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ABSTRACT
GaN high electron mobility transistors (HEMTSs) bésen the IlI-V nitride material
system have been under extensive investigationusecaf their superb performance as
high power RF devices. Two dimensional electron2y&EG) with charge density ten
times higher than that of GaAs-based HEMT and nitgbthiuch higher than Si enables a
low on-resistance required for RF devices. Seltihgassues with GaN HEMT and lack
of understanding of various phenomena are hindetimeggr widespread commercial
development. There is a need to understand deyeeation by developing a model
which could be used to optimize electrical and riredrcharacteristics of GaN HEMT
design for high power and high frequency operation.
In this thesis work a physical simulation model AdfsaN/GaN HEMT is developed
using commercially available software ATLAS fromLSACO Int. based on the energy
balance/hydrodynamic carrier transport equationse Tnodel is calibrated against
experimental data. Transfer and output characsistre the key focus in the analysis
along with saturation drain current. The resultdat curves showed a close
correspondence with experimental results. Variooskgnations of electron mobility,
velocity saturation, momentum and energy relaxdiimes and gate work functions were
attempted to improve IV curve correlation. Thermatiécts were also investigated to get
a better understanding on the role of self-heagiffigcts on the electrical characteristics
of GaN HEMTs. The temperature profiles across tbeic were observed. Hot spots
were found along the channel in the gate-drain isgacThese preliminary results
indicate that the thermal effects do have an impadhe electrical device characteristics
at large biases even though the amount of selifigea underestimated with respect to



thermal particle-based simulations that solve thergy balance equations for acoustic
and optical phonons as well (thus take proper atcolithe formation of the hot-spot).
The decrease in drain current is due to decreassaturation carrier velocity. The
necessity of including hydrodynamic/energy balat@nsport models for accurate
simulations is demonstrated. Possible ways for avipg model accuracy are discussed

in conjunction with future research.
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Chapter1  INTRODUCTION

1.1. Overview

Silicon technology has dominated the isenductor device industry with its
established CMOS process since 1960s[1].But thezesame applications like Light
Emitting Diodes, Radio Frequency (RF) devices aigihtemperature and high-power
electronic devices where IlI-V nitrides compounangmnductor have attracted intense
interest[2-4].Power amplifiers are key elementsdpplications like phased array radar
and base stations. AlGaN/GaN high electron mobilitgnsistors (HEMTSs) offer
important advantages for high power applications thu GaN large bandgap and high
breakdown electric field[5].High power microwavecatiits have already been proposed
showing the great prospect of this technology. @abll shows a comparison of the

important material properties of GaN and other emtonal semiconductors.

Table 1.1- Semiconductor material properties ak300

Property Si GaAs SiC GaN
Bandgap(eV) 1.12 1.42 3.25 3.40
Breakdown 0.25 0.40 3.0 4.0
field(MV/cm)

Electron mobility | 1350 6000 800 1300
(cn?IVs)

Maximum 1.0 2.0 2.0 3.0
velocity(cm/s)

Dielectric constant| 11.8 12.8 9.7 9.0




In addition to large bandgap that leads to langakdown field, the polar nature
of GaN crystal between the top layer (AlGaN) arat ih the bottom layer (GaN)gives it
an advantage over other materials. This polarinaigodue to the bulk properties with
asymmetric lattice structure and strain in one @thBdayers. This leads to much higher
sheet carrier densities than conventional GaAs/AkGheterostructures. The typical
charge density is about 2 x#@m?which is about ten times higher than what can be
achieved in AlGaAs/GaAs HEMTSs[6-9].This results>10x power performance from
GaAs and Si structures[10].

With all the remarkable promises which GaN show reliability of such
devices is still an issue. The overall power preserGaN based HEMTSs is large and
cannot be totally dissipated through the substrse result, AIGaN/GaN HEMTs suffer
from self-heating effects. Self-heating is one loé tritical factors that reduces device
lifetime and reliability as channel temperature caach several hundred degrees above
ambient base temperature. Severe self-heatingteffag deteriorate the gate electrode
and can burn metal wires connecting the chip topekage, and hence result in device
failures and reliability issues[11-12].The studyrefiability of GaN HEMTs and the
knowledge of heat dissipation in these transigtocsucial to develop a stable technology.

Computer modeling has proven to be a versatile fayoengineering design and
analysis. Nowadays, the Silvaco software, whichaigechnology Computer Aided
Design (TCAD) program, has been extensively used design and analysis of

semiconductor devices and processes. This thessiss$ies the physics of self -heating by
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performing numerical simulation using Silvaco. Nuio& simulation is a good way to

develop understanding of device physics operatioareating a model of the real device
that incorporates various physical phenomena. it loa used to compare and predict
experimental output for different combination ofteges, doping levels etc. It also saves
a lot of device fabrication cost as fewer numbledevices need to be fabricated in the

design and test process.

1.2. History of GaN devices

Group llI-nitrides have shown a greaigpect for realizing optoelectronic devices
and other type of devices particularly HEMT. Of tGeoup-Ill nitrides, Johnsost al.
[13]first synthesized GaN in 1928 as small needled platelets. In 1969, Maruska and
Tietjen[14]found out that the undoped GaN crystadse very high inherent doping,
typically up to 16° cm® due to the high density of nitrogen vacancies.yTiiew the
first single crystal film of GaN on the sapphirdstrate[15] which initiated the first GaN
research for semiconductor devices (initially fatkoGaN) in the 1960s, and then for the
improvement of the epitaxial growth techniqueshia 1980s.
In the late 1980s, Amara al. reported that high quality GaN films could beasbéd by
a two-step process, which used an AIN buffer |dyefiore GaN deposition [16] (Figure
1.1). This paved the way for significant improverneh both the crystal structure and
electrical properties of GaN over the next few gedm 1989, the p-type doping problem

was solved by post-growth low-energy electron ba&aadiation treatment of Mg-doped
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GaN. Nakamurat al. replaced this process by a post growth therreakitnent. The first
AlGaN/GaN hetero-junction was reported by Khairal.[17] with a carrier density of
10" cm? and a mobility of 400-800 citVs. This was the first group to report the DC
and RF behavior of GaN HEMTs in 1993 and 1994 retspedy[18,19]. The saturation
drain current of 40 mA/mm was achieved with a dabtgth of 0.25 um. A power density
of 1.1 W/mm at 2 GHz was achieved by Wual. in 1996[20]. These early HEMTs
exhibited poor performance in terms of transcoralu® and frequency response. As the
crystal quality improved, the transconductancerenircapacity, and frequency response
increased, and presently GaN HEMTS are one ofdadihg candidates for high power
and high frequency device applications. Metal-olganchemical vapor
deposition(MOCVD) and molecular beam epitaxy(MBEg amow the leading growth
technologies for depositing these high quality GaBterostructure-based devices.
Optimization of the MOCVD growth of GaN-based quantstructures has enabled high
efficiency blue LEDs and laser diodes to be aclde¥®aN-based blue and green LEDs
with external quantum efficiencies of 10% and 5 roWput power at 20 mA have been
demonstrated recently.

To further improve the performance of GaN HEMTd\ Piassivation layer is deposited
on top of GaN substrate using lateral epitaxialghotechnique which has proven to be
extremely effective in reducing DC to RF dispergin. Using this technique, small

windows are etched through to the underlying G&N.firhe GaN film eventually grows



laterally over the mask and this film is defectefréince the threading dislocations are

present only in the growth direction through th@aaws and not the lateral direction[22].

Figure 1.1 TEM crosssection of MOCVD grown GaN a@ Substrate using AIN buffer
layer (left) and LEO grown GaN (right)[22].

Another improvement on the operationG#ZN HEMTs (used to increase the
break-down voltage)has been made with the inclusibfield plates. The field plate
technique is diagramed in Figure 1.2[24].lt wastfimplemented on a GaN HEMT by
Chini. This technique greatly reduced drain curmispersion, avoiding the ‘knee walk-
out’ phenomena shown in Figure 1.3 as gate voimgereased[25].

In summary, in the last decade and half, the perdoice of GaN HEMT has improved

significantly.
Ficld Plale
_SIN_ N N
mieey  CSource | Bl [TD@nT
...................................................... —BEC
GaN

Figure 1.2. Field- Plated Device Structure[24] .
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Figure 1.3 IV charactestics showing knee wa-out[25].

1.3. Piezoelectric and Spontaneous Polariz

In GaN based heterostructui the main reason behind theccumulation o
carriers at the heterioterface is inherent net polarizatio®aN based materials poses
inherent spontaneous polarizatiosp whose direction depends on the growth face o
crystal (Ga or N at the face).In addition to spaetaus pcarization, the strain develop:
at the crystal leads to piezoelectric polarizatiee. When AlGaN is grown over the Ga
substratedue to difference in their polarization, a net paition charge develops at t

interface depending on the face of grh of the crystalin the case of GaN, a ba:
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surface should be either Ga- or N-faced. It is, éwav, important to note that the (0001)

and (000_1) surfaces of GaN are nonequivalent and diffeheirtchemical and physical

properties[26].Figure 1.4 shows the crystal stmectf wurtzite Ga-face and N-face GaN.

Ga-face N-face

[0001]

Substrate Substrate

Figure 1.4 Crystal structure of wurtzite Ga-facd &hface Gallium Nitride[26].

The HEMT structures are generally grown along thaxes and the spontaneous

polarization along the axes is given by,

Psp = Pspz (1.1)
The piezoelectric polarization charge is evaludtgd

PPE = &3¢z te31kx tey) (1.2)
where, g3 and g; are piezoelectric coefficients.Here,
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_ %

€z —

(1.3)
0

where,g, is the strain along the ¢ axis and the straiméglane perpendicular to the c-

axis is:

(1.4)

The amount of piezoelectric polarization in theedtron of the ¢ axis can, thus, be

determined by

_a g %3}
Pop =2 -~ (1.5)
PE~“, [%1 %3033

where Gz and Ggs are elastic constants. The piezoelectric poladmabf AIGaN comes

out to be negative for tensile and positive for poessive strained barriers, respectively.
The spontaneous polarization for both GaN as welAlA are found to be negative and
hence, for Ga(Al)-face heterostructures the sp@was polarization will point towards

the substrate. The alignment of the piezoelectiat spontaneous polarization is parallel
in the case of tensile strain, and anti-parallethe case of compressively strained top
layers as shown in Figure 1.5. If the polarity dsfrom Ga-face to N-face material,

the piezoelectric and spontaneous polarizationgésits sign (Figure 1.5).



Ga-face T§ N-face Tlé
a) (=2 d) S

Pgp o) AlGaN f; sp A
v relaxed =]
+0 -C
+Psp GaN +Psp
relaxed
Substrate Substrate
b) e)
Psp Ppe AlGaN 193,, Ppe
v © | tensile strain A é
+C -0
+Psp GaN *Psp
relaxed
Substrate Substrate
c) - f)
aN
+PSP RPE 4 | compressive +P5" Pre ®)
o © strain v v -
*PSP AlGaN f’ sP
relaxed
Substrate Substrate

Figure 1.5 —Spontaneous and Piezoelectric polaizaharge and their direction in Ga-

faced and N-faced strained and relaxed AlGaN/GaVMmAE26].

The effective polarization charge at any interfecgiven by,

pp = 0P (1.6)

where,ppis the polarization induced charge density.
9



= P(Top) - P(Bottom 1.7)

c= [PSP(Top) + %E (Top)] -[PSP (Bottom) + BE (Bottom(1.8)

where,cis the polarization sheet charge density.

The polarization induced sheet charge density stipe in pseudomorphically grown
AlGaN/GaN heterostructures and free electrons teilld to compensate the polarization
induced charge, thereby forming a two dimensionlacteon gas (2DEG) at the
AlGaN/GaN interface. A negative sheet charge dgnsitl accumulate holes at the
interface. The following set of linear interpolaig between the physical properties of
GaN and AIN are utilized to calculate the net pak#tion induced sheet charge density
o at the AlGaN/GaN as a function of the Aluminum méigction x of the AlGa,x\N

barrier[26].

Lattice constant:

— [ -60
a(x) = (-0.077x +3.189)1 I (1.9)
Elastic constants:
c13(x) = (5x +103)GP: (2.10)
033(x) = (-32x + 405)GP:i (1.112)
Piezoelectric constants:

&5, (x) = (:0.11x - 0.49)C / f (1.12)
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€35(x) = (0.73x +0.73)C/f (1.13)
Spontaneous polarization:
Psp(X) = (:0.052x -0.029)C/ fh (1.14)

The GaN substrate is thick and therefore is noairstd. Thus, its piezoelectric
component of polarization charge is taken as 0°’Q/nerefore, the effective polarization

charge at the AlGaN/GaN interface is given by,

lo(x)| = ‘PPE(AIXGal_X N)+ Ry (Ak Gay , N)- PSP(GaI\# (1.15)
since,
o = P(Top) - P(Bottom (1.16)

The absence of stress along the growth directigpshes to represent the strain in

the z direction as,

e
e, =213, 4 33 AlGaN (1.17)
33 “33
where, EzAlGa'\I is the electric field in the AlGaN layer.

1.4. Thermal Issues of AlIGaN/GaN HEMTs

Although the GaN based devices haveath@ntage of high electron density and
output current, the high current flow generatestaof heat which is known as self-
heating. Self-heating is a serious concern in GaMogs. Due to self-heating, channel

temperatures can reach several hundred degrees #imambient base temperature. The
11



temperature increases can significantly change témeperature dependent material
properties like band-gap and mobility which leaddegradation of device performance.
The reduction in mobility leads to a reduction iarrent due to increased operating
voltage. This decreases the maximum power densidya#so increases the gate leakage.
Figure 1.6 shows the dependence of mobility on tshagier concentration. Mobility
values at all temperatures reduce to same valueefyr high sheet concentration (10
cm®). For small sheet carrier concentration the lotver temperature the higher the
carrier mobility[27].The dependence of the carmeobility upon the temperature for

three different sheet carrier concentrations ishown in Figure 1.7.
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Figure 1.6. Lowfield mobility po (cmf/Vs)variation with sheet carrier concentrat

ny(cm)[27]

Table 1.2lists the mobility values and the correspon temperature ata1C** cm®,

Table 1.2 Mobility and the corresponding tempera
Temperatue(K) | 220 26( 300 340 460 540 580
Mobility(cm?/Vs) | 3392 2112 1405 983 538 415 107
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Figure1.7 Dependence of lo-field mobility g, (cn/Vs) on temperature T(H27].

The amount of selfieating also depends upon the thermal conduc of the substrat
that is usedPopular substrate materials currently used for GB&NITs include sapphire

Silicon Carbide (SiC), silicon (¢ and Aluminum Nitride (AIN)Each substrate choit

14



has been proven with individual successes.

Sapphire(AlO3) had been a popular choice for substrate matdtal to its
high melting point and ready availability. GaN pyrievels are affected
during vapor growth by the interaction of hydrogges and the oxygen in
sapphire, creating unwanted defects, thus limithmg mobility. The thermal
conductivity of sapphire has also been a limitiagtdér[28].

Pure silicon has been used quite successfullysagstrate material for GaN
HEMTs. Thermal conductivity of Si is similar to thaf GaN. High purity
silicon is readily available. However, lattice mitth requires the use of a
nucleation layer, further increasing the channetatice from the thermal
management substrate [29].

SiC has been a popular choice for high-power HEM& providing a much
higher thermal conductivity. But defects in SiC dawade GaN layer growth
difficult as the structure struggles to maintairifemmity during the crystal
growth process [28]. AIN is often used as a nuaealayer between silicon
based substrates and GaN to allow for lattice niragch

As a free standing substrate, AIN has shown soromige as a GaN HEMT
substrate choice but its thermal conductivity iy@gual to that of sapphire.
Bulk GaN substrate can eliminate trapping defecut Bhe thermal
conductivity of GaN is a challenge to overcome Wwhaan lead to loss of
linearity and device breakdown. While able to supdadgh temperature

15



operation, GaN by itself is unable to sufficientmove the heat generalt

during device operation

» Diamond, which has the best thermal conductivisy,an option for Gal

HEMT devices.
4.0 - I ] T - T - T -
—m—SiC
| —o—si A
35 L —— GalN / |
—— Sapphire 2

T / ]
L / _

. 2.0 /ﬂ

10 - iy -
5 , .o i

1(K(T o)) (MKW

.n’
0.5 q/ T =
cr“" ,__,.;-""".
o -—"
||
0.0 L | L 1 " 1 L 1 L
100 200 300 400 500 600
Temperature T (K)
Figure 1.8 Inverse thermal conductivity 1/Kgyp) (cm K/W) variation with

temperatur€(K) for different substrate materials[27].
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The GaN HEMT with best power performance till noastbeen grown on SiC. Figure
1.8 presents the temperature dependence of ineérse thermal conductivity(1/K) of
various materials that can be used as substratéddaN/GaN HEMTSs. If the total
epilayer thickness in the devices is significandiyaller than the device length, the
thermal conductivity of the substrate plays a digant role in determining the
temperature distribution profile in the epilayamusture and the heat dissipation from the

active region of the device [27].

Table 1.3 Thermal conductivities of popular sulistraaterials.

Substrate Thermal conductivity(W/cm.K)
Diamond 10
Sapphire 1.7
GaN 1.3
AIN 1.7
SiC 4.9
Si 15

1.5. Motivation for This Work and the Approach sued

The ultimate goal of this work is to deea TCAD computer model within the
Silvaco simulation framework for modeling of theachcteristics of GaN HEMTs that
allows one to examine the variation of the devieggrmance with the inclusion of the
polarization effects and thermal effects. In thimwdation, hydrodynamic/energy balance
transport model was used to simulate DC IV dataa dbaN HEMT grown on GaN

material. Joule heating model was introduced toehsdlf-heating effects. Simultaneous
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understanding the thermal and electrical propedfegbie GaN HEMTs allows for better
optimization of the GaN transistor structure aneldgtion of thermal conductivity across
layer interfaces.

Chapter 2 discusses the modeling approach useitiac® for analyzing the operation of
GaN HEMTSs. Chapters 3 presents important resuttshi® different device simulations
(with and without the inclusion of some of the efte studied), and summarizes the
influence that these effects have on the deviceacheristics. Chapter 4 summarizes the

results of this work and also provides thoughtshenscope for future research work.
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Chapter2  DEVICE MODELING AND SIMULATION

2.1. Semiconductor Device Simulations
Semiconductor device simulations provide depth understanding of actual
operations of solid state devices while at the saime reducing the computational

burden so that the results can be obtained with@asonable time frame.

2.1.1. Importance of Simulation

The semiconductor Industry has develodedice simulations tools to reduce
costs for R&D and production facilities. Semicontiwalevice modeling creates models
for the behavior of the electrical devices basedfuordamental physics. It may also
include the creation of compact models which regmmeshe electrical behavior of such
devices but do not derive them from underlying pts/sDevice modeling offers many
advantages such as: providing in-depth understgngnoviding problem diagnostics and
decreasing design cycle time. Simulations requi@mous technical expertise not only
in simulation techniques and tools but also in fiekls of physics and chemistry. The
developer of simulation tools needs to be closelgted to the development activities in

the research and commercial productions in industry

2.1.2. General Device Simulation Framework
Figure 2.1 shows the main componentsemficonductor device simulations at

any level. It all begins with the electronic projes of solid state materials. The two
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main kernels, transport equations that governedgehtiows and electromagnetic fields
that drive charge flows, must be solved self-cdasity and simultaneously due to their

strong coupling.

Electronic Struciure,
Lattice Dynamics

Electromagnetic Fields Transport Equations

Device Simulation

Figure 2.1 Schematic description of the device satmn sequence

(Courtesy of Dr. Vasileska& Dr. Goodnick)

2.2. SILVACO

Silvaco's ATLAS™ is a versatile and modular program designed far amd
three-dimensional device simulation. This devicedelmg and simulation software
package by Silvaco International Corp. was usepetdorm the modeling in this thesis
work. Silvaco’s ATLASM program performed the device structuring and sujypro
calls, while BLAZE™ and GIGAM , ATLAS™ sub-modules (Figure 2.2), perform

specialized functions required for advanced mdtgriheterojunctions, and thermal
20



modeling. To control, modify, and display the madgland simulation, the Virtual
Wafer Fabrication (VWF) Interactive Tools, namely ECKBUILD™ and

TONYPLOT™ were utilized (see Figure 2.3 below).

ATLAS

Devicr Technidogy Simulation

|
v -
l 5-Prcas l Biare l Blare 3D lbwion-m

lTFT lm lm'ao

=

lﬁ.nmh.rn lﬁ.rmh.rn s
l Lurninous lu.mlrmn k1o
= =

lmm o ]
I Hormony IThlrrncl‘.'rD

lESD

Figure 2.2 Representation of ATLAS’ modular struef@0].
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Figure 2.3 Flowchart of ATLAS’ inputs and outg[30]
Unlike some other modeling software, Silvaco usegsjzs-based simulation rather than
empirical modeling. In truth, empirical modelingoduces reliable formulas that will
match existing data but physics-based simulatiedipts device performance based upon
physical structure and bias conditions. Silvacaveafe models a device in either two- or
three-dimensional matrix-mesh format. Each mesimtp@presents a physical location
within the modeled device and at that point, thegprm simulates transport properties
via differential equations derived from Maxwell'guations. Numerical analysis is used
to solve for electrostatic potential and carriengiges within the model. In addition to
Poisson’s equation, the continuity equations aedréinsport equations; the Lattice Heat
Flow equation is added by using GIBAThe heat generation term in the Lattice Heat
Flow equation is further enhanced in this modeutlzing the Joule Heating function of
GIGA ™,
To accurately model the IlI-V semiconductors, ATLASBust employ the BLAZE

program extension to modify calculations that imeoenergy bands at heterojunctions .
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The heterojunctions require changes in calculatmgrent densities, thermionic
emissions, velocity saturation, and recombinatienagation.

ATLAS attempts to find solutions to carrier paraemst such as current through
electrodes, carrier concentrations, and electeic$i throughout the device. ATLAS sets
up the equations with an initial guess for parametalues then iterates through
parameters to resolve discrepancies. ATLAS wibralatively use a decoupled (Gummel)
approach or a coupled (Newton) approach to achéevacceptable correspondence of
values. When convergence on acceptable values do¢soccur, the program
automatically reduces the iteration step size. APBLGenerates the initial guess for

parameter values by solving a zero-bias conditemsetd on doping profiles in the device.

2.3. Device Structures Being Simulated
This work focuses on two GaN HEMT struegirOne is an AbsGa.7sN/GaN

HEMT. A GaN/AlGaN/AIN/GaN device is also being silated. Inserting a very thin
AIN interfacial layer between the AlGaN and GaNdes/ helps to increase the sheet
charge density and improves mobility of the casrigr the channel. This owes to the
reduction of alloy disorder scattering in AlIGaN/AB&BN HEMT’s when compared to
AlGaN/GaN HEMT's. Since, the barrier height (contioic band difference) of
AIN/GaN layer is larger than AlGaN/GaN layer, th®lpability of the channel electrons

entering the AlGaN layer reduces significantly. Shelps in reducing the impact of alloy
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disorder scattering on the electron mobility, agsifrom the defects in the AlGaN
layer[31-34].
2.3.1. AlGaN/GaN HEMT

<0.25u—>

Gate

107 ¢cm- n-doped Al ,;Gag N 23 nm

ujeiq

UID GaN channel 100 nm

Source
10" cm= n-doped
padop-u ~wo 5,01

< 1.0
Figure 2.4 Simulated 2D AlGaN/GaN HEMT Structure.

Figure 2.4 shows the simulated AlIGaN/GaN HEMT dure A 23nm unintentionally
doped AlGaN layer was formed on 100nm of the uminb@ally doped GaN layer. An
unintentionally doping of 0 cmi® is assumed for both the AlGaN and GaN layers. The
source and drain electrodes are Ohmic contactsaemdaloped to I8 cm®. The gate
electrode is a Schottky contact, and the Schotskyidr height is calculated to be equal to
1.17eV[35].Figure 2.5 is the ATLAS-generated reprgation of the

Al 0.25G&).75N/G8.NHEMT device.
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ATLAS
Data from hemtex04_0.str

Figure 2.5 ATLAS generated representation of dopl&hN/GaN HEMT.

2.3.2. GaN/AlGaN/AIN/GaN HEMT

Figure 2.6 shows the simulated GaN/AlGaN/AIN/GaNMHEstructure. It consists of a
1nm AIN layer grown on 100nm of GaN layer, a 16nhG#&N layer on the top of AIN
layer and a 3nm GaN cap layer. All the layers amatentionally doped with a doping of
10*cm®.The source and drain are ohmic contacts and greddm 1&°cm>. The gate is
a Schottky contact made of gold. Use of GaN cgerlaas been found to be effective in
confining electrons in the channel and minimizerslobannel effect.Figure 2.7 is the

ATLAS-generated representation of the AGa).72N/AIN/GaNHEMT.

25



X
y GATE

€0.1um ><€ 0.1um ><€— 0.25um —> <«—0.275um —> <€0.1um >

UID AIN 1Inm

SOURCE
NIvdd

UID GaN Channel 100nm

M

1.0 um

v

Figure 2.6 Simulated 2D GaN/AlGaN/AIN/GaN structure

ATLAS
Data from hemtex04_0.str

01

Figure 2.7 ATLAS generated representation of dapatl/AlGaN/AIN/GaN HEMT.
2.4. Physical and Material Models
Silvaco ATLAS is used for the two-dimensional siatidn of the GaN HEMT. To
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accurately model the I1I-V semiconductors, ATLAS shamploy the BLAZE program
extension to modify calculations that involve enebgnds at the heterostructure.

The heterojunctions require change in calculatingent densities, velocity saturation
and recombination-generation. The hydrodynamic/@neBalance carrier transport
model is used to achieve maximum accuracy as vgetioanputational efficiency. This
model takes account of non-local carrier heatirfgogs for device structures with gate
length less than 0.5 microns. As AlGaN/GaN HEMTse annipolar devices,
computational effort is reduced by neglecting trens$port equations for holes in this
work.

When using TCAD simulation software, a number ofygatal models have to be
included into the model to perform simulations a@udreliable predictions about device
characteristics so that they closely match realcgedata. These models deal with the
carrier behavior in combined effects of boundargdittons such as lattice temperature,
electrostatic potential and fields, external foragd hetero-structures bandgap variations.
Because of the high operating voltages, self-hgatifects need to be accounted for in

the model construction.

2.4.1. Dirift-Diffusion(DD) Transport Model(Homogen® Structure)

Drift-diffusion is a transport model which approxates that the carrier flow

inside the device is due to the drift and diffustorder an external lateral or longitudinal
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field concurrently with recombination and genematjgrocesses. The current density is
given by [36]:
J, =-nqy, g, (2.1)

J, =-pau,0g, (2.2)

Where “and #r are electron and hole mobility respective%and % are the respective
qguasi Fermi levels,is the hole density amilis electron density. The quasi Fermi levels
are linked to the carrier concentrations and théemd@l through the Boltzmann

approximation:

_ 9@ -9.)
n=n, exp{ T } (2.3)
_ A -4,)

Where "eis the effective intrinsic concentration afidis the lattice temperaturk is the
Boltzmann’s constant, kTis the thermal energy in the system. These twatimus may
be rewritten to give the quasi-Fermi levels:

KT, n

g =W 7|nﬂ_ (2.5)
¢p =y —ﬂmﬁ
a ne (2.6)

By substituting these equations into the currensdg equations, the following equations

are obtained:
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:]: = gD, 0n=anu,0¢ = 4, n(KT_ O(Inn,)) (2.7)

J, =qD,0p-qpu,0¢ - u, p(kT, O(Inn,)) 2.8)

The final term accounts for the gradient in thesetive intrinsic carrier concentration,
which takes account of the bandgap narrowing edffeEfffective electric fields are

defined normally as:

E =-0w+ X inn,)
q (2.9)

E, =-0W +k—:;LIn n.) (2.10)

Which then allows the more conventional formulatafrdrift-diffusion equations to be

written:
J, =any, E, +qD,0n (2.11)
Jp =apy, E, —ab,Up (2.12)

This derivation has assumed that Einstein relatign$iolds. In case of Boltzmann

statistics this corresponds to:

Dn - ﬂﬂn
q (2.13)
KT,
D, :TLyp (2.14)

If Fermi-Dirac statistics are assumed for electribre equation(2.13) becomes:
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KT, 1 B
5 - (?:un)F% {kTL [an gc]}

" 1
F—}/Z {kTL[an - gc]}

Where F, is Fermi-Dirac integral of ordew and &, is given by -q¢,.

(2.15)

2.4.2. Drift-diffusion with Position Dependent BhStructure(Heterostructure)
The current density equations must be ifieadto take into account the non-

uniform band structure[37].The current densityaopns are [38]:

—_

J, =-nu U@, (2.16)
J, =—nu,Ug, (2.17)

Where £, and p,are electron and hole mobility respectivegyand ¢, are the respective

guasi Fermi levels.

1
7=t £ (2.18)

(2.19)

The conduction and valence band edge energiesecamitben as:
Ec =aW,-¥)-x (2.20)

E, =aW,-¢)-x-E, (2.21)
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Where ¢, is some reference potentigf, is position dependent electron affinity, is

position dependent bandgap and

N, _ X +E N
LA UL G BRI (2.22)

q q nir q q nir

wheren;, is the intrinsic carrier concentration of the stde reference material, ands
the index that indicates that all of the paramedeestaken from reference material. Fermi

energies are expressed in the form:

E., =E.+ kTLlnNi— KT, Inyn (2.23)

c

E,=E, + kTLlan— KT, Inyn (2.24)

\

The last terms on the RHS in equations (2.23) 2a8djare due to the influence of

Fermi-Dirac statistics. These final terms are defias follows:

_F%(Un) BB _ - 4D

yn - é7” y ,7n - kTL - F}é (NC] (225)
Fhim) BBl b

h=—a Ty {NJ (2.26)

Where N and N are position dependent ang =y, =1 for Boltzmann statistics. By

combining the above results, one can obtain thievimhg expression for the current

densities:
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J = kTL,unDn—q,unDnEw LU Y, +i+klln&j
- KT, X+tEy KT, N
Jp = kTLﬂpr-qupr(wjln Vot q : +7LIHQ—VJ (2.28)

2.4.3. Hydrodynamic/Energy Balance Transport Model

The conventional drift-diffusion model charge transport neglects non-local
transport effects such as velocity overshoot, diffn associated with the carrier
temperature and the dependence of impact ionizedik®s on carrier energy distributions.
These phenomena can have a significant effectsa oasubmicron devices. As a result
ATLAS offers two non-local models of charge trangpthe energy balance and the
hydrodynamic models. The Energy Balance Transpartié¥ follows the derivation by
Stratton [39,40]. Hydrodynamic model is derivednirahis model by applying certain
assumptions[41,42,43].
The Energy Balance Transport Model adds continetyuations for the carrier
temperatures, and treats mobilities and impactation coefficients as functions of the
carrier temperaturesgTp) rather than functions of the local electric fiekbr electrons,

the Energy Balance Transport Model consists of:

I X0, ..

dvsS ==J .E-W. ——— (A 'nT 2.29
S, g h T at( 2 NT) (2.29)

J_=qD,0On-gnu Oy +qnD,OT, (2.30)
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S, =-K,OT, —( ”jTT

_En k(Tn _TL) 3
" 2 TAURELEL "

A, =Fy(h)/Fy(h)

And for holes:

= 1—= ka,,.
d|VSp :aJp.E_Wp _?a(/‘p nTp)

J, =-0aD,0p-apu, 0y +qpD,"OT,

_ kS, |~
Sy =K,0T, =| =7 3T,

k(T -
szgp (

3
TAURELHO * 2

Ay = Fs(hy) T (hy)

2 2

WhereSn and Sp are energy flux densities associated with electiemms holes, andh

andr are the electron and hole mobilitiesssR is the SRH recombination rate, Rand
Ry *are Auger recombination rates related to electmoh loles, Gand G are impact
ionization rates, TAUREL.EL and TAUREL.HO are théaron and hole energy
relaxation times, [is the banggap energy of the semiconductor. Thexaébn

parameters are user-definable on the MATERIAL stat&. The relaxation times are
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(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)
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extremely important as they define the time cortstanthe rate of energy exchange and
therefore accurate values are required if the inede be accurate.

The remaining terms, Dand Q are the thermal diffusivities for electrons andesolW,
and W, are the energy density loss rates for electrodshafes as defined in (2.32) and

(2.37) respectively. Thus, the following relatioipghhold:

Dn = ’un—anAn*
| (2.39)
LGA)
F(-1),) 040
E — & ~ n
where, = i = R () (2.41)
D" = (ke _g”n*ﬂn)E (2.42)
q
3
My = I, (§ + 5n)F‘(”+—/2(,7”) (2.43)
2 R, + 150)
Kn =q.ny, (E)ZAnTn
| (2.44)
=0, (g1t 22) (o )Fa 00
n n n 2 F{n +%(’7n) n 2 an +}é(’7n) (2 45)
lu2n
a‘n =12n
. (2.46)
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Similar expressions for holes are as follows:

D, = Iukap /]p*
9 (2.47)
. F(%m,)
Ap I DA
F(1)@,) (2.48)
& ¢ 1, P
,7p = ~=F 2 (_)
where KT, ! Ny (2.49)
D, = (ty =2, M) (2.50)
q
Feo +35(2,)
Koy =up(5+fp)i (2.51)
2 TR, +10,)
Kp =q.py, (g)zApr (2.52)
5
A =3, (gp +ZJF<"’+—/2('7'))_(5P +EJF€P+—%('7P) (2.53)
2)Fe, +350,) 2) F, + 35(1,)
5 =tz
Ho (2.54)

Kn and K, are thermal conductivities of electrons and haleslefined in (2.44) and (2.52)
respectively. If Boltzmann statistics are used refgrence to Fermi statistics, the above

equations simplify to :

n = A (2.55)
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A, =0, :Buﬂ (2.56)

A, =0, :Bu{p} (2.57)

_d(ng) _ T, 04,
d(inT)) 4, 0T, (2.58)

S

_dlngy) _ T, op,
d(nT,) 4 0T,

S
(2.59)

4

The parameters‘(n and P are carrier temperature dependent. Different astong

regarding‘(nand <p correspond to different non-local models. In thghhkiield saturated
velocity model , the carrier mobilities are invdysproportional to carrier temperature.

Thus:

=& =-1 (2.60)
corresponds to Energy Balance Transport Model hieamore when
§,=¢,=0, (2.61)

this corresponds to the simplified Hydrodynamicnggort Model.

The parameters‘rnand <p can be specified using the KSN and KSP parametethe
MODELS statement.

Hot carrier transport equations are activated by BMMODELS statement parameter:
HCTE.EL (electron temperature),HCTE.HL(hole tempem),HCTE(both carrier

temperature)[38].
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2.4.4. Hydrodynamic Boundary conditions

Boundary conditions for,p andy are same as for drift-diffusion model. Energy
balance equations are solved only in the semicdoduegion. Electron and hole
temperatures are set equal to lattice temperatutbecontacts. On the other part of the

boundary , the normal components of the energyefiwsanish.

2.4.5. Boundary Physics: Ohmic and Schottky Contact

Many of useful properties of p-n junctions canaohieved by forming different
metal-semiconductor contacts[44].The major diffeeerbetween ohmic and Schottky
contact is the Schottky barrier heighg, is non-positive or positive. For ohmic contacts,
the barrier height should be near zero or negafivened accumulation type contact, thus
the majority carriers are free to flow out the ssmnductors, as shown below in Figure
2.8. On the contrary, for Schottky contacts, theiéaheight would be positive, built
depletion type contacts, so that the majority easrcannot be absorbed freely due to the
band bending caused by positive barrier height.celeéhe way they are implemented in

the simulator is different.

37



sseee E

EFm """""" EF

Metal Semiconductor

Figure 2.8 Accumulation type ohmic contact.

2.4.5.1. Ohmic Contacts

Ohmic contacts are implemented as srtichlet’'s boundary condition, where
surface potential, hole concentration and electoncentration are fixe(dPS,ns, ps).
Minority and majority carrier quasi-Fermi potensiare equal to the applied bias of the
electrodég, = ¢, =V,,.ia) - The potential ¢ is fixed at a value that is consistent with
space charge neutrality. If Boltzmann statistiassied then

v.=q +k—;L|n&:¢p—ﬂ|n& (2.62)

nle q nie
where iy is intrinsic carrier concentration[38].

If work function is not specified, the contact wik ohmic regardless of the material.

2.4.5.2. Schottky Contacts

The surface potential of the Schottky contact vegiby:
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E, KT, N
Y, = AFFINITY +— +—5In—% —~WORKFUN +V,

: 2.63
2q 2q NV applied ( )
where AFFINITY is the electron affinity of the sesonductor material, Eis the

bandgap,N is the conduction band density of stateg,isNthe valence band density of

states, and Tis the ambient temperature. The workfunction fneel as:

WORKFUN=AFFINITY+ ¢, (2.64)

Where ¢, is the barrier height at the metal-semiconductorterface in eV[38].A

Schottky contact[45]is implemented by specifyingrikionction using the WORKFUN

in the parameter of the contact statement.

2.4.6. Mobility Model

There are two types of electric fiel@épdndent mobility models used in
ATLAS/BLAZE. These models are Standard Mobility Mdadnd Negative Differential
Mobility Model. The standard mobility model takescaunt of velocity saturation. The
following Caughey and Thomas expression[46] is usetmplement a field-dependent

mobility:

BETAN

1

E BETAN
1 + /'II"IO
VSATN

Ha(E) = g (2.65)
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BETAP

1

E BETAP
1 + :upO
VAATP

1, (E) =y (2.66)

Here, E is the parallel electric field arktio and# are low field electron and hole
mobilities respectively. VSATN and VSATP are satima velocities for electrons and
holes respectively. The low field mobilities arelccdated by one of the low-field
mobility models. BETAN and BETAP parameters haedadlt values(see Table 2.1).
The VSATN, VSATP, BETAN and BETAP parameters arerwdefinable in the material
statement. This model is activated by specifyingSBYMOD=0 and FLDMOB in the
MODEL statement. It is this model that has beerdusethe simulation of the HEMT
structures shown in Section 2.3 .

The Negative Differential Mobility Model is actived by specifying EVSATMOD=1 and
FLDMOB in the MODEL statement. It is a temperatatependent mobility model.It
introduces an instability in the solution proceltsis used for devices where the drift
velocity peaks at some electric field before redgawvith increase in the electric field[45].
The Hydrodynamic Transport Model requires the eammobility to be related to carrier
energy. An effective electric field is calculateghich causes the carriers to attain the
same temperature as at the node point in the deMieeeffective electric fields,ek, and

Eerrpare then calculated by solving the equations:
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> _3 k(T -T)

E, JE2, =>_——~n L/
qﬂ”( 6’“) " 2 TAUMOB.EL (2.67)

3 k(T,-T)
Aty (et ) E%ar o = 5 o i
2 TAUMOB.HO (2.68)
These equations are derived from energy balancatiegs by stripping out all the

spatially varying terms. The effective electricldi® are then introduced into the relevant

field dependent mobility model.

The resultant relationship between carrier mobiltyd carrier temperature is

given by:
_ F
Fn = ———
1+ X BETAN ) BETAN
(e ,=) (2.69)
y7!
Mp = - n
BETAP \ BETAP
) (2.70)
1
X = a0 o g = T
? (2.71)
XPBEI—’N\I :1(aPBErAP(I-P _-IL)EEI'AP +\/aPZBErAP(|'P _'E_)ZEEFAP _4a,PBEFAP(-I; _-I-L)azrpp)
? (2.72)
a, =3 s (2.73)
2 qVSATN? (TAUREL.EL)
g =3 Ka 5o 2.7
" 2 qVSATP? (TAUREL.HO)
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As carriers are accelerated in an electric fidi@jrtvelocity will begin to saturate when
the electric field magnitude becomes significarttisTeffect has to be accounted for by a
reduction of effective mobility since the magnitude drift velocity is the product of
mobility and the electric field component in theedtion of the current flow. This
provides a smooth transition between low-field argh field behavior.

The saturation velocities are calculated by defdrdtn the temperature dependent
model[47]:

VSATN = ALPHAN.FLD (2.75)

1+ THETAN.FLD eX[{

L
TNOMN.FLD)

VSATP = ALPHAP.FLD (2.76)

1+THETAP.FLD eX[{

L
TNOMP.FLD]

One can set them to constant values on the MOBIL$§t&tement using VSATN and

VSATP parameters.
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Table 2.1 User definable parameters in field-depahchobility model.

Statement Parameter Default Units
MOBILITY ALPHAN.FLD 2.4X10’ cm/s
MOBILITY ALPHAP.FLD 2.4X10’ cm/s
MOBILITY BETAN 2.0

MOBILITY BETAP 1.0

MOBILITY THETAN.FLD 0.8

MOBILITY THETAP.FLD 0.8

MOBILITY TNOMN.FLD 600.0 K
MOBILITY TNOMP.FLD 600.0 K

2.4.7 Spontaneous and Piezoelectric Polaizéiplementation

A good understanding of the electrjpalarization effects at the Aba\N/GaN

interface is a key to proper device simulatione Bpontaneous polarizatiog,nd the

strain induced piezoelectric polarizationdPe calculated by using:

P =P

= Roaiga, N * Bpoan( T

P, = 2—8‘;0'30 [egl

- %3%]
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where @ and aare lattice constants arfetand® are piezoelectric coefficients ang,c
Csz are elastic constants[36].In this simulation, thterface charge was implemented by

making the region near the heterojunction highlgatbn-type at the interface.

2.5. Self-heating Simulations

This section briefly describes the modeded to simulate self-heating effects with
TCAD. These models are described in more detaiteersimulator manual[38]. Briefly,
the non-isothermal model modifies the drift-diffisiequations to account for the self-
heating effects. The assumption here is that tttiedas in thermal equilibrium with the
charge carriers. This implies that carrier anddattemperature are described by a single
quantity T.. T, is calculated by coupling the lattice heat equmtiad the modified drift-

diffusion equation.

2.5.1. Overview

GIGA module extends the Silvaco TCAf&ftware to account for lattice heat
flow and general thermal environments. GIGA impleise Wachutka's
thermodynamically rigorous model of lattice heaf@#8), which account for Joule
heating, heating and cooling due to carrier ger@ratnd recombination , and Peltier and

Thomson effects.

2.5.2 Numerics
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GIGA module supplies numerical teclag that provide efficient solution of
equations that result when lattice heating is actzlifor. These numerical techniques
include fully-coupled and block iteration method.hgvn GIGA is used with energy

balance equations, the result is a solver for BES

253 Non-Isothermal Models

2531 The Lattice Heat Flow Equation

GIGA adds the heat flow equation to the primaryagguns that are solved by ATLAS.
The heat flow equation has the form:

CaaltL =0(«0T,) +H (2.79)

where:

C is the heat capacitance per unit volume
K is the thermal conductivity

H is the heat generation

T_is the local lattice temperature

The heat capacitance can be expresséd agpC,, where C, is the specific heat and
pis the density of the material. Specifying the LAEMP parameter in the MODEL

statement includes the lattice heat flow equationike ATLAS simulations.
GIGA supports different combinations of models. tfe HCTE and LAT.TEMP

parameters are specified in the MODELS statemert both particle continuity
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equations are solved, all six equations are solifeHCTE.EL is specified instead of
HCTE, only five equations are solved and hole teaipee T, is set equal to lattice

temperature |I.

2.5.3.2 Effective Density of States
When lattice heating is specified with energy beégamodel, the effective densities of

states are modeled as functions of the localaraeimperature ,,land T, as defined by:

3 3
2, KT |2 T )2
N. =|————| =|=—=| NC(300 2.80
c [ H? j (300] (300) (2.80)
3 3
2mm, kT, 12 (T, )2
N, = Pl =] 2 NV (300 2.81

2.5.3.3 Non-Isothermal Current Densities
When GIGA is used, the electron and hole currensities are modified to account for

lattice temperatures:
J, =-a,n(0¢ +ROT,) (2.82)
J, ==aqu,p(Og, +P,OT,) (2.83)

Where R and B are absolute thermoelectric powers for electronklwles. Pand B are

expressed as follows:
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Kk N
P, = —5(52 +In—C +KsN +§nJ
n
Q (2.84)
k N
_"B|> %
Py =B +In—Y +KSP (2.85)

Here, k is the Boltzmann constant. KSN and KSP are theomapts in the power law
relationship between relaxation time(mobility) acarier energy. They are set on the
MODELS statement. The quantiti€s and ¢, are the phonon drag contribution to the

thermopower. ATLAS has a built in model for it asgecifying PHONONDRAG

parameter on the MODELS statement enables it. Tiieib model is:

PDEXP.N
Kg i
En = o PDA.N 300 for electrons (2.86)
PDEXP.F
Kg i
&p = o PDA. 205 for holes (2.87)

A theoretically derived value for PDEXP.N and PDENXPIis —72 [49] but

experimentally obtained value is close —t(% [50].The values of PDA.N and PDA.P

depend on the doping level and sample size. Sohaseo determine values to fit his
sample.

The thermopower consists of three components. iFeei$ the derivative of the Fermi
Potential with respect to temperature. ATLAS inaogtes this effect indirectly through

the boundary conditions. For Maxwell-Boltzmannistats, this is
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LY §+In& for electrons (2.88)
QL2 n

§(§ +1In &j for hole (2.89)
Q\2 p

The second term is due to carrier scattering.

k—(5‘(1+ KSN)for electrons (2.90)

k—QB(1+ KSP)for holes (2.91)

The third term is the phonon drag contributie§, and §,. The second and third terms

are included directly into the temperature gradienn in the expressions for current[38].

2.5.3.4. Heat generation
When carrier transport is handled in the driftafiibn approximation the heat generation
term H has the form:

S b
aun au,p

_ % \_,_1[%
+q(R G){TL(GTM) @ TL(GT n’pj+¢p} (2.92)

T.(3,0R)-T.(3,0R,)

In the steady-state case current divergence caedaced with the net recombination,

then the above equation simplifies to:
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%n q,Upp
(2.93)
where
‘ ‘ is the Joule heating term q(R- G)[ -@+T (Pp—Pn)] is the
q,un qu, P

recombination and generation heating and coolimgn,teT, (f];DPn +3;DPp)accounts

for the Peltier and Joule-Thomson effects . A sarfptrm of H that is widely used is:
H=(3,+3,)E 2.9
GIGA can use either equation(2.93) or (2.94) faadi-state calculations. By default,
equation(2.94) is used. If HEAT.FULL in specified the MODELS statement then
equation(2.93) is used. To enable/disable indiidersns of equation(2.93) one need to
use JOULE.HEAT,GR.HEAT and PT.HEAT parameters om MODEL statement. If

the general expression shown in equation(2.92s&sl dor the non-stationary case, the

0
derivatives(%—ﬁj and (a—f_"j are evaluated for the case of an idealized non-
np n,p

degenerate semiconductor and complete ionization.

The heat generation term ,H is always set to @salators.

Y
For conductorsH :T) . (2.95)
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When electron and hole transport are modeled irettergy balance approximation(by
specifying HCTE on the MODELS statement)the follogvexpression for H is used:
H=W, +Wi+EgU, (2.96)
where,

U is the net generation-recombinatiate igiven by:
U :Rsrh+R1A+RPA—Gn—Gp (2.97)
RsrH is the SRH recombination rate,"Rand R* Auger recombination rates related to
electron and holes, {and G are impact ionization rates.

If the energy balance model is enabled for onlgtebms or only for holes, then a
hybrid of equations (2.96) and (2.93) or (2.94used. If the energy balance equation is
solved for electrons, but not for holes, then Hvaluated as follows if HEAT.FULL is

specified:

_ SR
H =W, +E,U +V,,|O_TL (3,0, (2.98)

A simpler form of heating will be used if HEAT.FULk not specified.

H=W,+EU+J E (2.99)

The first terms of W and W, are output to structure files as Joule heatinge st
term(equation(2.98)) is output as Peltier Thomseat lpower. The remaining terms are

output as recombination heat power[38].
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2.5.3.5. Thermal Boundary Condition
At least one thermal boundary condition must becifipd when lattice flow equation is

solved. The thermal boundary conditions used hlagddllowing general equation:

Uu o= _
o(J tot.s)—a(l'l_ Text) (2.100)

whereo is either O or 1,Jf‘tot is the total energy flux, and is the unit external normal of

the boundary. The projection of the energy fluxoasis given by the equation:

Jatot'_é: _Kal"' (TR, +¢?1)‘Tn§+ (TLPp +¢p)‘]_p.'§
on (2.101)

Wheno=0 , equation(2.100) specifies a Dirichlet (fixethperature) boundary condition.
One can specify Dirichlet boundary conditions for external boundary or for an

electrode inside the device. Whenl , equation(2.100) takes the form:

(3°,S) = Ri (T. -TEMPER) (2.102)

Where the thermal resistance, R given by,

1
ALPHA

Rn = (2.103)

APLHA is user definable in THERMCONTACT statement.
Setting thermal boundary is similar to setting &leal boundary conditions. The

THERMCONTACT statement is used to specify the pasibf the thermal contact. One
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can place thermal contact anywhere in the devickeiWa value of alpha is used,

equation (2.102) is used[38].

2.6 Gummel’s Iteration Method for the Case of DriftHiDsion Model

Gummel’s method solves the coupled etmiers’ continuity equations together
with the Poisson’s Equation via a decoupled procediihe potential profile obtained
from equilibrium simulations is substituted intoettcontinuity equations to obtain
carrier’'s distribution profile. The result is theent back into Poisson’s Equation to
calculate new electrostatic energy profiles. Thigscpss is repeated until convergence

requirement is achieved, as shown in Figure. 2.9.

START

Solve Electron Continuity

l

Solve Hole Continuity

l

Solve Poisson Equation

No

Convergence ?

Yes

End

Figure 2.9 Gummel’s iteration scheme

When hydrodynamic model is used, a for the isotlaéicase a set of 5 differential

equations is solved in a sequential order. Whdrheglting are incorporated in the model,
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an additional (8) PDE is solved to model the lattice temperaturéatian.

2.7.  Model Development

Several assumptions were made whenicgetite model. One assumption is the
gate, drain and source contacts in the model asgel as perfect electrical conductors.
The interfaces between the layers were considatedl iwith no modeled defects or
surface modifications besides the interface chergemulate the piezoelectric effect.
First it was attempted to create an electricallyuaate 2-dimensional model of the device
using ‘polarization’ function. After several unsessful attempts by this researcher using
the ‘polarization’ function to accurately model tekectrical effects of a hetero-junction,
an interface charge was inserted at the AlGaN/Gabhdary using ‘interface’ function.
That also did not work. Then the interface charge wnplemented by using n doped
AlGaN layer. When combined with a thin GaN regidnircreased mobility directly
below the AlGaN/GaN junction, the desired effecachieved. One of the goals of this
research was to model the device in 2-dimensions.
Structuring the model to match the dimensional atiaristics of the physical device was
of paramount importance. Such an approach seemeaudbt logical with the end goal to
eventually use 2-dimensional thermal modeling. Tidividual values that were most
often modified throughout the model developmentenAiGaN layer thickness, Gate

Work Function (WF), donor levels in AlIGaN and Gadyérs, the interface charge at the
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heterojunction, momentum and energy relaxationsratbe electron mobilities and
saturation velocities in each of the AlGaN and Qalers. Final values were chosen
through trial and error until the most accurateespntation of IV curves was achieved.
Early on in the model development process, thedtvels(concentrations) were
given the most attention. So a variety of layerasomration were modeled to determine
which would give the closest electrical output euheristics to experimental results.
AlGaN thickness did not have a notably strong éffet modeled device performance.
Gate WF had the largest effect on device lineaitg drain current over the modeled
bias ranges. A gate WF of 4.73 eV is used to cdenwith the generally accepted WF of
a gate contact for a FET. Generally accepted ranfewvailable extra electrons at the
heterojunction for the piezoelectric and polarizateffects of a GaN HEMT are around
10" cmi®. Therefore, an interface charge near that leved mecessary to model the
piezoelectric effect. The 2-dimensional model dgpseesembled the electrical
characteristics of the experimented device. The fatgth in the model is 0.25 microns
between 0.375 to 0.625 microns. Upper thin layeBaN acts as channel and lower GaN
layer works as substrate.
In this thesis, the Low Field Mobility Model chosem simulate the device operation is
Parallel Electric Field Dependent Mobility modehél same structure and same model
was used throughout in the simulation. The effeftapplying various parameters of
Albrecht’s model and the comparison with high fiehbility models have been further

discussed in the ATLAS manual.
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Through model development several notable discesemwere made based on
intermediate simulation results. GaN layer has reffstct on the electrical characteristic
of the device. During thermal simulation using dnwalue of alpha prevents the model
engine from converging and displays much higherimam channel temperatures while
the simulation is running when compared to a mdlga will converge with appropriate
alpha value. Another discovery was that the uppsE @Giodel layer representing channel
would be as thin as 0.002 microns and the elettresaults were identical over the same
bias conditions reported by experiment. Thermalltesvere also identical over the same
bias conditions when compared to the experimentadiah Conditions at higher bias
were not modeled during this research. One caruladstthat decreasing the GaN layer
will have multiple effects at higher bias condisodue to the depletion region necessary

during device operation, but further research wdalde to be done to support this.

2.8. Importance of Use of Hydrodynamic Transdodel

The current density equations or chargesport models are usually obtained by
applying approximations and simplifications to B@tzmann Transport Equation. These
assumptions can result in a number of differemgpart models such as drift-diffusion
model, the Energy Balance Transport Model or thdrdwyynamic model.

The simplest model of charge transport is the Eiffusion model. This model

has the attractive feature that it does not intcedany independent variables in addition
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to y, n and p. Until recently drift-diffusion model wadequate for nearly all devices that
were technologically feasible. Drift-Diffusion (DDansport equations are not adequate
to model overshoot effects. The limitations of drét-diffusion model arise because the
model does not take into account hot electrons(tmylattice temperature is accounted
for, and not the energy of carriers). Monte Carletimds involving the solution of the
Boltzmann kinetic equation are the most generat@ggh. The drawback of this method
is the very high computational time required. Tlydrodynamic model provides a very
good approximation to these Monte Carlo methods[3 thermal hydrodynamic model
used in ATLAS solves six PDEs: Poisson, continaityl energy conservation equations

for holes and electrons, plus the lattice tempeeatguation.
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Chapter 3 SIMULATION RESULTS

This section describes the simulatigpesformed and the analysis of the
corresponding results for both HEMT structuresadtrced in Section 2.3.In both cases,
transfer and output I-V characteristics curves wemnulated for the isothermal
(excluding self-heating effect) case. Then, tranafed output I-V characteristics curve
were simulated for the nonisothermal (including f-belating effect) case. The
nonisothermal simulation was performed by placinfpermal contact at the bottom of
the substrate which was set to 300K.Lattice tentpezgprofile and Joule heat power
profile were plotted. The ambient temperature attvithe model was simulated is 300 K.

All I-V curves were compared with corresponding esximental data.

3.1. AlGaN/GaN HEMT
3.1.1. Isothermal Simulation
3.1.1.1. Transfer Curve

The transfer curve was simulated foe¥@ V. Shown in figure 3.1 is the transfer
I-V characteristic of Structure 1 being consider€de application of a gate bias greater
than the threshold voltage (which approximately asju-4.2 V) induces a 2DEG
concentration in the channel of the HEMT.

Also shown in this figure are the experimental nieasents. Note that the
simulated result closely matches the experimerdatd.dThese results correspond to the

isothermal case.
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Figure 3.1 Comparison transfer I-V curve for AIG&dN HEMT.

3.1.1.2. Output |-V Curve

The output |-V curve was plotted éiferent gate biases:(¢0V, -1V and -2V
while the drain voltage Ms ramped from 0 to 10V.The device is biased ata goltage
greater than the threshold voltage to induce amlaat a constant drain bias. Shown in
Figure 3.2 are the output characteristics of thectire together with experimental data.
The simulated result closely matches the experiateaita for Vg = OV, but it deviates as
Vg becomes more negative. This can be attributdtedact that Silvaco does not have

good mobility models for nitride devices. Also, thas an uncertainty in the structure
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parameters in terms of the source and drain exteriengths, as these parameters were

not provided in the literature.
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Figure 3.2 Comparison output I-Vvaufor AIGaN/GaN HEMT.

3.1.2. Thermal Simulation
3.1.2.1. Transfer Curve

The transfer curve was simulated fgeA0 V and is shown in Figure 3.3.Shown
here are also the isothermal and thermal results #me compared to available
experimental data. Different parameter set has bsed to match the experimental data

for the case of isothermal and thermal simulations.
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Simulated result shows that there is a reductiondiain current due to
degradation of mobility due to self-heating as vaaslla change in the slope which would
result in a change in the transconductance.

In Figure 3.4 we show the transfer characteristitben thermal model has been

used as a reference parameter set model.
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Figure 3.3 Comparison of transfer I-V curve for AlEGaN HEMT. Different parameter

set is used for isothermal and thermal simulattormeatch experimental data.
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Figure 3.4 Comparison of transfer |-V curve for AFGaN HEMT. Thermal parameter
set is used in these simulations.
3.1.2.2 Output I-V Curve

The output |-V curve was plotted for@aias \=0Vwhile the drain voltage Ms
ramped from O to 10V.Figures 3.5 and 3.6 show thaparison plot for experimental
and Silvaco simulated isothermal and non-isothermaput |-V curve for different
matching parameter set for the polarization chalgesity. The simulated result shows
that there is reduction in drain current due torddgtion of mobility due to self-heating.
The high thermal conductivity of GaN and its alloyeeatly helps in the faster heat

dissipation seen in these devices.

61



1000 T

o T ILELLL AL O e LTI )
900+ 0 e 3
0
800~ “S!-"‘ © Experimental data 7
-~ Isothermal Simulations
E 700 S e Thermal simulations |
E 6001 S e .
§ 5001 f
3 400~/ 1
£ jo
S 300~ .
o 9
2001 7
100, .
G: | | | | | | 1 | |
0 1 2 3 4 5 6 7 8 9 10

Drain Voltage (V)

Figure 3.5 Comparison of output |-V curve for AIG&4N HEMT for different

parameter sets used for isothermal and thermallaions.
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Figure 3.6 Comparison of output I-V curve for AIG&@&N HEMT. Thermal parameter

set is used in these isothermal simulations.

3.1.2.3. Temperature and Joule Heating Profile

Figures 3.7 and 3.8 show the latticeperature and Joule heat power profile
respectively for gate biasg¥?0V and drain bias 10 V for AIGaN/GaN HEMT. The
lattice temperature profile shows that the hot smurs in the gate-drain spacing, right
where the gate terminates, but is restricted clésethe AlGaN/GaN interface. This
means that most of the hot electrons are closegaAtGaN/GaN interface. The profile
also shows that there might be some high energyretes in the AlGaN barrier layer on

the drain end.
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The mobility degrades rapidly around the hot spe th high electric fields. This
degradation in mobility causes a reduction in di@mrent as shown in Figure 3.5.The

temperature around the hot spot reaches a maxim@@i/aK.

ATLAS
Data from hemtex04_nhd.str

Figure 3.7 Lattice temperature profile for AIGaNNGEHEMT.
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Figure 3.8 Joule heat power profile for AIGaN/GaEMI.

3.2. GaN/AIGaN/AIN/GaN HEMT
3.2.1 Isothermal simulation
3.2.1.1 Transfer Curve

The transfer curve was simulated fge%/V. This simulation was done to match
the threshold voltage of the device which is expentally found to be -3.7 V, and the
on-state current. Substrate and back polarizativerges were manipulated for that
purpose. In this structure, the application of tedaas greater than the threshold voltage
induces a 2DEG concentration in the channel of HEMT. Figure 3.9 shows the
comparison plot for experimental and Silvaco sirredaransfer I-V curve of Structure 2

introduced in Section 2.3.Simulated transfer char&tic closely matches the
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experimental data. Isothermal situation is congdesnly. The effect of self-heating is

illustrated in section 3.2.2 below.
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Figure 3.9 Comparison transfer I-V curve for GaNBAN/AIN/GaN HEMT.
3.2.1.2. Output |-V Curve
The output |-V curve was plotted foffelient gate biases ¢¢0V,-1V and -2V
while the drain voltage Ms ramped from 0 to 5V. The device is biased aate goltage
greater than threshold voltage to induce a chaanal constant drain bias. Figure 3.10
shows the comparison plot for experimental anda8ivsimulated output I-V curve. The

simulated result closely matches the experimeratd tbr Vg=0 V.
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Figure 3.10 Comparison output I-V curve for GaN/ANBAIN/GaN HEMT

3.2.2. Non-Isothermal Simulation
3.2.2.1. Transfer Curve

Figure 3.11 shows the comparison pietexperimental and Silvaco simulated
isothermal and non-isothermal transfer I-V curviee Bimulated result shows that there is
reduction in drain current due to degradation obiity due to self-heating. We also

observe change in the slope which results in agdanthe transconductance.
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Figure 3.11 Comparison of transfer |-V curve foN&Z&IGaN/AIN/GaN HEMT.

3.2.2.2. Output |-V Curve

The output I-V curve was plotted for ggdias \4=0Vwhile the drain voltage is
ramped from O to 5V for the non-isothermal casee @hvice is biased at a gate voltage
greater than threshold voltage to induce a chaanal constant drain biasg¥ 0 V is
chosen as at less negative gate voltage for whalfheating induced mobility
degradation dominates. Figure 3.12 shows the casgmamplot for experimental and
Silvaco simulated isothermal and non-isothermapout-V curves. The simulated result
shows there is reduction in drain current due tgraation of mobility due to self-

heating. The high thermal conductivity of GaN atsddlloys greatly helps in the faster
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heat dissipation seen in these devices. Largeeudegradations are expected for higher

drain biases.
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Figure 3.12 Comparison output I-V curve for GaN/ANBAIN/GaN HEMT

3.2.2.3. Temperature and Joule Heating Profile

Figure 3.13 and Figure 3.14 show thtticde temperature and the Joule heat
power profile respectively for gate biasq20V and drain bias ¥8 V for
AlGaN/AIN/GaN HEMT. An important parameter relateéd the reliability of GaN
HEMTSs is the lattice temperature profile. It isdsmt from the figure that the hot-spot is
near the drain end of the channel where the ele¢enmperature is highest and is shifted

slightly towards the drain end on the lattice terapge profile due to the finite group
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velocity of the acoustic phonons. More importanthe hot spot extends both towards the
gate and towards the channel. The mobility degraaleislly around the hot spot due to
high electric fields. This degradation in mobilg@guses a reduction in drain current. The
temperature around the hot spot reaches a maximh@20K. It can be seen reduction in

self-heating away from the hot spot.
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Figure 3.13 Lattice temperature profile for GaN/ANKBAIN/GaN HEMT.
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Figure 3.14 Joule heat power profile for GaN/AIGAN/GaN HEMT.
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Chapter 4 CONCLUSIONS AND FUTURE WORK
This section summarized the key featwk this thesis project and its results,

followed by the plan for future research of GaN HEV

4.1. Conclusions

To conclude, this work has been donettier purpose of understanding thermal
concerns in GaN HEMT technology devices used fghigower and RF applications.
An AlGaN/GaN HEMT hydrodynamic model has been deped utilizing the Silvaco
simulation software that is able to simulate arualctdevice over a similar range of
measured bias conditions. The spontaneous and gbeetoc polarization effects are
significant in AlIGaN/GaN devices and can be modeletth good degree of accuracy
utilizing the Silvaco simulation software. In tisrk, the desired density of carriers has
been demonstrated to concur with established thiepnyerforming the modeling. Also,
the current versus voltage performance (I-V cunaéthe modeled device approximates
experiental results for isothermal case. But stihe discrepancy was observed for lower
gate bias. It has been found that there is decreagkain current due to mobility
degradation as electric field increases due toeas® in lattice temperature using the
thermal model. This observation justifies the prefiee given to high thermal
conductivity substrate materials used in GaN HEMdnaofacturing. This study has also
proven that the electrostatics near the gate-dedge is a very critical for a reliable

performance of these devices. More research neebls ttone on GaN HEMTs and that

72



could help in overcoming the unresolved issues @ladly bridging the technological

gap between the GaN and GaAs/Silicon devices.

4.2.  Future Work
Although the simulation model develogadthis thesis work has been able to

represent the operation of a HEMT device succdgsbme of the issues faced during
the work remain unexplained and need to be addiesséuture work in order to further
strengthen the reliability of such simulation model

The model requires greater refinemet tagatment to more closely match actual device
performance. Differences were found in the lineggion of output I-V characterictics of the
model compared to experimental data. The differenceeased as gate voltage was made more
negative(below 0V).Since such a slope representsitiresistance of the device, it is certain that
resistive behavior was not correctly simulated.iMas parameters were changed to solve the
issue. The issue is still open and needs to besiigated further. In addition to this, other
potential methods to resolve the |-V curve discneges are interface and quantum effects related
to the device. The Silvaco softwalé has an INTERFACE statement that allows one tongefi
the interface charge density. This function mighdva for a simple method for defining the
2DEG but it could modify the surface recombinatia@iocity and thermionic emissions, which
might be undesirable.The quantum effects can besadéd in Silvaco by solving Schrodinger’s
equation, which will modify the normally calculatednsity of states and carrier concentrations.

Relying on an ATLAS piezo’ function specifically built for the piezoeteic effect and using
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constant saturation velocities and electron maddlitvould make for a more plausible model at
high frequencies.

The simulations presented here have bleee on a standard GaN HEMT with
fixed dimensions of various layers, but the codeapable of modeling GaN HEMT
constructed with varying layer dimensions and sabsimaterial.

To provide a more accurate model frotheamal standpoint more data should be
gathered from a real device while under a varidtyneasured thermal conditions. This
data could be correlated to simulated data and leatthe use of alternative thermal
functions to provide a more accurate overall modelother way to increase thermal
accuracy would be to incorporate hot carrier effesto the model. In this research, hot
carrier effects was avoided due to the insufficiamount of time an individual
simulation was taking to converge. By decreasing #&mount of mesh points and
simplifying the physical dimensions of the devittee model may converge in a more
tolerable time frame and more functions within AT®A' could be incorporated. For
these simulations, the trapping effects were noluged. It has been reported that the
electrical performances are strongly affected hyase and substrate traps. The trapping
effects can also limit the output power performaatenicrowave field-effect transistors
(FETS)[52-53].In ATLAS user’'s manual[38] various deds are introduced to include the
trapping effects. Therefore, a possible next stepntprove the modeling would be
including the trapping effects. Although the simigdas done using Hydrodynamic model

give close match to experimental data, the diffeeeMonte Carlo model would make
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remains to be seen. The effect of shielding thesecds which may have significant

impact on the reliability issues in these devicas to be investigated.
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