapter 2.2. All epi-structures shared a similar barrier design, comprising a 2 nm
GaN cap, 10 nm AlosGaosN barrier, and a 1 nm AIN exclusion layer. Below this
barrier, GaN channels with thicknesses of 150 nm, 200 nm, and 250 nm (Iabeled as
QF150, QF200, and QF250) were epitaxially grown over a 60 nm AIN nucleation
layer, which was atop a semi-insulating SiC substrate. The structural integrity was
verified by measuring the full width at half maximum (FWHM) of the X-ray
diffraction (XRD) rocking curve on both GaN (002) and (102) planes, as detailed in
Table 5.3. No discernible structural degradation was observed in epi-structures with
reduced GaN channel thickness. HEMTs across all epi-structures feature a Lg of 40,
70, 100, 150, and 200 nm. The devices employ deeply recessed Ta/Al/Ta ohmic
contacts, achieving contact resistances of approximately 0.3 Q mm. Notably, these
devices do not incorporate a source-connected field-plate, a design decision aimed at
reducing parasitic capacitance and preventing the masking of trapping effects.

Table 5.3. FWHM from XRD rocking curves and 2DEG properties of QF150, QF200,
and QF250 before and after HEMT processing.

QF150 QF200 QF250
GaN (002) ['] 72 83 60
GaN (102) ["] 312 340 315
2DEG properties before (and after) processing
ns [103cm™?] 0.91 (1.00) 0.94 (1.01) 0.98 (1.05)
1 [em?Vigl] 2210 (1970) 2150 (1940) 2110 (1870)
Ran [Q sq.71] 315 (317) 320 (318) 303 (318)

The 2DEG properties were evaluated post-device processing using Van der Pauw
structures and were compared with those from the as-grown epi-structures, as
presented in Table 5.3. No noticeable degradation in Re was observed following the
processing. A slight variation in ns and p could be attributed to the added strain
introduced by the SiN passivation layer [27, 136] or batch-to-batch variations of the
materials.
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The conduction band (E.) and ns distributions for QF150, QF200, and QF250 were
simulated using Sentaurus TCAD, as illustrated in Fig. 5.13. By integrating across
the entire simulated depth, the estimated ns values for QF150, QF200, and QF250
are 1.02, 1.06, and 1.08 X 10 cm?, respectively. Notably, QF150 demonstrates
superior electron confinement in comparison to QF200 and QF250, attributable to
the steeper gradient of the conduction band.
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Fig. 5.13. Simulated Ec and ns of QF150, QF200, and QF250.
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Fig. 5.14. Average DC results on HEMTSs with Lap of 2.5 um, (a) Ins, (b) peak gm, (¢)
DIBL, and transfer characteristics of a typical HEMT with an Lg of 70 nm on (d)
QF150, (e) QF200, and () QF250.

DC measurements were performed on HEMTs with various Lg on each epi-
structure (Fig 5.14). The HEMTSs exhibited an average Ips above 1 A/mm at a Vas of
1 V. A higher Ips for HEMTs fabricated on QF250 can be attributed to the higher ns
compared to those on QF200 and QF150. The highest extrinsic transconductance gm
of 500 mS/mm was measured for the devices with an Lgs of 70 nm on QF150.
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Significant degradation of gm was observed in devices with an Lg of 40 nm, primarily
due to short channel effects across all epi-structures. Short-channel effects were
assessed using the DIBL from Equation 2.6, utilizing a Vo of 1 and 25 V. Compared
to conventional epi-structures for highly scaled devices (Table 5.4), QF150
demonstrates exceptional 2DEG confinement with a DIBL of 20 mV/V and 11 mV/V
for HEMTs with Lg of 70 nm and 100 nm, respectively, as shown in Fig. 5.15d. By
contrast, QF200 and QF250 exhibited higher DIBL values of 54 mV/V and 157
mV/V, respectively (Fig 5.15¢c, 5.15e, and 5.15f), correlating with the trend in gm.
These findings corroborate superior 2DEG confinement in QF150, as depicted in Fig.
5.15. Efforts to further reduce the GaN channel thickness to below 150 nm are
underway, aiming to establish a platform for HEMTs with Lg smaller than 100 nm.

Table 5.4. Benchmark of DIBL in literature.
L, DIBL

Barrier Buffer [nm] [mV/V] Ref.
AlGaN QF150 70 20 [paper FI
AlGaN QF150 100 11 [paper FI
AlGaN back-barrier 100 11 [138]
AlGaN proprietary thick buffer 150 2 [139]
AIN C-doped thick buffer 120 131 [140]
AIN back-barrier 120 62 [140]
AIN back-barrier 140 39 [141]

Breakdown measurements were conducted on HEMTs with Lg of 40, 70, and 100
nm and a Lep of 1 pm across various epi-structures, employing a Vasof -10 V and a
breakdown criterion of 1 mA/mm (Table 5.5). This method ensures uniform
depletion beneath the gate for a given Lg. A thinner GaN channel and a larger L
were found to increase the Var. Notably, an HEMT with a Lg of 100 nm on the
QF150 structure achieved an impressive critical electric field of 0.95 MV/cm. These
outcomes are promising for efficient power amplification with a reduced Lap [142].

Table 5.5. Breakdown performance of HEMTs with a Lg of 40, 70, and 100 nm with
Lcp of 1 pm.

QF150 QF200 QF250
Vir-Lg40 nm [V] 67 50 37
Ver-Lg 70 nm [V] 83 63 50
Vir- Lg 100 nm [V] 95 70 52

Pulsed-IV measurements were conducted under varying quiescent biases on
HEMTSs with an Lg of 70 nm and a Lep of 1 um across each epi-structure. Z: and Zs
current collapses were quantified using Equations 2.9 and 2.10, with the knee
points (black dots) indicated in Figure 5.15. QF200 exhibited the highest Z: and Zs
dispersion, as well as dynamic Ron degradation, as compared to QF150 and QF250
(Table 5.6). With an identical SiN passivation layer applied, the larger Z1 might
suggest that QF200 might have worse surface termination, higher surface defect
density, or surface morphology. When comparing QF250 to the previous study of
benchmarking between QuanFINE and Fe epi-structure, this batch of QF250 shows
a higher buffer induced current collapse, which might be due to the growth in
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different MOCVD (impurities, growth parameters) and different gate length. When
comparing QF150 and QF250, which possess similar structural qualities, QF150
displays more pronounced trapping effects and dynamic Ron degradation. This
behavior is likely due to the thinner GalN channel in QF150, which facilitates easier
trap filling at the interface between the GaN/AIN nucleation layer (potentially
leading to a two-dimensional hole gas [18]) or the semi-insulating SiC substrate,
where long time constant traps such as Vanadium dopants or intrinsic point defects
may exist. [143, 144].
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Fig. 5.15. Pulse' IV measurements on (a) QF150, (b) QF200, and (¢) QF250. (d)
Summary of current collapse on each epi-structures.

Table 5.6. Extraction figure of merit from pulsed IV measurements.

QF150 QF200 QF250
Ron (Qred) [ mm] 1.58 1.43 1.53
Ron (Q25) [Q mm] 2.73 2.61 2.37
Dynamic Ron [Increase %) 72 82 55

High-frequency small-signal performance was evaluated on HEMTs with a Lg of
70 nm and an Lep of 1 um for each epitaxial structure. Average values of the
equivalent circuit parameters for the small-signal model, which include gate-drain
capacitance Cg, gate-source capacitance Cg, drain-source capacitance Cgs, input
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resistance Rj, output resistance Ras, and gm, were extracted from the same devices
using a direct extraction method, as shown in Table 5.7 [39]. fr/fmax are constrained
to below 120 GHz due to the significant parasitic capacitance resulting from the
field-plate gate design, which could be mitigated by employing a mushroom gate
concept. Furthermore, the fr/fnax values are comparable across all structures
because increases in Cg and gm are connected. The elevated Cg, Ras, and gm
observed in QF'150 can be associated with the superior two-dimensional electron gas
(2DEG) confinement, as depicted in Figure 5.14.

Table 5.7. Small-signal equivalent circuit parameters, fr, fmax, and large-signal
performance of HEMT's with a Lg of 70 nm.

QF150 QF200 QF250

Cea [fF] 7 7 8

Ri[Q] 15 15 15
Ces [fF] 109 103 95
Ras [Q] 470 435 401
Cas [fF] 25 25 28
gm [mS] 58 54 52
fr[GHzl 86 76 74
fmax [GHz] 111 103 101
Pout, 3a8 [W/mm] 2.0 2.3 3.3
Pout, max [W/mm] 2.8 2.6 3.6
Linear Gain [dB] 13.8 10.9 7.7
PAEmax [%] 47 43 42
PAE @ Pout, max [%] 44 42 38

Large-signal performance was assessed on HEMTs with a Lg of 70 nm and a Lap
of 1 pm at 28 GHz using an active load-pull system (MT2000) by Anteverta Maury
[145, 146] (Fig 5.16). The HEMTSs were biased (un-pulsed) at an Insq= 100 mA/mm
(class-AB) with the RF power sweeps carried out under both continuous wave (CW)
and pulsed conditions. The pulsed operation had a pulse width of 50 ps and a duty
cycle of 10%. Up to a Pow of 23.5 dBm (2.27 W/mm) at a Vps of 25 V, the RF
performance of the HEMTs exhibited no discernible difference between CW and
pulsed RF modes, which could be attributed to efficient heat dissipation in the
QuanFINE structure [147]. Large-signal performance was analyzed at Vps = 20 V
(Table 5.6) by comparing it to the Pout, max for ideal class-A operation, as defined by
Equation 2.20. QF250 demonstrated the highest Pout of 3.6 W/mm, likely due to its
higher Ips and reduced trapping effects. Conversely, QF150 and QF200 yielded
lower Pouw values of 2.8 W/mm and 2.6 W/mm, respectively, which can be attributed
to their lower Ips and larger trapping effects. The influence of short-channel effects
on the Vps, max and the Ips, ot is considered less significant due to the dominant
trapping effects on HEMTSs that lack a source-connected field-plate. A superior gain
and PAE on QF150 can be linked to a higher gm, as shown in Fig. 5.14b, and a
diminished short-channel effect, as seen in Fig. 5.14c. In Fig. 5.16, HEMTs on
QF150 demonstrated a commendable gain of 15 dB and a Pou of 25 dBm (3.2
W/mm), with an associated PAE of 40% measured at a Vps of 25 V. Lowering the
Vos to 15 V led to an increased peak PAE of 48%. A Poy of 3.2 W/mm on QF150 and
4.8 W/mm on QF250 was attainable at a Vps of 25 V. Additionally, a PAE of 56%,
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with an associated Pouwt of 2 W/mm at 15 V, was achieved on QF150 when tuned for
maximum PAE.

A O
[$) I e)

Vos V], (RF)
15 (Pulse)

W w b
o o1 O

N
(¢)]

N
o

—_—

1O 01 O O

P,.: [dBm], Gain [dB], PAE [%]

15 10 -5 0 5 10 15 20
P;, [dBm]
Fig. 5.16. Power sweeps at different Vps on QF150.

5.5 Investigation and mitigation of trapping
mechanisms in QuanFINE

The QuanFINE concept eliminates the thick Fe-/C-doped GalN buffer layer to
mitigate trapping effects and leverages the AIN nucleation layer as a back-barrier to
confine the 2DEG channel through band structure engineering. Despite achieving
high epitaxial quality, as verified by transmission electron microscopy and X-ray
diffraction rocking curve analyses, QuanFINE still exhibits some trapping effects.
This section investigates the trapping and de-trapping mechanisms in two
QuanFINE structures: QF-A, the baseline structure, and QF-B, which incorporates
Si delta doping (concentration: 3 x 10!8 cm3) at the interface of GaN channel and
AIN nucleation layer to perform band structure engineering by modifying the Fermi
level (Fig. 5.17a). Si delta doping reduces the valence band (E,) level, thereby
lowering the two-dimensional hole gas (2DHG) density from 2.5 X 103 cm? to 8 X
102 cm2, according to TCAD simulations (Fig. 5.17b). Both structures share a
similar epitaxial design, comprising a 60 nm nucleation layer, a 250 nm GaN
channel layer, and an active layer consisting of a 1 nm AIN exclusion layer, a 10 nm
Alp3GagsN barrier layer, and a 2 nm GaN cap layer (Fig. 5.17a).

The structure quality of both epi-structures was characterized by the full width at
half maximum (FWHM) of the XRD rocking curve on GaN (002) and (102) planes,
while the 2DEG properties, including ns, p, and Rs, were determined using
contactless Hall effect measurements (Lehighton) and Eddy current measurements
(Table 5.8). The slightly higher FWHM observed in QF-B can be attributed to the
modifications made to the interface between the GaN channel and the AIN
nucleation layer. As result, the slight reduction in p observed in QF-B can be
attributed to electron scattering resulting from the lower structural quality or batch
to batch MOCVD reproducibility.
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Fig. 5.17. (a)The concept of QF-A and QF-B epi-structures and (b) E. and Ev of QF-A
and QF-B.

Table 5.8. FWHM from XRD rocking curves and 2DEG properties of QF-A and QF-
B before and after HEMT processing.

QF-A QF-B
GaN (002) [”] 122 216
GaN (102) [7] 336 443

2DEG properties before (and after) processing
ns [1013cm™?] 1.06 (1.02) 1.07 (1.00)
1 [em2/Vs] 2057 (2002) 1966 (1911)
Ran [Q/sq.] 286 (306) 298 (327)

HEMTsS for both epi-structures feature a Lg of 200 nm. They have a Las of 0.9 um,
Lcp of 2.2 pm, and a gate width (W) of 2x50 um. The devices utilize deeply recessed
Ta/Al/Ta ohmic contacts with a low annealing temperature, resulting in contact
resistances of =0.3 Q mm. It's worth noting that these devices do not include a
source-connected field-plate. This deliberate design choice aims to minimize
parasitic capacitance and prevent masking of trapping effects. A detailed device
fabrication flow can be found in chapter 2.2.

The properties of the 2DEG were assessed after device processing using van der
Pauw structures and were compared with those of the as-grown epitaxial structures,
as outlined in Table 5.8. There was no discernible degradation in the R following
processing. However, a minor fluctuation in ns and p was noted, likely due to an
additional compressive strain induced by the Si-rich SiN passivation layer [27, 136].

The DC characteristics showed an Ips of 0.82 and 0.73 A/mm, along with Ron of 1.9
and 2.1 Q' mm on QF-A and QF-B, respectively. The higher Ips and lower Ro
observed in QF-A can be partially attributed to the enhanced properties of the
2DEG and a threshold voltage (Vrn) shift of approximately 0.15 V. This Vru shift
may be a result of minor variations in the barrier thickness. Moreover, the higher
gm of 450 mS/mm in QF-A, compared to 423 mS/mm in QF-B, primarily arises from
reduced short channel effects, leakage current, enhanced pinch-off characteristics
and uniformity of epi-wafers and devices. QF-A exhibits better 2DEG confinement,
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boasting a DIBL of 17 mV/V, whereas QF-B exhibits a worse DIBL of 34 mV/V. This
trend aligns well with the gm between two epi-structures. Furthermore, the off-state
leakage current in QF-B is one order of magnitude higher than that in QF-A. Mesa
isolation measurements were conducted using separate pads with a 15 pm
separation and a bias voltage of 200 V [148]. The mesa isolation of QF-B is lower
than that of QF-A, suggesting that the GaN channel layer in QF-B possesses lower
resistivity compared to QF-A due to a Si delta doping at the interface of GaN and
AIN nucleation layer (Table 5.9).

Table 5.9. Summarized average DC parameters for QF-A and QF-B.

QF-A QF-B
IDS-max [A/mm] 0.82 0.73
gm [MmS/mm] 450 423
Vru [V] -1.15 -1.00
DIBL [mV/V] 17 34
Off-state Ins [A/mm] 1E-5 1E-4
Ron [Qmm] 1.92 2.06
Mesa isolation [10° Q] 208 0.230

The fr and fmax were calculated from s-parameter measurements (Table 5.10). A
small-signal equivalent circuit model was extracted and averaged from the same
devices using the bias ([Vas, Vosl = [-0.9, 20] V) that gives highest fmax, employed a
direct extraction method [39]. A similar ratio between the gm and Cg tends to
yield a similar fr and fmax. The observed slight decreased in gas in QF-B can be
correlated with the short channel effects discussed above.

Table 5.10. Summarized of fr, fmax, and small signal equivalent circuit parameters
for QF-A and QF-B.

QF-A QF-B
fr[GHzI 46 46
fmax [GHz] 105 100
Cea [fF] 10 11
Ri[Q] 7 6
Ces [fF] 232 215
gas [Q1] 0.82 0.75
Cas [fF] 31 34
gm [mS] 60 52

Table 5.11. Extracted figure of merit from pulsed-IV measurements.

QF-A QF-B
Ron (Qrep) [Q mm] 2.06 2.14
Ron (Qq0) [Q mm] 3.28 3.07
Ron [Increase %] 59.2 43.4
71 [%] 7 7
Zs (%] 27 20

Trapping effects on devices for both epi-structures were characterized by pulsed-
IV measurements using a pulse width of 1 us with a duty cycle of 0.001% (Fig. 5.18).
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Four different quiescent bias points (Vasq, Vpsq) were considered: (0, 0), (Vru-4, 0),
(Vru-4, 20), (Vru-4, 40) V, referred to as Quer, Qo, Q20, and Quo to extract the Zi, Zo,
and Ron (Table 5.11). Both QF-A and QF-B HEMTSs exhibit a comparable Z: of
approximately 7 %, which is due to the identical SiN passivation applied in both epi-
structures. However, QF-A displays a higher Zs at 40 V of 27 %, in contrast to the 20
% observed in QF-B. These findings are consistently reflected in the dynamic Ron
values of QF-B, which are smaller than those of QF-A, as detailed in Table 5.10.
These results highlight the advantages of QF-B, which effectively reduces buffer-
related trapping effects.
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Fig. 5.18. Pulsed-IV measurements performed at different quiescent biases on (a)
QF-A and (b) QF-B.

Drain current transient (DCT) measurements were performed on the same
devices as the pulsed-IV measurements. In these DCT measurements, the devices
were pulsed to the off-state with a bias of ([Vasq, Vosal = [Vr-4, 40] V) for a filling
time duration of 1 sec. Subsequently, the current recovery was monitored under an
on-state bias setting of ([Vas, Vsl = [1, 7] V) for a period of 10 sec. The Vbpsq setting
remained consistent with that employed in the pulsed-IV measurements, intended
to activate the majority of traps in epi-structures. DCT measurements were
conducted at three different temperatures (40, 60, 80, and 100 °C) (Fig. 5.19).
Notably, QF-B demonstrated a smaller Ips drop at 10 sec (compared to reference
saturated Ips at 10 sec) than QF-A. Two distinct traps, denoted as T1 and T2, were
identified. T1 was shown in both epi-structures, while T2 was exclusively present in
QF-A.

A reduction in the amplitude of the T1 trap at higher temperatures was revealed
for both QF-A and QF-B. These indicate that T1 traps may result from threading
dislocation [149]. Alternatively, this may indicate that the de-trapping processes are
dominated by hopping [150] or tunneling [151] mechanisms. The T1 trap for QF-A
exhibits a deviation at 100 °C (Fig. 5.20), resulting in non-Arrhenius behavior,
which prevents the determination of activation energy. This phenomenon,
previously reported, can be attributed to a leakage process mediated by a defect
band [152]. Trap T1 in QF-B revealed small activation energies (Ea) and B values,
suggesting the formation of continuous trap energy levels. In contrast, QF-B
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effectively mitigates trap T2, which exhibits a long time constant. The Ea associated
with trap T2 demonstrates low thermal activation energy and a large time constant,
in the order of 1-10 seconds. This trap bears similarities to traps reported previously
[37, 153-155]. Possible explanations for trap T2 include electron trap-assisted
tunneling mechanisms [37], the presence of carbon or hydrogen impurities from
trimethylgallium (TMGa) in C-doped epi-structure [118, 153], the charging and
discharging between the 2DEG and buffer [154, 155], and the formation of 2DHG
[18, 156, 157]. Another possible location for the T2 trap could also be the threading
dislocations since the Ea and B are small, which indicates they are likely continuous
trap energy states. By introducing the Si delta doping at the interface of GaN and
AIN nucleation layer, it reduce the potential 2DHG, and provides a lateral leakage
path for an faster de-trapping procedure [158, 159].

Fig. 5.19. Differential data (main figure) of the DCT measurements (inset)
measured at different temperatures under the pinch off condition with Vps of 40 V
and 1 s filling time on (a) QF-A and (b) QF-B.

Fig. 5.20. Arrhenius plot of the identified energy levels in the temperature
dependent DCT measurements.
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Table 5.12. Extracted active energies, capture cross sections, and stretching terms
of the traps found in Fig. 5.19 and Fig. 5.20.

QF-AT1 QF-BT1 QF-A T2
Ea [eV] - 0.05 0.13
o [em?] - 1.9-10"21 1.3-1071°
B - ~0.5 ~0.5

Fig. 5.21. Differential data (main figure) of the DCT measurements (inset)
measured at different filling times under the pinch off condition with Vps of 40 V at
25 °C on (a) QF-A and (b) QF-B.

DCT measurements were also conducted with varying filling times. These
measurements were performed at 25°C with filling times ranging from 100 ps to 10
sec, maintaining the same quiescent bias settings as temperature dependence DCT
measurement (Fig. 5.21). One key observation is that the time constants associated
with T1 in both QF-A and QF-B were dependent on the filling time. An increased
amplitude of T1 was found in QF-A for longer filling durations. Moreover, the T1
peaks for both epi-structures shifted toward a longer time constant as the filling
time increased. These behaviours suggest that traps are located at threading
dislocations [37, 160]. Interestingly, the amplitude of T1 in QF-A saturated at filling
times ranging from 1 s to 10 s, whereas in QF-B, this saturation occurred earlier, at
a filling time of 100 ms. These findings suggest a relationship between the trap
states and dislocations, where the design of QF-B appears to reduce trap states
related to T1 by providing a controlled leakage path, which may be correlated with
lower crystal quality, characterized by higher GaN <002> and <102> FWHM, that
enhances the de-trapping process. Also, tunnelling leakage is likely responsible for
electron transport during the de-trapping procedure. For filling times longer than 1
s (T2 trap state in QF-A), a pattern of charging followed by discharging was evident
at time constants around 0.1 to 1 s for both epi-structures. This behavior may be
attributed to the charging and discharging processes occurring between the 2DEG
and buffer layers [154, 155]. Since the T2 trap in QF-B is fully suppressed by the Si
doping, it indicates that the Si delta doping at the GaN/AIN interface could
effectively facilitate the de-trapping procedure and/or reduce the formation of
2DHG. However, the un-optimized Si delta doping resulted in more leakage, higher
DIBL, and lower isolation property.

69



Chapter 6

Conclusions and future work

The primary aim of this study is to address key challenges limiting the
performance of GaN HEMTSs, including issues with ohmic contacts, surface- and
buffer-related trapping effects, and 2DEG confinement. To tackle these challenges,
various improvement strategies were proposed, spanning device processing
techniques to epi-structure design optimizations. These include implementing ultra-
low contact resistance TI/Al/Ti and Ta/Al/Ta sidewall ohmic contacts, utilizing in-
situ NH; pretreatment before depositing the LPCVD SiN passivation layer,
introducing an AlGaN back-barrier, and adopting the innovative buffer-free’
QuanFINE concept.

The ultra-low resistance TiI/Al/Ti and Ta/Al/Ta deeply recessed sidewall ohmic
contacts for AlGaN/GaN HEMTs was developed. Key achievements include
reducing the Rc to approximately 0.14 and 0.24 Q mm, respectively, through a deep
recess that bypasses the need for precise control of recess etching. The method
involves recessing the barrier beyond the 2DEG, thereby exposing the 2DEG to the
sidewall and ensuring coverage during ohmic metal deposition. Low-temperature
annealing at 550 - 575 °C contributes to the good surface morphology and edge
acuity of the contacts. Investigations into the thickness of Ti (Ta) and Al layers, as
well as the recessed sidewall angle, highlight their significant impact on R. and
contact uniformity. Furthermore, the study demonstrates the applicability of this
approach across different barrier designs, indicating its potential for enhancing
HEMT performance and suitable for industrial production. Future work should
focus on the in-situ ohmic process by in-situ plasma cleaning followed by metal
deposition to minimize the oxide layer between ohmic contacts and epi-structure.
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Besides, localized strain by SiN passivation, epi-structure, and ohmic metal stacks
influence the localized 2DEG properties, which has a strong impact on carrier
tunneling possibility between ohmic contacts and the 2DEG channel. Further
improvement of contact resistance by introducing extra Si doping through
implantation is also favorable.

The implementation of a plasma-free in-situ NHs pretreatment prior to LPCVD
SiN deposition significantly mitigates the DC-RF dispersion in HEMTs. Extending
the pretreatment duration diminishes the surface-related trapping effects by 40%
compared to samples without pretreatment. This enhancement is reflected in
improved high-frequency performance, evidenced by a 26% increase in output power
at 3.3 W/mm. Additionally, on-wafer uniformity benefits from this pretreatment
process. Despite these advances, samples subjected to a 10-minute pretreatment
still show a minor surface-related current collapse. Future research should
concentrate on refining surface treatment techniques to create an epi-structure with
minimized surface-related traps. Furthermore, investigating the impact of LPCVD
SiN on strain-enhanced 2DEG properties, potential Si diffusion from SiN to barrier,
hydrogen incorporation in SiN, and MOCVD in-situ SiN may yield further device
performance and reliability enhancements.

In the AlGaN back-barrier study, it demonstrates that the AlGaN back-barrier
effectively screens the GalN buffer, preventing the activation of trap states
underneath the back-barrier. The sample containing a high concentration of carbon
shows improved 2DEG confinement but with a trade-off in the form of more severe
trapping effects, leading to a reduction in maximum Pow. In contrast, the sample
containing a low concentration of carbon exhibits the opposite behavior. These
findings highlight the critical role of carbon doping profile optimization in
enhancing performance for GaN HEMTs with AlGaN back-barrier.

The epi-structure with a buffer-free concept, QuanFINE, featuring a 250 nm GalN
layer, demonstrates impressive DC performance with a current saturation of 1
A/mm and peak gm of 500 mS/mm for HEMTs with a gate length of 100 nm. The
structure ensures effective 2DEG confinement, as evidenced by a DIBL of 13 mV/V
for HEMTs with a L of 200 nm, attributed to its double heterostructure.
QuanFINE exhibits reduced trapping effects compared to traditional Fe-doped GaN
buffers, thanks to its thin UID-GaN channel which harbors fewer impurities and
structural defects. The RF performance of QuanFINE is on par with that of
established Fe-doped buffer epitaxial wafers. These findings suggest that
QuanFINE, with its elimination of intentional dopants and application of band
structure engineering for 2DEG confinement, holds substantial promise.

The QuanFINE GaN channel thicknesses were further reduced from 250 nm
down to 150 nm without compromising structural quality and 2DEG properties.
The HEMTSs with 70 nm gate length displayed outstanding DC characteristics, with
peak transconductances of 500 mS/mm and drain currents above 1 A/mm.
Enhanced 2DEG confinement was achieved through a thinner GaN channel,
utilizing the AIN layer as an effective back-barrier, evidenced by a low DIBL of 20
mV/V at 25 V and a high Ecit of 0.95 MV/cm. Moreover, at 28 GHz, the devices
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showed robust large-signal performance with Pow of 2.0 and 3.2 W/mm and PAE of
56% and 40% at 15 V and 25 V, respectively, highlighting the potential for sub-100
nm gate length HEMTSs with high operation voltage in high-frequency applications.

The trapping phenomena in QuanFINE was further examined and a novel
QuanFINE with Si delta doping at the interface of GaN and AIN nucleation layer
was introduced. The study compared devices on both the novel and traditional
QuanFINE epi-structures, finding similar 2DEG properties and crystal qualities
but epi-structure with Si delta doping shows a lower mesa isolation resistance,
indicating reduced buffer resistance. Pulsed-IV measurements demonstrated a
lower reduction in buffer-related current collapse for the QuanFINE structure with
Si delta doping, and drain current transient measurements showed that it
effectively mitigated trap states with longer time constants. This improved the
recovery speed of drain current and increased the initial current after device turn-
on. The findings suggest that the band-structure engineering at the interfaces of the
QuanFINE epi-structures could lead to new avenues to mitigate trapping effects
and enhance the performance of AlGaN/GaN HEMTs.

Future work should further improve the buffer-free concept, making the
characteristics towards trap-free QuanFINE epi-structure combined with a
compatible device process flow. Though the QuanFINE epi-structures studied in
this thesis comprised only AlGaN barriers, it is possible to establish new barrier
designs that include InAl(Ga)N and pure AIN for high frequency devices, multi-
channel barrier, polarized super heterojunctions (PSJ), P-GaN caps for power
switch applications. Besides, advanced epitaxial design can be foreseen, such as
super lattice, intentional doping including Fe, C, and Mg, as well as graded/stepped
AlGaN back-barrier in QuanFINE concept. Moreover, adapting the buffer-free
concept to other substrate materials such as free-standing GaN diamond, QST
substrate, sapphire could be worth exploring for different applications owing to
advantages each substrate can offer including cost reduction and performance
enhancement.
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Chapter 7

Summary of appended papers

This chapter summarizes the publications included in this work. The abstract and
my contributions are presented for each publication.

Paper A

D.Y. Chen, A.R. Persson, V. Darakchieva, P.O.A. Persson, J.T. Chen, and N.
Rorsman, “Structural investigation of ultra-low resistance deeply recessed sidewall
ohmic contacts for AlGaN/GaN HEMTs based on Ti/Al/Ti-metallization”,
Semiconductor Science and Technology, Vol. 38, Issue 10, 2023.

This publication invents and investigates the deeply recessed gold-free TV/Al/Ti
ohmic contacts for III-N HEMTs technology. The low contact resistance of 0.14
Q-mm can be achieved when the metal stacks are deposited on the sidewall of the
recess and annealed at 550 °C. This approach allows a less sensitive of recessed
etching depth. Important parameters of the ohmic process include the bottom Ti
thickness, Al thickness, recessed sidewall angle, and annealing procedure are
studied. Moreover, these contacts are successfully implemented on epi-structure
with different Al content in AlGaN barrier.

My contribution: DYC designed the experiments, fabricated the TLM structures,

performed the TLM measurements. ARP performed the TEM measurements on the
cross section of TLM structure. DYC wrote the paper with feedback from co-authors.
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Paper B

Y. K. Lin, J. Bergsten, H. Leong, A. Malmros, J. T. Chen, D. Y. Chen, O. Kordina, H.
Zirath, E. Y. Chang and N. Rorsman, “A versatile low-resistance ohmic contact
process with ohmic recess and low-temperature annealing for GaN HEMTS”,
Semiconductor Science and Technology, Vol. 33, Issue. 9, pp. 095019, 2018.

This publication investigates the deeply recessed gold-free Ta/Al/Ta ohmic contacts
for III-N HEMTs technology. The low contact resistance of 0.24 Q mm can be
achieved when the metal stacks are deposited on the sidewall of the recess and
annealed at 575 °C. This approach allows a less sensitive of recessed etching depth.
Important parameters of the ohmic process include the metal coverage, slope angle
of etching sidewall, bottom Ta-layer thickness, and annealing temperature and
duration are studied. Moreover, these deeply recessed contacts are successfully
implemented on different heterostructures with different AlGaN barrier thickness
as well as with and without the AIN exclusion layer.

My contribution: YKL, JB, HL, AM, and DYC designed the experiments, fabricated
the TLM structures, performed the measurements. YKL wrote the paper with
feedback from co-authors.

Paper C

D.Y. Chen, AR. Persson, KKH. Wen, D. Sommer, J. Grunenpiitt, H. Blanck, M.
Thorsell, O. Kordina, V. Darakchieva, P.O.A. Persson, J.T. Chen, and N. Rorsman,
“Impact of In Situ NH3 Pre-treatment of LPCVD SiN Passivation on GaN HEMT
Performance”, Semiconductor Science and Technology, Vol. 37, Number 3, 2022.

This publication investigates the impact of GaN HEMTs high-frequency
performance by in-situ plasma-free NHz pretreatment before the SiN passivation
layer deposited by LPCVD. Time duration-dependent of in-situ NHs pretreatment is
studied including 0-, 3-, and 10-mins pretreatment time duration. TEM analyzation
shows a reduction of native oxide layer on the sample with longer pretreatment
duration, which effectively reduces 40% of the surface-related trapping effects,
resulting in better on-wafer uniformity and large signal performance with 27%
higher output power and better efficiency.

My contribution: DYC designed the experiments, fabricated the HEMTs. ARP
performed the TEM-EELS measurements and elements analyzation. DYC
performed the device measurements. DYC wrote the paper with feedback from co-
authors.
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Paper D

R. F-D. D. Castillo, D. Y. Chen, J. T. Chen, M. Thorsell, V. Darakchieva, and N.
Rorsman, “Characterization of Trapping Effects Related to Carbon Doping Level in
AlGaN Back-Barriers for AlGaN/GaN HEMTs”, IEFEE Transactions on FElectron
Devices, Vol. 71, Issue. 6, 2024.

This study examines the 2DEG confinement and trapping effects in epi-
structures with varying carbon doping profiles in the AlGaN back-barrier and GaN
buffer. Results indicate that the highest carbon doping profile yields the best
confinement, while the lowest carbon doping profile optimizes large-signal
performance. Additionally, the study confirms that the AlGaN back-barrier
effectively mitigates buffer-related trapping effects by restricting the electric field
from penetrating below the back-barrier. These findings underscore the importance
of optimizing the doping profiles in both the AlGaN back-barrier, GaN buffer, and
the interface of GalN channel/AlGaN back-barrier for enhancing microwave GaN
HEMT performance.

My contribution: RFDDC and DYC designed the experiments. DYC fabricated the
HEMTs on Low-C, Mid-C, and High-C samples and performed DC and PIV
characterizations. RFDDC fabricated the HEMTs on Mid-C/High-C sample and
performed DC, PIV, DCT, and Loadpull characterizations. REDDC wrote the paper
with feedback from co-authors.

Paper E

D. Y. Chen, A. Malmros, M. Thorsell, H. Hjelmgren, O. Kordina, J. T. Chen, and N.
Rorsman, “Microwave Performance of ‘Buffer-Free® GaN-on-SiC High Electron
Mobility Transistors”, IEEFE Electron Device Letters, Vol. 41, Issue. 6, 2020.

This publication studies the high-frequency performance of the QuanFINE
double-heterostructure AlGalN/UID-GaN/AIN on SiC, which has a thin UID-GaN
layer with the thickness of 250 nm in between AlGaN barrier and the AIN
nucleation layer. This approach allows the AIN nucleation layer to act as a back-
barrier to confine the 2DEG and minimize the buffer leakage current. The device is
also benchmarked to conventional Fe-doped thick GaN buffer heterostructure with
nominally the same barrier design from Cree. HEMTs with the Lg of 100 nm on
QuanFINE shows similar DC performance with a saturation current of 1 A/mm and
peak transconductance of 500 mS/mm as compared to Fe-doped material. Lower
trapping effects are proven for the HEMTs on QuanFINE, which directly transfer to
good high-frequency performance with the output power of 4.1 W/mm at 3 GHz.

My contribution: DYC designed the experiments, fabricated the HEMTSs, and
performed the device measurements. AM supported the transistor model extraction.
HH supported the TCAD simulation. DYC wrote the paper with feedback from co-
authors.
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Paper F

D.Y. Chen, K.H. Wen, M. Thorsell, M. Lorenzini, H. Hjelmgren, J.T. Chen, and N.
Rorsman, “Impact of the Channel Thickness on Electron Confinement in MOCVD-
Grown High Breakdown Buffer-Free AlGalN/GaN Heterostructures” Physica Status
Solidi (a), 2022.

This publication investigates the 2DEG confinement properties in highly scaled
AlGaN/GaN HEMTSs on the buffer-free QuanFINE epi-structure with different
undoped GaN channel thickness from 250 to 150 nm. A thin GaN channel with a
thickness of 150 nm can be grown without degradation of the structural qualities
and 2DEG properties. TCAD simulation, DIBL, and small-signal measurements
show significant improvement of 2DEG confinement with a thin GalN channel layer
of 150 nm. An excellent DIBL of 20mV/V on HEMTs with an Lg of 70 nm can be
achieved on AlGaN/GaN epi-structures without intentional dopants or back-barrier.
Moreover, QuanFINE with an outstanding critical electric field of 0.95MV/cm
provides the possibility of reduced Lacp, resulting in an efficient power amplification
capability. An improved 2DEG confinement prompts good large signal performance
with higher gain and efficiency at 28 GHz. The benchmarking results confirm that
buffer-free thin GaN channel epi-structure is suitable for high-frequency
applications.

My contribution: DYC designed the experiments, TCAD simulation, fabricated the
HEMTS, performed the device measurements, and wrote the paper with feedback
from co-authors.

Paper G

D.Y. Chen, K.H. Wen, M. Thorsell, J.T. Chen, and N. Rorsman, “Investigation and
Mitigation of Trapping Mechanisms in Buffer-Free AlGaN/GaN HEMTSs”,
Manuscript with major revision submitted again to IEEE Transactions on Electron
Devices, Jan. 2025.

This study examines trapping mechanisms in QuanFINE, presenting a new
QuanFINE epi-structure with band structure engineering at the interface of GaN
channel and AIN nucleation layer to mitigate these effects. Comparable 2DEG
properties and crystal quality between the new and conventional QuanFINE
resulted in similar DC-IV characteristics. The new epi-structure showed a higher
DIBL of 34 mV/V versus 17 mV/V for the standard, indicating reduced buffer
resistance. Pulsed-IV tests revealed a 20% in current collapse on the new structure,
better than the 27% on the conventional. Drain current transients confirmed the
new epi-structure's effectiveness in mitigating long-time-constant traps, enhancing

recovery speed, and boosting initial current, suggesting improved performance for
AlGaN/GaN HEMTs.

My contribution: DYC designed the experiments, fabricated the HEMTSs, performed
the device measurements, and wrote the paper with feedback from co-authors.
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Investigation and Mitigation of Trapping Mechanisms in Buffer-
Free AlGaN/GaN HEMTs

Ding-Yuan Chen, Kai-Hsin Wen, Mattias Thorsell, Member, IEEE, Jr-Tai Chen, and Niklas Rorsman,
Member, IEEE

Abstract—This study investigates a strategy to mitigate the
trapping in buffer-free AlGaN/GaN HEMTs. A standard buffer-
free AlGaN/GaN epi-structure is compared to a structure where
the interface between the GaN channel and the AIN nucleation
layer is doped with Si delta doping to engineer the band structure
and to provide leakage path for trapped electrons. The epi-
structures exhibit similar 2DEG properties (mobility and electron
density) and crystal quality. Saturation currents of approximately
0.75 A/mm and transconductances of around 440 mS$/mm are
demonstrated on fabricated HEMTs. A lower buffer-related
current collapse is demonstrated on the epi-structure with band
structure engineering (20% compared to 27%). Drain current
transient measurements indicate that the modified epi-structure
effectively mitigates trap states with long time constants and
improves the recovery speed of drain current. However, the
devices on the novel epi-structure exhibits a larger drain-source
leakage, suggesting a reduced buffer resistance, which result in a
slightly higher DIBL (34 mV/V compared to 17 mV/V). These
findings highlight the potential to mitigate trapping effects and
facilitates improved performance of buffer-free AlGaN/GaN
HEMTSs under large-signal operation in microwave applications.

Index Terms— QuanFINE, GaN HEMTs, Microwave,
Trapping, Memory effects.

|. INTRODUCTION

allium nitride high electron mobility transistors (GalN

HEMTSs) exhibit excellent properties for high-frequency
applications with high power density due to their exceptional
electron mobility, saturation velocity, and high critical electrie
field. However, the large-signal performance remains
constrained by trapping phenomena, such as current collapse,
degradation of dynamic on-resistance (Re), and drain current
memory effects. These trap states are predominantly found
the surface layers [1] and within the buffer layers [2].

Surface trap states, including native oxides and dangling
bonds, can be mitigated through optimized surface pre-
treatments and the application of passivation layers [3, 4]. In
contrast, mitigating electron trapping in the buffer presents a
more intricate challenge due to the inherent trade-off between
trapping effects and electron confinement [2].

T 1~ AT 1 e R N AR

and silicon (Si) on gallium sites (Siga) [5]. Therefore,
intentional introduction of deep acceptors, such as iron (Fe) and
carbon (C), 1s a common approach to achieve insulating
properties [6, 7]. However, the incorporation of deep acceptors
gives rise to the formation of electron traps, resulting in DC-RF
current dispersion. Therefore, optimizing the doping profiles of
Fe and C becomes essential [8, 9]. An alternative approach
mvolves the ncorporation of an additional AlGalN back-barrier
to enhance ZDEG confinement. However, the introduction of a
back-barrier introduces extra thermal resistance, which can
degrade device performance [10] and also require optimization
of the deep level doping [11].

We have previously demonstrated an innovative approach
aimed at mitigating the aforementioned 1ssues, which mvolves
the complete removal of GalN buffers and back-barriers by the
utilization of a transmorphically-grown AIN nucleation layer
resulting in a high quality buffer-free epitaxial structure [12,13].
This strategy results in the creation of a thm, undoped GaN
chammel sandwiched between the barrier and the nucleation
layers, effectively forming a back-barrier enhancing the 2DEG
confinement [14]. Despite the high structural quality and the
absence of a doped GaN buffer, this buffer-free approach is not
entirely free of trapping effects [12-14]. This occurrence may
be attributed to a two-dimensional hole gas (2DHG) formation
or defects due to lattice mismatch at the interface of GaN
channel and the AIN nucleation layer [15-17], and the presence
of trap states within the AIN nucleation layer [18, 19].
Furthermore, the semi-insulating SiC substrate, achieved by
vanadium dopants or high-density point defects, may also
present potential trapping location, given its proximity to the
2DEG channel [20, 21].

In this study, we investigate the trapping effects mn two
different buffer-free AlGaN/GaN HEMTs, a standard buffer-
free (QF-A) epi-structure and the other one with a band-
structure engineering interface between GalN channel and AIN
nucleation layer (QF-B). HEMTs were fabricated on both
HEMT structures and characterized. DC and pulsed-TV
characterizations were complemented with drain current
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