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Abstract

Study of Trapping Effects in AIGaN/GaN MOSHEMTSs
by
Pannirselvam S/O Somasuntharam
Doctor of Philosophy — Electrical and Computer Engineering

National University of Singapore

AlGaN/GaN metal oxide semiconductor high electron mobility transistors
(MOSHEMTS) are very attractive for high power and high frequency and high
temperature applications, with low gate leakage current. However, it is believed
that charge trapping at the insulator/AlGaN interface limits the performance of
AlGaN/GaN MOSHEMTs. This thesis work involved fabrication of
Alg25Gag7sN/GaN MOSHEMTS on Si(111) substrates and the trapping effects of
the devices were investigated using electrical measurements, and TCAD device

simulation fittings.

To have a better understanding of the effects of SiH, passivation on the
HfAIO/AIGaN/GaN MOSHEMTSs, TCAD device simulation was adopted to fit
the experiment data presented by Liu et al. SiH, passivation on AlGaN/GaN
MOSHEMTSs were reported to show vast enhancements in device performance.
Good simulation fittings to the measured Ip-Vgs, 109(Ip)-Ves and gm-Ves plots of
the passivated and unpassivated devices were obtained. To achieve the good
fitting, the donor-like trap densities in the unpassivated and passivated devices

2

were set as 2.96x10™ cm™. Also, the simulation fittings showed that the
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unpassivated device had 6.0x10' cm™ of acceptor-like traps less compared to the

passivated device.

In order to investigate the characteristics (eg. trap energy and time
constant) of traps under the gate electrode in Al,O3/Alg25Gag7sN/GaN
MOSHEMTSs gate stress-induced transient drain current method was utilised.
Trapping of electrons at regions under and near the gate electrode was induced by
applying a gate stress Vgs =-20 V at Vps = 0 V for 50 s, immediately followed by
detrapping transient Ip measurement in the linear regime (Ves =1 V and Vps = 0.5
V) at T = 340 K — 370 K. The temperature-dependent time constant spectra
showed two dominant detrapping processes (E1 and E2). The activation energies
of E1 and E2 were 0.32 eV and 0.46 eV respectively. TCAD fitting using
SILVACO ATLAS showed that E1 and E2 were donor-like traps, located at the
AlL,O4/AlGaN interface, with densities of 1.43x10" c¢m™? and 1.07x10" c¢m™

respectively, at T = 370 K.

The pulsed I-V method was used to investigate the trap behavior under and
near the gate electrode of Al 25Gag7sN/GaN MOSHEMTS. The pulsed Ip-Vgs and
Ip-Vps measurements comprised of (Ves ., Vosg) = (-15V,0V), (0V, 0V), (0.5
V,0V), (1.0V,0V)and (1.5 V, 0 V). The impact of the electron trapping on the
threshold voltage (Viw), two-dimensional electron gas density (ns), electron
mobility and density of ionized donor-like traps, at the Al,Os/AlGaN interface
were also analyzed using TCAD device simulations and fittings. It was observed
that (Ves.0, Vos,0) = (-15 V, 0 V) caused the Vi, to decrease from —6.17 V to -6.27

V and mobility to decrease from 1627 cm?V''s™ to 1599 cm?V's™. While (Vs o,

X



Vpso) = (1.5 V, 0 V) caused the Vy, to increase from -6.17 V to -5.77 V and
mobility to increase from 1627 cm?V's™ to 1735 cm?V*s™. The impact of the
electron trapping on the electrical characteristics obtained through this pulsed I-V

study provided evidence that the active traps had donor-like characteristic.
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(Ves.o, Voso) = (1.5 V, 0 V). Ec of the Al,O; and AlGaN, near the gate metal,
decreases with increasing Vegso. The red arrow depicts the transfer of electrons
from the 2DEG to the Al,O3/AlGaN interface. The red cross shows the trap

energy level at Ec — Ec = 0.32 8V ..o 107
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Chapter 1. Introduction to GaN

This chapter firstly discusses the major milestones that paved the
advancement of GaN device technology. Followed by, a discussion of the
attractive features of the GaN and AlGaN/GaN heterostructure that sets them
apart from other competing materials. Next, the polarization in GaN and AlGaN is

discussed in detail.

1.1 A Brief History of GaN Technology

The initial works on fabricating GaN devices began more than four
decades ago. The first GaN-based light emitting diode was reported by Pankove et
al. in 1971 [1]. One major obstacle that early researchers in GaN devices faced
was the absence of suitable technology for producing GaN substrates. GaN films
were grown on highly lattice-mismatched substrates, which led to poor surface
morphology and high defect density. This caused high intrinsic n-type
background doping and acceptors with deep activation energies, which resulted in

problems with achieving p-type conductivity in GaN films [2].

In the mid-1980s, major contributions by Isamu Akasaki at Nagoya and
Meijo Universities and Shuji Nakamura at Nichia Chemical Company in Japan
led to the breakthrough in fabricating high quality GaN films on sapphire
substrates by metalorganic chemical vapor deposition (MOCVD) using AIN [3] or

GaN nucleation layers [4]. In 1989, p-type conductivity in GaN was first realized



with Mg-doped GaN by low-energy electron-beam irradiation (LEEBI) treatment

by Amano et al. [5].

In 1991, the presence of two-dimensional electron gas (2DEG) was
discovered by Khan et al. when 50 nm of Al 0sGag 91N was deposited on 0.3 pm
GaN. The electron mobility in the heterostructure was reported to have increased
to 1600cm?/Vs at 77 K, while the mobility in the GaN bulk was 19 cm?/Vs at 77
K [6]. In 1992, Nakamura et al. achieved low resistivity p-type GaN films. It was
shown that annealing Mg-doped GaN at temperatures above 700 °C in N, ambient
led to reduction in resistivity from 1x10° Q.mm to 2 Q.mm [7]. The first
AlGaN/n-GaN high electron mobility transistor (HEMT) was demonstrated by
Khan et al. in 1993 [8]. In 1994, the development of candela-class high-brightness
InGaN/GaN double-heterostructure (DH) blue light emitting diodes (LEDs) with
the luminous intensity over 1 cd by Nakamura et al. was yet another breakthrough
[9]. This led Nakamura et al. to develop the first InGaN multiple quantum well
(MQW) structure laser diode with light output at 417 nm in room temperature
[10]. This paved the way for rapid improvement in GaN-based optoelectronic
technology. Currently, GaN optoelectronics have reached technology maturity

and are already at the stage of commercialization.

GaN power devices are also currently commercially available. Panasonic
has developed GaN power devices with high on-current and low on-resistance,
and low thermal generation for different applications such as servo motor drive,
power supplies, photovoltaic inverter, automotive, etc [11]. Figure 1.1 shows a

few applications of GaN power devices fabricated by Panasonic, is suitable for
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operation at 600 V [11]. However, the full potential of AIGaN/GaN MOSHEMT
devices is not fully realized and more knowledge can be gained by studying the

trapping effects in the GaN devices.

Power Conditioner Server/infrastructure

Panasonic
_, aN at 600V

Automotive P Servo Motor Drive

Figure 1.1: GaN power devices fabricated by Panasonic for various applications, which is
suitable for application at 600 V [11].

1.2 Superior Material Properties of GaN and AlGaN/GaN

GaN is an excellent material for power transistors. Due to its wide
bandgap [12] and high electron saturation velocity [13], GaN devices are able to
operate at high voltage and speeds, respectively. Its high thermal conductivity
[14], which is essential for high power devices, allows the devices to efficiently
dissipate heat easily. Table 1.1 compares the material properties of GaN to
competing materials such as GaAs, 4H-SiC and Si. Baliga’s Figure of Merit

(BFOM) is normalized to Si for the different materials.



Table 1.1: Properties of GaN compared with other semiconductors. Baliga’s figure of merit
(BFOM) for power transistor performance (u.s.Eg3) with respect to Si [15]- [16].

Material Si GaAs 4H-SiC GaN
Mobility p (cm*V's™) 1300 5000 260 1500
Dielectric Constant g, 11.9 12.5 10 9.5
Bandgap Eq (eV) 1.12 1.42 3.2 3.4
E(rlegﬁ‘\‘i‘/’(‘:’;’r:‘)ﬁe'd Eo 0.3 0.4 35 >2
BFOM Ratio 1.0 9.6 3.1 24.6

One of the features of AIGaN/GaN heterostructure that makes it favorable
for high power applications is the high electron density at the AlGaN/GaN
interface. GaN-based epitaxial layers grown in the wurtzite crystal system, gives
rise to unique material properties such as built-in electric fields due to
spontaneous and piezoelectric polarizations, which are absent in other compound
semiconductors such as InP and GaAs. This polarization field enables very high
electron densities (~ 1 — 2 x10™ cm™) to form in the AlGaN/GaN interface [17].
The polarization in GaN and the polarization induced charge density will be

further explained in the next section. (See section 1.3)

Another property is the high electron mobility in the AlGaN/GaN
heterostructure. Tokuda et al. recently reported electron mobility of over 3000
cm®Vst in AlGaN/GaN heterostructure at room temperature [18]. Monte Carlo
calculation predicts that the peak steady-state drift velocity can reach up to

3.3x10" cm/s at T = 77 K [19]. Also, the breakdown voltage of over 2200 V was



reported by Srivastava et al. [20] for AIGaN/GaN double-heterostructure field

effect transistor.

1.3 Polarization in GaN and AlGaN/GaN heterostructure

[1I-Nitride materials have significant advantage over I1I-V materials.
Among group V elements, nitrogen is the smallest and most electronegative.
Therefore, metal-nitrogen bond has a greater degree of ionic characteristic
compared to other I11-V covalent bonds. Also, wurtzite I11-Nitride materials do
not have inversion symmetry along the [0001] direction. The combinations of
these features result in the orientation of a large polarization field along the c-axis.
Figure 1.2 shows the atomic layer sequences of wurtzite GaN crystal grown along
[0001] and [0001], commonly known as Ga- and N-face, respectively. GaN

crystals are more commonly grown normal to the {0001} basal plane [21].

Ga-face

[0001]

Substrate Substrate

Figure 1.2: Atomic layer sequences of Ga-face and N-face wurtzite GaN crystals [22].



1.3.1 Spontaneous Polarization (Psp)

The spontaneous polarization of relaxed alloys for a given composition
depends linearly on the average cell-internal parameter u. Parameter u is defined
as the anion-cation bond length along the [0001] direction, in units of ¢ [23].

Figure 1.3 shows the representation of parameter u in a wurtzite structure.

[0001] A
g, Qsesninn
. -~ ¢ "“'\’Ir///
{ ,Q
23 g D,
( /\ H 7 I:&>”,\ = N
( v| | ) A
V ‘ ,,,,,,,, ‘ ) ‘ 1T . X
Y ®Y
€<—>

Figure 1.3: Unit cell of wurtzite structure showing lattice constants and parameter u [23].

As the composition of the alloy varies, the average cation-anion bond
lengths will also vary. Thus, the changes in the spontaneous polarization due to
the changes in alloy composition is said to be mainly due to the change in the

cation-anion bond length along the c-axis [24].

For binary compounds such as GaN, the relative displacement of cation
and anion sub lattices in the [0001] direction has a strong impact on the
spontaneous polarization [21]. Furthermore, theoretical studies from Ashcroft et

al. [25] shows that binary compound with wurtzite crystal structure presents a



strong indication of linear dependence between the u parameter and the

spontaneous polarization [25] .

However, it is expected that for ternary compounds, the change in alloy
composition will lead to a non-linear behavior of the spontaneous polarization.
This non-linear behavior is explained by Bernardini et al. [21] to be caused by the
difference in electronegativity among the cations. The spontaneous polarization of
an arbitrary group I1I-Nitride alloy (ABN) can be described with the following

equation:

PP (x) = P3Ex + PSR (1 — x) + bx(1 — x) (1.1)

In Equation 1.1, the first two terms are the linear interpolations of the
binary compounds. The third term represents the non-linear behavior in the
ternary compounds. b is a bowing parameter and x is the mole composition of an

element A [25].



In,Ga, N

—0.02 b = 0.037 C/m?

—0.04

Al Ing N
b = 0.070 C/m?

PSP 1Cm?|

-0.06 + , _
Al Gay N
1 b = 0.021 C/m?
-0.08 +
T AN P
e
0 0.2 0.4 0.6 0.8 1.0
X

Figure 1.4: Calculated Psp for AIN, GaN, InN and its ternary alloys verses composition [25].

Figure 1.4 illustrates the relationship of composition dependent Psp for I11-
V ternary alloys. GaN-based epilayers, heterostructure and nanostructures are
usually grown pseudomorphically on substrates made by other elements or
compounds. These substrates can have a different lattice constant and thermal
expansion coefficient compared to GaN. Therefore, the GaN layer can experience
strain due to lattice mismatch and difference in thermal expansion coefficient.
Thus, it is important to note that for wurtzite group IlI-Nitride compounds,

polarization depends on both spontaneous and piezoelectric polarizations [25].



1.3.2 Piezoelectric Polarization (Ppg)

The piezoelectric polarization has three independent components
(€x, €y and €,). The piezoelectric polarization (Ppg) along the c-axis is measured
using two of the components. The relationships between piezoelectric polarization

and the components in the linear regime are as follows:

Ppp = e33€, + e31(ex + €) (1.2)
e, =0 (13)
Ex = € = (a;—f") (1.4)

where €, refers to the strain along the c-axis. €, and ¢, refer to the in-plane
biaxial strain and are assumed to be uniform. es; and es; are piezoelectric
constants, and a and c are the lattice constants of the strained layer [26]. Equation
1.5 shows the relationship between the lattice constants in the wurtzite AlGaN,

where Cy3 and Cs; are elastic constants.

T it (15)
Co C33 ag
__ ~»a—ag _ Ci3
Ppp =2 2 (931 €33 633) (1.6)

The values of the piezoelectric polarization of a strained layer can be

calculated using Equation 1.6. Since the Equation 1.2 is described to be in the



linear regime, we can infer that the piezoelectric polarization will also vary

linearly with the lattice parameters (a and c) [26].

In other words, if a group Il1-Nitride layer is subjected to a strain that is
parallel or perpendicular to the c-axis, there will be a displacement of the metal
atom with respect to the nitrogen atom (or vice versa). Thus, the piezoelectric
polarization experienced is the result of the sum of the displacement of the atoms
in the layer, due to the strain. The directions of the spontaneous and piezoelectric
polarizations of IlI-Nitride are defined with the assumption that the positive
direction starts from the metal and ends at the nitrogen atom. Therefore, the signs

of the spontaneous and piezoelectric polarizations are negative [26].
C
(331 — €33 C_:Z) <0. (1.7)

Using Equation 1.6 and 1.7, it can be understood that for tensile or
compressively strained layers, the piezoelectric polarization is in the negative or
positive directions respectively. Therefore, for tensile or compressive strain, the
piezoelectric polarization is parallel or anti-parallel respectively, to the direction
of the spontaneous polarization. For the case of thin AlGaN layer grown on bulk
GaN layer, the AlGaN layer is believed to be under tensile strain due to the lattice
mismatch between the AlGaN and GaN layers. Therefore, the directions of the
spontaneous and piezoelectric polarizations of the AlGaN layer are the same, and

the sum of their magnitudes contributes to the total polarization (P) [26]
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P = PSP + PPE' (18)

1.3.3 Formation of Polarization Induced Sheet Charge at AlGaN/GaN

Interface
v tensile strain A o)
+0 Y
+Psp GaN *Psp
relaxed
Substrate Substrate

Figure 1.5: Spontaneous and piezoelectric polarization in AlGaN/GaN heterostructure for
Ga-face (left) and N-face (right) [22]

Figure 1.5 shows the spontaneous and piezoelectric polarization in Ga-
face (left) and N-face AlIGaN/GaN heterostructures. For Ga-face AlGaN/GaN
heterostructure, the polarization points from the top surface towards the substrate. On the
other hand, for N-face AlGaN/GaN heterostructure, the polarization points from the
substrate towards the top surface. In addition, an abrupt AlGaN/GaN interface will cause
an abrupt change in the magnitude of the polarization. This change in the polarization

gradient leads to the formation of polarization induced charge density (p,) [26]

pp = —VP. (1.9)

The following method (Equation 1.10) can be used to calculate the fixed
polarization charge density at the AlIGaN/GaN interface, assuming that the interfaces of

the heterostructure are abrupt.
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|o(Psp + Ppg)| = |P(bottom) — P(top)|

= |{Psp(bottom) + Ppg(bottom)} — {Psp(top) + Ppg(top)}| (1.10)

The fixed polarization charge density will be compensated by charges of
the opposite polarity. For example, positive polarization charge density will be
compensated by free electrons and negative polarization charge density will be

compensated by free holes [26].

1.3.4 Calculation of Polarization Induced Sheet Charge

The polarization induced sheet charge density at the pseudomorphically
grown AlGaN on GaN layer was determined with the assumption that the
piezoelectric constants and other physical parameters of AlGa;«N can be
interpolated linearly. Equations 1.11 — 1.17 can be used to estimate the lattice
constants, elastic constants, piezoelectric constants and spontaneous polarization
constants of AlyGa;xN, where x is the mole fraction of Al [26]- [27]. The
magnitude of the polarization induced sheet charge at the AIGaN/GaN interface

can be calculated using Equations 1.18 and 1.19 [26].

Lattice Constants:

ao(x) = (=0.077x 4+ 3.189) x 10" m , (1.11)

co(x) = (—=0.203x + 5.189) x 10710 m . (1.12)
Elastic Constants:

Ci3(x) = (5x 4+ 103) GPa , (1.13)
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C33(x) = (—32x + 405) GPa . (1.14)

Piezoelectric Constants:
er3(x) = (~0.11x — 0.49) —, (1.15)
es3(x) = (0.73x +0.73) —. (1.16)

Spontaneous Polarization:

Pep(x) = (—0.052x — 0.029) % , (1.17)

|0(x)| = |PPE(Alea1_xN) + ng(Aleal_xN) - PSP (GaN)l y (118)
_ |5 a@)-akx) _ C13(x) _

oGOl = [2585 5 51 (0) — e (D 228} + P (0 — Pp(O)] . (1.19)

1.3.5 Sheet Carrier Concentrations (ns) of Two-Dimensional Electron Gas

(2DEG)

For undoped Ga-face AlGaN/GaN heterostructures, the sheet electron

concentration can be calculated using Equation 1.20 [28]

n,(x) = 72 () [egy () + Ep(x) = AEc(0)] . (1.20)

e \daigane?
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Table 1.2: Parameters of Equation (1.20) [26]

Parameters Definition
€(x) Relative Dielectric Constant of Al,Ga; xN
daican Thickness of AlGaN layer
@p(x) Schottky Barrier Height of gate contact on top of AlGaN
Er(x) Fermi level w.r.t the conduction band energy level
AE:(x) Conduction band offset at the AIGaN/GaN interface
e Electronic charge

Equation 1.20 assumes that the background carrier concentration is
negligible (Ng < 10™ cm™). It is understood that the sheet carrier concentration is
mainly controlled by the total polarization induced sheet charge, which can be
controlled by varying the alloy composition in the AlGaN layer. Equation 1.20
also shows that the sheet carrier concentration can be increased if the AlGaN
layer thickness is reduced and/or the Schottky barrier height is increased [26].The
following approximations can be used in Equation 1.20 to calculate the sheet
carrier concentration of the 2DEG at the AlIGaN/GaN interface with varying Al

mole composition in the AlGaN layer (x) [22].
Dielectric Constant:

€(x) = —0.5x + 9.5, (1.21)
Schottky Barrier:

ep, = (1.3x + 0.84) eV, (1.22)

14



Fermi Energy:

Er(x) = Eo(x) + (),

m*(x)

where E,(x) is the ground state subband level of the 2DEG.

2
amhe?  ng (x)}§
)

EO (X) - {8601/8111*(36) e(x)

where the effective electron mass, m*(x) =~ 0.22m,.
Band Offset:

AE; = 0.7[E,(x) — E;(0)].

1.4  Objectives of Research

(1.23)

(1.24)

(1.25)

The objectives of this research work were to fabricate AlGaN/GaN

MOSHEMTSs and characterize the traps in the devices. Electron trapping in the

surface or interface states of the MOSHEMT can degrade the performance and

reliability, and are thought to be responsible for drain current collapse [29]- [30].

The electron trapping can also lead to threshold voltage (Vi) instability [31] and

mobility degradation [32]. In this thesis, various methods were utilized to study

the trap characteristics in the AlGaN/GaN MOSHEMTs.

The effects of SiH, treatment on the trap states in AlGaN/GaN

MOSHEMT were investigated using TCAD device simulation. The TCAD

simulation allowed the investigation of trap characteristics such as trap density at

15



the Al,Os/AlGaN interface and impact of the trap occupancy on the electron
mobility and energy band, which may be difficult to obtain using device

measurements only.

In order to have a deeper understanding of the trap characteristics, trap
activation energy, trap time constants, nature of traps (i.e., donor-like or acceptor-
like) and trap densities were studied using drain current methodology together
with TCAD device simulation. The current transient method was used to study the
transient response of the traps after a trap filling pulse. This method investigated
the drain current collapse in the device, which is believed to be a recoverable and
transient reduction in drain current associated with AlGaN surface traps that

respond to external voltage applied to the device [33].

Pulsed current-voltage (I-V) measurement together with TCAD device
simulation was another method utilized to study the behavior of the traps in the
AlGaN/GaN MOSHEMT. Several quiescent bias points were used to induce
electron trapping/detrapping at the Al,Os/AlGaN interface. The impacts of the
trapping/detrapping on the pulsed I-V characteristics were analyzed. The pulsed I-
V measurements with small duty cycle can avoid the negative effects faced in
direct current (DC) measurements such as joule heating and transient effect of

trapped traps.
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1.5 Thesis Organization

Chapter 2 presents the literature review on the basic concepts of the origin
of the 2DEG, formation and effects of virtual gate and current transient

methodology. These concepts and techniques are applied in the other chapters.

Chapter 3 discusses the TCAD device simulation used to investigate the
effects of SiH,4 treatment on AlGaN/GaN MOSHEMT. The device simulations
were used to fit measured data presented in the literature. Details of the simulation
process such as mesh design and models used are documented in this Chapter.
Simulation results revealed that the SiH, treatment reduced the acceptor-like trap

states located at the Al,O3/AlGaN interface by 6.0 x 10'? cm™.

Chapter 4 investigates the trap characteristics using drain current transient
methodology. The trap characteristics were investigated using Vps = 0 V state
detrapping method. The device was biased at Vgs=-20 V and Vps = 0 V for 50 s,
immediately followed by recovery drain current transient measurements at Vgs =
1V and Vps = 0.5 V, at different temperatures. A fitting function was used to
mathematically fit the measured drain current transients. The time constant
spectra were constructed using fitting parameter and pre-defined time constants.
The temperature-dependent time constant spectra showed two dominant
detrapping processes which were sensitive to temperature. TCAD simulation was

used to fit the measured data plot in order to evaluate the densities of the traps.

Chapter 5 studies the behavior of the AlGaN surface traps using pulsed |-V

measurements. The measurements showed significant shifts in the Vy, at different

17



gate-to-source quiescent biases. With the aid of TCAD simulation fittings, the
changes in the Vy, lateral electron mobility, two-dimension electron gas sheet
charge density, due to the changes in the ionized donor-like trap density at the
Al,O3/AlGaN interface are discussed here. The active traps at the Al,O3/AlGaN
interface were concluded to display donor-like characteristics instead of acceptor-

like characteristics.

Chapter 6 contains the summary of the major contributions presented in

this thesis, followed by suggestions for future work.
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Chapter 2:  Literature Review

This Chapter discusses work presented in the literature, so as to provide a
basic understanding of the AlIGaN/GaN MOSHEMT study related to this thesis
research. Section 2.1 discusses the origin of the two-dimensional electron gas
(2DEGQG) at the AlGaN/GaN interface reported by Ibbetson et al. [34]. Section 2.2
describes the work presented by Vetury et al. [29] on the concept of the virtual
gate mechanism. The current transient methodology to extract the time constants
and trap energies in the AlGaN/GaN HEMT device is presented in Section 2.3

[35].

2.1 Two-Dimensional Electron Gas in AlGaN/GaN

The origin of the 2DEG in the AlGaN/GaN heterostructure field effect
transistor (HFET) was discussed by Ibbetson et al. [34]. Figure 2.1 shows the
various charge components in the conduction band of AlGaN/GaN HFET. The

charges in the AlGaN/GaN HFET are described below [34]:

e Negative charge at the AlGaN/GaN interface due to 2DEG sheet charge
density (ns).

e Polarization-induced sheet charge density at the AIGaN surface and
AlGaN/GaN interface (-op; and +ap, respectively).

e Integrated sheet charge due to ionized donors in the AlGaN (+04;4n)-

e lonized states at the AlIGaN surface (osyrface)-
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o Buffer charge (ogyfrer) in the GaN buffer.

AlGaN doping

T + 2DEG
Surface

states

Fermi
- | level

Buffer charge

Polarization charges

Figure 2.1: Schematic of AlGaN/GaN HFET conduction band showing various charge
components [34].

Ibbetson et al. described the following assumptions in his study on the origin of

the 2DEG in AlGaN/GaN HFETSs [34]:

e In order to maintain charge neutrality in the absence of externally applied
electric field, the sum of the charges in the AlGaN/GaN HFET must be zero.

e The contribution of the dipole due to the polarization-induced charges is
exactly zero.

e In order for the 2DEG to be confined at the AlIGaN/GaN interface, opy,ffer

must be negative. Also, the formation of the 2DEG cannot be due to thermal
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generation of electrons from the buffer as it will leave behind positive space
charges. For a high quality buffer layer, ag,fr., is expected to be very small,

therefore, it is set as zero.

Osurface T Oplgan — qNs = 0 (2.1)

Similar to how doping the AlGaN barrier layer with donor impurity atoms
increases +oy4n, it is believed that the positive surface charge (+0syrface)
originates from electron transfer from donor-like surface states into empty states
of lower energy. On the other hand, negative surface charge (— oy face) i due to
transfer of electrons into acceptor-like surface states. If the AIGaN barrier layer is

undoped, the density of the 2DEG is solely due to the net positive surface states

(USurface = qn;) [34].

(C) 10—~ 71— T T

0.8

an/sz =1 ‘tcr/t
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=== P oz}

\ partially-filied

surface donors

0 2 4 6 8 10 12 14
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Figure 2.2: (a) Schematic of AIGaN/GaN energy band showing absence of 2DEG density at
AlGaN/GaN interface when surface donor state energy Ep is below Eg. (b) Schematic of
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AlGaN/GaN energy band (thick AlGaN barrier layer) showing Eg pinning at the surface
donor state and presence of 2DEG at the AlGaN/GaN interface. (c) 2DEG dependence on the
thickness of the AlGaN barrier layer [34].

Figure 2.2(a) shows the bandgap diagram of AlGaN/GaN HFET with
undoped AlGaN layer. The donor-like surface state is located at energy Ep below
the conduction band edge (Ec). It is assumed that the trap state is donor-like,
which has neutral charge when occupied and positive charge when empty. If this
donor state lies at an energy level sufficiently deep below the Fermi energy level,
Er, there is no 2DEG at the AlGaN/GaN interface. From Equation 2.1, since
Osurface = 0, N Is also zero. However, there exists an electric field in the AlGaN
layer due to the unscreened polarization charges at the AlGaN surface and
AlGaN/GaN interface. With increasing AlGaN layer thickness, the energy
separation between Er and Ep decreases. At a critical AlGaN thickness, the donor
state energy is at Er (Figure 2.2(b)). Then, electrons from the occupied surface
states are able to transfer into empty conduction band states at the interface, thus,
creating positive charges at the AlGaN surface and 2DEG at the AlGaN/GaN
interface. The Er will remain essentially at Ep until all the surface states are
empty. However, as the AlGaN barrier layer thickness increases, the transfer of
electrons from the donor states also increases. The critical AlGaN barrier

thickness can be expressed as

tcr = (Ep — AE¢)€e/qopy (2.2)

where € is the relative dielectric constant of AlGaN and AE. is the conduction
band offset at the AlGaN/GaN interface. The 2DEG as a function of the AlGaN

barrier thickness, t, (for t > t.z) can be expressed as
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qns = opz(1 — tcr/t). (2.3)

Figure 2.2(c) shows that when the thickness of the AlGaN barrier layer exceeds
the critical thickness, the 2DEG density increases rapidly. For t > tg, the 2DEG

density approaches op;/q [34].

In the case where surface states are absent on the AlGaN, the origin of the
2DEG is then dependent on the occupied states in the AlGaN valance band. If the
AlGaN barrier layer is thick enough for the valance band to reach Eg, electrons
can transfer from the AlGaN valance band to the GaN conduction band. Thus,
forming a 2DEG in the AlGaN/GaN interface and surface hole gas on the AlGaN

layer [34].

2.2 Virtual Gate Mechanism

In order to develop AlGaN/GaN-based high power devices, it is vital to
improve the structural quality of AlIGaN and GaN layers [36]. Despite the vast
improvement in structural quality, the surface trapping effects have significant
impact on the current collapse phenomenon. The strong polarization fields in the
AlGaN/GaN materials are thought to be a reason behind the presence of surface
states [34],[39]-[40]. Work presented by Vetury et al. [29] studied the impact of

surface states on electrical performance in AlGaN/GaN HFETSs.

2.2.1 Concept of Virtual Gate Formation

Figure 2.3 shows that if there is negative charge on the AlGaN surface, the

potential of the AlGaN surface becomes negative. This negative potential depletes
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the channel electrons at the AlGaN/GaN interface. This extends the depletion
region under the gate to regions outside the gate metal. Therefore, the gate metal
and the negative surface potential act as two gates between the source and the
drain contacts (Figure 2.4). The applied gate bias controls the potential of the
metal gate while the total amount of trapped charge in the gate-to-drain access
region controls the potential on the second gate. This second gate is known as the
‘virtual gate’. Therefore, in addition to the applied gate bias, the output drain

current is controlled by the charging and discharging of the virtual gate [29].
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Figure 2.3: (1) Schematic of AlGaN/GaN conduction band showing the presence of 2DEG
density at the AlIGaN/GaN interface. (2) Shows the absence of 2DEG density at the
AlGaN/GaN interface due to the presence of negative surface charge at the AlGaN surface.
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The trapping of electrons at the gate-to-drain spacing reduces the net positive charge and
leads to an extension of the depletion region [29].

Virtual Gate

01 1 e[

Source

'Extended depletion region

(a) (b)

Figure 2.4: (a) Cross-sectional schematic of AlIGaN/GaN HEMT showing the formation of
virtual gate at the region near the gate edge at the drain side. The presence of the virtual
gate extends the depletion region under the gate. (b) A simplified model describing that the
virtual gate acts as a second gate between the source and drain [29].

2.2.2  Mechanism of Current Collapse due to Formation of Virtual Gate

The mechanism of current collapse due to the formation of virtual gate is

explained by Vetury et al. as follows [29]:

o Net positive charge exists on the as-grown AlGaN surface of AIGaN/GaN
heterostructure [29].

o The trapping of electrons in the donor-like surface states in the AlGaN
leads to the formation of the virtual gate by reducing the density of the net
positive charge on the AlGaN surface. Now, the potential on the virtual

gate also determines the drain current of the device [29].
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2.2.3

In the absence of light, the current collapse is dependent on how fast the
reverse bias on the virtual gate increases. If the electrons that fill up the
empty states are from the gate metal, then the supply of electrons being
trapped is dependent on the gate electric field, gate leakage current and
surface mobility of the electrons [29].

There is a strong dependence of trapping transient on the drain bias. The
trapping process is strongly dependent on the electric field between the
gate and the drain. As the trapping in the surface states increases, the
depletion region extends due to the formation of the virtual gate. This in
turn, causes the electric field at the gate edge to reduce. Thus, rate of

electron trapping at the surface states decreases [29].

Recovery of Current Collapse due to neutralization of virtual gate

When the gate metal is forward biased with respect to source and drain,
the electrons trapped at the surface states can be removed [29].
Illumination using photon energy greater than the GaN bandgap leads to
the formation of electron-hole pairs in the GaN channel. The holes are
pulled towards the surface of the AlGaN due to the electric field. The
accumulation of holes at the AlGaN surface causes the surface to become
forward biased. Thus, the virtual gate is eliminated [29].

Using UV light (hv> Eg), incident photons can knock electrons out of the

surface traps [29].
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2.2.4 Effect of Surface Passivation Using SizNg
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Figure 2.5: The trapping transients of passivated and unpassivated devices. The passivated
devices show lower current collapse compared to unpassivated devices [29].

Figure 2.5 shows the trapping transients of unpassivated and SizNg4
passivated AlGaN/GaN HEMT devices. The passivated devices show smaller
current collapse and reduced current collapse dependence on the drain bias. Thus,
the formation of the virtual gate in the gate-to-drain region is prevented by the
surface passivation. Possible mechanisms related to the prevention of the virtual

gate due to surface passivation are discussed below [29].

o If the virtual gate is formed by ionic adsorbates from the ambient, then the
passivation shields those ionic adsorbates from the AlGaN surface. Thus,

the formation of virtual gate can be prevented [29]. However, this is
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unlikely since experiments involving other dielectrics and experiments in
vacuum did not suppress the current collapse [29].

o The passivation makes the surface donor states inaccessible to the
electrons leaking from the gate metal [29].

. During the SigN,4 passivation process, Si is incorporated as shallow donors
at the AlGaN surface in adequately large quantities so as to replace the

surface donor [29].

However, if the SisN4s/AlGaN interface or the bulk SisN, layer contains
defect states, then electrons can get trapped at the defect states during high power
operation. These trapped electrons can similarly lead to the formation of a
negatively charged virtual gate, which can have a negative impact on the
reliability and long term stability of the device characteristics and performance

[29].

2.3  Current Transient Methodology For Trap Analysis

Trapping effects are one of the most detrimental mechanisms that restrict
the performance and reliability in GaN HEMTs [37]. Current collapse, which
arises due to the trapping effects during high voltage application, is a temporary
recoverable reduction in drain current. In GaN HEMTSs, the trapping effects are
reported to have a slow nature. Generally, the recovery time from current collapse
is greater than 100 s [29], [38]-[44] . Therefore, the performance of GaN HEMTs
in RF systems and power electronics will be critically affected. Also, the slow

nature of the traps in AlIGaN/GaN devices plays a critical role in reliability. For
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example, when the device is subjected to high voltage, the electrons become
trapped at various locations, degrading the performance of the device. In addition,
the degradation of the device increases the trapping effects, which further reduces

the performance of the device, thus, degrading the reliability [30],[37],[45]-[49].

The current transient methodology presented by Joh et al. [35] aids in
analyzing trapping and detrapping behaviour in GaN HEMTSs. This method can
also be used in long-term stress experiments. Using this technique, the
trapping/detrapping time constant and energy level of dominant traps in the
device can be studied. It consists of trapping and detrapping transient current
measurements, mathematical fitting and analysis of data from time constant
spectra. For this method to be true, it is assumed that the changes in current are

due to the changes in trapping status in the measured device [35].

For trapping experiments, a voltage bias is applied on the device and the
drain and/or gate currents are measured in time scale to monitor the carrier
trapping. Different modes of trapping and at different locations in the device can
be induced using different biases to the gate and/or drain contacts. For detrapping
experiments, carrier trapping is first induced by applying a trapping pulse to the
gate and/or drain contacts. Immediately after removing the trapping pulse, the
recovery transient current is monitored over a period of time. The dominant time
constants associated with the measured transient data, lgaa(t), from the trapping

and/or detrapping data are extracted using a mathematical technique [35].
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2.3.1 Mathematical Fitting Function

The mathematical technique involves fitting lga(t) to a sum of pure
exponentials in a least-mean-square manner. It is assumed that lg,(t) involves
several independent trapping and detrapping processes, each decaying
exponentially in time. Joh et al. explains that this assumption is justified for
detrapping processes since the process of recovery from a state of non-
equilibrium has an exponential decay rate that is proportional to the population of
the state. Joh et al. further explains that the exponential decay is also justified for
trapping processes if the carriers have to overcome an energy barrier as rate of
carrier transport through the barrier is proportional to the carrier population.
Equation 2.4 shows the fitting function used to extract the dominant time

constants involved in the trapping and/or detrapping processes [35].

Ifittea = Xi=q ajexp(—t/T) + 1, (2.4)

The fitting method involves minimizing the sum of |lgw — lrited|® at
measured points. The a;’s refer to fitting parameters to be evaluated, which is the
magnitude of trapping/detrapping of predefined time constant zj. The evaluated
values of a; are then plotted as a function of 7; to construct the time constant
spectrum. Positive and negative values of a; refer to trapping and detrapping

processes, respectively [35].
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2.3.2 ON-state Trapping Measurement and Trap Analysis
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Figure 2.6: (a) Drain current transient measurement (red circles) and fitting (blue line)
during ON-state (Vgs =1V, Vps =6 V) at T = 30 °C. (b) Time constant spectrum extracted
using the fitting function shows two dominant trapping processes (TP1 and TP2) [35].

The trapping behavior of the device was first studied in the ON-state. The
AlGaN/GaN HEMT was measured at Ves = 1 V and Vps = 6 V at temperatures
from 0 °C to 40 °C. Figure 2.6(a) shows an example of the measured drain
transient current (red circles) and fitting (blue line) using the fitting function
described in Equation 2.4 at T = 30 °C. The corresponding time constant spectrum
(Figure 2.6(b)) shows two dominant trapping processes labelled as TP1 and TP2.
The time constant of TP1 and TP2, at T = 30 °C are 3 s and 0.1 s, respectively

[35].

Figure 2.7 shows the temperature dependent time constant spectra. It can be
seen that TP1 shows temperature dependence, while TP2 is insensitive to
temperature. It is explained that in the trapping process of TP1, the electrons will
have to overcome an energy barrier before getting trapped. During the ON-state
measurement, the device temperature can increase considerably due to the power
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dissipation. In order to overcome this drawback, similar trapping transient was

measured at Vps = 0 V, thus, making self-heating negligible [35].
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Figure 2.7: Temperature-dependent time constant spectraat T =0 °C — 40 °C. TP1 process is
temperature dependent while TP2 process is insensitive to temperature [35].

2.3.3 Vps =0V State Trapping Measurement and Trap Analysis

The Vps = 0 state trapping measurement involved biasing the device at Vps
=0V and Vgs = -5 V and the gate current (lg) is monitored. Since Vps =0 V, the
channel current is zero. Figure 2.7 shows a time constant spectraat T = 70 °C to
110 °C. Similar to TP1 from the ON-state trapping time constant spectra, a
dominant trapping process peak was seen in the Vps = 0 state trapping time

constant spectra [35].
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Figure 2.8: Temperature-dependent time constant spectra for Vps = 0 V trapping transient
(Ves=-5Vand Vps =0V) at T =70 °C - 110 °C. Activation energy of trap extracted from
Arrhenius plot fitting is 0.74 eV [35].

Unlike the ON-state measurement, at Vps = 0 V state the temperature
independent process like TP2 is not observed. It can be concluded that TP1 is
related to injection of electrons from the gate, into the AlGaN barrier or surface
close to the gate since Vps = 0 V. Conversely, TP2 should be associated with
trapping of channel electrons since TP2 only appears when the channel current is
present. Since TP2 is observed at low Vpg suggests that it is unlikely to be a hot—
electron trapping process inside or at the surface of the AlGaN. It is believed that

the TP2 process occurs in the channel or in the buffer region [35].
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Figure 2.9: Schematic and energy band diagrams showing the flow of electron during the
ON-state and Vps = 0 V state trapping measurement [35].

Trapping processes of TP1 and TP2 are shown in Figure 2.9 for ON-state
and Vps=0 V state trapping. During the ON-state and Vps = 0 V state trapping
measurement, the electrons from the gate are injected into the AlGaN bulk layer
and AlGaN surface. This trapping process from preceding discussions is
attributed to TP1. During the ON-state trapping measurement, the capture of
electrons in the buffer or channel is related to TP2. Only for Vps = 0 V state

trapping measurement, the TP1 occurs on both sides of the gate metal [35].
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2.3.4 ON-state Detrapping Transient Measurement and Trap Analysis
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Figure 2.10: (a) Detrapping recovery transient measurement (red circles) after ON-state
trapping pulse (Vgs =0V, Vps = 10 V for 1 s) at T = -20 °C and fitting (blue line) using the
fitting function. (b) Time constant spectrum shows two dominant detrapping processes (DP1
and DP2) [35].

ON-state detrapping involves measuring the recovery transient (in linear
regime) after an ON-state pulse. The trapping pulse was Vgs =0 V, Vps = 10 V for
1 s. Due to the high drain-to-source trapping pulse bias, it is expected that the
trapping occurs inside the AlGaN or the surface close to the gate edge or in the
buffer. Figure 2.10(a) shows the measured recovery transient (red circles) and the
fitting (blue line) using the fitting function in Equation 2.4. The time constant
spectra in Figure 2.10(b) show two distinct time constants (DP1 and DP2). Figure
2.11 shows the cross-sectional diagram and energy band during the recovery
transient measurement. The arrows indicate the flow of electrons during the

recovery transient [35].
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Figure 2.11: Schematic diagram showing the detrapping behaviour after ON-state trapping
pulse. The energy band diagram shows the detrapping process during the recovery phase.
The arrows indicate the flow of electrons [35].

2.3.5 Vps =0V State Detrapping Transient Measurement

The Vps = 0 V state detrapping measurement involves a trapping pulse at
Vps = 0V, followed by recovery transient drain current in the linear regime. An
example of the trapping pulse is Vgs = -10 V and Vps = 0 V for 1s. This method is
further discussed in Chapter 4 of this thesis. In this thesis, this current transient
method was applied to study the trap characteristics in the Al,O3/AlGaN/GaN
MOSHEMT. The presence of Al,O3 layer between the gate metal and AlGaN
layer, can allow the trapping of electrons at the Al,O3/AlGaN interface states.
The trapping of electrons at the Al,O3/AlGaN interface can affect the Vy,, mobility

and can be responsible for the drain current collapse [34],[50].
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24 Summary

In Section 2.1, the origin of the 2DEG in the AIGaN/GaN HEMT device
was discussed. If the thickness of the AlGaN layer is greater than the critical
thickness, the 2DEG at the AlGaN/GaN interface is dependent on the net positive
charge at the AlGaN surface. In Section 2.2, the concept of virtual gate
mechanism was discussed. The formation of negative potential at the AlGaN
surface due to trapping of electrons at the AlGaN surface extends the depletion
region under the gate to regions outside the gate metal. This negative potential on
the AlGaN surface acts as a second gate, which is also known as virtual gate, and
controls the output drain current. Analysis of trap characteristics using current
transient methodology was discussed in Section 2.3. This method includes ON-
state trapping, Vps = 0 V state trapping, ON-state detrapping and Vps = 0 V
detrapping measurements. Using this method, the trap time constant and
activation energy of temperature-dependent trapping/detrapping processes can be

studied.
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Chapter 3: Study of  Surface
Passivation of AlGaN/GaN MOS-
HEMT using TCAD simulation

3.1 Introduction

Gallium Nitride (GaN) based materials with their superior properties such
as large bandgap [39], high electron mobility [40], high breakdown voltage [41]
are attractive for high power [42], high temperature [43] and high frequency [44]

device applications.

The large spontaneous and piezoelectric polarizations in the AlGaN/GaN
HEMT (discussed in Chapter 1) form the polarization induced charges at the
AlGaN surface, AIGaN/GaN interface and GaN/substrate interfaces. The polarity
of the charges at the AlGaN surface and AlGaN/GaN interface are opposite.
Ibbetson et al. reported that the presence of these polarization induced charges
alone is insufficient to form the two-dimensional electron gas (2DEG) at the
AlGaN/GaN interface. Therefore, it is necessary that a positive sheet charge exists
at the AlGaN surface so that 2DEG can be formed at the AlGaN/GaN interface

[34].

However, one of the major obstacles that limits the development of
reliable high power AlGaN/GaN devices is the drain current collapse due to

surface states in the AlGaN layer. Vetury et al. [29] reported on the formation of a
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second (virtual) gate which was formed due to the charging of the AlGaN surface,
in the gate-to-drain region. It was explained that the surface states near the gate
became negatively charged due to electron trapping. Therefore, the maximum
drain current is limited by discharging of the trapped electrons in the virtual gate.
Thus, this virtual gate phenomenon leads to drain current collapse in AlIGaN/GaN

HEMTSs [29].

Several methods of AlGaN surface passivation have been shown to
improve the performance of AlGaN/GaN HEMTSs. AlGaN surface passivation
using 10 nm of MgO, deposited at 100 °C using plasma-enhanced molecular
beam epitaxy, was demonstrated by Luo et al. [45]. It was reported that the
passivation using MgO led to a 20 % increase in drain current. This increase in
drain current was suggested to be attributed to the increase in effective sheet
carrier density in the AIGaN/GaN interface due to increase in positive charge at

the MgO/AlGaN interface [46].

Lu et al. reported the use of 250 nm of Si3N, layer, deposited by plasma
enhanced chemical vapour deposition, as surface passivation of AlGaN/GaN
HEMTs. The passivated devices displayed lower gate leakage current and
improved pinch-off characteristics. Also, it was shown that the passivation
increased the drain current from 791 mA/mm to 812.2 mA/mm and peak extrinsic
transconductance from 207.2 mS/mm to 220.9 mS/mm. An increase in positive
charges at the SisN4s/AlGaN was attributed to the improvement in the device

performance [47].
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This Chapter reports the use of device simulation to give a deeper
understanding of the effects of SiH, passivation of AIGaN/GaN MOSHEMTSs, by
Liu et al. [48]. It was reported that the SiH, passivation had a great impact on the
electrical characteristics of the AlIGaN/GaN MOSHEMTSs. Some of the reported
enhancements due to the passivation in device performances were 53 % increase
in drain saturation current, increase of peak extrinsic transconductance from 66
mS/mm to 93 mS/mm and increase in 2DEG density from 0.86 x 10™ cm™ to

1.04 x 10" cm™[48].

3.2  Summary of Results from Experiment [48]

O— AlIGaN/GaNon 2” (0001) Al,O, substrate
— Active region formation using ICP-RIE (Cl,)

— Gate Stack Formation
* Pre-gate cleaning: HCl ,,,
* Ex situ surface passivation: (NH,),S .
* In situ surface passivation:
Vacuum anneal at 300 °C
SiH, gas treatment at 400 °C
* High-k dielectric (HfAIO) deposition + PDA
* Gate (TaN) deposition and pattering

— Contact patterning and Al-on-Tideposition
using E-beam evaporator

— Lift off process and ohmic contact alloying

—— Forming gas anneal

x— Device Characterization

Figure 3.1: Process flow of the fabricated AIGaN/GaN MOS-HEMTs [48].

Figure 3.1 shows the process flow of the main steps taken during the
fabrication of the AlIGaN/GaN MOS-HEMTSs as described in Ref. [48]. The in situ
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passivation steps, which consist of vacuum annealing and SiH,4 gas, are the key
steps in that work. It was reported that the unpassivated and passivated devices

showed significant difference in the device characteristics.
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Figure 3.2: Summary of results from in situ passivation of AlGaN/GaN MOSHEMT
reported by Liu et al. [48]

Figure 3.2 shows the summary of results from the in situ surface
passivation of AlGaN/GaN MOSHEMT. The results show that the passivation
causes an increase in the threshold voltage (Vi) in the negative direction, increase
in the extrinsic transconductance (gm), decrease in sub-threshold swing (SS) and

increase in ON-state drain current (loy).

41



3.3 TCAD Simulation
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Figure 3.3: Flowchart for device simulation using SILVACO ATLAS TCAD [49].

Figure 3.3 shows the flowchart of the device simulation using SILVACO
ATLAS. The first step in this simulation work is the construction of the device
structure that is similar to the fabricated device. In SILVACO ATLAS TCAD,
there are three ways to construct the device structure. These methods are DevEdit,
ATHENA and DeckBuild. DevEdit uses a Graphical User Interface (GUI) to
build the device structure. ATHENA is used in simulating fabrication process of
devices. Since this method focuses on the device fabrication simulation instead of
simulating the device characteristics, ATHENA is not a suitable method for this
study. DeckBuild method involves building the device structure purely using
codes. This was the selected method in this simulation work. The three methods
can be used to construct one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) structures. Since this work is on the study of AlGaN/GaN
planar device, 2D simulation was sufficient.
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3.4 Simulated Device Structure
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Figure 3.4: Cross-sectional schematic of the simulated AlGaN/GaN MOSHEMT using
SILVACO ATLAS TCAD.

Figure 3.4 shows the cross-sectional schematic of the AlIGaN/GaN
MOSHEMT designed using SILVACO ATLAS TCAD. When constructing the
device structure using the TCAD, it is necessary that the simulated device has
similar structure as the real (fabricated) device. Therefore, the device in the
simulation was designed with close reference to the actual device. The X-Y axes
shown in Figure 3 are related to the coordinates used during the simulation
process (units in microns). X = 0 refers to the left-edge of the device and Y =0

refers to the AlGaN surface.
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3.4.1 Source and Drain Contacts

Although it is necessary to replicate the exact device structure in the
simulation, certain factors need to be taken into consideration in order to optimise
and simplify the simulation and yet preserve the accuracy of the simulation

results.

The lengths of the source and drain contacts in the real device were 94
pum. However, it would not be practical to simulate a 200 um device (total length
of device) because simulation of such a large device structure will be too time
consuming. In order to optimise the simulation time, without compromising the
accuracy of the simulation results, the simulated source and drain lengths were
reduced to 1 um. It was observed that the lengths of source and drain greater than
1 pum did not have significant impact on the simulation results, as most of the

current flows into or out of the first 1 um of the contacts.

For the real device, the source and drain Ohmic contacts were deposited
on the AlGaN surface during the device fabrication process. However, for the
simulation, the Ohmic contacts were designed to be in contact with the 2DEG at
the AlGaN/GaN interface. This was another simplification used in the device
structure for the simulation. Fontsere et al. [50] proposed a direct electron path
mechanism for the Ohmic contacts in AlGaN/GaN HEMT. This mechanism is
also known as spike contact. It was explained that during the Ohmic contact
annealing process, TiN (formed due to reaction between Ti and nitrogen in

AlGaN) penetrates through the dislocations in the AIGaN layer. This ‘spiking’ of
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the Ohmic contact establishes a direct contact between the 2DEG electrons in the

AlGaN/GaN interface and the metal [50].
3.4.2 Gate Electrode

The gate lengths (Lg) of the real and simulated devices are 2 pm.
Tantalum Nitride (TaN) was deposited, using RF sputter system, as the gate
electrode during the device fabrication process. Therefore, in order to simulate
TaN as the gate electrode, the work function of TaN (4.8 eV) [51] was

incorporated in the simulation.
3.4.3 AlGaN Layer

The energy band gap of GaN used in the simulation was 3.4 eV [39]. The
energy band gap of Aly2sGag7sN was calculated to be 3.9 eV using the equation

3.1[26],[64].
E;(x) = xE;(AIN) + (1 —x)E4(GaN) —x(1 —x)1.0 eV (3.2)
3.4.4 Gate Dielectric

Hafnium aluminum oxide (HfAIO) was used as the gate dielectric during
the fabrication process. The important parameters such as the dielectric thickness,
permittivity, bandgap and electron affinity that were used to simulate the HFAIO

dielectric were 7 nm, 19, 6.4 eV and 2.1 eV respectively [52] [53].
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3.4.5 Mesh Design

Once the device structure was constructed in the simulation, the next
important step was to design the mesh. The nodes of SILVACO ATLAS mesh
contain primary solution variables such as carrier concentration, potential, carrier

temperature and lattice temperature [49].

Figure 3.5: Mesh design of simulated AlGaN/GaN MOSHEMT showing different mesh
densities at different regions.

Figure 3.5 shows the mesh design of the AlGaN/GaN MOSHEMT in the
simulation. In order to optimise the speed and accuracy of the simulation, regions
of interest such as the HfAIO/AIGaN and AlGaN/GaN interfaces, and GaN
channel region were designed to have higher mesh density. On the other hand,

regions such as GaN bulk and substrate had lower mesh density.
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3.5 Mathematical model and Mobility models

The mathematical model consists of fundamental equations, which link
together the electrostatic potentials and carrier densities in the simulation. The
equations consist of Poisson’s Equation, carrier continuity equations and transport

equations, which were derived from Maxwell’s laws [49].

3.5.1 Poisson’s Equation
Poisson’s equation relates the electrostatic potential to the space charge

density using equation 3.2:

div(eV¥) = —p (3.2

where ¢ is the permittivity, ¥ is the electrostatic potential and p is the space
charge density. The space charge density is the sum of contributions from all
fixed and mobile charges, including electrons, holes and ionized impurities.
Equation 3.3 shows the electric field obtained from the gradient of the

potential [49].

E=-vy. (3.3)
3.5.2 Carrier Continuity Equation
d 1
- = “Vn+ Gy — Ry . (3.4)
dp 17
EZEV]p +Gp —Rp . (3.5
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The continuity equations for electrons and holes are defined by equations

3.4 and 3.5, respectively, where n and p are the electron and hole concentration,
Jn and J, are the current densities for electrons and holes, G, and Gy, are the
electron and holes generation rates, R, and R, are electrons and holes

recombination rates, respectively. q is the magnitude of electron charge. By

default, equations 3.4 and 3.5 are included in ATLAS [49].

3.5.3 Drift-Diffusion Transport Model

Drift-diffusion model is the simplest charge transport model that
approximates the current densities in the carrier continuity equations. The current
densities for electrons and holes are given in equations 3.6 and 3.7 respectively

[49].
]—n) = —nqu Vo, , (3-6)

Jp = —pqu, Vo, , (3.7)

where W, and p, are the mobilities of electrons and holes, @, and @, are electron
and hole quasi-Fermi potentials, respectively. The carrier concentrations and
potentials are related to the quasi-Fermi levels through the Boltzmann

approximations in equations 3.8 and 3.9 [49].

Yo,

n = n;.exp [q(k—TL) , (3.8)
q(¥—-Pp)

D = Nj.exp [—kTL £l (3.9)
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where nj. and T, are the effective intrinsic carrier concentration and the lattice

temperature, respectively.

In this simulation, three different kinds of mobility models were used.

These include low-field, high-field and perpendicular field mobility.

3.5.4 Low-Field Mobility

The low-field mobility was simulated using the mobility model reported
by Albrecht et al. [54]. The mobility model is dependent on the ambient
temperature, donor concentration and compensation ratio. Equation 3.10 shows

the low-field mobility model [54].

() 82 (o) *olzmr) b
u - 1ovem—3)™ P \300 K 300 K 0)_1

where

Hzf":J=1065K,

B

Baw = 3.00 (307(; K)Z (10171\£‘Im_3)_2/3’
N, =1+ k.)Np.

Parameters (a, b and c) are the fitting parameters obtained from the Monte
Carlo calculation results. Np is the ionized donor concentration (cm™), T is the

ambient temperature (K) and k. is the compensation ratio (Na/Np). The peak
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electron drift velocity in GaN can be calculated using Equation 3.11. In the
simulation, values of a, b and c (fitting parameters) were 3x10° Vs cm?, 3x10™
Vs cm™ and (2 — 3.6)x107 Vs cm™ respectively. The vp,q used in the simulation

was 3x10" cm/s.

T

Upear = [3.70 = 0.65 (=—)| (107 cm/s) (3.11)
3.5.,5 High-field Mobility

The high-field mobility was simulated using the mobility model developed
by Farahmand et al. [55]. It was reported that this high-field mobility model has
excellent agreement with the Monte Carlo calculations. It was also reported that
the Monte Carlo model includes all of the important scattering mechanisms.

Equation 3.12 shows the high field mobility model

ETL]_ -1
Ho (T N)+v 54 =

= 7 s 3.12
b @) )" (3.12)

where, Ho is the low-field mobility. v5%¢, E, a, n; and n, are parameters that were
determined from the least square fitting to the Monte Carlo simulation. The values
of 52t E., a, n; and n, used in the simulation are about 1.12x10" cm/s, 3.66x10°

V/cm, 3.23, 5.32 and 1.04 respectively [55].

3.5.6 Perpendicular Field Mobility Model
In the literature, the perpendicular field mobility model is not available for

GaN. Hence, the mobility degradation effects due to the perpendicular field were
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accounted for using a simple perpendicular field dependent mobility model in

Equation 3.13 [49]

t, = GSURFN —2&— (3.13)

E)
5N mu

In the simulation, the values of GSURFN and ECN.MU were 1.0 and 6.48x10*

V/cm respectively.
3.6 Fowler-Nordheim (FN) Tunnelling Model

FN tunnelling is defined as the tunnelling of electrons from metal (or
semiconductor) Fermi energy into the insulator conduction band, if the electric
field across the insulator is sufficiently high [49] [56] [57]. The off state drain
current was simulated using FN tunnelling model in the simulation. The FN

tunnelling is described using Equation 3.14.

q3E2

= L |

_-8nh¢

1/2 33/2
_42m)*2e ] (3.14)

3hqE

where q is the electronic charge, E is the electric field, h is the Plank’s constant,

@ is the barrier height and m in the mass of free electron.
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3.7 Results and Discussion

3.7.1 Polarization Charge Density Modelling

In the simulation, the polarization charge densities were modelled as fixed
interface charge densities. Table 3.1 lists the spontaneous and piezoelectric
polarization charges of AlGaN and GaN layers that were calculated using
equations 1.11 — 1.19 in Chapter 1. Table 3.2 shows the calculated polarization
charge densities at the HFAIO/AIGaN, AlGaN/GaN and GaN/substrate interfaces.

Please see Appendix A and B for the simulation codes used for unpassivated and

passivated devices, respectively.

Table 3.1: Calculated spontaneous and piezoelectric charges calculated using equation 1.11 —

1.19.
Polarization Sheet Density (cm'z)
Psp(GaN) —1.81004x10"
Psp(AlGaN) —2.62143x10"
Pre(AlGaN) — 4.12225x10"

Table 3.2: Theoretical and adjusted polarization charges at the HfAIO/AlIGaN, AlGaN/GaN

and GaN/substrate interfaces.

Polarization Sheet Charge Density (cm™)
Interface
Calculated Values Adjusted Values
HfAIO/AIGaN ~3.0337x10" —2.57861x10%
AlGaN/GaN 1.2236x10"3 1.04008x10"
GaN/Substrate 1.81x10% 1.53853x10%
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3.7.2 Discrepancy in theoretical and experimental values

When the calculated values were incorporated into the simulation, the
results showed a significant offset between simulated and experimental V. In
order, to fit the simulated and experimental Vy, the polarization charge densities at
the HfAIO/AIGaN, AlGaN/GaN and GaN/substrate interfaces were reduced by
15%. The adjusted values used in the simulation are listed in Table 3.2. This
discrepancy between the calculated values and real values are believed to be due
to uncertainties in the physical parameters used in the simulation, possible partial
relaxation of the strained AlGaN layer, partial screening of the polarization field
by residual doping in the GaN layer and interface roughness [58]-[72]. One of the
smallest discrepancies between the calculated and real values was reported to be

15 % [59] and thus the results obtained are not unreasonable.
3.7.3 Charge Trapping Defect States

In this simulation, both donor-like and acceptor-like states are considered
to be present at the HFAIO/AIGaN interface. It was reported that nitrogen vacancy
(Vn) and gallium vacancy (Vga) sites act as deep donor [60] and deep acceptor
traps [61], respectively. In the simulation, these discrete traps were placed at the
HfAIO/AIGaN interface, within the AlGaN bandgap. The relative energy levels of
the donor-like traps (Ergonor) [60] and acceptor-like traps (Eracceptor) [62] are

stated in the equations 3.15 and 3.16 .
Et gonor = Ec —0.37 eV (3.15)

Er acceptor = Ev + 1.0eV (3.16)

53



3.0 v T T T T T T T T T

25 Etponor = Ec - 0.37 eV

20 | -

EtAcceptor = Ev + 1.0 eV

15 F ET,Donor ’ ¢ -

1.0 -

05 F \A—\ Ec ]
< 0.0 R R R R R - = = = = = = = —
E/ 05 /——_f EF ]
g .
E’ -1.0 9 -
8 a5k Gate -..<_ AlGaN GaN ]
L T

-2.0 | /__ -

-25 -

7

-3.0 ET.Accep!or EV 7

35 \/’f 3

40 . 1 . . 1 . . 1 . 1 . i

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Depth (um)

Figure 3.6: Band diagram of AlGaN/GaN MOSHEMT showing the trap energies of the
donor-like and acceptor-like traps at the HFAIO/AIGaN interface.

Figure 3.6 shows band diagram of the unpassivated AlGaN/GaN
MOSHEMT structure under the gate electrode at zero gate bias. The band
diagram shows the positions of Ergonor and Eracceptor at the HFAIO/AIGaN
interface. The acceptor-like trap energy is located far below the Er is completely
filled and ionized. On the other hand, the donor-like trap energy, located above
Er, is completely empty and ionized. In order to achieve good fitting to the
measured electrical data, the density of the donor-like trap was set as 2.96x10"
cm™ for the passivated devices. The unpassivated device required an additional

acceptor-like trap with density of 6.0x10™ cm™ at the HfAIO/AIGaN interface.
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3.7.4 Simulation Sensitivity Studies
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Figure 3.7: Simulated 15-Vgs plots with varying (a) donor-like trap density, (b) acceptor-like
trap density, (c) donor-like trap energy and (d) acceptor-like trap energy.

Simulation sensitivity studies were performed by simulating 1p-Vgs plots with
varying the trap parameters such as trap type (ie., donor-like or acceptor-like), trap
density and trap energy, in order to learn which parameters have the most influence on

the 1-V characteristics of the AIGaN/GaN MOSHEMTSs

Figure 3.7(a) show Ip-Vgs plots simulated at Vps = 5 V with varying donor-like
trap density while the acceptor-like trap density was fixed at 6.0x10™ cm™. Simulation
results show that both the acceptor-like and donor-like trap states are fully ionized.
Increasing the donor-like trap density from 3.5x10" cm™ to 4.0x10" cm™ caused the net

positive charge density (lonized donor-like trap density — Acceptor-like trap density) at
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the Al,Os/AlGaN interface to increase. Therefore, the 2DEG density at the AlGaN/GaN
interface increased from 9.03x10" cm™ to 9.30x10™ cm™ and the Vy, decreased from
-4.38 V to -4.67 V. On the other hand, decreasing the donor-like trap density from
3.5x10" cm™ to 3.0x10" cm™ caused the net positive charge density at the Al,O4/AlGaN
interface to decrease from 2.9x10" cm™ to 2.4x10™ cm™. Simulation results show that
this caused the 2DEG density at the AlGaN/GaN interface to decrease from 9.03x102

cm to 8.37x10%, causing the Vi, to increase from -4.38 V to -4.12 V.

Figure 3.7(b) show Ip-Vgs plots simulated at Vps = 5 V with varying acceptor-like
trap density while the donor-like trap density was fixed at 3.0x10" cm™ As mentioned
earlier, since the donor-like trap states are fully ionized, increasing the acceptor-like trap
density from 6.0x10* cm™ to 7.0x10% cm, caused the net positive charge density at the
Al,O4/AlGaN interface to decrease from 2.4x10" cm™ to 2.3x10™ cm™. Thus, the 2DEG
density at the AlGaN/GaN interface decreased from 8.37x10% cm? to 8.24x10* cm™,
and the Vy, increased from -4.11 V to -4.07 V. Conversely, decreasing the acceptor-like
trap density from 6.0x10" cm™ to 5.0x10" cm™at the Al,O4/AlGaN interface, caused the
net positive charge density at the AlGaN surface to increase from 2.4x10" cm™ to
2.5x10" cm™ Simulation results show that the 2DEG density at the AlGaN/GaN
interface increased from 8.37x10%* cm™ to 8.50x10* cm™. Therefore, the Vi, decreased

from -4.11V to -4.18 V.

Figure 3.7(c) show Ip-Vgs plots simulated at Vps = 5 V with varying donor-like
trap energy (Ec — Erp ) while the acceptor-like trap energy (Era — Ey) was fixed at 1.0
eV. Simulation results show that varying the donor-like trap energy from 0.32 eV to 0.42
eV does not show any significant change in the Ip-Vgs plots. This is because the donor-
like trap states are fully ionized at energies of 0.31 eV — 0.42 eV. Similarly, varying the
acceptor-like trap energy does not show significant change in the 1p-Vgs plots (Figure
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3.7(d)). This is because both the donor-like and acceptor-like traps are fully ionized, thus
no change in the Ip-Vgs plots was observed. Therefore, it can be concluded that the 1-V
characteristics of the AlGaN/GaN MOSHEMT is highly influenced by the effective

positive charge density at the Al,Os/AlGaN interface.
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Figure 3.8: Simulated 1p-Vgs plots with Black Circles: Al,Oz/AlGaN interface traps; Red
Line: Both AlGaN bulk traps and interface traps. Band diagram of AlGaN/GaN
MOSHEMT with interface and AlGaN bulk traps (inset).

Besides Al,O3/AlGaN interface traps, the AlGaN bulk traps might also
affect the DC characteristics of the AlGaN/GaN MOSHEMTSs. From literature
AlGaN bulk trap density of 7.71x10" cm™ at Ec-Er = 1.0 eV was reported by
Kaushik et al. using experimentally observed inverse temperature dependence of
reverse gate leakage current and trap-assisted tunnelling model [63]. In the

simulation, the Al,O3/AlGaN interface traps consisted of donor-like traps (density
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=2.96x10" cm™, Ec — Er = 0.37 eV) and acceptor-like traps (6.0x10* cm, Et —
Ev = 1.0 eV). Simulated Ip-Vgs plots using Al,O3/AlGaN interface traps + AlGaN
bulk traps shows insignificant change with respect to Ip-Vgs plot with only
Al,O3/AlGaN interface traps. The band diagram (Figure 3.8(inset) shows that the
AlGaN bulk traps are located below Er and are completely filled. Therefore, the
AlGaN bulk traps do not significantly affect the DC characteristics of the

AlGaN/GaN MOSHEMT.

3.7.5 Simulation Fittings
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Figure 3.9: Simulated conduction band of AlGaN/GaN MOSHEMT under the gate
electrode. Inset shows the triangular quantum well at the AlIGaN/GaN interface.
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Figure 3.9 shows the conduction bands in the AlIGaN/GaN MOSHEMT
under the gate electrode at zero gate bias, for the unpassivated and passivated
devices. It can be seen that reduction in the acceptor-like density has caused the
conduction band alignment at the HFAIO/AIGaN interface to experience a sharp
drop in energy. In the previous section, it was mentioned that for the unpassivated
device both the donor-like and acceptor like density are fully ionized. However,
for the passivated device, simulation shows a very slight decrease (8.1x10' cm)
in the density of the ionized donor-like traps. It can be explained that the close
proximity of the Fermi energy level (Ef) to the donor-like trap energy level has
partially filled the donor-like traps. The inset in Figure 3.9 shows the triangular
quantum well at the AlGaN/GaN interface. The conduction band profile at the
AlGaN/GaN interface only shows a small difference between the unpassivated

and passivated samples.

From the simulations, the 2DEG density at the AlIGaN/GaN interface for
the unpassivated and passivated devices are 7.32x10™ cm™ and 8.73x10 cm™
respectively. These values are about 15% smaller that the experimental
measurements using room-temperature Hall measurement. It is reported in the
literature that the sheet carrier concentration between experimental measurement
and theoretical calculation can differ by +20%. Therefore, the 2DEG densities

from the simulations can be said to agree reasonably well with the experimental

values [26],[77].
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Figure 3.10: 1p-Vgs plot for simulation and experiment [48] at Vps =5 V.

Figure 3.10 shows the Ip-Vgs linear plot at Vps =5 V for the unpassivated
and passivated samples. The experimental data from Ref. [48] and the simulated
data are superimposed in Figure 3.8. The superimposed plots show a very close fit
for both the unpassivated and passivated devices. The extracted Vi, from the
simulation are -4.12 and -4.78 V for the unpassivated and passivated devices
respectively. Also, it is noticeable that the gradients of ON-state drain current
(lon) for the passivated device is higher than the unpassivated device. Also, for
the same gate overdrive, the passivated device shows higher 1oy compared to the
unpassivated device. It is notable that in order to fit the unpassivated and
passivated devices to the experimental data, the low-field mobility fitting
parameter ¢ had to be different for the two devices. This resulted in the difference

in the lateral mobility in the two devices. The mobilities of the unpassivated and
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passivated devices from the simulation are 661 cm?V.s and 983 cm?/V.s,
respectively. Since the fitting parameters are from Monte Carlos calculations and
are said to include most of the scattering mechanism, it is safe to say that the

increase in mobility could be due to reduction in carrier scattering.
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Figure 3.11: Extrinsic g,-Vgs transfer characteristics of AlIGaN/GaN MOS-HEMT devices
for simulation and experimental [48] devices at Vps =5 V.

Figure 3.11 shows the extrinsic gm-Vgs transfer characteristics of the
AlGaN/GaN MOSHEMT devices for the unpassivated and passivated devices.
Again, the superimposition of the simulation and experimental [48] data show
close fit. The peak g, values from the simulation are 62.6 and 97.8 mS/mm for
the unpassivated and passivated device respectively. As discussed earlier, this

increase in gn also indicates the in situ passivation increased the mobility of the
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AlGaN/GaN MOS-HEMT devices, which is believed to be due to reduction in

carrier scattering.
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Figure 3.12: Log(lp)-Ves plot for AlIGaN/GaN MOS-HEMT for simulated and experimental
[48] devices.

Figure 3.12 shows the log(lp)-Ves plot for the unpassivated and passivated
devices near the sub-threshold region. Again, the overlay between the
experimental data and simulation data shows a good fitting. The extracted sub-
threshold swings (SS) from the simulated devices are 134.7 and 100.2 mV/dec for

the unpassivated and passivated devices.

_Cox ( a(ss) )
Die = q? (ln(lO)kT 1) q? (3.17)

The decrease in SS can be related to reduction in interface state density using

Equation 3.17. This is consistent with the simulation work which shows the
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reduction of 6.0x10* cm™ of acceptor-like trap density resulted in the decrease in

SS.

Table 3.3: Comparison of Vi, ng, peak g,, and SS for the unpassivated experimental [48] and
simulated devices.

Experiment  Simulation O(Ej:)a
Threshold Voltage (Vi) (V) -4.14 -4.12 ~0.5
?g:r)nEZC)E Sheet Carrier Concentration (ns) 0.86x10%°%  0.73x10% 151
Peak Transconductance (gm) (MS/mm) 65 62.6 ~3.7
Sub-threshold Swing (SS) (mV/dec) > 150 134.7 10.4

Tables 3.3 compares the values of Vi, ns, peak gn and SS extracted from
the unpassivated device in the experiment and simulation. The values of the Vi,
from the experiment and simulation are very close. The difference in the 2DEG n
is around 15%, which is within the acceptable limit. The difference in the peak gn,
is also small. The difference in the SS between the experiment and simulation is

close to 10 %.

Table 3.4: Comparison of Vg, n,, peak g, and SS for the passivated experimental [48] and
simulated devices.

. . . Offset
Experiment  Simulation (%)
Threshold Voltage (Vin) (V) -4.77 -4.78 ~0.2
2DEzG Sheet Carrier Concentration (ns) 104x10°  0.87x10% 163
(cm?) : : :
Peak Transconductance (gm) (MS/mm) 95 97.8 ~2.9
Sub-threshold Swing (SS) (mV/dec) <100 100.2 0.2
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Tables 3.4 compares the values of Vi, ns, peak gm and SS extracted from
the passivated device in the experiment and simulation. The difference in the Vi,
for the passivated devices is very small. As explained earlier, the difference in the
2DEG nqg is close to 15 % for the passivated devices as well. The peak g, and SS

show very close values to the experiment.
3.8 Conclusion

TCAD simulations were performed to fit with the experimental results to
better understand the effect of surface passivation for AIGaN/GaN MOSHEMTSs.
The simulations results provided good fit for the experimental data. The
simulation gave a plausible explanation that a decrease of 6x10** cm? of
acceptor-like trap density led to the Vi becoming more negative, an increase in

lon, increase in g, and decrease in SS.

Decrease in Acceptor-like Trap Density

> 2DEG nST mlgl;eb:lfe::t?je
| SS l/ [ONT
N
> Scattering J, > MobilityT
y
Peak g, T

Figure 3.13: Flow chart of the effects observed in the simulation.
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Figure 3.13 shows a flowchart summarizing the observations made during
the simulation study. The decrease in the ionized acceptor-like trap density led to
an increase in 2DEG ns. Thus, a larger negative gate bias is required to turn OFF
the device. Thus, the Vi, has become more negative. The decrease in SS is directly
related to the reduction of the acceptor-like trap density. It is also believed that the
decrease in the acceptor-like traps decreases carrier scattering. Thus, the mobility
of the passivated device increased which led to the increase in g, and an increase

in loy for the same gate overdrive, compared to the unpassivated device.
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Chapter4. Trap  Analysis  of
AlGaN/GaN MOSHEMTs using
Gate  Stress  Induced  Current
Transient Methodology and TCAD
Simulation

4.1 Introduction

AlGaN/GaN high electron mobility transistors (HEMTs) are very
attractive for high power [42], high temperature [64], and high frequency [44]
applications. By inserting a high quality dielectric between the gate electrode and
the AlGaN layer, thus converting the device into a metal-oxide semiconductor
high electron mobility transistor (MOSHEMT), the gate leakage current can be
significantly reduced [65]. One of the factors that degrade the performance and
reliability of GaN-based MOSHEMTSs is electron trapping in the surface or
interface states of the device, which is thought to be responsible for current

collapse [29]-[32].

Drain current transient measurements are useful in studying the effects of
carrier trapping due to its sensitivity to the entire region between the source and
drain [37]. This method is in contrast to capacitance-based methods that only
allow analysis mainly under the gate metal [66]. The two main transient
measurement techniques are gate-lag and drain-lag measurements. The former

and the latter analyse the drain current with respect to gate and drain voltage
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stresses, respectively. The drain-lag technique studies the impact of the substrate
and buffer carrier trapping [67]-[85] and the gate-lag technique studies the impact
of surface traps [68]-[88] on the drain current. In order to realize the full potential
of the device, it is important to understand the nature and properties of these traps

by directly studying the transient behavior of the traps.

In this Chapter, the AlGaN/GaN MOSHEMT was fabricated and we
report a study of the properties of the Al,O3/AlGaN interface states using a
combination of electrical measurements and numerical simulations. The current
transient methodology was introduced by Joh et al. [35] for AlGaN/GaN HEMTS.
This method was applied, for the first time, on a MOSHEMT, to obtain the
detrapping time constants and energies of the trap states at the Al,Os/AlGaN
interface using gate-stress induced transient current measurements. Device
simulation and curve fitting were used to determine the type of interface states
(i.e., donor or acceptor-like traps) and their densities. In this way, a more

complete characterization of the traps at the Al,O3/AlGaN interface was achieved.

4.2  Experiment Details

4.2.1 Device Fabrication

The MOSHEMT devices were fabricated on Alg25Gag 7sN(25 nm)/GaN on
Si(111) substrate. The AlGaN/GaN heterostructure of Si substrate was purchased
from NTT-AT (Japan). The active region was defined using Cl, chemistry based
(BCl3 = 20 sccm and Cl, = 10 sccm) inductive coupled plasma reactive ion
etching (ICP-RIE). The power settings of ICP and RIE, during the etching, were
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400 W and 200 W, respectively, with chamber pressure of 10 mTorr. Dilute
hydrochloric acid (HCI) (HCI:H,O = 1:1) was used to remove the native oxide on
the AlGaN surface prior to the dielectric deposition. 10 nm of Al,O3 layer was
deposited as gate dielectric at 250 °C by atomic layer deposition (ALD) using
Al(CH3); and H,O precursors. This was followed by post deposition anneal
(PDA) at 500 °C for 1 min. in N, ambient. Gate metal consisting of TaN (100 nm)
was deposited using reactive sputtering with DC power of 450 W, RF power of 12
W, chamber pressure of 3 mTorr and N, flow rate of 5 sccm. The gate electrodes
were patterned using Cl,-based plasma etching using 450 W RF power, 200 W
bias power, 100 sccm Cl, flow rate and chamber pressure of 10 Torr. Source and
drain contact openings were etched through the Al,O3 layer using dilute
hydrofluoric acid (HF) solution (HF:H,O = 1:100). Metal stacks consisting of
Al(75 nm)-on-Ti(25 nm) were then deposited using electron beam evaporation,
and annealed at 650 °C for 30 s in N, ambient to form the source and drain
contacts. The device used in this study had a gate width of 500 um and a gate
length (Lg) of 10 um. Gate-to-source (Lgs) and gate-to-drain (Lgp) distances
were 9 um each. Figure 4.1 shows the cross-sectional schematic of the
AlGaN/GaN MOSHEMT fabricated for the detrapping transient current

measurement.
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Figure 4.1: Cross-sectional schematic of AlGaN/GaN MOSHEMT fabricated for detrapping
measurement.
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Figure 4.2: 15-Vgs plot of AIGaN/GaN MOSHEMT in linear and 1p-Vgs and lg-Vgs semi-log
(inset) scales for Vps =1V and 5V at T = 300K.
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Figure 4.3: 1p-Vps plot of AlIGaN/GaN MOSHEMT with Vgsmax =2 V and Vgsgep = -1V at T
=300 K.

Figure 4.2 shows the measured Ip-Vgs characteristics of the AIGaN/GaN
MOSHEMTSs in linear and semi-log scales for Vps = 1 V and 5 V. The DC
characteristics of the device were threshold voltage (Vi) of -6.1 V, sub-threshold
swing (SS) of 82.4 mV/dec, maximum transconductance (gm max) of 21.4 mS/mm,
and drain current On/Off ratio of 1.7x10°% Figure 4.3 shows the Ip-Vps
characteristics of the measured AlGaN/GaN MOSHEMTSs. The maximum drain

current (Ipmax) was 170 mA/mm at Vgs =2 V.
4.2.2 Measurement Procedure

The transient currents were measured on the device using a Keithley 4200
Semiconductor Characterization System together with a MMR K-20
Programmable Temperature Controller. A gate bias stress of Vs = -20 V and Vps
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=0 V was applied for 50 s. After the gate stress was removed, Vgs and Vps were
switched to 1 V and 0.5 V, respectively. The transient drain current ip(t) as a
function of time t was then measured in the device’s linear regime so as to
minimize trapping of electrons during the detrapping measurement. The gate
stress transient measurements were performed at temperatures (T) ranging from
340 K to 370 K in the absence of light. Figure 4.4 shows the Vgs and Vps biases

applied to the device during the gate stressing and transient measurement.

,Gate, Drain Bias (V)

4
g | TN — | Gate Bias
il P Drain-to-source Bias
° 50 Time (s) i
Y/
-20
[ Gate Stress : Transient Measurement

Figure 4.4: Gate and drain bias during gate stress and transient current measurement. The
transient drain current was measured after 50 s drain stress.

4.2.3 Mathematical Fitting Model

The detrapping transient drain current ip(t) of the Aly2sGag7sN/GaN
MOSHEMT was studied using the methodology of Joh et al. [35]. This method
takes into account that the measured ip(t) comprises of several independent
detrapping processes, where electrons are emitted from the trap states. Emission
of electrons from a particular trap state is assumed to have a unigue time constant

r and is characterized by a decaying exponential function [69]-[90]. The sum of
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these exponential functions is used to fit the measured ip(t) in a least-mean-square

fashion. The fitting equation was described by DasGupta et al. [70] as
Aip fittea(t) = Xiq “i(l - e_t/Ti) (4.1)

Aip(t) is defined as ip(t) — ip(0), where ip(0) is the measured ip at the onset
of detrapping. The fitting parameter o; represents the amplitude of each
detrapping process, which is related to the density of electrons emitted from the
trap state with time constant z;. The values of ¢;’s are extracted by minimizing
(Aipsited - Aipmeasured)’. In this study, forty-nine exponential functions (n = 49),
with predefined z;’s, distributed logarithmically in equal spacing, were used in the
fitting equation. Good fittings of the ip(t) in both linear and semi-log scales were

obtained, as shown in Figure 4.5.
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Figure 4.5: Transient drain current measurement and mathematical fitting at T = 340 - 370
K shows good fitting in linear and semi-log scales.

4.3 RESULTS AND DISCUSSION

4.3.1 Temperature-dependent Time Constant Spectra

The extracted o;’s were plotted with respect to zi’s to form the time
constant spectra as shown in Figure 4.6 for T = 340 K — 370 K. The time constant
spectra clearly show two dominant detrapping processes (E1 and E2) at all the
different temperatures. The reduction in the time constants of E1 and E2 with

increasing temperature shows that E1 and E2 are sensitive to temperature.
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Figure 4.6: Temperature-dependent time constant spectra (a; vs. z;) of the device measured
at T = 340 K - 370 K. The two peaks (E1 and E2) represent dominant de-trapping processes
in the device during the de-trapping measurements.
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The activation energies of E1 and E2 were extracted from linear fittings of
Arrhenius plots using Equation 4.2, where 7 is the emission time constant, Ec is
the conduction band energy of AlGaN, Er is the trap energy, k is Boltzmann’s

constant, T is temperature, a, is the electron capture cross-section and

Yo = (72 (55) = 325 x 102 (22) em 257K 2. (4.3)

T1/2 T3/2 mo

where vy, is thermal velocity, N is the density of state, m, is the electron density-
of-states effective mass and my is the free electron rest mass. Linear fittings of the
Arrhenius plots, in Figure 4.7(a) and (b) show well defined activation energies
(Ea) for E1 and E2 at 0.32 eV and 0.46 eV below the conduction band edge, Ec,

of the AlGaN layer, respectively.

During the gate stress, Vps was kept at 0 V. Therefore, it is expected that
the trapping of electrons will be limited to the regions under and near the gate
metal only. At Vgs = -20 V, the depletion region under the gate electrode will
extend through the AlGaN layer and into the GaN layer. The gate leakage current
through the Al,O; and AlGaN layer can induce trapping of electrons in the
AlGaN and GaN layers, as well as at the interfaces. When the gate bias Vgs is
switched to +1 V, the depletion region will reduce instantaneously and the
electrons trapped in the bulk materials will be emitted out of the trapped states
quickly [71]. It is reported that the bulk traps are dominated by fast traps with
fast time constants whereas extremely slow transients (z > 1 s) are related to
trapping in the surface states [72]-[94]. Since the time constants of E1 and E2 are

2.4 s and 7.5 s respectively at T =370 K, E1 and E2 are highly likely to be present
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as interface trap states. In addition, the AlGaN surface could have been subjected
to process related damages during the device fabrication [73] resulting in a higher
density of defect states at the Al,O3/AlGaN interface compared to AlGaN/GaN
interface. Therefore, we expect E1 and E2 to be predominantly located at the

Al,Os/AlGaN interface.

Traps with ionization energies E, close to 0.32 eV and 0.46 eV have been
reported in the literature as donor-like traps in the AlGaN layer using other
measurement techniques. Hasegawa et al. reported that the presence of deep
donor-like traps, at E, of 0.37 eV, is related to nitrogen vacancy in the AlGaN
surface [60]. Tapajna et al. proposed that traps, at the AlGaN subsurface, with E,

of 0.5 eV could have originated from oxygen related defect complexes [74].
4.3.2 Device Simulation using SILVACO ATLAS TCAD

In order to have a better understanding of the characteristics of the traps in
the AlGaN/GaN MOSHEMT, device simulations using SILVACO ATLAS were
carried out. Polarization-induced sheet charge densities at the Al,O3/AlGaN,
AlGaN/GaN and GaN/substrate interface, were calculated using the theoretical
calculations presented by O. Ambacher et al. [26] using equations (1.11 — 1.19 in
Chapter 1) together with piezoelectric constants reported by Shimada et al. [75].
Figure 4.8 shows that the calculated polarization-induced sheet charge density in
the Al,Os/AlGaN, AlGaN/GaN and GaN/substrate interface are -2.58x10" cm?,
1.04x10" cm? and 1.54x10™ cm™, respectively. Albrecht mobility [54] was used

to model the electron mobility and Fowler-Nordheim tunnelling was used to
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model the OFF-state current in the simulation. Other models used in the
simulation are discussed in Chapter 3 sub-section 3.5. Please refer to Appendix C

for the code used in the simulation.

=-2.58x1013 cm
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Figure 4.8: Calculated polarization-induced sheet charge densities at Al,Os/AlGaN,
AlGaN/GaN and GaN/substrate interface were -2.58x10" cm®, 1.04x10* cm™ and 1.54x10%

cm’, respectively.
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Figure 4.9: Simulation fittings of 15-Vgs characteristics of the MOSHEMT at Vps = 1 V

measured at T = 370 K showing good fittings in semi-log and linear (inset) scales.

Trap energies and time constants of E1 and E2, obtained from sub-section
4.3.1, were used to define donor-like traps at the Al,Os/AlGaN interface. An
example of simulation fitting of the measured 1p-Vgs characteristics for Vps =1V
at T = 370 K is shown in Figure 4.9. The densities of E1 and E2 were adjusted in
the simulation to achieve good fitting to the measured Ip-Vgs data in both linear
and semi-log scales. The donor-like trap densities of E1 and E2 used in the
simulation fitting were 1.43x10™ cm™ and 1.07x10"° cm™ respectively. These

values are reasonable since the density of surface states of AlGaN/GaN HEMTSs

greater than 1.5x10* cm™ were reported by others [34],[98].
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Figure 4.10: Cross-sectional schematic of the AIGaN/GaN MOSHEMT when the device was
stressed at Vgs =-20 V and Vps =0 V. The red arrows show electrons from the gate electrode
being captured by the trap states located at the Al,Os/AlGaN interface. The filled and empty
red circles represent filled and empty trap states, respectively, at the Al,O,/GaN interface.

Figure 4.10 shows the cross-sectional schematic of the AlGaN/GaN
MOSHEMT when the device was stressed at Vgs = -20 V and Vps = 0 V. During
this stress, the 2DEG under the gate is depleted and the electrons from the gate
leakage current can be captured at the trap states located at the Al,Os/AlGaN
interface. This is shown using red arrows. The trapping of electrons in the Lgs and
Lep regions led to the formation of ‘virtual gates’, which affected the 2DEG
density at the AlGaN/GaN interface [29]. Since the drain and source were
grounded, there was equal likelihood for the gate leakage current to flow towards
the source and the drain. Therefore, the virtual gate should extend on both sides of
the gate electrode [35]. Also, simulation study by Meneghesso et al. [76] showed
the virtual gate to have a length of 2 um. The filled and empty circles represent

filled and empty trap states, respectively.
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Figure 4.11: Energy band of AlGaN/GaN MOSHEMT, at T = 370 K, under the gate
electrode at Vgg = -20 V and Vps = 0 V, obtained from device simulation. The red colour
arrows show a possible path of the gate injected current before getting captured by the trap

states.

Figure 4.11 shows the energy band of the AlGaN/GaN MOSHEMT
obtained from the device simulation, at T = 370 K under the gate electrode, when
the device was stressed at Vgs = -20 V and Vps = 0 V. From the device simulation,
the vertical electric field through the Al,O3 layer is 9.8 MV/cm. At such high
electric field, Fowler-Nordheim (FN) tunnelling is a dominant mechanism for

gate leakage current [77]. The large negative gate bias caused the energy bands of
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Al,O3 and AlGaN to be significantly pulled up. From the energy band point of
view, it can be seen that the electrons will only need to tunnel through 5 nm of
Al,O3 before reaching the conduction band of the Al,O3 and subsequently getting
captured by the trap states in the Al,O3s/AlGaN interface. The red arrows show a
possible path taken by the gate electrons before getting captured. (1) Electrons
from the gate electrode tunnel through the gate dielectric to reach the conduction
band of Al,Os. (2) Electrons in the conduction band of Al;O3 ‘roll down’ to the
Al,O3/AlGaN interface due to the potential difference across the thickness of the
Al,O3 layer. (3) Electrons are captured by the trap states at the Al,Os/AlGaN
interface. The close proximity of the Fermi energy to the trap state energies, at the

Al,O3/AlGaN interface, allows the capture states to be filled with electrons.

— VGS:]V VDSZOSV

Source Drain

Figure 4.12: Cross-sectional schematic of the AlGaN/GaN MOSHEMT when the device was
stressed at Vgs =1 V and Vps = 0.5 V. The red arrows show electrons being emitted from the
trap states located at the Al,O3/AlGaN interface and flowing into the AlGaN/GaN interface.
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Figure 4.12 shows the cross-sectional schematic of the AlIGaN/GaN
MOSHEMT during the transient measurement, at Ves = 1 V and Vps = 0.5 V.
When Vgs is switched from -20 V to 1 V, the electrons captured at the trap states
under the gate and ‘virtual gates’, at the Al,O3/AlGaN interface, begin to be
thermally emitted (shown using filled red circles). This causes the 2DEG to

reappear at the AlIGaN/GaN interface, under the gate and ‘virtual gates’.
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Figure 4.13: Energy band of AlIGaN/GaN MOSHEMT under the gate electrode, at Vgs =1V
and Vps = 0.5 V, extracted from device simulation. The red colour arrows show a possible
path taken by the electrons emitted from the trap states.

83



Figure 4.13 shows the energy band of the AIGaN/GaN MOSHEMT at T =
370 K, under the gate electrode, when the device was biased at Vgs =1 V and Vps
= 0.5 V. When Vgs is switched from -20 V to 1 V, the captured electrons begin to
be thermally emitted into AlGaN conduction band. The red arrows show a
possible path of the thermally emitted electrons from the capture states: (1)
Electrons emitted from trap states to the conduction band of the AlGaN layer, at
the Al,Os/AlGaN interface; (2) Electrons at the AlGaN conduction band ‘roll
down’ to the triangular quantum well at the AIGaN/GaN interface due to the
potential difference across the thickness of the AlGaN layer; (3) Electrons are

swept away laterally due to Vps.
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4.3.3 Temperature-dependent Time Constant Spectra with Modified Time

Constants
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Figure 4.14: Comparison of temperature-dependent time constant spectra (e; vs. ;) fittings
with logarithmically equal time constant spacing and smaller spacing between time constants
in the regions of the dominant peaks.

In order to check the accuracy of the fittings in obtaining the time constant
spectra, it is recommended to use higher number of n in the regions of interest
(eg. near the dominant peaks). Figure 4.14 shows the time constant spectra
obtained using the fitting function with logarithmically equal time constant

spacing (black line) and with higher density of time constant in the dominant
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peaks regions (blue line). As reported by Joh et al. [35], using higher number of n
led to the widths of the dominant peaks to reduce. However, the time constants of
the dominant peaks obtained from the new fittings did not change significantly
with respect to the fittings obtained using n = 49. Therefore, n = 49 can be used to

obtain accurate results and higher values of n is not necessary.

4.4 Conclusion

In summary, the detrapping characteristics at Al,O3/AlGaN interface of
AlGaN/GaN MOSHEMT were investigated by combining gate-stress induced
transient current measurement, mathematical fitting and device simulation. The
measured drain current transient was measured and fitted using a fitting function.
Good fittings were obtained in linear and semi-log scales. The o; vs 7; was used to
plot the time constant spectra. Temperature dependent time constant spectra
showed two dominant de-trapping processes (E1 and E2), which exhibited
temperature dependence. The activation energies of E1 and E2 extracted from
linear fittings of Arrhenius plots, gave 0.32 eV and 0.46 eV, respectively. The
time constants of E1 and E2 at T = 370 K were 2.4 s and 7.5 s, respectively. Due
to the slow time constant and the possibility of device fabrication-related process
damages to the AlGaN surface, E1 and E2 are believed to be predominantly
located at the Al,O/AlGaN interface. Using device simulation, the two trap states
were identified to be donor-like with densities of 1.43x10** cm™ and 1.07x10"

cm™ respectively at T = 370 K.
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Chapter 5.  Characterization of
Traps in AlGaN/GaN MOSHEMTs
using Pulsed I-V Measurements and
TCAD Device Simulation

5.1 Introduction

GaN-based metal oxide high electron mobility transistors (MOSHEMTS)
are excellent candidates for high power [42], high frequency [44] and high
temperature [64] applications with low gate leakage current [65]. Recent
publication on AlGaN/GaN MOSHEMT has reported high drain current density
larger than 1 A/mm [78]. However, a major issue that still needs to be addressed
is the electron trapping process that leads to instability of threshold voltage (Vi)
[31],[102], degradation of mobility [32], poor performance [79] and reliability
[29],[104]-[105]. In particular, the drain current collapse, which is a recoverable
process, that limits the performance of AlGaN/GaN HEMTs due to trapping
charge in the AlGaN surface or GaN buffer layer [37],[106]. Investigation of
drain current collapse using gate lag measurements revealed that the trapping of
electrons at AlGaN surface states are responsible for the drain current collapse
[80]. It was reported that the buildup of charges in the AlGaN surface due to
lateral injection of electrons can cause the formation of parasitic virtual gates that

degrades the device performance [81]-[109].
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In order to understand the charge trapping process, it is important to
employ pulsed current-voltage (I-V) measurement technique. This technique
enables pulsing the drain and gate voltages of the AlGaN/GaN MOSHEMT at the
same time. Therefore, the current collapse in the device can be quantitatively
evaluated [82]-[110]. Compared to DC measurements, pulsed I-V measurements
avoid the negative effects of joule-heating and transient effect of trapped charges

[83]-[112].

In this chapter, the AIGaN/GaN MOSHEMT was fabricated and the
impact of the traps located at the Al,O3/AlGaN interface was studied using a
combination of pulsed 1-V measurements with different quiescent gate bias (Vgs,q)
points and device simulation fittings using SILVACO ATLAS TCAD. By using
this combination, the effect of electron trapping on the electrical characteristics of
the device such as threshold voltage (Vi), two-dimensional electron gas (2DEG)
sheet charge density (ns), lateral electron mobility, density of ionized traps and
nature of traps (i.e., donor-like or acceptor-like) at the Al,O3/AlGaN interface,

can be well-investigated.
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5.2 EXPERIMENT

5.2.1 Device Fabrication

O— AlGaN/GaN on 37 (111) S1 substrate

— Active region formation, and source and drain recess
using Cl,-based ICP

— Source and drain contact deposition using DC sputtering

— Ohmic contact formation (850 °C, 30 s, N, ambient)

— Sample Cleaning using HCl,

— 7 nm Al,O; deposition using ALD

— Post deposition anneal (500 °C, 1 min, N, ambient)

Gate contact deposition

x— Device Characterization

Figure 5.1: Summary of AlGaN/GaN MOSHEMT fabrication process flow for pulsed I-V
measurement.

The Au-free Alg25Gag7sN(25 nm)/GaN MOSHEMTSs were fabricated on
Si(111) substrate. The AIGaN/GaN heterostructure of Si substrates were
purchased from NTT-AT (Japan). The active region, and source and drain recess
were defined using Cl, chemistry based (BCl; = 20 sccm and Cl, = 10 sccm)
inductive coupled plasma reactive ion etching (ICP-RIE). During the etching, the
power settings for the ICP and RIE were 400 W and 200 W, respectively, with
chamber pressure of 10 mTorr. Metal stacks comprising of Ti(25 nm)\Al(100
nm)\Ni(30 nm)\W(50 nm) were successively deposited using DC sputtering at
chamber pressure of 3.5 mTorr. The source and drain Ohmic contacts were
formed by annealing at 850 °C for 30 s in N, ambient using rapid thermal

annealing. The native oxide on the AlGaN surface was removed using dilute
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hydrochloric acid (HCI) (HCI:H,O = 1:1) solution prior to the dielectric
deposition. A 7 nm thick Al,O3 layer was deposited as gate dielectric at 250 °C by
atomic layer deposition (ALD), using AI(CHz); and H,O as aluminum and oxygen
precursors, respectively. This was followed by post deposition anneal (PDA) at
500 °C for 1 min. in N, ambient. The gate metal stack Ni(50 nm)\W(50 nm) was
successively deposited using DC sputtering at chamber pressure of 3.5 mTorr.
Dilute hydrofluoric acid (HF) solution (HF:H,O = 1:100) was used to remove the
Al,O3 layer above the source and drain contacts. The device used in this study has
a gate width of 70 um, gate length (Lg) of 8 um, and gate-to-source (Lgs) and
gate-to drain (Lgp) separations of 10 um each. Figure 5.1 shows the summary of
the process flow and Figure 5.2 shows the cross-sectional schematic of the

AlGaN/GaN MOSHEMT fabricated for the pulsed I-V measurement.

8 um
ke >

(W-on-Ni) <
Source Drain

Contact A|2O3 (7 nm) Contact
(TINAINI\W)
Alg,sGag 75N (25 nm)

(Ti\AINI\W)

GaN (4.2 um)

Si(111) Substrate

Figure 5.2: Cross-sectional schematic of the AlGaN/GaN MOSHEMT fabricated for pulsed
-V measurement.
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Figure 5.3: DC Ip-Vgs plot of AlIGaN/GaN MOSHEMT in semi-log and linear (inset) scales
forVps=1Vand5Vat T=300K.

Figure 5.3 shows the measured DC Ip-Vgs characteristics of the
AlGaN/GaN MOSHEMT in the semi-log and linear (inset) scales for Vps = 1 V
and 5V, at T = 300 K. The DC characteristics of the device were Vy, of -6.4 V,
sub-threshold swing (SS) of 73.3 mV/dec at Vps = 5 V, maximum extrinsic
transconductance (gmmax) Of 66.9 mS/mm at Vps = 5 V and Ip On/Off ratio of

7.7x10%at Vps =5 V.
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Figure 5.4: DC Ip-Vps plot of AlIGaN/GaN MOSHEMT with Vgsmax = 0 V and Vgssep = -1V,
at T =300 K.

Figure 5.4 shows the DC Ip-Vps of the measured AlGaN/GaN MOSHEMT
at T = 300 K. The maximum drain current (Ip max) was 340 mA/mm at Vgs =0 V.
The contact resistance and specific contact resistivity approximated from the
transmission line measurements (TLM) are 4.1 Q.mm and 4.98x10™* Q.cm?
respectively.

Considering the large dimensions of the device such as Lg, Les and Lgp,
the values of the DC characteristics are reasonable. B.-Y. Chou et al. [84]
reported the DC characteristics of Al,03/AlGaN/GaN MOSHEMT to have gm max
to be 140.6 mS/mm, SS to be 92.4 mV/decade and Ip max at Vgs = 0 V to be around

475 mA/mm [84].
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5.2.2 Measurement Setup

The device was measured using a Keithley 4200 semiconductor
characterization system with a pulse monitoring unit (4225-RPM). In the
measurement setup, the pulse waveform’s width, period, rise time and fall time
were 0.5 ps, 50 ps, 0.1 ps and 0.1 ps, respectively. Figure 5.5 shows an example
of a pulse waveform. The duty cycle of the pulse waveform was 1% in order to

minimize the self-heating in the device [85] during the measurement.

\ Rise Time Fall Time
(0.1 ps) (0.1 ps)

»

as

Measurement
B

Amplitude il
Pulse Width

E (0.5 ps)

Median

Pulse Period (50 ps)

Y

Quiescent/Stress
Bias

Time

Figure 5.5: Example of pulse waveform (not drawn to scale) showing pulse period, pulse
width, rise time and fall time were 50 ps, 0.5 ps, 0.1 ps and 0.1 ps, respectively. The duty
cycle of the pulse waveform was 1 %.

The pulsed Ip-Vgs and Ip-Vps curves (average of 10 consecutive current

pulses) were measured at different gate-to-source quiescent bias (Vgsg) points,
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while the drain-to-source quiescent bias (Vpsg) point was kept constant. The
quiescent biases refer to the stress biases applied to the device prior to the pulse
width, where the drain current measurement is made. The pulsed Ip-Vgs
measurements were measured from Vgs = -9 V to 0 V at Vps = 1 V for (Vs o,
Vpsg) = (15 V, 0 V), (0 V, 0 V), (0.5V, 0 V), (1.0 V, 0V) and (1.5 V, 0 V).
Figure 5.6 shows an example of the Vgs and Vps biases during the pulsed Ip-Ves
measurements. The different Vgs o biases were applied to the device in order to
induce trapping/detrapping of electrons under and near the gate metal, at the
Al,O3/AlGaN interface. During the measurement, the stress was removed and
instead the requisite gate bias was applied. However, since the measurement time
was short, the captured electrons did not have sufficient time to be emitted from
the traps. Hence, the effects of the trapped electrons on the I-V characteristic can
be measured. Furthermore, since Vpsgo = 0 V during the stress, trapping of
electrons in the channel region and in the buffer due to hot electrons can be
neglected. Also, as mentioned earlier, during the pulsed I-V measurements, the
negative effects of joule heating and transient trapping/detrapping during the

measurement can be avoided, which are unavoidable in DC |-V measurements.
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Figure 5.6: Example of Vg (top) and Vpg (bottom) biases during Ip-Vgs measurement from
Ves =-9to 0V at Vps =1 V. The device was measured at various Vgs o biases of -15 V, 0 V,
0.5V, 1.0V and 1.5V, while Vps o was kept constant at 0 V.
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5.3 RESULTS AND DISCUSSION

5.3.1 Pulsed I-V Characteristics

o
— (VGS, y VDS, ) = (0 V| 0 V)
- (VGS,:’ VDs,Z) =(0.5V,0V) /
- (VGS,Q’ VDsyQ) =(1.0V,0V)
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Figure 5.7: Pulsed 1p-Vgs measurement at Vps = 1 V of AlGaN/GaN MOSHEMT for (Vgs g,
Vbso) =(-15V,0V), (0V,0V), (0.5V,0V),(1.0V,0V)and (1.5V,0V).

Figure 5.7 shows the pulsed Ip-Vgs characteristics measured at Vps = 1 V
for (Vas,g, Vos,o) = (<15 V, 0 V), (0 V, 0 V), (0.5V, 0V), (1.0 V, 0V) and (1.5 V,
0 V). The shifts in Vi, with respect to (Ves,o, Vbs,o) = (0 V, 0 V) indicate that the
Ves,o biases were able to induce trapping/detrapping of electrons under the gate
metal. Also, it can be inferred that the emission time constant of the trap must be
slower than the pulse width (0.5 ps) in order to have an impact on the Vy,. Pulsed
Ip-Ves measurement with (Ves,o, Vbs.g) = (-15 V, 0 V) caused the Vi, to shift to a

more negative value, from -6.17 V to -6.27 V. This observation differs with
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literature studies on pulsed I-V measurements on AlGaN/GaN HEMTSs, where a
positive shift in the Vi, was observed when a negative Vgsq was applied to the
devices. It is believed that the trapping of electrons at regions under and near the
gate due to injection of electrons from the gate metal [86] caused the Vi, to
increase when negative Vgs,q Was applied to the devices. In this experiment, 7 nm
thick, high quality Al,O; was deposited as gate dielectric using ALD. The low

gate leakage current, in addition to the short Vgsq bias duration of 49.4 ps
[Pulse Width — %(Rise Time + Fall time] is believed to have low impact on

the shift in Vy,. Therefore, the phenomenon of positive shift of Vy, due to negative

Vgs,q bias was not observed on the sample.

On the other hand, positive Vgsq causes the Vi, to shift to increasingly
positive values. The Vy, of the device were -6.17 V, -6.03 V, -5.94 V and -5.77 V
for (Vesa, Vbsg) = (0 V, 0V), (05V,0V), (1.0V,0V)and (1.5V, 0V),

respectively.
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Figure 5.8: Pulsed I5-Vps measurements of AlIGaN/GaN MOSHEMT for Vgsmax = 0 V and
Vasstep = -1 V at (Vgso, Vosg) = (-15V,0V), (0V,0V), (0.5V,0V), (1.0V,0V)and (1.5V, 0
V).

Figure 5.8 shows the pulsed Ip-Vps measurements for (Vs o, Vos,o) = (-15
V,0V),(0V,0V),(0.5V,0V), (1.0V,0V)and (1.5 V, 0 V). The pulsed 15-Vps
measurements for (Ves o, Vbs,o) = (-15 V, 0 V) show slight increase in Ip max from
398 mA/mm to 400 mA/mm at Vgs = 0 V and negligible change in specific on-
resistance (Ron), compared to (Vesq, Vbsg) = (0 V, 0 V). This observation also
differs from studies in the literature, which reported decrease in maximum drain
current and increase in dynamic on-resistance, also known as current collapse, in
AlGaN/GaN HEMTs when negative Vgs o Was applied to the devices. Electrons
trapping under and near the gate were reported to be a possible reason for the

current collapse [87],[116]. Again, it is believed that the high quality gate
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dielectric and the short Vgs g bias duration limited the gate leakage current during
the negative Vgsq bias. Thus, this observation was different from the ones
reported in the literature for AlGaN/GaN HEMTSs. Conversely, the lpmax for
(Veso, Vbsg) = (05 'V, 0V), (1.0V, 0V) and (1.5 V, 0 V) decreased to 385
mA/mm, 372 mA/mm and 356 mA/mm, respectively, from 398 mA/mm. The
specific Ron increased slightly from 4.04 mQ.cm?® to 4.07 mQ.cm? for (Ves.o,

Vbsg) = (1.5 V, 0 V) compared to (0 V, 0 V).

5.3.2 Device simulation using SILVACO ATLAS

6=-3.20x1013 cm2

wwwwwwww

e €— 06 =+1.39x10!3 cm™

GaN Psp
v
S S e e S B A e e
€— 5 =+1.81x1013 cm??
Substrate

Figure 5.9: Polarization-induced sheet charge density (¢) at the Al,O3z/AlGaN, AlGaN/GaN
and GaN/substrate interfaces were -3.20 x 10* cm?, 1.39 x 10" cm? and 1.81 x 10" cm?,
respectively, from theoretical calculations [26].

In order to have a better understanding of the pulsed I-V results, two-
dimensional TCAD simulations using SILVACO ATLAS were performed to fit
the measured data. Owing to the short pulse width (0.5 ps) and Vpsgq = 0 V, we
expect the joule heating in the device to be negligible during the measurement

[88]. Therefore, the joule heating model in the simulations was not activated.
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Polarization-induced sheet charge density (o) at the Al,O3/AlGaN,
AlGaN/GaN and GaN/substrate interfaces, obtained from theoretical calculations,
using Equations (1.11 to 1.19 in Chapter 1) were -3.20x10** cm, 1.39x10" cm™
and 1.81x10™ cm™, respectively [26] (shown in Figure 5.9). In the simulation,
Ibbetson et al.’s model of a single trap state at the AlGaN surface was adopted
[34]. It is believed that the major traps that affect the device characteristics are
predominantly located at the Al,Os/AlGaN interface due to the presence of
dangling bonds and process related damages on the AlGaN surface [73]. Also,
since the AlGaN/GaN heterostructure was grown in situ using metal-organic
chemical vapor deposition (MOCVD) method, the bulk traps density is expected
to be less dense compared to the Al,O3;/AlGaN interface trap density. In the
simulation, donor-like trap density with activation energy of 0.32 eV (from
Chapter 4) and capture cross-section of 1x10™°> cm? [89] were used to define the
trap states at Al,Os/AlGaN interface. The value of the trap energy used in the
simulation is close to the trap energy reported by Hasegawa et al., which was
reported to have originated from nitrogen vacancies on the AlGaN surface [60].
Since Vpsg = 0 V for all the pulsed 1-V measurements, the extension of virtual
gate by 2 um on both sides of the gate metal was assumed [35],[99] (same as in
Chapter 4). Lombardi mobility model was used to model the electron mobility in
the simulation [90]-[120]. Other models used in the simulation were discussed in
Chapter 3 sub-section 3.5. Please refer to the simulation codes in Appendix D —

H.
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5.3.2.1 Lombardi’s Constant Voltage and Temperature (CVT) Mobility

Model

In Lombardi’s CVT model, the carrier mobility is approximated by a sum

of three components using Matthissen’s rule [91]-[122]

=—+—+— (5.1)

where u,., 1y and us, are the carrier mobility restricted by scattering with surface
acoustic phonons, bulk carrier mobility and surface roughness scattering,

respectively [90].

The first component (u,.) is the acoustic phonons related scattering that
limits the surface mobility. The electron mobility for a nondegenerate surface and
two-dimensional deformation potential theory of surface phonon scattering is

given by [92]:

1 1 1
Hac = (EL,T) = B+ C@; (5.2)

where B and C are fitting parameters, E; the electric field that is normal to the
flow of current and T is the absolute temperature. B and C are fitting parameters

defined as [93]-[129]

h3 u?
B = LMl (5.3)
n4A

and
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¢ = Womad (o1t Y7 50

m*myZ5kg \4m*q

where q is the elementary charge, h is the Plank’s constant, pj,, is the bulk mass
density, w, is the velocity of sound, m* is the effective mass, m, is the mobility
mass, Z, is the deformation potential, kg is the Boltzmann’s constant and T is the

absolute temperature [91].

The second component (u;) is the bulk mobility related scattering due to
optical/intervalley phonons. Stern et al. reported that the effective thickness of the
inversion layer is dependent on the temperature [94]. The quantum-mechanical
effects due to the electron confinement become less critical with increasing
inversion layer effective thickness. Therefore, mobility of electron in the
inversion layer becomes similar value to the bulk electron mobility, which is
strongly dependent on several optical/intervalley scattering mechanisms at

elevated temperature [95]. The bulk mobility can be described as

Umax(T)—Ho _ 31

(N, T) = po + 1+(N/C)®  14+(Cs/N)B’ (5:3)
where
T\Y
Umax (T) = Umax (ﬁ) ) (5.4)

and N is the impurity density, u,,. 1S the Ohmic (pure lattice) electron mobility

and T is the absolute temperature. The parameters p,,qx, o, Cr» @, U1, Cs, f and y
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can be determined from fitting to experimental data [96]-[129],[132]-[133]. The
“min-max” behavior of u; can be obtained from the first two terms in Equation
5.3. The third term in Equation 5.3 accounts for decreasing y,;, at higher values of

N [97]-[135].

The third component (ug,) is surface roughness related scattering. At high
perpendicular electric field and low temperature, the surface mobility degradation
is strongly dependent on the surface roughness scattering [98]-[139]. The electron
mobility due to surface roughness scattering at high electric field can be described

as

tsr(EL) = % (5.5)

where E | is the electric field normal to the flow of electrons and 6 is a parameter

to be extracted from fitting to measured data [96]-[129],[140].

5.3.3 Simulation results using SILVACO ATLAS TCAD

The simulated 1p-Vgs (line plots) in Figure 5.10 show good fittings with
the measured data (scatter plot). In order to obtain the good fittings, only the
density of the donor states at the Al,Os/AlGaN interface, under and near the gate,
and electron mobility were adjusted in the simulation. From the simulation
fittings, key parameters such as 2DEG sheet charge density (ns) at the
AlGaN/GaN interface, 2DEG lateral electron mobility and ionized trap density at

the Al,Os/AlGaN interface were obtained and listed in Table 5.1.
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Figure 5.10: Simulation fittings (red line) superimposed on measured pulsed Ip-Vgs (scatter
pIOtS) fOI’ (a) (VGS,Qa VDS,Q) = (-15 V, 0 V), (b) (VGS,Q1 VDS,Q) = (0 V, O V), (C) (VGS,QI VDS,Q) = (05
V, 0V), (d) (Vesa Vbso) = (1.0 V, 0V) and (e) (Veso, Vbsg) = (1.5 V, 0 V) shows good

fittings.
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Table 5.1: Key parameters obtained from the simulation fittings are lateral electron mobility
of 2DEG at the AlGaN/GaN interface, 2DEG sheet charge density (n;) at the AlGaN/GaN
interface and ionized trap density at the Al,Os/AlGaN interface

Trap density (cm™)

Ves,o Mobility 2

(V) Vth (V) (CmZ/V.S) Ns (Cm )
-15 -6.26 1599 9.60 x 10% 3.15 x 10"
0 -6.17 1627 9.39 x 10% 3.05 x 10%
0.5 -6.03 1664 9.22 x 10 2.97 x 10+
1.0 -5.94 1690 9.00 x 10% 2.86 x 10"
15 -5.77 1735 8.66 x 10 2.70 x 10*®

The ionized trap density values obtained from the simulation are
reasonable since the density of surface states of AlIGaN/GaN could be greater than
1.5x10" cm™ [99]. The dynamics of the detrapping phenomenon is illustrated
using the band diagram obtained from the simulations. Figure 5.11 shows the
simulated conduction band (Ec), valance band (Ey) and electron quasi electron
Fermi energy (Een) for Vesg = -15 V. At Vgso = -15 V, the partially ionized
donor states at 0.32 eV below the AlGaN layer’s Ec are able to emit their captured
electrons [100] due to the strong electric field of 3.67 MV/cm, as obtained from
the simulation. The emitted electrons are then swept into the 2DEG at the
AlGaN/GaN interface due to the vertical electric field in the AlGaN layer. It is
believed the increase in ionized donor-like trap density at the Al,O3/AlGaN
interface due to the emission of electron led to an increased 2DEG density at the
AlGaN/GaN interface (from 9.39 x 10" cm™ to 9.60 x 10" cm™). Thus, the Vi,
shifts to a more negative value (from -6.17 V to -6.26 V) when the device was
subjected from Vgso = 0 V to -15 V. An alternative explanation can be that the

reduction in ionized acceptor-like trap density at the Al,Os/AlGaN interface due

105



to the electron emission can also increase the 2DEG density [34] at the

AlGaN/GaN interface and cause the Vy, to become more negative.
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Figure 5.11: Energy band of AlGaN/GaN MOSHEMT at (Vgsq, Vbso) = (-15 V, 0 V). The
red arrow illustrates the emission of electrons from the interface states at the Al,O5;/AlGaN
interface.

The dynamics of the trapping phenomenon is illustrated using simulated
band diagram shown in Figure 5.12. With increasing positive Vgs g bias (from 0 V
to 1.5 V), the Ec of the Al,O3 and AlGaN layers, near the gate metal, decreases.
Due to lowering of the AlGaN barrier, there is higher probability for electrons in
the 2DEG to be transferred to the interface states at the Al,Osz/AlGaN interface.
The trapping of the electrons neutralizes the donor states at the Al,Os/AlGaN

interface [100]. Comparing the Vgso =0V and 1.5 V, the reduction in the ionized

donor states at the Al,O3/AlGaN interface led to decrease in the 2DEG density at

106



the AlGaN/GaN interface (from 9.39 x 10" cm™ to 8.66 x 10™ cm™®) and increase
in Vi, (from -6.17 V to -5.77 V). Conversely, it is also possible for the positive
Vs, biases to cause trapping of electrons in acceptor states at the Al,Os/AlGaN

interface. This can also lead to reduction in 2DEG density and increase in V.
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Figure 5.12: Energy band of AlGaN/GaN MOSHEMT for (a) (Vesq, Voso) = (0 V, 0 V), (b)
(Vesa Vos) = (0.5V, 0V), () (Veso Vose) = (1.0 V, 0 V) and (d) (Vesq, Vosg) = (1.5V, 0
V). E¢ of the Al,O3 and AlGaN, near the gate metal, decreases with increasing Vgso. The red
arrow depicts the transfer of electrons from the 2DEG to the Al,O3/AlGaN interface. The
red cross shows the trap energy level at Ec — Ec = 0.32 eV.

The simulation fittings show that the lateral electron mobility in the 2DEG
decreased from 1627 cm?V's™ to 1599 cm®V's™ when the device was subjected

107



to Vgso = -15 V with respect to Vgso = 0 V. It is believed that the increase in
positively charged donor states at the Al,Os/AlGaN interface caused scattering of
electrons in the 2DEG. This led to the decrease in electron mobility. On the other
hand, the lateral electron mobility increased from 1627 cm?v?'s? to 1735
cm?V's™ when the device was subjected to Veso = 1.5 V compared to Vgsg = 0
V. It is believed that the reduction of positively charged donor states at the
Al,O3/AlGaN interface, due to the electron trapping, reduced the electron
scattering in the 2DEG. Thus, the electron mobility increased. This mechanism of
impact on the 2DEG mobility due to trapping/detrapping of electrons at the
AlGaN surface is possible since Liu et al. has also reported that a change in the

density of ionized states on the AlGaN surface can affect the 2DEG mobility [48].

It was mentioned earlier that the shift in Vi, could also be due to the
trapping of electrons in acceptor-like states at the Al,O3/AlGaN interface [101]. If
the positive Vgs biases caused trapping of electrons in acceptor states at the
Al,O3/AlGaN interface, the increase in negative charge should increase the
electron scattering. Thus, the electron mobility in the 2DEG will be reduced.
Similarly, if the negative Vgs o bias causes emission of electrons from ionized
acceptor states, the 2DEG mobility should have increased due to decrease in
negatively charged trap states. Therefore, it is highly plausible that the active trap
states during the pulsed I-V measurements displayed donor-like characteristics

instead of acceptor-like characteristics.
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5.4 Conclusion

In summary, the characterization of traps in the Al,Os/AlGaN interface of
AlGaN/GaN MIS-HEMT were investigated by performing pulsed I-V
measurements with different Vgs g and device simulation fittings using SILVACO
ATLAS TCAD. With respect to (Ves,0, Vbs,g) = (0 V, 0 V), the Vi and electron
mobility for (Vesq, Vbso) = (-15 V, 0 V) decreased from —6.17 V to -6.27 V and
from 1983 cm?V's™ to 1967 cm®V''s™, respectively. On the other hand, (Vesq,
Vpsq) = (1.5 V, 0 V) caused the Vi, to increase from -6.17 V to -5.77 V and the
electron mobility increased from 1983 cm?V's™ to 2073 cm?v''s™. The impact of
the electron trapping on the AlGaN/GaN MOSHEMT analyzed using pulsed I-V
measurements and device simulation provide plausible explanations that the
active traps during the measurements show donor-like characteristics, instead of

acceptor-like characteristics.
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Chapter 6:  Conclusion and Future
Work

6.1  Summary of thesis work

Over the past four decades, the AlGaN/GaN high electron mobility
transistor (HEMT) has become a promising candidate for high power [42], high
breakdown voltage [41], high frequency [44] and high temperature [43]
applications due the superior material properties of GaN [17]-[19],[51]-[52]. A
metal oxide high electron mobility transistor (MOSHEMT) can be fabricated by
depositing a gate dielectric between the gate metal and AlGaN layer in order to
achieve low gate leakage current [65]. However, a major issue that still needs to
be addressed is the electron trapping process that degrades the performance of the
AlGaN/GaN MOSHEMT [29],[33]-[34],[102]-[105]. This thesis aims at studying
the effects of Al,O3/AlGaN interface traps on the performance of the AIGaN/GaN
MOSHEMTSs. To explore and to have a good understanding of the traps, different
methods of analysis were proposed and carried out, such as drain current transient
measurement, pulsed I-V measurement and Technology Computer Aided Design
(TCAD) device simulation. The key contributions of this thesis are listed in the

next section.
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6.2  Thesis contributions

This section summarizes the key contributions in AlGaN/GaN

MOSHEMT research in this thesis.

6.2.1 TCAD investigation of AlGaN/GaN MOSHEMT passivation using

SiH, treatment

Device simulations using SILVACO ATLAS TCAD were adopted to
study the effects of SiH,4 passivation on the AlGaN/GaN MOSHEMT, reported by
Liu et al. [48]. The SiH,4 treatment on the AlIGaN/GaN MOSHEMT was reported
to have decreased the threshold voltage (Vi), increased the on-state drain current
(Ib,on), reduced the off-state drain current (Iporr), reduced the sub-threshold
swing (SS), and increased the maximum extrinsic transconductance (gmmax) [48].
In the simulation, donor-like trap (Ec — Erp = 0.37 eV) [60] and acceptor-like trap
(Era— Ev = 1 V) [62], and capture cross-sections of 1x10™° cm™ [89] were used
to define the trap states at the HFAIO/AlIGaN interface. Device simulation was
used to fit the Ip-Vgs plots in linear and semi-log scales for the passivated and
unpassivated devices. Good simulation fittings to the reported data revealed that
the passivation led to the reduction of acceptor-like trap density by 6.0x10* cm™
in passivated samples. The density of the donor-like traps in both the passivated

and unpassivated samples was 2.96x10™ cm™.
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6.22 Trap Analysis of AlGaN/GaN MOSHEMTs using Gate Stress

Induced Transient Current Methodology and TCAD Simulation

The properties of interface traps states at the Al,Os/AlGaN interface were
studied using a combination of electrical measurements, numerical fitting and
device simulations. A current transient method on AlGaN/GaN HEMTSs reported
by Joh et al. [35] was applied to study the traps in AIGaN/GaN MOSHEMTSs for
the first time. The presence of a dielectric layer between the gate metal and the
AlGaN layer in the MOSHEMT allowed the study of the trap characteristics at the
dielectric/AlGaN interface. The interface traps at the dielectric/AlGaN interface

can affect the Vy, and cause drain current collapse [102].

The current transient measurement consisted of two steps. The first step
was a trap filling pulse (Vps = 0 V and Vgs = -20 V for 50 s) immediately
followed by the second step, which was the recovery drain current measurement
at Vps = 0.5 V and Vgs = 1 V. The measurements were made at T = 340 — 370 K.
A fitting function was used to fit the transient data and two dominant detrapping
processes (E1 and E2) were identified from the temperature-dependent time
constant spectra. The time constants of E1 and E2 at T = 370 K were 2.4s and
7.5s, respectively. The activation energies of E1 and E2 were 0.32 eV and 0.46
eV, respectively, obtained from linear fittings to Arrhenius plots. Device
simulation was used to fit the measured 1p-Vgs plots at T = 370 K. From the good
simulation fitting, the density of the E1 and E2 were determined to be 1.43x10"*

cm? and 1.07x10" cm, respectively.
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6.2.3 Characterization of Traps in AlGaN/GaN MOSHEMTs using Pulsed

I-V Measurements and TCAD Device Simulation

The impacts of traps located at the Al,Os/AlGaN interface were studied
using a combination of pulsed I-V measurements and device simulation. The
pulsed I-V measurements were performed at (Vgsq, Vbs,o) = (-15V,0V), (0V, 0
V), (0.5V,0V), (1.0 V, 0V)and (1.5 V, 0 V). Compared to (Vgs,q, Vosg) = (0 V,
0 V), the Vi, shifted to a more negative value from -6.17 V to -6.27 V at (Vgs,q,
Vps) = (-15 V, 0 V). This observation was different from results reported in the
literature on AlGaN/GaN HEMTSs. In the literature, it was reported that negative
Vs, increased the Ron and reduced Ipsa. However, in this work, it is believed
that the Al,O3 layer suppressed the trapping of electrons at the Al,O3/AlGaN
interface due to lower gate leakage current, when the device was stressed at Vs o
= -15 V. Instead, it is believed that the negative Vgsg led to the emission of
electrons from the traps at the Al,O3s/AlGaN interface. Simulation fittings to the
measured pulsed Ip-Vgs data showed that the 2DEG mobility decreased from
1627 cm?/V.s. to 1599 cm?V.s, 2DEG n; increased from 9.39x10%? cm™ to
9.60%x10™ cm™ and the ionized trap density at the Al,Os/AlGaN interface
increased from 3.05x10" cm? to 3.15x10™ cm™. On the other hand, (Veso,
Vpso) = (0.5V,0V), (1.0V,0V)and (1.5V, 0 V) caused the Vy, to shift from -
6.17 V t0 -6.03 V, -5.94 V and -5.77 V, respectively. Simulation fittings showed
that the 2DEG mobility increased from 1627 cm?/V.s to 1664 cm?/V.s, 1690
cm?/V.s and 1735 cm?/V.s, respectively. 2DEG n; decreased from 9.39x10*2 cm™

to 9.22x10% cm, 9.00x10' cm™ and 8.66x10™ cm™, respectively. lonized trap
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density at the Al,0s/AlGaN interface decreased from 3.05x10™ cm™ to 2.97x10"
cm?, 2.86x10™ cm™ and 2.70x10" cm™, respectively. The impact of the electron
trapping in the AlGaN/GaN MOSHEMT analyzed using pulsed |-V measurements
provide plausible explanations that the active traps during the measurements

displayed donor-like characteristics, instead of acceptor-like characteristics.

6.3 Future Work

This thesis presented several techniques used to analyse the trapping
effects in AlGaN/GaN MOSHEMTSs. These techniques may serve as a basis for
several other studies regarding trapping effects in AlIGaN/GaN MOSHEMTs and
other I11-V material systems. Some suggestions for future analysis are listed

below.

6.3.1 TCAD study of I-V measurements of AlGaN/GaN MOSHEMTSs with

other surface passivation

In Chapter 3, TCAD simulation study of SiH, passivation of AlGaN/GaN
MOSHEMT was investigated. The device simulation of the AlGaN/GaN
MOSHEMT including the mesh design and the various model used to replicate
the physical device in simulation was demonstrated. In the literature, other
passivation techniques such as MgO [45]-[58] and Sc,O3; [103]-[144], SizNg4
[104],[107],[145], SiO, [105]-[147], NHs [106], PHs; [107], etc, have been
reported to improve the performance of AlGaN/GaN MOSHEMTs. This TCAD

device simulation method can be harnessed to obtain deep understanding on the
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effect of various passivation techniques on the trap states at the dielectric/AlGaN

interface.

6.3.2 Current transient measurement to analyse the effect of traps with

surface passivation

The technique of Vps = 0 V state detrapping current transient was used to
study the trap activation energy and time constant in Chapter 4. This technique
eliminates the effect of self-heating in the device that can interfere with the
measurement results. Using a fitting function, the time constant spectrum can be
extracted from the measured drain current transient. If the dominant detrapping
processes are sensitive to temperature, the activation energies of the traps can also
be extracted. This method can be used to study the impact of the AlGaN/GaN
MOSHEMT passivation on the dominant traps present in the device [70]. This
technique can also be applied to study the dominant traps in other 111-V material

systems.

6.3.3 Pulsed current-voltage (I-V) analysis of passivated AlGaN/GaN

MOSHEMTs

Pulsed I-V technique was explored to study the characteristic of traps in
AlGaN/GaN MOSHEMT in Chapter 5. This technique minimizes the effect of
self-heating and trapping transient during the measurement. Various gate-to-
source quiescent (Vgsq) biases were employed to study the effects of
trapping/detrapping in the device. This technique can be applied to investigate the

impact of drain current collapse in AIGaN/GaN MOSHEMTSs [88],[150], due to
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various passivation methods. This method can also be applied to study the effects

of drain current collapse in other I111-V material systems [108]-[152].
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Appendix A: TCAD simulation fitting code for

unpassivated device (Chapter 3)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.ml=0 s=0.2
x.m1=0.5 s=0.1
x.ml=1 s=0.1
x.m[=13. s=0.1
x.ml=14 s=0.2

y.m[=-0.02 s=0.05
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.00025
y.m 1=-0.0035 s=0.002
y.m1=0.0 $=0.00025
y.m 1=0.0125 s=0.005
y.m1=0.02 s=0.0001
y.m 1=0.0275 s=0.001
y.m[=0.03 s=0.01
y.m[=0.05 s=0.05
y.mI=0.1 s=0.1
y.mI=0.2 s=0.2
y.mI=0.5 s=0.5
y.ml=1 s=0.2
yml=2  s=0.2

y.m 1=2.9995 s=0.2
y.mI=3  $=0.00025
y.m 1=3.0005 s=1
yml=4  s=1
eliminate columns x.min=0 x.max=14 y.min=0.1

region num=1 x.min=0 x.max=14 y.min=0 y.max=0.02 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 x.max=14 y.min=-0.02 y.max=0 mat=sio2 insulator

region num=3 x.min=0 x.max=14 y.min=-$thickness y.max=0 material=hfo2

region num=4 x.min=0 x.max=14 y.min=0.02 y.max=1 mat=gan donors=1e15

region num=5 x.min=0 X.max=14 y.min=1 y.max=3 mat=gan acceptor=3el7

region num=6 x.min=0 X.max=14 y.min=3 y.max=4 mat=sapphire insulator

elec num=1 name=source X.min=0 Xx.max=1 y.min=-0.02 y.max=0.03
elec num=2 name=drain x.min=13 x.max=14 y.min=-0.02 y.max=0.03
elec num=3 name=gate x.min=6 X.max=8 y.min=-0.02 y.max=-$thickness
elec num=4 substrate

interface charge=1.04008e13 y.min=0.02 y.max=0.0205 s.s

interface charge=-2.57861e13 y.min=0 y.max=0.0005 s.i
interface charge=1.53853e13 y.min=2.9995 y.max=3 s.i
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inttrap donor e.level=3.54 density=2.96e13 degen=1 sign=1e-15 sigp=1e-15 y.min=-0.0005
y.max=0.01s.i
inttrap acceptor e.level=2.91 density=6.0e12 degen=1 sign=1e-15 sigp=1e-15 y.min=-0.0005
y.max=0.01 s.i

material mat=algan align=0.75 eg300=3.91

material mat=sio2 affinity=1.0

material mat=hfo2 eg300=6.4 permittivity=19 affinity=2.1

models prpmob albrct fermi print srh hei fnord fnholes nearflg f.ae=5e-6 f.be=4.2e6
mobility albrct.n an.albrct=3e-3 bn.albrct=3e-4 cn.albrct=3.6e-2 vsatn=3e7

contact name=gate workfunction=4.8

output con.band val.band charge band.par gss e.mobility

method trap autonr newton maxtrap=100 tol.relax=100

mobility gansat.n

solve
save outf=is_85pol_c12_mob.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=5 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outfile=ramp_vg.log
solve vgate=0 vfinal=0 vstep=0.05 name=gate
log off

log outf=idvg_vd5_85pol_c12c5a.log

solve vgate=0 vfinal=-10 vstep=-0.05 name=gate
save outf=idvg_vd5_85pol_cl2c5a.str

log off

quit
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Appendix B: TCAD simulation fitting code for
passivated device (Chapter 3)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.ml=0 s=0.2
x.m1=0.5 s=0.1
x.ml=1 s=0.1
x.m[=13. s=0.1
x.ml=14 s=0.2

y.m[=-0.02 s=0.05
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.00025
y.m 1=-0.0035 s=0.002
y.m1=0.0 $=0.00025
y.m 1=0.0125 s=0.005
y.m1=0.02 s=0.0001
y.m 1=0.0275 s=0.001
y.m[=0.03 s=0.001
y.m[=0.05 s=0.01
y.mI=0.1 s=0.1
y.mI=0.2 s=0.2
y.mI=0.5 s=0.5
y.ml=1 s=0.2
yml=2  s=0.2

y.m 1=2.9995 s=0.2
y.mI=3  $=0.00025
y.m 1=3.0005 s=1
yml=4  s=1
eliminate columns x.min=0 x.max=14 y.min=0.1

region num=1 x.min=0 x.max=14 y.min=0 y.max=0.02 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 x.max=14 y.min=-0.02 y.max=0 mat=sio2 insulator

region num=3 x.min=0 x.max=14 y.min=-$thickness y.max=0 material=hfo2

region num=4 x.min=0 x.max=14 y.min=0.02 y.max=1 mat=gan donors=1e15

region num=5 x.min=0 X.max=14 y.min=1 y.max=3 mat=gan acceptor=3el7

region num=6 x.min=0 X.max=14 y.min=3 y.max=4 mat=sapphire insulator

elec num=1 name=source X.min=0 Xx.max=1 y.min=-0.02 y.max=0.03
elec num=2 name=drain x.min=13 x.max=14 y.min=-0.02 y.max=0.03
elec num=3 name=gate x.min=6 X.max=8 y.min=-0.02 y.max=-$thickness
elec num=4 substrate

interface charge=1.04008e13 y.min=0.02 y.max=0.0205 s.s
interface charge=-2.57861e13 y.min=0 y.max=0.0005 s.i
interface charge=1.53853e13 y.min=2.9995 y.max=3 s.i
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inttrap donor e.level=3.54 density=2.96e13 degen=1 sign=1e-15 sigp=1e-15 y.min=-0.0005
y.max=0.01s.i

material mat=algan align=0.75 eg300=3.91

material mat=sio2 affinity=1.0

material mat=hfo2 eg300=6.4 permittivity=19 affinity=2.1

models prpmob albrct fermi print srh hei fnord fnholes nearflg f.ae=1e-7 f.be=1.78e7
mobility albrct.n an.albrct=3e-3 bn.albrct=3e-4 cn.albrct=1.95e-2 vsatn=3e7

contact name=gate workfunction=4.8

output con.band val.band charge band.par gss e.mobility

method trap autonr newton maxtrap=100 tol.relax=100

mobility gansat.n

solve
save outf=is_85pol_pass_mob.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log
solve vdrain=0 vfinal=5 vstep=0.05 name=drain
log off

log outfile=ramp_vg.log
solve vgate=0 vfinal=0 vstep=0.05 name=gate
log off

log outf=idvg_vd5_85pol_pass3.log

solve vgate=0 vfinal=-10 vstep=-0.05 name=gate
save outf=idvg_vd5 85pol_pass3.str

log off

quit
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Appendix C: TCAD simulation fitting of I1p-Vgs
at T = 370 K (Chapter 4)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.01

x.ml=0 s=0.4
x.m1=0.5 s=0.4
x.m1=10 s=0.4
x.ml=20 s=0.4
x.m1=29.5 s=0.4
x.m1=30 s=0.4

y.m[=-0.02 s=0.05
y.m 1=-0.0105 s=0.005
y.m1=-0.01 s=0.0005
y.m [=-0.0045 s=0.002
y.m1=0.0 s=0.0005
y.m 1=0.0125 s=0.005
y.m1=0.025 s=0.0002
y.m 1=0.0275 s=0.001
#y.m 1=0.0325 s=0.005
y.m[=0.05 s=0.005
y.mI=0.1 s=0.01
y.ml=1 s=0.1
y.m1=4.215 s=0.1
y.m1=4.22 s=0.0005
y.m1=4.225 s=1
y.m1=5.225 s=1

eliminate columns x.min=0 x.max=30 y.min=0.1

region num=1 x.min=0 x.max=30 y.min=0 y.max=0.025 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 x.max=30 y.min=-0.02 y.max=0 mat=air

region num=3 x.min=0 x.max=30 y.min=-$thickness y.max=0 material=al203

region num=4 x.min=0 x.max=30 y.min=0.025 y.max=0.325 mat=gan donor=8e16

region num=5 x.min=0 x.max=30 y.min=0.325 y.max=4.225 mat=gan acceptor=5e19

region num=6 x.min=0 X.max=30 y.min=4.225 y.max=5.225 mat=si insulator

elec num=1 name=source X.min=0 Xx.max=1 y.min=-0.02 y.max=0.03

elec num=2 name=drain x.min=29 x.max=30 y.min=-0.02 y.max=0.03

elec num=3 name=gate x.min=10 x.max=20 y.min=-0.02 y.max=-$thickness
elec num=4 substrate

interface charge=1.04008e13 y.min=0.025 y.max=0.0255 s.s
interface charge=-2.57861e13 y.min=-0.0005 y.max=0 s.s
interface charge=1.53853e13 y.min=4.222 y.max=4.23 s.i

inttrap donor e.level=3.468 density=1.43e13 degen=1 taun=2.4 sigp=1le-15 y.min=-0.0005
y.max=0.01s.s
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inttrap donor e.level=3.328 density=1.07e13 degen=1 taun=7.5 sigp=1e-15 y.min=-0.0005
y.max=0.01s.s

#t=370k

material mat=gan eg300=3.405

material mat=algan eg300=3.788

material mat=al203 permittivity=9 eg300=7

models albrct print srh hei fnord fnholes nearflg fermi joule.heat temp=370 f.ae=2.5e-7
f.be=5.72e7

contact name=gate workfunction=4.7

contact name=source con.resist=1.95e-4

contact name=drain con.resist=1.95e-4

output con.band val.band charge band.par gss e.mobility
mobility an.albrct=2.61e-4 bn.albrct=2.9e-4 cn.albrct=1e-4
method trap autonr newton maxtrap=100 tol.relax=100

solve
save outf=hemt_370k_1d2a.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=1 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outf=idvg_vdl_ 370k_1d2a.log

solve vgate=0 vfinal=-9 vstep=-0.1 name=gate
save outf=idvg_vdl 370k_1d2a.str

log off

quit
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Appendix D: TCAD simulation fitting of
pUISed Ip-Vgs at (VGS,Q; VDS,Q) = (O V, 0 V)
(Chapter 5)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.m1=0 s=0.25
x.ml=1 s=0.25
x.ml=2 s=0.25
x.ml=4 s=0.25
x.ml=6 s=0.25
x.m =14 s=0.25
x.m[=19 s=0.25
x.m =20 s=0.25
x.m =29 s=0.25
x.m =30 s=0.25

y.m[=-0.02 s=0.01
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.0005
y.m 1=-0.0045 s=0.002
y.m[=0.0 s=0.0005
y.m 1=0.0125 s=0.005
y.m 1=0.025 s=0.0002
y.m 1=0.0275 s=0.001
y.m 1=0.0325 $=0.002
y.m1=0.06 s=0.004
y.mI=0.1 s=0.1
y.m1=4.215 s=0.1
y.m1=4.22 s=0.0005
y.m1=4.225 s=1
y.m1=5.225 s=1

eliminate columns x.min=0 x.max=30 y.min=0.1

region num=1 x.min=0 X.max=30 y.min=0 y.max=0.025 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 X.max=30 y.min=-0.02 y.max=0 mat=air

region num=3 x.min=0 X.max=30 y.min=-$thickness y.max=0 material=al203

region num=4 x.min=0 x.max=30 y.min=0.025 y.max=0.325 mat=gan donor=4e16

region num=5 x.min=0 x.max=30 y.min=0.325 y.max=4.225 mat=gan acceptor=5e16

region num=6 x.min=0 x.max=30 y.min=4.225 y.max=5.225 mat=si insulator

elec num=1 name=source x.min=0 x.max=1 y.min=-0.02 y.max=0.03

elec num=2 name=drain x.min=29 x.max=30 y.min=-0.02 y.max=0.03

elec num=3 name=gate x.min=11 x.max=19 y.min=-0.02 y.max=-$thickness
elec num=4 substrate
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interface charge=1.3854e13 y.min=0.025 y.max=0.0255 s.s
interface charge=-3.1954e13 y.min=-0.0005 y.max=0 s.s
interface charge=1.81e13 y.min=4.222 y.max=4.23 s.i

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 y.min=-0.0005
y.max=0.01s.s

material mat=gan eg300=3.437

material mat=algan eg300=3.83

material mat=al203 permittivity=9 eg300=7

models print srh hei fnord fnholes nearflg fermi f.ae=7e-7 f.be=7e7 cvt

contact name=gate workfunction=5.01

output con.band val.band charge band.par gss e.mobility

mobility muOn.cvt=100 crn.cvt=3e1l7 mumaxn.cvt=2850 gamn.cvt=3 alphn.cvt=0.7 bn.cvt=9¢e7
cn.cvt=3.23e6 deln.cvt=2.1e17 kn.cvt=2.3

method trap autonr newton maxtrap=100 tol.relax=100

solve
save outf=hemt_p0_cvt_gl.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=1 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outf=pulse_p0_gl.log

solve vgate=0 vfinal=-9 vstep=-0.05 name=gate
save outf=pulse_p0O_g1l.str

log off

quit
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Appendix E: TCAD simulation fitting of pulsed
Ip-Vgs at (VGS,Q1 VDS,Q) = (05 V, 0 V) (Chapter
5)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.m1=0 s=0.25
x.ml=1 s=0.25
x.ml=2 s=0.25
x.ml=4 s=0.25
x.ml=6 s=0.25
x.m =14 s=0.25
x.m[=19 s=0.25
x.m =20 s=0.25
x.m =29 s=0.25
x.m =30 s=0.25

y.m[=-0.02 s=0.01
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.0005
y.m 1=-0.0045 s=0.002
y.m[=0.0 s=0.0005
y.m 1=0.0125 s=0.005
y.m 1=0.025 s=0.0002
y.m 1=0.0275 s=0.001
y.m 1=0.0325 $=0.002
y.m1=0.06 s=0.004
y.mI=0.1 s=0.1
y.m1=4.215 s=0.1
y.m1=4.22 s=0.0005
y.m1=4.225 s=1
y.m1=5.225 s=1

eliminate columns x.min=0 x.max=30 y.min=0.1

region num=1 x.min=0 X.max=30 y.min=0 y.max=0.025 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 X.max=30 y.min=-0.02 y.max=0 mat=air

region num=3 x.min=0 X.max=30 y.min=-$thickness y.max=0 material=al203

region num=4 x.min=0 x.max=30 y.min=0.025 y.max=0.325 mat=gan donor=4e16

region num=5 x.min=0 x.max=30 y.min=0.325 y.max=4.225 mat=gan acceptor=5e16

region num=6 x.min=0 x.max=30 y.min=4.225 y.max=5.225 mat=si insulator

elec num=1 name=source x.min=0 x.max=1 y.min=-0.02 y.max=0.03

elec num=2 name=drain x.min=29 x.max=30 y.min=-0.02 y.max=0.03

elec num=3 name=gate x.min=11 x.max=19 y.min=-0.02 y.max=-$thickness
elec num=4 substrate
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interface charge=1.3854e13 y.min=0.025 y.max=0.0255 s.s
interface charge=-3.1954e13 y.min=-0.0005 y.max=0 s.s
interface charge=1.81e13 y.min=4.222 y.max=4.23 s.i

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=0 x.max=9
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=2.97e13 degen=1 sign=1e-15 sigp=1e-15 x.min=9 x.max=21
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=21 x.max=30
y.min=-0.0005 y.max=0.01 s.s

material mat=gan eg300=3.437

material mat=algan eg300=3.83

material mat=al203 permittivity=9 eg300=7

models print srh hei fnord fnholes nearflg fermi joule.heat f.ae=7e-7 f.be=7e7 cvt

contact name=gate workfunction=5.01

output con.band val.band charge band.par gss e.mobility

mobility muOn.cvt=100 crn.cvt=3e1l7 mumaxn.cvt=2920 gamn.cvt=3 alphn.cvt=0.7 bn.cvt=9e7
cn.cvt=3.23e6 deln.cvt=2.1e17 kn.cvt=2.3

method trap autonr newton maxtrap=100 tol.relax=100

solve
save outf=hemt_p0.5 cvt_gl.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=1 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outf=pulse_p0.5_gl.log

solve vgate=0 vfinal=-9 vstep=-0.1 name=gate
save outf=pulse_p0.5 gl.str

log off

quit
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Appendix F: TCAD simulation fitting of pulsed
Ip-Vgs at (VGS,Q1 VDS,Q) = (10 V, 0 V) (Chapter
5)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.m1=0 s=0.25
x.ml=1 s=0.25
x.ml=2 s=0.25
x.ml=4 s=0.25
x.ml=6 s=0.25
x.m =14 s=0.25
x.m[=19 s=0.25
x.m =20 s=0.25
x.m =29 s=0.25
x.m =30 s=0.25

y.m[=-0.02 s=0.01
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.0005
y.m 1=-0.0045 s=0.002
y.m[=0.0 s=0.0005
y.m 1=0.0125 s=0.005
y.m 1=0.025 s=0.0002
y.m 1=0.0275 s=0.001
y.m 1=0.0325 $=0.002
y.m1=0.06 s=0.004
y.ml=0.1 s=0.1
y.m1=4.215 s=0.1
y.m1=4.22 s=0.0005
y.m1=4.225 s=1
y.m1=5.225 s=1

eliminate columns x.min=0 x.max=30 y.min=0.1

region num=1 x.min=0 X.max=30 y.min=0 y.max=0.025 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 X.max=30 y.min=-0.02 y.max=0 mat=air

region num=3 x.min=0 X.max=30 y.min=-$thickness y.max=0 material=al203

region num=4 x.min=0 x.max=30 y.min=0.025 y.max=0.325 mat=gan donor=4e16

region num=5 x.min=0 x.max=30 y.min=0.325 y.max=4.225 mat=gan acceptor=5e16

region num=6 x.min=0 x.max=30 y.min=4.225 y.max=5.225 mat=si insulator

elec num=1 name=source x.min=0 x.max=1 y.min=-0.02 y.max=0.03

elec num=2 name=drain x.min=29 x.max=30 y.min=-0.02 y.max=0.03

elec num=3 name=gate x.min=11 x.max=19 y.min=-0.02 y.max=-$thickness
elec num=4 substrate
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interface charge=1.3854e13 y.min=0.025 y.max=0.0255 s.s
interface charge=-3.1954e13 y.min=-0.0005 y.max=0 s.s
interface charge=1.81e13 y.min=4.222 y.max=4.23 s.i

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=0 x.max=9
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=2.86e13 degen=1 sign=1e-15 sigp=1e-15 x.min=9 x.max=21
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=21 x.max=30
y.min=-0.0005 y.max=0.01 s.s

material mat=gan eg300=3.437

material mat=algan eg300=3.83

material mat=al203 permittivity=9 eg300=7

models print srh hei fnord fnholes nearflg fermi joule.heat f.ae=7e-7 f.be=7e7 cvt

contact name=gate workfunction=5.01

output con.band val.band charge band.par gss e.mobility

mobility muOn.cvt=100 crn.cvt=3e1l7 mumaxn.cvt=2950 gamn.cvt=3 alphn.cvt=0.7 bn.cvt=9e7
cn.cvt=3.23e6 deln.cvt=2.1e17 kn.cvt=2.3

method trap autonr newton maxtrap=100 tol.relax=100

solve
save outf=hemt_p1.0_cvt_gl.str
#tonyplot hemt_p1.0_cvt_gl.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=1 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outf=pulse_p1.0_gl.log

solve vgate=0 vfinal=-9 vstep=-0.05 name=gate
save outf=pulse_p1.0_gl.str

log off

quit
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Appendix G: TCAD simulation fitting of
pUISed -V at (VGS,Q; VDS,Q) = (15 V, 0 V)
(Chapter 5)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.m1=0 s=0.25
x.ml=1 s=0.25
x.ml=2 s=0.25
x.ml=4 s=0.25
x.ml=6 s=0.25
x.m =14 s=0.25
x.m[=19 s=0.25
x.m =20 s=0.25
x.m =29 s=0.25
x.m =30 s=0.25

y.m[=-0.02 s=0.01
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.0005
y.m 1=-0.0045 s=0.002
y.m[=0.0 s=0.0005
y.m 1=0.0125 s=0.005
y.m 1=0.025 s=0.0002
y.m 1=0.0275 s=0.001
y.m 1=0.0325 $=0.002
y.m1=0.06 s=0.004
y.mI=0.1 s=0.1
y.m1=4.215 s=0.1
y.m1=4.22 s=0.0005
y.m1=4.225 s=1
y.m1=5.225 s=1

eliminate columns x.min=0 x.max=30 y.min=0.1

region num=1 x.min=0 x.max=30 y.min=0 y.max=0.025 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 X.max=30 y.min=-0.02 y.max=0 mat=air

region num=3 x.min=0 X.max=30 y.min=-$thickness y.max=0 material=al203

region num=4 x.min=0 X.max=30 y.min=0.025 y.max=0.325 mat=gan donor=4e16

region num=5 x.min=0 x.max=30 y.min=0.325 y.max=4.225 mat=gan acceptor=5e16

region num=6 x.min=0 x.max=30 y.min=4.225 y.max=5.225 mat=si insulator

elec num=1 name=source x.min=0 x.max=1 y.min=-0.02 y.max=0.03

elec num=2 name=drain x.min=29 x.max=30 y.min=-0.02 y.max=0.03

elec num=3 name=gate x.min=11 x.max=19 y.min=-0.02 y.max=-$thickness
elec num=4 substrate
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interface charge=1.3854e13 y.min=0.025 y.max=0.0255 s.s
interface charge=-3.1954e13 y.min=-0.0005 y.max=0 s.s
interface charge=1.81e13 y.min=4.222 y.max=4.23 s.i

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=0 x.max=9
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=2.7e13 degen=1 sign=1e-15 sigp=1e-15 x.min=9 x.max=21
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=21 x.max=30
y.min=-0.0005 y.max=0.01 s.s

material mat=gan eg300=3.437

material mat=algan eg300=3.83

material mat=al203 permittivity=9 eg300=7

models print srh hei fnord fnholes nearflg fermi joule.heat f.ae=7e-7 f.be=7e7 cvt

contact name=gate workfunction=5.01

output con.band val.band charge band.par gss e.mobility

mobility muOn.cvt=100 crn.cvt=3e1l7 mumaxn.cvt=3010 gamn.cvt=3 alphn.cvt=0.7 bn.cvt=9e7
cn.cvt=3.23e6 deln.cvt=2.1e17 kn.cvt=2.3

method trap autonr newton maxtrap=100 tol.relax=100

solve
save outf=hemt_p1.5 cvt_gl.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=1 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outf=pulse_p1.5 gl.log

solve vgate=0 vfinal=-9 vstep=-0.05 name=gate
save outf=pulse_pl.5 gl.str

log off

quit
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Appendix H: TCAD simulation fitting of
pUISed |-V at (VGS,Q1 VDS,Q) = (-15 V, 0 V)
(Chapter 5)

go atlas simflag="-v 5.16.3.r"
mesh auto width=1000
set thickness=0.007

x.m1=0 s=0.25
x.ml=1 s=0.25
x.ml=2 s=0.25
x.ml=4 s=0.25
x.ml=6 s=0.25
x.m =14 s=0.25
x.m[=19 s=0.25
x.m =20 s=0.25
x.m =29 s=0.25
x.m =30 s=0.25

y.m[=-0.02 s=0.01
y.m 1=-0.0075 s=0.005
y.m [=-0.007 s=0.0005
y.m 1=-0.0045 s=0.002
y.m[=0.0 s=0.0005
y.m [=0.0125 s=0.005
y.m 1=0.025 s=0.0002
y.m 1=0.0275 s=0.001
y.m 1=0.0325 $=0.002
y.m1=0.06 s=0.004
y.mI=0.1 s=0.1
y.m1=4.215 s=0.1
y.m1=4.22 s=0.0005
y.m1=4.225 s=1
y.m1=5.225 s=1

eliminate columns x.min=0 x.max=30 y.min=0.1

region num=1 x.min=0 X.max=30 y.min=0 y.max=0.025 mat=algan x.comp=0.25 donor=1e15
region num=2 x.min=0 X.max=30 y.min=-0.02 y.max=0 mat=air

region num=3 x.min=0 X.max=30 y.min=-$thickness y.max=0 material=al203

region num=4 x.min=0 x.max=30 y.min=0.025 y.max=0.325 mat=gan donor=4e16

region num=5 x.min=0 x.max=30 y.min=0.325 y.max=4.225 mat=gan acceptor=5e16

region num=6 x.min=0 x.max=30 y.min=4.225 y.max=5.225 mat=si insulator

elec num=1 name=source x.min=0 x.max=1 y.min=-0.02 y.max=0.03

elec num=2 name=drain x.min=29 x.max=30 y.min=-0.02 y.max=0.03

elec num=3 name=gate x.min=11 x.max=19 y.min=-0.02 y.max=-$thickness
elec num=4 substrate
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interface charge=1.3854e13 y.min=0.025 y.max=0.0255 s.s
interface charge=-3.1954e13 y.min=-0.0005 y.max=0 s.s
interface charge=1.81e13 y.min=4.222 y.max=4.23 s.i

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=0 x.max=9
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=3.15e13 degen=1 sign=1e-15 sigp=1e-15 x.min=9 x.max=21
y.min=-0.0005 y.max=0.01 s.s

inttrap donor e.level=3.46 density=3.05e13 degen=1 sign=1e-15 sigp=1e-15 x.min=21 x.max=30
y.min=-0.0005 y.max=0.01 s.s

material mat=gan eg300=3.437

material mat=algan eg300=3.83

material mat=al203 permittivity=9 eg300=7

models print srh hei fnord fnholes nearflg fermi joule.heat f.ae=7e-7 f.be=7e7 cvt

contact name=gate workfunction=5.01

output con.band val.band charge band.par gss e.mobility

mobility muOn.cvt=100 crn.cvt=3e1l7 mumaxn.cvt=2810 gamn.cvt=3 alphn.cvt=0.7 bn.cvt=9e7
cn.cvt=3.23e6 deln.cvt=2.1e17 kn.cvt=2.3

method trap autonr newton maxtrap=100 tol.relax=100

solve
save outf=hemt_p-15_ cvt_gl.str
#tonyplot hemt_p-15_cvt_gl.str

solve init
solve vgate=0
solve vdrain=0

log outfile=ramp_vd.log

solve vdrain=0 vfinal=1 vstep=0.05 name=drain
save outf=ramp_vd.str

log off

log outf=pulse_p-15 gl.log

solve vgate=0 vfinal=-9 vstep=-0.1 name=gate
save outf=pulse_p-15_g1.str

log off

quit
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