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ABSTRACT

A COMPREHENSIVE ANALYSIS OF GaN HEMTs:
ELECTRO-MECHANICAL BEHAVIOR, DEFECT
GENERATION, AND DRAIN LAG REDUCTION WITH
HfO, LAYERS

Burak Giines
M.S. in Electrical and Electronics Engineering
Advisor: Ekmel Ozbay
Co-Advisor: Bayram Biitiin
July 2023

Gallium Nitride High Electron Mobility Transistors (GaN HEMTs) have rapidly
emerged as a transformative technology, owing to the unique properties of the sub-
strate material. They are poised to become a revolutionary advancement in RF ampli-
fier applications, primarily due to their capability to operate at high frequencies and
power levels with superior efficiency compared to conventional devices. Despite the
rapid progressions, a noticeable gap persists in the literature regarding the relation-
ship between mechanical stresses, defect generation, and their subsequent impact on
the electrical characteristics of AIGaN/GaN HEMTs. Moreover, current dispersion
effects, which are trapping induced reductions in output power, continues to remain
a pressing issue. To address these limitations, this study first adopts a multifaceted
approach and integrates mechanical simulations and Raman spectroscopy, in order to
resolve fine details of stress distributions that a diffraction-limited Raman probe cannot
resolve. This enables an extensive modeling of stresses in a typical HEMT structure
and helps elucidate the underlying dynamics of defect generation, with the ultimate
goal of informing and guiding the development of advanced fabrication techniques. In
a second study, an ultrathin blanket dielectric deposition approach was devised to al-
leviate surface trapping, and consequently, mitigate current dispersion. The proposed
streamlined fabrication process yielded a substantial improvement in device perfor-
mance without compromising the transistor transfer characteristics.

Keywords: GaN HEMT, Electro-mechanical Simulations, Defect Generation, Electri-
cal Stability, Raman Spectroscopy, Electron Traps.

il



OZET

GaN YEMT LERIN KAPSAMLI BIR ANALIZI:
ELEKTRO-MEKANIK DAVRANIS, KUSUR OLUSUMU

VE HfO, KATMANLARI ILE ELEKTRIKSEL
KARARLILIGIN [YILESTIRILMESI

Burak Giines
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Damismani: Ekmel Ozbay
Ikinci Tez Danigmani: Bayram Biitiin
Temmuz 2023

GaN temelli yiiksek-elektron-mobiliteli transistorler (GaN YEMT) geleneksel ciha-
zlara kiyasla iistiin verimlilikle yiiksek frekanslarda ve gii¢ seviyelerinde ¢aligabilme
yetenekleri nedeniyle yiikselte¢ uygulamalarinda devrim niteliginde ilerlemelerin yol-
unu agiyorlar. Tiim gelismelere karsin mekanik stresler, kristal tizerinde kusur olusumu
ve bunlarin GaN YEMT lerin elektriksel 6zellikleri tizerindeki etkileri arasindaki il-
igkiler hakkinda literatiirde belirgin bir bosluk bulunmaktadir. Ayrica yiikselteg ¢ikis
giiclindeki tuzaklama temelli azalmalar bir sorun olmaya devam etmektedir. Bu calis-
mada belirtilen sinirlamalar1 gidermek i¢in ilk olarak ¢cok yonlii bir yaklasim benimsen-
mis ve Raman spektroskopisi dl¢ctimlerini mekanik simiilasyonlar icin bir kalibrasyon
referansi olarak kullanilmig, bu da bir kirtnimla sinirli Raman probunun ¢oziimleye-
meyecedi stres dagilimlarinin ince ayrintilarimi gézlemlemeyi saglamistir. Bu yak-
lagim, tipik bir YEMT yapisindaki mekanik stresleri modellemeyi saglamaktadir ve
kusur olusumunun altinda yatan dinamikleri aydinlatmaya yardimci olmaktadir. Bu
yaklagimla fabrikasyon tekniklerinin gelistirilmesini hedeflemektedir. Calismanin de-
vaminda yiizey tuzaklamasini azaltmak i¢in ince bir yalitkan malzeme kaplama yak-
lasimi tasarlanmustir.  Onerilen iiretim siireci, transistor transfer karakteristiklerini
kotiilestirmeden cihaz performansinda 6nemli bir gelisme saglamustir.

Anahtar sozciikler: GaN, YEMT, Elektro-mekanik Simiilasyonlar, Kusur Olusumu,
Elektriksel Kararlilik, Raman Spektroskopisi, Elektron Tuzaklari.
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Chapter 1

Introduction

Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTs) have attracted
significant attention in the field of electronics due to their superior performance in
high-frequency and high-power applications. Central to this high performance is the
formation of a two-dimensional electron gas (2DEG) at the heterointerface of AlGaN
and GaN layers in these devices [1]. The 2DEG, essentially a thin layer of electrons,
is formed due to the polarization difference between AlGaN and GaN materials [2].
This polarization-induced electric field leads to a very large concentration of electrons
at the interface, thereby enabling a remarkable device performance. The absence of
doping-induced scattering centers in the 2DEG channel further enhances the mobility,

and consequently, the speed and efficiency of GaN HEMTs [3].

In recent years, GaN HEMTs have facilitated substantial technological advance-
ments in wireless communications, radar systems, satellite technology, and power
electronics. They have achieved record performances in terms of power density and
efficiency, and their high breakdown field strength makes them ideal candidates for
high voltage applications. For example, research by Fitch ef al. reports devices with
power densities exceeding 7 W/mm at 35 GHz [4]. Power-added efficiency values of
40% or more are consistently reported in the literature [5, 6]. Moreover, devices with

current gain cut-off frequencies as high as 450 GHz have been documented [7].



However, certain limitations hinder this technology’s broader implementation. No-
tably, the electrical stability and reliability of these devices remain subjects of sig-
nificant concern. Phenomena such as current collapse, threshold voltage shifts, and
breakdown are often observed under high electric field or high temperature operations
[8, 9]. These effects can significantly degrade the performance and lifetime of the
devices. Additionally, the 2DEG formation process is inherently sensitive to the vari-
ations in the structural properties of the devices. In particular, the fabrication-induced
defects and strain relaxation phenomena can cause substantial variations in the 2DEG
density [10]. A thorough understanding of these factors, along with the development
of accurate simulation models, is essential to further take advantage of the potential of
GaN HEMTs.

1.1 Thesis Outline

This thesis aims to further the understanding and optimization of GaN HEMTs. To this
end, the research was organized into three objectives, each corresponding to a chapter

of this work:

* Chapter 2 explores the creation of advanced simulation models. Special empha-
sis was placed on the development of electro-mechanical models. This effort
involved not only the detailed simulation of electronic and transport characteris-
tics but also the mechanical strain and stress effects that significantly influence

the 2DEG formation and device performance.

* Chapter 3 offers a novel approach to integrating Raman measurements into me-
chanical simulations. This methodology provides a calibration reference to the
simulations, enabling a detailed investigation into defect generation and its im-
plications for GaN HEMT performance. This approach paves the way for a more
comprehensive understanding of the structural complexities and their impact on

the electrical behavior of the devices.

* Chapter 4 investigates the role of HfO, ultrathin gate dielectrics in improving



drain lag characteristics. This chapter explores the advantages of implement-
ing HfO, as a blanket layer, elucidating its effects on device stability and the

reduction of detrimental current dispersion effects.

Finally, in Chapter 5, we summarize and discuss the achievements of this thesis,
the proposed innovations, and contributions to the existing literature. Moreover,
we outline future areas of research, which we anticipate will further deepen our
understanding of the GaN HEMTs.



Chapter 2

Electrical, Solid-mechanics, and
Electro-mechanical GaN HEMT

Simulations

The presented simulation results and methodologies in this chapter were instrumental
in setting the direction of the research. Although some of the arguments discussed
here did not directly contribute to the main body of the thesis, they served to refine our

understanding of GaN HEMTs and provided invaluable insights.

2.1 Electrical Simulations

This section delineates the electrical simulation methodologies utilized in this study. It
begins with an overview of the simulation model, followed by an examination of the
effects of both unintentional contaminants and deliberately introduced electron traps.
The section concludes with a discussion on an innovative electron mobility model de-

signed to augment the predictive capabilities of the simulation studies.
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Figure 2.1: TEM image of a GaN HEMT.

2.1.1 Overview of the Simulation Model

The electrical simulation models were formulated in Silvaco ATLAS [11], which is a
drift-diffusion based semiconductor device analysis program. Two-dimensional repre-
sentations of the devices were established using Silvaco ATHENA [12], a process sim-
ulation program that enables the creation of accurate renditions of the actual device ge-
ometry. In particular, ATHENA makes it possible to model the influence of fabrication
features and non-idealities such as sharp edges around the field plates, slanted side-
walls of the gate electrode, and uneven step coverage of the nitride passivation film.
The actual device image captured using a transmission-electron microscope (TEM)
is given in Figure 2.1. For comparison, a typical simulation geometry rendered in
ATHENA is displayed in Figure 2.2.

To recreate the formation of 2DEG charges in simulations, bound charges were in-
troduced along the AIGaN/GaN interface, as shown in Figure 2.3. The density of the
interface charges were adjusted to align with the actual 2DEG density as determined
from contactless measurements. The regions underneath the ohmic contacts were mod-

eled as heavily doped regions to give way to an ohmic behavior.
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Figure 2.2: Simulation model of a GaN HEMT constructed using the ATHENA soft-
ware.

2.1.2 Buffer Traps

Although often overlooked or understated in current literature, accurately modeling the
electrical characteristics of buffer traps is an essential component of the GaN HEMT
simulations. Buffer traps significantly contribute to current dispersion effects. More-
over, they lead to parasitic behaviors such as short-channel effects. Therefore, a precise
assessment of buffer traps is a critical factor in ensuring the accuracy of the simula-
tions. In this section, we focus on three major types of electron traps: nitrogen vacan-
cies, carbon, and iron. While iron is intentionally introduced into the wafer during the
growth [13], nitrogen vacancies and carbon are unfortunate byproducts of the growth

processes [14].

N-type autodoping continues to be a pervasive issue in GaN growth, which makes
device fabrication on undoped substrates impractical. To mitigate the impact of leaky
behavior on device performance and eliminate the n-type conductive behavior, it has

been commonly accepted in the literature to introduce Fe dopants during epitaxial
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Figure 2.3: Two-dimensional schematic depicting the placement of bound charges,
critical to the formation of the 2DEG.

growth. A typical Fe profile is given in Figure 2.4. While iron doping reduces sub-
strate leakage and prevents parasitic conduction channels from forming away from the
actual channel, traps associated with iron dopants (referred to as E2 in the literature)
can either cause or exacerbate dispersion effects [14]. As such, the Fe source is stopped
at around 1.1 micrometer thickness during GaN growth, which results in the peculiar
exponential decay of the Fe concentration shown in Figure 2.4. Additionally, the car-
bon concentration is controlled by varying the growth conditions of individual layers.
As such, the channel-GaN, as illustrated in Figure 2.4, exhibits a lower concentration

of carbon compared to the transition and Fe-doped regions.

It has been postulated that the n-type behavior of GaN substrates originates from
the presence of carbon contaminants [15]. However, as demonstrated by secondary-ion
mass spectroscopy (SIMS), carbon concentrations are relatively low (Figure 2.4), and
therefore another explanation was required. It was proposed that the n-type behavior
could be attributed to nitrogen vacancies [16]. Several numerical studies have shown
that nitrogen is a donor-type electron trap situated at the conduction band edge, thereby
resulting in all donors being ionized [17]. In this study, we will also show that carbon

densities are too low to account for some of the observed parasitic phenomena.

First, we start with the trap modeling. The influence of traps were considered as a
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Figure 2.4: Plot illustrating the distribution of doping and impurity concentrations.

recombination-generation problem, wherein the net generation can be expressed as

2
pn—n;

Tp [n—f—n,-exp (E’,;TE’)] + 1, [p—kniexp <E’];TE’)]

where p, n, and n; are the hole, electron, and intrinsic carrier densities, T, , are trap

(2.1)

Usry =

lifetimes, E; — E; is the trap energy in alignment with the intrinsic Fermi level, k is
Boltzmann constant, and 7 is temperature [18]. The net generation Usgy constitutes
the right-hand-side of the carrier continuity equations as follows:

V-Jn

= UsrH. (2.2)

Next, the alignment of trap energies within the forbidden gap is discussed. Despite
the significant scatter reported energy values show, iron related traps are very well es-
tablished to be deep acceptors, and numerous sources locate them 0.6 eV below the
conduction band edge [13]. While modeling the impact of iron is straightforward, the
behavior of carbon contaminants is still open to discussion. However, recent reports
posit that carbon functions as an amphoteric trap, with a significant proportion of ac-

ceptor traps being compensated by the donor portion. The energy values associated

8
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Figure 2.5: Graphic representation of the energy levels associated with impurities and
point defects.

with carbon were taken from reference [13]. The energy values are outlined in Figure
2.5.

The compensation ratio of acceptors by donors can be expressed as follows:

) ) Total carbon conc.
Compensation ratio = —1, (2.3)
Acceptor carbon traps

where
Total carbon conc. = Acceptor carbon traps + Donor carbon traps. (2.4)

In the modeling, the compensation ratio was taken to be 0.6, and the nitrogen vacancy
concentration was assumed to be 3 x 106 cm ™3, to give way to n-type insulating be-
havior in the substrate. The resultant band diagram of a typical AIGaN/GaN hetero-
junction is illustrated in Figure 2.6, as calculated using Silvaco ATLAS. As shown, the
incorporation of traps render the GaN buffer an insulating n-type substrate, in align-
ment with the behavior typically observed in commercial wafers. It should be noted

that the Fermi level is almost pinned at the iron level (E. — 0.6 eV).

Finally, the implications of trap modeling are discussed in the context of break-
down modeling. To showcase the function of traps in modeling, a parasitic behavior

was studied by setting the drain voltage to 150 V while the gate voltage was -8 V. This

9
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Figure 2.6: Band diagram of the simulated AlGaN/GaN heterojunction.

represents a typical breakdown measurement scenario, wherein devices are evaluated
for their ability to inhibit current flow. Figure 2.7 displays the current density simu-
lation results. It should be noted that at this bias point, the simulation model predicts
an almost 1 mA/mm current density, which is in alignment with experimental obser-
vations [19, 20]. As shown in the figure, while the large negative voltage of the gate
electrode depletes the channel in the vicinity of the barrier, it has minimal influence
over the parasitic conduction paths deep within the buffer layer. This also shows that,
despite the almost 3 micrometers long gate-to-drain region, the drain electrode does
still exert significant influence over the conductivity of the channel, thereby giving rise

to an effect commonly referred to as drain-induced barrier lowering [21].

10
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Figure 2.7: Breakdown simulation results depicting the current density and the onset
of punch-through phenomenon.

2.1.3 Density-dependent Electron Mobility Model Development

Mobility modeling is a fundamental aspect of semiconductor device simulations. Elec-
tron mobility governs not only the current densities, but also the high-frequency perfor-
mance, electron transit delay, and electric field distribution. Therefore, it is critical that
the mobility model accurately reflects the underlying device physics. The conventional

approach in the existing literature is to assume a mobility model of the form,

Y B
Pn (&) = tno X {1+ (“"’Oéa) } (2:5)

Vsat

where & is electric field, and adjust the parameters vg, (saturation velocity), i, o (low-
field mobility), and B (a fitting parameter typically taken to be 1.5, which enables
a smooth transition between the constant mobility and saturation regions) until the
simulation results align with the measurements [22]. However, this method is time

consuming, and often lacks precision due to its inherent simplicity.

11



Unlike many other semiconductors where electron velocity is constrained by mech-
anisms such as inter-valley electron transfer, it was found that the electron velocity in
GaN is primarily limited by optical phonon scattering events, thereby rendering the
saturation velocity electron density dependent. Bajaj er al. have studied this depen-
dence extensively, and discovered that the relationship can be captured by a rational

equation of the following form

107 cm/s

045" (2.6)
0.38 + (n”—o)

Vsat (ns) =

where ng o 1s 1.8 X 1013 cm—2 [23].

In this section, we propose a density-dependent electron mobility model based on
the equation developed by Bajaj [23]. Furthermore, we outline a comprehensive cali-

bration methodology that has been formulated around this mobility model.

2.1.3.1 Implementation

The calibration methodology development starts with the implementation of the mo-
bility model. Conventional simulation programs typically treat charge transport as a
drift-diffusion problem. Ignoring the diffusion components, the current density can be
written as

J. =~ —qv,n, (2.7)

where J,, is the current density (A/cm?), g is the elementary charge, v, is the electron

velocity, and 7 is the electron density [18]. The electron velocity v, is
Vg =& X U (&). (2.8)

To take the density dependence into account, we combine equations 2.5 and 2.6 as
follows:

gY B
.un,O(/ga

107 cm/s

0.38+ (,,%)0'45

(&) = Mo < § 1+ (2.9
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Figure 2.8: Distribution of 2DEG density without considering the quantization effects
on the density of states.

The charge transport model used in this work is local in nature, in that it does not ac-
count for long-range interactions among carriers. In other words, the simulation model
does not recognize the sheet charge density ng. Therefore, in its full form, equation 2.9
is unusable in a simulation program. Hence, we need to convert the sheet charge den-
sity to volumetric density in order to input the mobility model into the simulation. We
can accomplish this by making a simplifying assumption. As shown in Figure 2.8, the
electron density in the channel of a typical GaN HEMT assumes a triangular distribu-
tion. Therefore, given the peak density at any point, we can determine a corresponding
sheet charge density ng by considering the full-width half maximum (FWHM) of the
distribution as follows:

_ 2xnxFWHM

2 (2.10)
= n x FWHM.

Ny

With this, the mobility equation becomes
-B

B
Lo X E nx FWHM \ %%
W& 1) = W, 14+ [ 22927 o AR A (211
B (6) = B +<107m><[038+< ) @11
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Table 2.1: Explanation and details of the proposed calibration procedure.

Step Procedure

1 Configure the geometry of the transistor model to accurately reflect the actual
dimensions of the device.

2 Ensure the 2DEG density in the simulation matches the measured values.
This should be accomplished by adjusting the bound charge density Gyound-

3 Configure the low-field mobility value to align with the Hall mobility value
as obtained from measurements.

4 Configure the resistance of the ohmic contacts in the simulation model to
align with the experimentally reported values.

5 Finally, modify the work function of the gate electrode to adjust the threshold

voltage of the simulation model until it aligns with the observed data.

Table 2.2: Transistor geometry, reported results, and simulation model outputs.

Process Details
Lg Lsp I St using the calibrated model Ref
140nm 1 um 97 GHz | 100 GHz [24]
250 nm 2 um 67 GHz | 73 GHz [25]

2.1.3.2 Calibration Procedure and Verification of the Model

The calibration procedure is outlined in Table 2.1. As shown, the calibration procedure
entails configuring the simulation variables to match measured transistor parameters
such as the 2DEG density and transistor geometry. To showcase the capabilities, ver-
satility, and universality of the proposed procedure, the model was validated using ac-
tual measurements reported in the existing literature. First, the transfer characteristics
were investigated. As displayed in Figure 2.9, the simulation model shows an excellent
agreement with the measurements. Next, the high-frequency characteristics of the sim-
ulation model were investigated by calculating the current-gain cut-off frequencies of
the models. Small signal characteristics also show a close match to the measurements,
thus showcasing the model’s ability to accurately capture electron transport dynamics.

These results are summarized in Table 2.2.
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Figure 2.9: Calibration results compared to the measurement data reported in Refer-
ences 24 (a) and 25 (b).

2.2 Solid-mechanics Simulations

Mechanical stresses play a critical role in the performance and reliability of GaN
HEMTs. Understanding the interplay between mechanical stresses and electrical prop-
erties is crucial for optimizing device performance. Mechanical simulations serve as
an essential tool for this purpose, as they allow for the prediction and analysis of stress
distributions within the material. Through mechanical simulations, we can gain in-
sights into how stresses and strains in the material affect the electrical properties of
GaN HEMTs. In addition, gaining a clear understanding of the stress distributions
within the epitaxy could serve as a guide to identify potential sites for defect genera-
tion. In this section, we will focus on the methodologies employed in solid-mechanics
simulations. Specifically, we will introduce the equations that are central to the sim-
ulations and discuss the proper choice and calculation of material properties that are

vital for accurate modeling.

2.2.1 Overview of the Simulation Model

Stresses and strains were analyzed under the assumption of linear elasticity using

COMSOL’s Structural Mechanics module [26]. The governing equation of the linear
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Boundary Conditions

Sides (#): Symmetric (un = 0)
Top (*): Free

Bottom: Fixed (u = 0)

Figure 2.10: Three-dimensional simulation model. Boundary conditions associated
with surfaces are displayed with symbols.

elasticity simulations was the static equilibrium equation
V.-o0=0, (2.12)

where o is the Cauchy stress tensor. The static equilibrium equation was subject to

Hooke’s law for linear elastic materials
G - Gext +C : (8 - eext), (2.13)

where C is the material stiffness tensor, Oy and &gy are the external stresses and strains
which may optionally be defined for a particular region of the geometry to model
residual, ohmic, and lattice mismatch strains or stresses, and € is the strain tensor.

The ":" operator defines a summation over two indices as follows:
3 3
oij =YY Cijutu (2.14)
k=11=1

The equilibrium equation and Hooke’s law were solved under the premise of infinites-

imal strains

€= %[Vu—l— (Vu)T], (2.15)

where u is the mechanical displacement vector.
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Table 2.3: Elastic properties of the anisotropic simulation materials.

GaN AIN A10.25Ga0.75N
Cn 367 396 374.25
Ci2 135 137 135.50
Ci3 GPa 103 108 104.25
C33 405 373 397.00
Cya 95 116 100.25

Table 2.4: Elastic properties of the ohmic contact simulation material. Young’s Modu-
lus of the ohmic contact material was calculated from the material constants of Ti, Al,
Ni, and Au.

Ti Al Ni Au Ohmic
Contact
E GPa 115.7 70.0 219.0 70.0 107.7
% - 0.32 0.35 0.31 0.44 0.3

The three-dimensional simulation geometry is displayed in Figure 2.10. The simu-
lation geometry was configured to reflect the actual device dimensions. As measured
by the wafer curvature method, the silicon nitride layers deposited on silicon substrates
exhibited stresses below 100 MPa. Therefore, the silicon nitride passivation layer was
not modeled. The bottom of the GaN was configured as a fixed boundary (u# = 0). The
sides were set as symmetric planes, while the top surfaces were configured to be free

boundaries.

Properties of the anisotropic materials used in the simulation model are listed in
Table 2.3 [27, 28]. GaN and Aly»5Gay 75N were modeled as anisotropic materials.
Elastic properties of the Alg,5Gag 75N barrier were calculated using linear interpo-
lation. Ohmic contacts were modeled as isotropic materials. The Young’s Modulus
of the ohmic contact material was calculated by assuming the validity of the rule of
mixtures principle for quaternary alloys, i.e.,

1

Total Ohmic Contact Volume | = Ti. AL'NL Au

thmic - ViEh (2 16)

where V; is the volume and E; is the Young’s Modulus of the ith layer in the ohmic
stack [29]. The Poisson ratio v of the ohmic contact material was assumed to be 0.3 as
most metals have a v of about 0.3. Properties of the ohmic contact material, Ti, Al, Ni,

and Au are summarized in Table 2.4. These values were retrieved from the COMSOL
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Table 2.5: Stress-free lattice parameters used in the calculation of the barrier strain.

Material a

GaN 3.18780
AIN A | 3.11197
AlGaN 3.16880

material library [26].

2.2.2 Stress Definitions

Stresses in the AlGaN barrier, GaN substrate, and ohmic contact metals were con-
sidered in the simulations. The exact values of these stresses are discussed in later
chapters as they were determined in light of the Raman measurement results to repro-
duce the experimental data in the simulations. The ohmic contacts were assumed to be

under isotropic tensile stress, i.e.,

Oohmic 0 0
Oext, ohmic = 0 Oohmic 0 . 2.17)
0 0 Oohmic

The substrate residual stress was assumed to be purely biaxial and homogenous [30,

31]. Therefore, in the GaN layer, the external stress was set as

Oes 0 O
Gext, GaN — 0 Gres O . (2. 1 8)
0 0 O

The pseudomorphically grown fully-strained barrier layer assumes the a-axis lattice
constant of the GaN substrate in the heterojunction plane, i.e., agan = aaigan [31]. If
the stress in the GaN substrate is known and can be assumed to be uniform, the GaN
lattice constant can be calculated from the in-plane strain. Generally, the stress in the
substrate is heterogeneous due to the patterns on the top surface and the varying growth
conditions of different layers during the MOCVD growth. However, to simplify the
treatment, we assumed that stresses in the substrate are uniform and are equal to the

residual stress Oyes. The residual stress can be associated with the in-plane strain of the
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GaN layer as follows:

Ores = Yga , GaN

AaGaN — drelaxed, GaN
= (C11 +C12 —2C35/C33) , (2.19)
N ~ 4 Arelaxed, GaN
Y ~ ~~
€4, GaN

where drelaxed, Gan 18 the stress-free a-axis lattice constant of GaN [31]. Rewriting

equation 2.19 and asserting agan = aaiGaN, the barrier lattice constant aajgaN 18

o,
AAIGaN = Grelaxed, GaN ( ;e =+ 1) : (2.20)

Then, the in-plane strain €, ajgan 1n the barrier layer can be calculated from the lattice

constant of the barrier, i.e.,

AAlGaN — Arelaxed, AlGaN
€a, AIGaN = ; (2.21)
Arelaxed, AlIGaN

where drelaxed, AlGaN 18 the stress-free barrier lattice constant, which can be calculated
by employing Vegard’s law and using the relaxed GaN and AIN lattice parameters
(Table 2.5) as follows

Qrelaxed, AIGaN = Xrelaxed, AIN + (1 - x) Qrelaxed, GaN, (2.22)

where x is the Al concentration in the barrier. Given the in-plane barrier strain &_ajGaN,

the out-of-plane strain & ajgan can be calculated from the relation

RB — _ & AlGaN
, Cfi; AlGaN (2.23)
= n
In accordance with these equations, the external strain in the barrier was configured as
follows:
€, AIGaN 0 0
Eext, AlGaN = — 0 €a, AIGaN 0
0 0 €, AlGaN
- (2.24)
€, AlGaN 0 0
= 0 &y, AlGaN 0
|0 0 —RB X &, AlGaN
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2.3 Uncoupled Electro-mechanical Simulations

Electro-mechanical simulation studies assume a pivotal role in transistor research and
development. Primarily, these studies enable us to exploit the interconnectedness of
electrical and mechanical characteristics. For instance, in the CMOS industry, strains
and stresses are regarded as design variables because they allow precise tuning of elec-
tron and hole mobility [32]. In the case of GaN based HEMTs, strain engineering
provides a means to adjust both the two-dimensional electron gas density as well as
electron saturation velocity. However, it is important to recognize that not all strain
modifications have positive influences. For example, defects, which could either be
inherently present in a crystal and/or generated during the fabrication or nominal op-
eration, can also modify the strain. The strain fields emanating from these defects may
adversely impact the transfer characteristics of transistors. Therefore, exploring these
phenomena through electro-mechanical simulations can provide valuable insights into
the mechanics of energy relaxation and electrical attributes of transistors, shaping our
understanding of device reliability and performance. In the case of GaN HEMTs,
the dominant link between electrical and mechanical characteristics is piezoelectric-
ity. Therefore, as an initial step, the calculation methodology of polarization induced
bound charge density at the AlIGaN/GaN interface is presented. Then, the simulation
workflow is explained. Finally, as a case study, we turn our attention to FinHEMTs

and explore the impact of fin width on channel conductivity.

2.3.1 Calculation of Polarization Induced Bound Charges

The bound charge density at the interface of AlIGaN/GaN heterojunction is given by
the polarization field differences of the two media [10]. Note that this follows from

Maxwell’s laws and boundary conditions.

Obound = PGaN — PAIGaN- (2.25)
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For a Wurtzite crystal, the polarization field can be written as
P =Psp+ (€& +&)es1 + &e33, (2.26)

where e3; are the piezoelectricity constants, & is the strain in the ith direction, and Psp
stands for the spontaneous polarization. If a material can be assumed to be under pure

biaxial stress [31], the previous expression simplifies to

C
P=Psp+ 2¢€ e3 —2—13 &1e33

E1=8&
&2l (2.27)
C
= Psp+2¢ (631 - £€33) -
Cs3

In the case that the material is free of any mechanical strains, the last expression further
simplifies to
P = Psp. (2.28)

Therefore, the bound charge density at the heterojunction interface can be given as

Ciz
Obound = (Psp, GaN — Psp, AlGaN) — 2€1 (631 - C—33€33) . (2.29)

2.3.2 Electro-mechanical Simulation Workflow

A typical uncoupled electro-mechanical simulation workflow involves the determina-
tion of strains in the barrier utilizing the methodology given in Section 2.2. Following
this, a MATLAB program averages the strain data along the wafer growth direction.
The resultant average strain is then used to calculate the bound charge density at the
AlGaN/GaN interface using ATLAS simulations as described in Section 2.1. It should
be emphasized that the simulations are uncoupled, indicating that while mechanical
properties inform the electrical charge densities, the electrical properties do not recip-
rocally impact the mechanical properties. This is a simplification, yet a necessary one,

enabling computationally feasible simulations.
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Figure 2.11: Illustration of the impact of strain relaxation on bound charge density.

First, we start with the bound charge density at the AlIGaN/GaN interface with re-
spect to the strain relaxation percentage. This is depicted in Figure 2.11. Unlike the
commonly employed polarization coefficients given in reference [2], this recently in-
troduced polarization field calculation method anticipates a much more rapid decrease
of the 2DEG density [10]. This highlights the paramount importance of an accu-
rate representation of polarization charges, particularly when examining the impact

of strain relaxations induced by defect generations and fin formations.

2.3.3 Case Study

Next, we discuss the impact of fin formation on 2DEG density distribution and channel
conductivity. FinHEMTSs have recently gained popularity due to their ability to pro-
vide enhanced linearity [33]. Central to this enhancement is the reduction of the peak
2DEG density, thereby enabling fast optical phonon removal, which in turn enhances

the saturation velocity of the carriers. A detailed discussion on these subjects can be

22



Wiin [ 2 10 pm
I

\
11111117

Top surface

Alo2GaosN Etched away region
GaN

Direction
of current ®

Figure 2.12: Two-dimensional depiction of the fin simulation model analyzed using
COMSOL simulations.

found in references [34, 35, 36]. COMSOL simulation settings of a typical fin struc-
ture are given in Figure 2.12. In this structure, electrical current flow is confined to the
fins. Moreover, it is assumed that the areas beneath the etched away regions are fully
insulating. This is due to the fact that with the removal of the barrier, the source of
the 2DEG - the piezoelectricity differences between the barrier and buffer - is effec-
tively eliminated. Strains, stresses, and boundary conditions follow from the previous
section. In contrast to the previous section, however, the case of the fixed top bound-
ary condition was also studied. This was an attempt at emulating the influence of gate
metal, which could mechanically reinforce the fins and thereby reduce the deformation

and relaxation.

Figure 2.13 illustrates the barrier strain distributions and Figure 2.14 shows the
mean barrier strains in response to changing fin width as calculated using the COM-
SOL model. Under both boundary condition cases, the mean strain of the barrier,
which is the source of 2DEG in the channel, exhibits a rapid loss with decreasing
fin width. The fin formation action creates new surfaces, upon which the coherently
strained barrier can alleviate its accumulated elastic energy through the deformation of
the said surfaces. Bound charge densities were then studied using ATLAS simulations
to reveal the 2DEG distributions in the channel. Figure 2.15 displays the distributions,
while Figure 2.16 presents the average 2DEG density across the channel of a fin. As
indicated in Figure 2.15, fin formation presents a unique opportunity to engineer the
2DEG densities. This, in turn, allows for the fine-tuning and/or improvement of the

threshold voltage, device linearity, and even device reliability.
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Figure 2.13: Distribution of barrier strain in relation to fin width. Two boundary con-

dition cases were studied. a) shows the results from the free top surface boundary

condition case, whereas b) illustrates the impact of a fixed top surface boundary con-

dition.
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Figure 2.14: Average strain as a function of fin width.
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Chapter 3

Analysis and Modeling of Mechanical
Stresses in Ungated AlGaN/GaN
HEMTSs using 1 Raman Spectroscopy

3.1 Motivation

GaN-based high electron mobility transistors (HEMTs) have attracted considerable
attention due to their large breakdown voltages, high cut-off frequencies, and low sheet
resistances. These attributes make GaN HEMTs and GaN power amplifiers excellent
candidates for use in radars, 5G base stations, and satellite communications. Despite
the significant advancements in the device performance, the degradation dynamics are
still not well understood [37]. Commonly reported driving forces of device failure
during the nominal operation of HEMTs are poor crystal quality, electric fields, leakage
currents, and hot carrier effects [38, 39, 40, 41]. Degradation during device fabrication
continues to be a significant concern, and it’s commonly attributed to high-temperature
processes such as ohmic anneals, as well as plasma damage and thin film depositions
[42].

Mechanical stresses accelerate device degradation during nominal operation and
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fabrication. For instance, pit formation is commonly observed with off-state stress-
ing, which is attributed to the inherent link between electric fields and mechanical
stresses. Pits tend to occur under the drain edge of the gate electrode, where electric
fields concentrate during electrical stressing [41]. These electric fields elevate the bar-
rier’s elastic energy via the inverse piezoelectric effect (IPE). In response, the AlGaN
barrier relaxes the increased elastic energy by generating defects, thereby enabling pit
formation [39]. Such defects can deteriorate the device performance and reduce the
operating lifetime. Therefore, the accurate modeling and quantification of mechanical

stresses are highly desired from a device engineering perspective.

Mechanical stresses can be accurately measured using Raman spectroscopy. Raman
spectroscopy is a noninvasive characterization technique that measures the frequencies
of phonon modes, many of which are highly sensitive to stress [43]. The major draw-
back of Raman spectroscopy is its low spatial resolution (=1 micrometer), even in the
confocal mode. GaN devices are typically 3-5 micrometers long. With micrometer
size resolution, only several stress measurements can be acquired along the length of
the device. Therefore, Raman spectroscopy should be combined with simulations for

high-fidelity evaluation of mechanical stresses.

Therefore, this work first attempted to establish a link between mechanical simu-
lations with Raman measurements. A simulation calibration procedure was proposed.
Raman measurements taken from the center of ungated HEMTs were used to calibrate
the mechanical model. Stress and elastic energy distributions obtained from the cali-
brated model were then utilized to pinpoint potential sites for defect generation. The
model’s findings were compared with experimentally observed defect generation be-
havior documented in the literature. Finally, the implications of defect generation on

ohmic contact resistance and overall device performance were analyzed and discussed.
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Figure 3.1: Cross-sectional view of the devices. The laser beam was focused onto the
center of two ohmic contacts. The fine focus was accomplished by adjusting the z-axis
position of the microscope objective.

3.2 Experimental Methodology

3.2.1 Ungated HEMTs

The GaN (3 nm) / Alp5Gag 75N (24 nm) / GaN (2 um) epitaxial structure was grown
on a 3” 4H-SiC substrate by metal-organic chemical vapor deposition. Ungated HEMT
devices of varying drain-to-source spacings Lpg were fabricated in close proximity.
Fabrication was commenced with the ohmic contact patterning by optical lithography.
Then, a Ti (12 nm) / Al (100 nm) / Ni (50 nm) / Au (50 nm) stack was deposited via
electron beam evaporation. Ohmic contacts were annealed in an N environment at
840° C for 30 s. Inter-device isolation was accomplished by a 500 nm deep etching
by a Cl,-based inductively coupled plasma-reactive ion process. A 75 nm silicon ni-
tride passivation layer was deposited in a plasma-enhanced chemical-vapor-deposition

system. Figure 3.1 shows the cross-section view of the devices.
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3.2.2 uRaman Spectroscopy

3.2.2.1 Measurement Configuration

uRaman spectroscopy was used to measure the stress in the ungated HEMTs. Mea-
surements were performed at room temperature using a WlTec alpha confocal Raman
microscope. The laser beam (A = 532 nm) was delivered on the (0001) surface. Unpo-
larized Raman spectra were collected in the backscattering geometry, i.e., detection and
excitation were carried out through the same objective lens (0.95 NA). The spectrom-
eter’s charge-coupled device (CCD) was cooled down to -60° C. CCD was operated in
the full vertical binning mode to enhance the signal-to-noise ratio (SNR). Vertical and
horizontal shifting speeds of the CCD were 8.25 us and 33 kHz, respectively. CCD’s
spectral center was set to 526 cm~!'. An 1800 grooves/mm grating enabled a spec-
tral resolution of about 1.19 cm~! near the GaN E, (high) signal. A mercury plasma

transition line (°P°) situated at 546.075 nm was used to calibrate the spectrometer [44].

The beam must be tightly focused to enhance the SNR, improve the repeatability
and stray light rejection, and minimize the measurement duration. Minimizing the
measurement duration has several benefits. Notably, shorter measurements are less
susceptible to temperature drifts and random errors. Therefore, to find the optimal lens
position that maximized the GaN E, signal, the microscope stage was traveled 10 um
along the c-axis with 100 nm steps. Raman spectra were collected at each step with a
1 s dwell period. Then, the spectra were integrated within the range (550, 575) cm™!.
The integrated Raman results are given in Figure 3.2. Informed by these results, the
objective stage was then set to the position which maximized the signal. Edge-spread
measurements (Figure 3.3) were performed across a metal edge to calculate the beam

size. The beam size was about 502 nm, which verified the tight focus.

3.2.2.2 Substrate Stress Calculation Procedure

Stress measurements were performed on the center of the ungated HEMT patterns, as

shown in Figure 3.4. To reduce the influence of the morphological nonuniformities,
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Figure 3.2: Integrated Raman counts were maximized for tight focus. Inset: Raman
spectra were integrated within (550, 575) cm~!. The shaded area represents the inte-
gration range.

ten measurements were taken from points 1 um apart. Dwell time per point was 10 s.
Stress was measured by monitoring the peak position of the E; (high) mode. This
choice was motivated by several factors. Compared to the A; mode, the E, mode is
more sensitive to stress. Also, the E; mode’s Raman scattering cross section is larger,
resulting in larger SNR [43]. The peak position of the E; line was determined by
deconvolving the normalized spectra within the range (550, 575) cm™! into two Gaus-
sian profiles. Figure 3.5 illustrates the deconvolution of the spectra into E; (high) and
E; (TO) lines. In the backscattering configuration, E; (TO) mode is forbidden. How-
ever, the objective lens’s high numerical aperture (0.95 NA) and disorder activation
allowed the observation of the E; phonon line [43]. E, line peak positions and 99%

confidence intervals (CI) as calculated using t-distribution are displayed in Figure 3.6.

The E, and A; modes exhibit a linear relation with the biaxial stress [30]. An
increase (decrease) in the phonon frequency corresponds to a compressive (tensile)

shift. This is expressed by

h-mod
A(J'-)ph—mode = 0 — W ph-mode = Kﬁsmo e6&1 (3.1)
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Figure 3.3: Knife-edge lateral resolution measurement results of the optical setup and
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where A@ph-mode 18 the difference between the measured phonon position (@) and the

1 Ké’g'm‘)de is the constant that re-

stress-free reference frequency (@, ph-mode) in cm™
lates the frequency shifts to stress in cm~!/GPa, and o, is the measured biaxial stress
in GPa. The values of @y ph-mode and Krs were taken from Ref [30] and are listed in
Table 3.1. Note that this relation only holds if the crystal is under pure biaxial stress
[43]. The stress state can be determined by tracking the ratio of the peak frequency
changes Ay, / Ag, [45]. For the pure biaxial stress state, the Ax, / Ag, ratio is given as

Kﬁé / KEZS ~ 0.69 [30, 45]. To justify the use of the biaxial stress measurement relation,

Table 3.1: Proportionality constants and stress-free reference frequency used in the
stress calculations.

Phonon Modes
A, (TO) E; (High)
0, ph-mode cm™! 733.94£0.09 568.15+0.13
KBEmode cm™!/GPa -3.09+0.41
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Figure 3.4: Top view of the devices. Ten consecutive measurements were taken from
the center of the devices.
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Figure 3.5: Raman spectra were deconvolved into E, and E; line functions to locate
the peak positions of the E; mode. One such deconvolution is shown.
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Figure 3.6: E; mode peak position measurement results as a function of the pattern
length. Error bars represent 99% CI from 10 measurements.
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Figure 3.7: Frequency shifts of the E; and A; modes. Linear fit demonstrated the
biaxiality of the measured stress modes.
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Figure 3.8: Stress measurements and simulation model results. Stresses were calcu-
lated from the E, peak positions. Error bars represent 99% CI.

we plotted the Ay, /Ag, ratios using the data collected for this work. As shown in Fig.
3.7, the ratios exhibited a linear relation. The slope was determined by a linear least-
squares fit to be 0.64, sufficiently close to the 0.69 figure to regard the stress states as

biaxial.

3.3 Results and Discussion

3.3.1 Measurement Results and Analysis

Biaxial stresses measured from the center of the ungated HEMT patterns are displayed
in Figure 3.8. Error bars represent the 99% CI. We discuss the increasing and decreas-
ing portions separately. The data displays two distinct trends. We start with the upward
trend in the stress measurements. The stress increase was limited to the pattern length

range of 10 to 4 um. We believe that the primary contributor to this trend was the
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alloyed ohmic contact stress. We suspect that as the contact separation decreased, the
influence of the ohmic contact on the channel increased, hence the rise in the mea-
sured stresses. Note that in formulating this idea, we disregard the contributions from
the 75 nm thick SiNy layer due to its low intrinsic stress (<100 MPa).

In contrast to the SiNy layer, ohmic contacts could be under substantial tensile
stresses owing to the high temperature (840° C) annealing step. High-temperature
procedures may generate significant residual stresses due to the thermal expansion
mismatches between the epitaxy and metals. Meng et al. investigated ohmic con-
tacts to double channel AIGaN/GaN HEMTs [46]. They found that high-temperature
anneal leads to a considerable volume expansion, thereby tensile stress in the metal
film. Whiting et al. studied alloyed ohmic contacts on single channel HEMTs [42].
They have proposed that due to (1) material mixings such as nitrogen out-diffusion
into the metal stack, (2) gold migration from the metal surface to deeper layers, and
(3) aluminum reactions with titanium and gold, large strain fields may form. However,
none of the researchers could comment on the precise nature of the stress state and the

intrinsic stress value of alloyed ohmic contacts.

Subsequently, we address the observed decreasing trend in the measured data. It
is evident that the foregoing discussion does not account for this shift in trend. We,
therefore, hypothesize that decreasing the pattern length beyond 4 pum have led to
such an increase in stress and/or elastic energy that the devices underwent a defect
formation process during the fabrication, which locally relaxed and reduced the stress

in the substrate. To verify this argument, we turned our attention to simulations.

3.3.2 Simulation Model Calibration

The foremost goal of the simulation studies was to reproduce the stress measurement
results from the ungated HEMTs in an attempt to calibrate the mechanical response of
the simulation model to that of the actual device. With a calibrated mechanical model,
potential defect-inducing stresses and elastic energies can be reliably identified. A
computational model can only be calibrated if a reliable means of comparison meth-

ods between the model and measurements are established. First, it is known that GaN
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Table 3.2: Values of the stress and strain variables used in the simulation model.

GOohmic MPa 750

Ores GPa 5.0

€, AlGaN - 0.766%
€, AlGaN - -0.402%

is transparent to the green laser used in the Raman experiments. Accordingly, we as-
sumed that the green Raman laser probes the entirety of the GaN substrate. Therefore,
the biaxial stress values in the GaN substrate were averaged along the wafer growth
direction. Second, to account for the finite size and shape of the Gaussian beam (beam
size = 502 nm), we applied a weighted averaging operation to the depth averaged re-

sults.

The average stress results from the simulations are displayed in Figure 3.8 along-
side the measurements. The simulation model was calibrated to the measurements in
the pattern length range of 10 to 4 um. As explained in Section 2.2.2, the simulation
model admitted only two variables, the substrate residual stress and the ohmic contact
isotropic stress. To calibrate the model, we set GaN residual stress Opes to 750 MPa.
This was because the longest pattern studied in this work (Lpg = 10 um) exhibited
an average stress value of about 750 MPa. We assumed that the center of the 10 um
pattern can be assumed to be virtually free of the influence of the ohmic contact stress,
thereby manifesting the true substrate stress. Strain fields in the barrier were calcu-
lated from this residual stress value as described by equations 2.19 to 2.24. It was
observed that 5 GPa ohmic stress Gonmic could explain the upward trend in the stress
measurements. Within the calibration range, the results obtained from the simulation
model fell within the error bars of the measurements, which demonstated the success
of the calibrated mechanical model. Stress variables and their values are summarized
in Table 3.2.
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3.3.3 Identifying Potential Defect Generation Spots using the Cal-
ibrated Mechanical Model

To verify our hypothesis that decreasing the pattern length beyond 4 um led to de-
fect generation, we studied the stress and elastic energy distributions within the GaN
substrate and AlGaN barrier. We first used the yield stress metric to identify where
mechanical failures might occur in GaN substrate. When a material’s yield stress is
surpassed, the material is irreversibly deformed. This deformation leads to cracking
and dislocation formation, which could subsequently relax and reduce the stress. We
note that the yield stress figure is not an exact measure. Material’s apparent yield
stress is reduced with pre-existing defects, high-temperature processes, and contam-
inants. Nowak et al. studied high-quality GaN samples and reported 15 GPa yield
stress [47]. In the analysis of the simulation results, we checked whether stress values

in the GaN substrate ever exceeded or became comparable to this value.

To study the AlGaN barrier, we used the critical thickness (Ai¢) and critical elas-
tic energy (Ucg(x,y)) concepts associated with the pseudomorphic growth of the
barrier[48]. These metrics mark the onset of stress relaxation by defect formation.
To rephrase, beyond the critical thickness and energy, the barrier can not maintain its
large intrinsic strain and instead forms defects to relieve the lattice mismatch stress.
The relaxation process is accompanied by cracks and misfit dislocations (MD) [49].
Cracks begin at the barrier surface, run across the thickness of the barrier film, and are
initially unconnected. These are called surface cracks. As the elastic energy increases,
surface cracks begin to channel. Such cracks grow indefinitely and laterally until they

encounter another crack. These cracks are referred to as channeling cracks [50].

To determine which critical thickness measure is relevant to this study, details of the
stress relaxation process must be known. For typical Al concentrations encountered in
HEMTs (x < 0.3), the elastic energy required for MD formation is smaller than what is
required for crack generation. Therefore, one could conclude that MDs would enter the
barrier first. However, it was observed by several researchers that fully-strained AlGaN
barriers could be grown past the theoretical critical thickness for MD generation [28].

Therefore, it was concluded that defect generation and stress relaxation in the AlGaN
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barrier are crack formation limited. Cracks either provide the nucleation sites for MDs
or facilitate MD multiplication. These MD generation processes account for the bulk

of stress relaxation [28].

Therefore, in this work, we used the cracking critical thickness measures. These
failure mechanisms can be described by the Griffith model [S51]. In this model, cracks
are generated when the consequent reduction in elastic energy is larger than or equal
to creating a new surface due to defects. This model assumes that the material under
study is isotropic. This assumption was shown to lead to the overestimation of the
critical thickness values by about 10-20%. However, we continue to use the Griffith
model, as a complete treatment of the critical thickness is beyond the scope of this

work. The critical thickness associated with cracks is expressed by

T
Z(1 —i—v)Mei AIGaN

herit = (3.2)
In this expression, I is the fracture resistance, Z is a dimensionless quantity pertaining
to a defect’s energy release rate, v is the Poisson ratio, M is the biaxial modulus,
and €, ajGan 18 the strain of the barrier. As a very simplistic approach, we assume that
fracture resistance is purely due to the energy required to create new surfaces for defect
generation. In AlGaN, it was observed that cracks occur and create new surfaces along
the {1120} planes. Accordingly, we set ' = 2¥1120. For AlGaN ¥;190 is 1.97 J/m?
[52]. The value of Z is 3.951 for surface cracks and 1.976 for channeling cracks [51].
The values of v (0.31) and M (460 GPa) were taken from Ref. [49]. The barrier strain
€4, AIGaN Was calculated using Eq. 2.21 to be 0.766%.

The critical elastic energy Uc(x,y) is the accumulated strain energy (J/ m?) cor-
responding to a fully strained layer of thickness A This energy is given by
Uerit(x,y) = Wa(x,,2) X heri, where Wq(x,y,z) is the elastic energy density in the
barrier in J/m?>. Surface and channeling cracking critical thicknesses were calculated
using Eq. 3.2 to be 28.2 and 56.4 nm, respectively. As calculated using simulations,
the elastic energy density of the AlGaN barrier was 2.667 x 107 J/m>. Therefore, the
critical elastic energy for surface and channeling cracks were 0.75 and 1.50 J/m?, re-
spectively. While analyzing the simulation results, we compared the elastic energy in

the barrier with these critical values.
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Figure 3.9: Data post-processing regions. Data from Region 1-3 were integrated along
the wafer growth direction and reported as line plots. Line 1 represents the line-scan
data acquisition 1 nm away from the heterojunction interface.

To analyze stress distributions near and under the ohmic contacts, the x-axes ranges
were configured to be 2 um longer than the pattern length Lpg. This way, the analysis
region protruded 1 um from the channel towards the contacts. The bulk-averaged
and near-interface stress distributions were collected from Region 2 and Line 1, as
displayed in Figure 3.9, respectively. The near-interface results were collected 1 nm
away from the heterojunction interface. Figure 3.10 displays the stress simulation
results. The bulk-averaged results in Figure 3.10a revealed that stresses peaked near
the contacts, with the exception of 2 micrometers long pattern. Figure 3.10b displays
the results obtained from the near-interface region. A more prominent peaking was
observed near the contacts. The peaks were as much as two times the center values.
Nevertheless, the stress values were far from the reported yield stress limit. Therefore,

the stress distributions do not point to a defect generation in the GaN substrate.

Figure 3.11 shows the elastic energy in the barrier. These results were obtained by
integrating the elastic energy density in the barrier (Region 3 in Figure 3.9) along the

z-axis. Interestingly, the elastic energy in the barrier was either comparable or larger
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than the energy required to initiate surface cracking. This result contradicts the findings
of references [28, 39]. These previous studies did not consider the substrate’s residual
stress, which directly influences the barrier lattice constant. On the other hand, our
simulation model couples the barrier strain with the residual stress via equations 2.19
to 2.24, thereby offering a more realistic picture of the elastic energies in the barrier.
We should note that AlGaN films can be grown beyond the critical thickness of surface
cracking. Therefore, the present data is inconclusive regarding defect generation in the

channel region.

Conversely, at the ohmic contact edges, elastic energies were comparable with those
required for the formation of channeling cracks. It is important to recall that the crit-
ical elastic energy as calculated using equation 3.2 is a 10-20% overestimation due to
the isotropy assumption. Taking this overestimation into account, the actual critical
energy is as small as 1.2 J/m?. This figure could be further lowered due to preexisting
defects. Observations from Figure 3.11 reveal that all the patterns under study exhib-
ited elastic energy peaks exceeding 1.20 J/m?. This provides substantial grounds to
support the notion that stress-relaxing defects could be generated due to the influence
of the ohmic contacts, and that these defects would likely form along the ohmic contact
edges. Moreover, these defects are likely to manifest themselves as channeling cracks.
These channeling cracks would promote MD generation, which in turn would serve
to relax local stress. This defect generation picture is consistent with the findings of
Whiting et al., who reported the observation of channeling cracks near and under the
ohmic contacts, with defects exhibiting depths ranging from 20-30 nm and an average

length of approximately 50 nm [42].
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Figure 3.12: A 2D simulation settings illustration depicting channeling cracks near the
ohmic contacts.

3.3.4 Impact of Defect Generation on Device Performance

Now that the mechanisms behind defect generation have been explored and found to be
in accordance with experimental observations, it is crucial to assess the effects of defect
generation on device performance. To this end, electrical simulations were employed
to investigate the effects of defect generation along the ohmic contact edges. This
was accomplished by emulating the transfer-length method (TLM) [53], a technique
employed for measuring ohmic contact resistance and sheet resistivity. The influence
of defects was incorporated into the simulations as local strain relaxations in the Al-
GaN barrier. For simplicity, it was assumed that cracks are only present in the vicinity
of the ohmic contacts and they extend from the contacts towards the channel region.
The extent of the relaxation region was set to 50 nm, in conjunction with Whiting’s
results[42]. The severity of the defect generation and defect density in the vicinity
of ohmic contacts was controlled by adjusting the strain relaxation parameter. The
density-dependent mobility model of Section 2.1.3 was used. The polarization charge
calculation methodology which dictates the relationship between the strain relaxation
and polarization charges previously delineated in Section 2.3 was employed. The ar-
eas underneath the contacts were modeled as heavily doped regions to give rise to an
ohmic behavior. The contact resistance R, of the ohmic contacts was set to 0.1 Q-mm.

Simulation settings are visualized in Figure 3.12.
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Figure 3.13: TLM emulation results in relation to the severity of defect-induced relax-
ation

Figure 3.13 presents the TLM measurement simulations along with linear fits, while
Figure 3.14 illustrates the extracted contact resistance using the TLM technique. As
evident in these figures, the severity of defect generation plays a critical role in influ-
encing the contact resistance, to the extent that the contributions from the defective
regions may come to dominantly govern the contact resistance. It is imperative to rec-
ognize that this scenario can be further exacerbated if the channeling cracks extend
beyond 50 nm. Although at a relatively rare occurrence, Whiting et al. observed 600
nm long cracks, which can have even more significant repercussions on the electrical

performance of devices [42].

The presented results underline the importance of proper stress monitoring, model-
ing, and development of low-stress ohmic contact fabrication processes. Fabrication
engineers may attempt to counteract the adverse impact of the defect generation by
increasing the ohmic contact alloying temperature. An increased temperature could
facilitate the metal inclusion into the epitaxy, increase nitrogen vacancy generation ef-
ficiency, and reduce the apparent ohmic contact resistance [54, 55, 56, 57, 58]. While

this might improve the ohmic contact resistance and transistor transfer characteristics,
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Figure 3.14: Extracted contact resistances from the emulated TLM results.

such an approach could inadvertently damage the surface of the barrier by inducing
a preferential nitrogen loss [59, 60], thereby adversely impacting the 2DEG mobility
as well as device reliability and repeatability. The surface damage can be alleviated
or prevented by introducing surface reinforcement layers such as a thin layer of SiNy
with the purpose of protecting the AlGaN surface during the high temperature alloying
phase [59]. However, these approaches would increase the complexity of the fabri-
cation process, and may introduce new challenges in terms of material compatibility,

process integration, and cost-effectiveness.

3.4 Summary

Mechanical properties of ungated HEMTs were studied with simulations and Raman
measurements. Raman results demonstrated two distinct stress trends. The upward
trend was explained by the influence of the ohmic contact stress on the channel region.
The downward trend was thought to result from a defect generation that locally relaxed

and reduced the stress. A simulation model was developed to justify this hypothesis.
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This simulation model was calibrated to the upward trend in the measurements. Cal-
ibration was accomplished by adjusting the residual stress in the GaN substrate and
stress in the ohmic contacts. Lattice mismatch strain in the barrier was calculated
from the residual stress in the substrate. Simulation results were compared with yield
stress and theoretical critical energies for crack generation. Simulations showed that
GaN substrate was unlikely to exhibit yielding. However, the substantial elastic energy
build-up in the barrier could initiate channeling crack formation, especially near and
under ohmic contacts. These cracks would then facilitate MD formation processes,
reducing the barrier’s stress and elastic energy. Finally, this study emphasized the ne-
cessity of stress and strain analysis by shedding light on how defects can adversely

influence fundamental performance metrics such as the ohmic contact resistance.
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Chapter 4

Improved Drain Lag by Reduced
Surface Current in GaN HEMT via an
Ultrathin HfO, Blanket Layer

This section is a reproduction of the communication "Improved drain lag by reduced
surface current in GaN HEMT via an ultrathin HfO, blanket layer", B. Giines, A.
Ghobadi, O. Odabasi, B. Biitiin, E. ()zbay, Semiconductor Science and Technology,
vol. 38, no. 6, p. 065002, Apr. 2023. doi:10.1088/1361-6641/acccde. This work was
published under the Creative Commons Attribution 4.0 International licence (CC BY

4.0), which entitles the authors to freely disseminate their work.

4.1 Motivation

Gallium nitride based high-electron-mobility transistors (HEMTs) are afflicted by
trapping-induced current dispersions [61]. Upon recovering from their off-states with a
non-zero drain potential, HEMTs display a severe reduction of the drain current, which
is called drain lag. This lagging behavior lowers the radio-frequency (RF) power out-

put substantially [61, 62, 63, 64]. The dominant mechanism of drain lag is trapping on
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the surface above the drain access region [61]. Filled traps deplete the 2DEG channel,

increase the channel resistance, and shift the threshold voltage.

Drain lag can be mitigated by inserting gate dielectrics. For example, Hove et al.
showed that a Si3N4(10 nm)/Al,O3(5 nm) gate dielectric stack can suppress drain lag
[65]. Similarly, Anand et al. studied an Al,O3(5 nm)/Si3N4(5 nm) gate dielectric stack
and achieved a similar improvement [66]. However, thick gate dielectrics produce
devices with highly reduced transconductances due to the increased gate-to-channel
spacing [67]. Also, thick gate dielectrics lead to a significant threshold hysteresis due
to bulk traps residing within the dielectrics [68].

Besides these adverse impacts the gate dielectrics have on the IV characteristics,
thick dielectrics also present structural instability issues. For example, HfO, and
Al,Oj3 layers show poly-crystallization at temperatures as low as 500 °C and 600 °C,
respectively [69]. Poly-crystal films are not desirable as they are less reproducible,
less uniform, and exhibit higher leakage currents compared to amorphous layers [70].
Solid phase transitions are especially worrisome in the case of GaN HEMTs, which
experience temperatures of up to 900 °C during fabrication and show peak hot-spot
temperatures of around 250 °C during nominal operation. These issues ultimately
limit the commercialization of MOS-HEMT and MIS-HEMT devices.

On the other hand, ultrathin films have the potential to alleviate these problems
while offering prominent improvements over the Schottky-gate design. Thin atomic-
layer-deposition (ALD) layers are thermodynamically more stable and less likely to
exhibit phase transitions under thermal cycling [70]. Also, bulk trap densities associ-
ated with thin layers are usually smaller. In general, the first few ALD cycles passivate
the semiconductor surface, while subsequent ALD cycles increase bulk trap densities
[71]. For example, Sim et al. investigated the impact of ALD HfO, thickness on
silicon field effect transistors. They reported that transistors with 1.8 nm thick gate
dielectric exhibited the least threshold voltage instability compared to the transistors
with 2.5 nm and 3.3 nm films [72]. Similarly, Kim et al. studied ALD AIN layers on
GaN. They noted that trap densities of the 7.4 nm thick AIN layer were four times that
of the 1.5 nm layer, while both samples displayed similar leakage characteristics [73].

Therefore, downscaling the gate dielectric thickness can be a promising compromise
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for improving transistor threshold stability, reliability characteristics, and transconduc-

tance.

Existing research on ALD ultrathin gate dielectrics for AIGaN/GaN HEMTs is
rather limited. For example, Yue et al. studied a 3.5 nm Al,O3 gate dielectric [74].
Zhory et al. demonstrated a 5 nm thick SiNx plasma enhanced ALD (PEALD) layer on
recessed GaN HEMTs [75]. To demonstrate further downscaling of the GaN HEMT
gate dielectrics, we studied a 1.5 nm thick gate dielectric. To the best of our knowledge,
this work represents the thinnest ALD gate dielectric study on AIGaN/GaN HEMTs.
The 1.5 nm film thickness choice is motivated as follows: In an earlier study, we
investigated ultrathin ALD HfO, film growth characteristics over a crystalline host
(TiO,). We observed that ALD HfO, deposition exhibited the typical traits of the is-
land growth mode [76]. We also discovered that full surface coverage, conformality,
and island coalescence could only be obtained after 15 ALD cycles, corresponding to
a film thickness of 1.5 nm as measured by transmission electron microscopy (results
not shown). In light of this experiment, we opted to limit the downscaling of the gate

dielectric to 1.5 nm.

In this work, we decided to employ HfO; as a gate dielectric material to demon-
strate the benefits of the ultrathin approach. Nevertheless, we believe that our approach
is material system independent. As explained above, susceptibility to solid phase tran-
sitions and increase in the bulk trap densities is known to increase with dielectric thick-
ness regardless of the material. On the other hand, there are several reasons why we
decided on HfO, to demonstrate this technology. First, using HfO; as an ultrathin layer
is attractive from a reliability point of view. HfO, is a dense material and can suppress
gate metal electromigration and oxygen diffusion into the epitaxy and produce more
reliable devices [77]. HfO, exhibits a large conduction band offset with AlGaN, which
helps reduce gate leakage [78]. Gao et al. showed that adsorbed water moisture on the
AlGaN barrier exacerbates the current collapse phenomenon [79]. HfO, is known to
exhibit hydrophobic surface properties [80]. Hydrophobicity could reduce the surface
sensitivity of the GaN HEMTs and help fabricate more stable devices. Finally, HfO,

is a high-k dielectric and does not significantly reduce the device transconductance.

This paper studied the influence of an ultrathin (1.5 nm) HfO, gate dielectric on
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GaN HEMTs. The HfO, deposition before the gate metallization reduced the electron
injection into surface states near the gate contact. Manufactured devices exhibited a
highly suppressed drain lag behavior, superior leakage, turn-on, and linearity charac-
teristics than those without the HfO, application. No degradation of the IV properties

was observed.

4.2 Device Fabrication

The Fe-doped AlGaN/GaN epitaxial structure was grown on a 3” 4H-SiC substrate by
metal-organic chemical vapor deposition (MOCVD). The barrier structure consisted
of a 10 A AIN spike, a 20 nm Alg23Gag 72N, and a 3 nm GaN cap layer. Fab-
rication was commenced with the ohmic contact patterning by optical lithography.
Then, a Ti/Al/Ni/Au stack was deposited via electron-beam evaporation and annealed
in an N, environment at 840°C for 30 s. Following a Cl, based 100 nm mesa etch,
a 75 nm silicon nitride passivation layer (SiN,) was deposited in a plasma-enhanced
chemical-vapor-deposition system (PECVD). After the SiN, passivation layer deposi-
tion, e-beam lithography was used to define the T-gate foot regions. Then, the SiN;
was selectively dry-etched in the foot regions. Subsequently, one set of the devices
received the 1.5 nm HfO, film by ALD using tetrakis dimethylamino-hafnium and
deionized water as precursors at 250°C. After the HfO, deposition, both samples were
annealed at 450°C for 10 minutes in N;. Following the annealing step, T-gate head
regions were defined using e-beam lithography, and a Ni/Au gate stack was deposited
using e-beam evaporation. Finally, samples were annealed at 400°C for 30 s in N,
for Schottky interface stabilization. The device cross-section and design dimensions
are outlined in Figure 4.1a. The process flow is displayed in Figure 4.1b. Figure 4.2
shows the simulated conduction band energy diagram of the gate stacks. Band diagram
calculations were carried out in Silvaco ATLAS [11]. The band alignment parameters
between HfO, and GaN were taken from the literature [81]. As shown in Figure 4.2,
HfO, deposition increases the barrier height for electrons and can effectively reduce

the electron injection into the epitaxy.
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Mesa isolation etching: ~100 nm, ICP-RIE, BCI3/Cl, mixture
Passivation deposition: ~75 nm PECVD SiNy, SiH+/NH3/N, mixture
Gate foot etching: ~75 nm, SF¢/O, mixture

Gate dielectric deposition: ~1.5 nm HfO,

Gate metallization: E-beam evaporation of the Ni/Au stack

Figure 4.1: (a) Cross-section of the HEMTs (the reference sample is absent of the
HfO; layer). (b) Simplified fabrication flow.
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Figure 4.2: Calculated conduction band diagram of the AIGaN/GaN HEMT gate stacks
with and without the HfO, dielectric.
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Figure 4.3: Double pulsed measurement results. Insets of (a) and (b) show the drain
lag results in close-up.

4.3 Results and Discussion

Double-pulsed measurements were taken to analyze the trapping behavior under and
near the gate. Quiescent voltages were set to (Vgg1, Vpg1) = (-6 V, 0 V) and (Vgqo,
Vbq2) =(-6V, 25 V), respectively, for gate and drain lag. The pulse width was 500 us,
and the duty cycle was 0.1% to effectively fill the traps. Figures 4.3a and 4.3b show
the measurement results at Vp = 10 V. Figures 4.3c and 4.3d show the pulsed Ip-Vp
measurement results. The pulsed Ip-Vg measurements reveal the suppression of the
drain-lag-induced threshold shift. The reference transistor exhibited a 150 mV thresh-
old shift after the drain lag stress, whereas the HfO, deposited sample only showed a
25 mV shift. Both samples displayed an identical gate lag response, indicating that the
devices equally suffered from trapping underneath the gate caused by bulk trap states
in the barrier. These traps can not be passivated with surface modifications; therefore,

they are not of interest in the present study.
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Dielectric  Deposition Thickness Gate Peak g, Hysteresis I Reduc- Ref

Method (nm) Length Drop (%) (mV) tion
(m)
AL O3 ALD 35 0.80 11.7 Not given 107 [74]
SiNy PEALD 5.0 0.25 Not given 100 10° [75]
Al,O3/HfO, ALD 3.012.0 1.00 9.1 Not given 10! [86]
Al,O3/SiNx ALD 5.0/5.0 0.30 1.6 200 10! [66]
HfO, ALD 1.5 0.25 5.0 Negligible 102 This

work

Table 4.1: Comparisons of MIS-HEMTs and MOS-HEMTs with the conventional
Schottky-gate AIGaN/GaN HEMTs.

Next, the drain lag suppression mechanism was investigated by surface conduction
measurements. In the virtual gate model, the trap states on the barrier surface are filled
with electrons upon electron injection from the gate electrode. This trap filling ac-
tion depletes the channel near the gate electrode and shifts the threshold voltage [61].
Therefore, surface leakage correlates well with the drain lag performance [82]. Sur-
face current was measured by adopting the approach by Tan ef al. with a gate-to-gate
distance (Lgg) of 5 um [82]. Figure 4.4a and 4.4b shows the cross-sectional view of
the devices used in the surface conduction measurements. Figure 4.5a displays the
results. The surface current is reduced by about three orders of magnitude, which is
in close correlation with the drain lag improvement. These results are consistent with
earlier reports on SiNy passivation in the literature, i.e., as the HfO; film surrounds the
gate metal, it reduced electron conduction to the traps on the drain access region and
improved both the leakage characteristics and drain lag performance [82]. Similarly,
Liu et al. investigated 10 nm ALD Al,O3 blanket layers and achieved a comparable
improvement in the surface current [83]. This comparable improvement albeit the dif-
ference in the film thicknesses might be because thicker films may support additional
lateral conduction mechanisms. Grain boundary formations in thick polycrystalline
ALD films introduce parasitic conduction paths, usually via variants of Poole-Frenkel
and trap-assisted tunneling mechanisms [84, 85]. Since the HfO;, film studied in this
work is only 1.5 nm thick, polycrystalline grain formation and associated conduction
mechanisms could be inhibited, thereby improving the surface leakage characteristics.

However, more work is needed to confirm this argument.

53



P N
Ni/Au G,

1 nm AIN /20 nm Aly,sGa,.N / 3 nm GaN Barrier

2 um GaN

Lo =5 um
() <& Ny

75nm SiN,| NVAuG: 75 5m SiN,|  Ni/Au G
1 nm AIN / 20 nm Aly»Ga,».N / 3 nm GaN Barrier

2 um GaN
10T — IIIIIIIIIﬁIIﬂIH_

Figure 4.4: (a) and (b) display the cross-section of the devices used in the surface

leakage current measurements. (a) also shows the measurement circuit for surface
leakage current.
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To verify the proper operation of transistors, Schottky leakage (Figure 4.5b) and
two-way Ip-Vg and Ig-Vg (Figures 4.6a and b) measurements were conducted. Schot-
tky leakage results display two orders of magnitude decrease. This reduction is owing
to the large conduction band difference between HfO, and GaN [81]. As summarized
in Table 4.1, this improvement in the gate leakage is comparable to or even better than
some of the reported work on thicker gate dielectrics. Two-way measurements show
that both samples exhibited negligible counter-clockwise hysteresis, indicating that
trapping in the oxide was insignificant [68]. Table 4.1 verifies the view that bulk traps
in the thick dielectrics lead to an inferior threshold voltage stability performance. Also,
the HfO, deposited transistor delivered better turn-on characteristics, as evidenced by
the reduced subthreshold slope of 94 mV/dec at Vp = 0.1 V due to the leakage re-
duction [87]. Figure 4.7a shows the Vp-Ip transfer characteristics and Figure 4.7b
displays the transconductance of the transistors. The HfO, and reference samples ex-
hibited saturation currents of 0.440 A/mm and 0.400 A/mm, and 154 and 162 mS/mm
peak transconductances at Vp = 10 V, respectively. The observed difference in the
drain current between the two transistors can be explained by the shift in the threshold
voltage. Specifically, the negatively shifted threshold voltage in the HfO, deposited
transistor suggests a higher electron density underneath the gate electrode compared to
the reference device. This increased electron density reduces the intrinsic resistance of
the transistor, resulting in a higher drain current. Thus, the shift in the threshold volt-
age is likely the primary cause of the observed difference in the drain current. Also,
as expected, the ultrathin high-k HfO; film insertion did not significantly degrade the
transconductance (only 5% reduction) [67]. This drop is almost negligible compared

to transconductance loses of the thicker dielectric insertion attempts (see table 4.1).

The off-state breakdown characteristics of the transistors were studied to understand
the impact of the HfO, layer on gate electrostatics. The drain current was limited to 2
mA/mm during the breakdown measurements to avoid catastrophic damage, in a simi-
lar fashion to the references [88] and [89]. The drain voltage at which this current limit
was attained was determined to be the breakdown voltage. The results are displayed in
Figure 4.8. The devices exhibited a soft-breakdown behavior within the studied drain
voltage range, which indicates a poor depletion of electrons despite the pinching-off

of the channel. This is an expected behavior as the gate length is only 250 nm, which
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Figure 4.8: Current-controlled Ip-Vp measurements.

makes the devices susceptible to short-channel effects such as punch-through [88]. On
the other hand, the HfO, sample demonstrated an 88 V off-state breakdown voltage
at Vg = -6V, two times that of the reference transistor, which is a clear improvement
compared to the conventional HEMT. Ohno et al. investigated the influence of surface
passivation on the breakdown performance and found that the suppression of electron
trapping at the surface relieves the high electric field formation in the drain access
region and improves the breakdown characteristics [90]. In parallel with Ohno’s find-
ings, we believe that the suppression of surface trapping by the reduced surface current

improved the gate electrostatics and, consequently, the breakdown behavior.

The conductance method was adopted to study the HfO, film quality [91]. Parallel
capacitance-conductance measurements were taken over the frequency range 10kHz to
IMHz. Figure 4.9 shows the conductance method results. Trap density was calculated
by fitting G,/ @ = q7;Di;(1+ (07;)?) ! to the calculated G,/® curves, where ¢ is
the elementary charge, @ is the radial measurement frequency, Dj; is the trap density,
and T;; is the trap time constant [53]. The calculations were carried out under the
assumptions of discontinuum of trap energy levels (as opposed to a trap continuum
near the interface) and negligible series resistance. The trap density results are given
in Figure 4.10a. Our trap density results are compatible with the literature [78, 92].
The HfO, deposited sample showed an as much as 60% reduction in the trap density
within the studied range, demonstrating the quality of the HfO,-GaN interface. This

trap density reduction suggests that the HfO, film was able to passivate a significant
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Figure 4.9: Conductance method results.

portion of the surface traps. Figure 4.10b shows the extracted trap time constants T
using the conductance method. The trap lifetimes of the HfO, deposited sample were
approximately 3 us, which is 50% more than the reference sample’s trap lifetimes.
This could be due to the formation of HFON and GaON bonds at the interface [93].

Small-signal measurements were taken over the frequency range 0.4-28 GHz at
various gate biases (Figure 4.11). The pad parasitics were not de-embedded. The
peak fr dropped by approximately 5% due to the reduced transconductance. Linearity
was evaluated by defining a gate voltage swing (GVS) parameter corresponding to the
values larger than 95% of the peak fr. Linearity improved by 16%, corresponding to a
GVS span of 1.86 V. This improvement can be understood quantitatively by referring
to the governing equations of the small-signal regime. As a first-order approximation,
fr is 1/2nt;,, where T, is the total time for electrons to go across the confines of
the gate electrode. Under the influence of drain bias, 7;,; must be replaced with 7, =
Tint + Tdrain, Where Tgnin accounts for the spreading of the effective gate length [67].
We propose that HfO, deposition has reduced the variations in Tgy,j, by hindering the
electron flow to the surface, thereby limiting the lateral reach of the gate depletion

region, thereby improving the gate electrostatics and linearity. However, this argument

58



| (b) Trap Time Constant

181 (a) Trap Density

W

Qg: (UT:’ID it
o 1+ o)

=$== Reference Sample === Reference Sample
=8=HfO, Deposited Sample | =—m= HfO, Deposited Sample
P Y R I i I PR T I T T S |
-1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2 -1 -0.9-0.8-0.7-0.6—0.5-0.4-0.3
Gate Voltage (V) Gate Voltage (V)

~14 ~60% 1
. . o
Z reduction 1= 2
o 1 x
: 13
S =
E | &
x| 1€ 1
= o
Al0r- 4 ©
L |l o
£ 1
I 18 f |
8- 1 Eost 1
f ] e

Figure 4.10: (a) The calculated interface trap density and (b) time constant evolution
with gate voltage.

221 (a) 22[(b) ]
2 mm e ——— 20+
18 18F )
t6r Plateau=1.60 V| | < t6r Plateau = 1.86V
~141 4= L i
3 14 i G} 14 i ]
S12f 4 & 12 16% Linearity B
5 r 1 Improvement 1
\107 f 10 R B
8 V=10V 7] 8 Vp=10V 7]
6 === Reference Sample 6 =@= HfO, Deposited Sample—
i mm— 0.95%(f)max ] == 0.95X( e ]
4k . 4
PO K2 S I N A i A P N O i i i |
-3.2-2.8-24 -2 -1.6-1.2-0.8-0.4 0 -3.2-2.8-24 -2 -1.6-1.2-0.8-0.4 0
Gate Voltage (V) Gate Voltage (V)

Figure 4.11: fr as a function of gate bias at a fixed drain voltage of 10 V of (a) the
reference and (b) HfO, deposited transistors.

59



is not yet conclusive and warrants further investigation.

4.4 Summary

Blanket deposition of a 1.5 nm thin HfO, layer shows a remarkable success in sup-
pressing drain lag. HfO; dielectric hampers lateral conduction of electrons injected
from the gate contact, reduces trapping on the device surface, and does not degrade
the transistor transport properties. The proposed manufacturing technique is readily
applicable to the conventional GaN HEMT fabrication processes, requiring only one

additional step with no lithography.
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Chapter 5

Conclusions and Future Work

The research problems tackled in this thesis revolved around understanding and im-
proving the reliability and fabrication processes of GaN HEMTs. By using Raman
measurements as calibration benchmarks in simulations, we have analyzed stress dis-
tributions in very fine detail. This approach has shed new light on how these stresses
contribute to defect generation and, in turn, influence the electrical characteristics of
GaN HEMTs. Furthermore, we have discovered that introducing an ultrathin film
shows promise for reducing drain lag, offering a practical compromise that does not
significantly degrade other electrical properties. While this study has yielded impor-
tant insights into device behavior and performance, several limitations of the proposed

studies must be acknowledged.

1. Regarding the development of the electro-mechanical model, it must be noted
that there has been a lack of thorough verification. Future work must engage in

comprehensive validation studies.

2. The proposed density-dependent mobility model, although promising in its re-
sults, requires additional validation. A broader range of case studies need to be
examined to ensure the model’s universality. Furthermore, the impact of temper-

ature on the model remains an unexplored area.

3. The Raman study could benefit from more extensive experimental validation as
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well, particularly with respect to defect generation modes and the observation of

channeling cracks.

4. The use of HfO; necessitates further research, especially on ultrathin film relia-
bility. The current study saw considerable improvements in device performance.
However, the reliability of ultrathin films under operational conditions remains
uncertain. In addition, despite the noted improvements, the trap density remains

significant.

Next, we discuss potential avenues for future research, building on the methodologies
developed in this work. We anticipate that these suggested future studies will further

enhance our understanding of GaN HEMTs.

Simulation-based Statistical Analysis

The density-dependent models could lay the foundation for extensive simulation-based
statistical analyses. This research path could lead to the development of robust statisti-
cal models, beneficial for analyzing fabrication yield and performance variability. Cru-
cial questions such as, "How does the deviation in barrier thickness across the wafer
(£ 1 nm) influence the IV and RF characteristics?’" and "What is the impact of gate
length variation on RF performance?” can be addressed. Such analyses are commonly
employed in the CMOS industry, both to improve fabrication processes and to reduce

the impact of process variability on integrated circuit design.

Design of FInHEMTSs Using the Uncoupled Electro-mechanical
Model

The uncoupled electro-mechanical model along with the density-dependent mobility
approach developed in this research has potential applications in the design of Fin-

HEMTs. Leveraging these models, future work could optimize the performance of
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FinHEMTs, taking into account and exploiting the inherent coupling between mechan-

ical and electrical characteristics.
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