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ABSTRACT

The ion implanted AIGaN/GaN High Electron Mobility Transistors

(HEMT) test structures were studied thoroughly to look into the possibilities of

enhancing the [{EMT elficiencl' lbr high-pow'er and high-tiequencl electronic

applications. A dedicated experimental design was created in order to study the

influence of the physical parameters in response to the high energy (by virtue of

in-situ beam heating due to highly energetic implantation) ion implantation to the

active device regions in nitride HEMT structures. A very calculated disorder or

damage created in the r{EMT structure was then studied carefully with Electrical

characterization techniques such as Hall, I-V and G-V measurements. The

evolution of the electrical characteristics alfecting the high-power and high-

frequency operations was also analyzed by subjecting the HEMT active device

regions to the progressive time-temperature annealing cycles. Our suggested

model can also provide a functional process w'indovv to control the extent of 2D

Electron mobility in the AIGaN/GaN HEMT devices undergoing a full cycle of

thermal impact i-e from a desirable conductive region to a highly compensated

one. The work carried out in this study is very important for the semiconductor

process engineering and have ramifications for device engineers.
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CHAPTER 01

INTRODUCTION

l.l: Introduction:

The High Electron Mobilin Transistor (flEMl') is a kind of tleld eflect

transistor that the Japanese invented and successtllly commercialized l2l.

According to semiconductor theory, the semiconductor layer needs to be doped

with n-type impurities to generate electrons in the layer. However, this procedure

causes the electrons to slow down because they end up colliding with the

impurities residing in the same region that were used to generate them in the first

place [2]. HEMT is a smart device that was designed to resolve this contradiction.

FIEMT accomplishes this by using high mobility electrons generated using the

heterojunction of a highly doped n-type AIGaN thin layer and non-doped GaN

layer[2]. The electrons generated in n-type AIGaN drop completely into the next

GaN layer to form a depleted AIGaN layer. because the hetero-junction created by

different band-gap material forms a steep canyon in the GaAs side where the

electrons can move quickly without colliding with any impurities[2].

HEMT is a superior device for building a low noise amplifier at a high

frequency such as l2GHz[3] already nineteen years have passed since HEMT as

invented. HEMT is now widely used as an extremely low noise device in

terrestrial and space telecommunications systems. radio telescopes in the area o

astronomy, Direct Broadcasting Satellite television (DBS) receivers and a car

navigation receiver[3].
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We used the HEMT of AIGaN/GaN on the basis of Gallium nitride (GaN)

HEMTs excel over competing technology for high power, high frequency

applications []. GaN HEMTs have an order of magnitude higher power density

and higher efficiency over silicon (Si) and gallium arsenide (GaAs) transistors.

allowing a ten time size reduction for the same output power, while

simultaneously saving material cost []. The wide band gap (3.4 eV) allows for

rugged high voltage, high-temperature application extensively covering both

commercial and military marketsfl ].

AIGaN/GaN HEMTs with varying source-gate spacing are usually

fabricated using a standard technology process developed in various labs. HEMTs

are then characterized by their DC, I-V, C-V characteristics, Hall measurements,

and high frequency (fIF) measurements[4]. A hydrogen silsesquioxane

(HSQ)/polymethyl methacrylate (PMMA) T-Gate process is in practice to increase

the f, and f.* of the next generation HEMTs. Ohmic contacts with improved

morphology and line edge definition after annealing are also traditionally checked

lor such devices [4].

1.2: Introduction to This Work:

The aim of suggested project as to

Study the concept of implantation modeling of III-V based HEMT

structure for robust millimeter wave application.

Review the experimental procedure.

Perform the Monte-Carlo simulation on industrial trade off simulator

"stopping and Range o1'Ions in Matter (SRIM)" I l.

I.

II.

II I.
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Calculate the power and frequency co-relation with damage.

Monte-Carlo simulation has been performed in order to optimize the

implant parameters like ion species, does, damage, energy, angle of

incident of devices. This in tum has provided a novel assessment

tool to effectively optimize the process design for such devices for

application in next generation devices.

1.3: Simulations:

Intemational simulation package. naming trade-off IBM's "Stopping and

range of lons in Matter (SRIM) [1] is used in this work. In this package different

input parameter can be analyzed and set in order to achieve required doping

profiles. In general by changing the value of each input parameter such as energy,

fluency (does) and angle of incident of incident of beam simulation plots can be

achieved showing various output parameters ofthe implantation Il].
By SRIM 2008; the output parameters are collision plots in the form of

longitudinal and lateral directions, ion distribution, lateral distribution, ionization,

phonons, and energy to recoil and vacancy produce in terms of lateral events

Parameters can be set to obtain ccrtain requirement such as specific depth and

damage attain by implantation in HEM'|' test structurc I I ]. Matlab was used fbr

plotting the graphs.

t.4 Research Methodology:

In the proposed study, we review the available literature. both from the

physical understanding and sample preparation point of view. Then, SRIM Monte-

Carlo simulations are performed to optimize the process scheme for appropriate

IV.
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1.5

sample fabrication by choosing the efficient parameters lor AIGaN/GaN based

HEMT. These conditions include the appropriate ion species. does. angle ol

implantationl our proposed scheme is then compared with the existing ones in the

literature because the specimen structure is intentionally chosen to be the one

already tested in literature and commercially. Our results are subsequently

discussed in detail.

Outlines of the Thesis:

This thesis is formatted in such a way that first chapter describes a brief

introduction to this work and the sequence of the repon. Second chapter reviews

the background of related literature that is involved directly' or indirectly in this

thesis work. In chapter three experimental techniques are discussed that are being

used in industry lor the HEMT III-V devices similar to our test structure. Chapter

four describes detailed methodology adopted as well as the discussion on the

results obtained using the SRIM model.
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CHAPTER 02

LITERATURE REVIEW

2.lz Introduction:

In this section, the work done by the researchers related to the broader

scope of our problem focused on the design and labrication of III-N-V FIEMT

structures is being summarized. The findings are tabulated as follows:

Table l. Literature Review

Title @eviewed
Article)

(Major Findings) Reference

MOCVD grown
AIGaN/AlN/GaN
mMT structure
with compositionally
step-graded AIGaN
barrier layer [62].

Unintentionally doped
AIGaN/AIN/GaN HEMT
structure [621.
Sapphire Substrate [62].
Algae barrier using MOCVD [62].
2DEG Mobility = 1600 Volt-
centimeter/square [62].
Avg sheet resistance

318Q/square [62].
RMS Roughness : 0.199nm [62].
Higher electrical performance

162).

62

Oxygen Ion
Implantation
Isolation Planar
Process tbr
AIGaNiGaN
HEMTs [63].

Multienergy oxygen ion
implantation process [63].
AIGaN/(laN HEMT [63].
Process isolated HEMT found
gate lag and drain free [63].
Max power output density of 5.3

Wmm at Vgs= -4V, Vds:50V
t631.

63
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o Max power added efficiency :
51.5Yo ar Vgs : -4V & Vds= 30V
at3GHzl6fl.

AIGaN/GaN HiCh
Electron Mobility
Transistor Structure
Design and Effects
on Electrical
Properties [64] .

o Strain induced polarization effects
in AIGaN/GaN Hetrostructure[64]

o Si dopant ion in the lattice [64].
o Contraction of the wunzite unit

cell [64].
o Strain in doped AIGaN/GaN

hetrostructure[64].
o Strain can create additional source

of charge [64].

64

ION
IMPLANTATION
OF Si, Mg AND C
INTO
Al0.,2G-.88N[6s]

o Mg and C were implanted in
undoped semi-insulating Iayers of
Al, Ga, N with x:0.12[65].

o Activation of implanted Si
occurred after annealing at 1140 C
in ammonia [65].

o Anneal at 800 C in nitrogen [651.

65

Study of fluorine
bombardment on the
electrical properties
of AIGaN/GaN
heterostructures[66] .

Undoped AICaN /
GaN HEMTs for
Microwave Power
Amplification [67].

Effects of fluorine ion
bombardment on the channel
transpon propcrtics ol
AlGaNi GaN heterostru ctures [66].
Hall mobility and sheet electron
concentration for the two-
dimensional electron gas showed
strong dependence on
bombardment duration and post
bombardment annealing [66].
Diffusion followed
accumulation of the ions at

heterointerface[66].
Undoped AIGaN/GaN rt*"tu."s-
used to fabricate (HEMTs)[67].
(3D) nonlinear thermal
simulations [67].
Temperature risc tiom heat

dilsilation !4 yaritrgs gelopgt1lgp

by
the

66

6'.7
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determined [67].
High-Power
Microwave
GaN/AlGaN
HEMT's on Semi-
Insulting Silicon
Carbide Substrates

t681.

Record performance of high-
power GaN/A10:14-Ga0:86N
FIEMT fabricated [68].

68

Enhancement-mode
AIGaN/GaN
HEMTs Fabricated
by
Standard Fluorine
Ion Implantation
t6et.

Fabrication technology of
enhancement-mode AIGaN/GaN
HEM'| [6e].
Standard fluorine ion implantation

[6e]

69

Ion Beam
Application to
Next Generation
Micro-and
Nanoelectronics:
A Brief overview

[70].

The article provides
overview on
advancement of ion
application [70].

a brief
recent
beam

70
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The improvement
of ohmic contact
of TilAl.AJi/Au to
AIGaN/GaN
HEMT
by multi-step
annealing
method[71]

A multi-step rapid thermal
annealing process of
Ti/AlA.{i/Au was investigated
lor Ohmic contact of
AIGaN/GaN HEMT [71].
The AES measurements showed
that the limitation in diffusion
of Au and out diffusion of Al
were account for the surface
morphology improvement and
the surlace Fermi level towards
the conduction-band edge
resulted in a lower specific
contact resistance [71 ] .

7t
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Post-annealing
effects on device
performance
Of AIGaN/GaN
HFETs [72].

The effects of post-annealing on
DC. Rf. and power performances
of AIGaN/GaN HEMTs with a

gate-length otn.3 Im were

investigated [72l.
The results shou' that the post-
annealing technique can improve
the device breakdown voltage and

device uniformity, reduce the

trapping centers on AIGaN
surface and/or GaN buffer layer
after the post-annealing, and

adjust the device threshold
voltage 172).

72

Stability of
submicron
AIGaN/GaN FIEMT
devices irradiated by
gamma rays [73].

o Stability of submicron
AIGaN/GaN HEMT devices
inadiated by gamma rays[73]

- . lnuesrigated the el]'ects olion
species and doses on carbon
related bonding property such as

the ratio of sp3 carbon to sp2
phase. the chemical c omposition
and tribological properties of the
DLC films [74].

73

74Effect ol metal ion
implantation on
thermal instability
Of diamond-like
carbon films [74].

Effect of plasma
immersion ion
implantation on the
thermal stability
of diffusion barrier
layers [75].

. Plasma immersion ion
implantation technique has been
used to synthesize titanium nitride
and tantalum nitride layer to acts

as diffusion barrier against copper
diffusion investigate the effect of
annealing [75 ].

75

Effects of Ar-ion
implantation and
thermal treatment on
magnetic properties
of Co/Pd

. Volume and surl'ace anisotrop ies

of Co/Pd multilal'ers have been
studied by ferromagnetic
resonance (FMR) and vibrating
sample magnetometer (VSM)[76]

76
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multilayers: a

ferromagnetic
Resonance study

u6).

Measurements for different layer
thicknesses and as a function of
thermal treatment and before and
after ion implantation [76].

Temperature-
Independent High
Voltage Relerence
Design in Silicon-
on-Insulator CMOS
Technology [77].

o Temperature independence for
voltage reference c ircuits
designed in Silicon-on-lnsulator
CMOS tcchnoloCy []7)

. This paper locuses on unique
aspects of design in this process,

using a voltage reference as a

Vehicle [77].

The AlInAs-GaInAs
HEMT for
Microwave
and Millimeter-
Wave
Applications[78]

o This paper reviews the status of
lattice-matched and
pseudomorphic AlInAs-GaInAs
HEMTs grown on InP substrates

[78]

78
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CHAPTER 03

EXPERIMENTAL TECHNIQUES: FABRICATION
AI\D PROCESSING OF PRE.AND POST.

SIMULATED DEVICES

3.1 Ion Implantation

3.1.1 Introduction

Ion Implantation is a method of introducing impurities in to a substrate that

does not use heat, in other words, we can say that, it is a non thermal method [5].

Ions are energized, the energized Ion then enters the crystal lattice where they

collide with the silicon atoms and finally they come to rest. The energy required to

ionize these ions may range from a few KeVs to MeVs, depending on the weight

of the ion and the nature of the substrate, the possible depth attainable from this

method may range from Ion l0 to 1000 mm [6].

The acceleration ue give to the ions decides the depth of the dopant atoms

and to control the concentration ol'the dopant rve have to mention the ion keeping

in view. how shallow or decp one \4,ants to implant[5]. Ion implantation is verl

useful as it has the ability to control with precision, doping level and the depth of

implantation, by varying of the energy and amount of ions [5].

When the method of ion implantation was developed, it was just seen as a

method of introducing imparities in to senior conductors, but the experiment

proved that its ability and accuracy of controlling the dopant concentration

implantation depth makes it the choice procedure in comparison with the other

procedures such as diffusion etc [5]. It also has the ability to work at room
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temperature, and the results attained are also verv accurate in terms of uniformitl

and cleanliness [5].

Ion implantation ahs attained the position of a standard technique for

introducing imparities in to a semiconductor [13]. In this method positive ion are

produced, which are then accelerated through a controlled potential to the target

substrate[5]. In comparison to diffusion, it has better controllability and it has the

ability to implant using a master[5]. It has become very popular in

microelectronics. In industrial products on, it is widely used, especially in the field

of IC design. One example may be cited in the production of CMOS devices[5].

3.1.2 Stopping and Range of lons:

An ion thrown with some energy in to a target atom, loses its energy by

colliding with electrons and the nuclei with in the target atoms[S]. These ions

come to rest by these two mechanisms i.e. collision with the electron or collision

with the nuclei. In the nuclear collision the kinetic energy in transferred to the

target atom, while the bombarding ion is deviated from its trajectory

considerably[5]. At higher incident energies the electronic factor is dominant in

the stopping of the ion. while the nuclear factor is negligible[5]. In case of

electronic collision, the energy is transt'erred to the electron and there is negligible

diversion in the trajectory of the bombarding ion. The total stopping power may be

described with the help of mathematical expression below[6]:.

(3.1)

Where dE/dx is the energy loss per unit path of the ion. Using this

mathematical expression aad finding the stopping power, and integrating it we can

rdEt rdEts=[a,/n+l*)e
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also find out the distance that ion will travel inside the target. before losing it's

energy and finally coming to rest. 'l-he tl pical energies used in an implantation are

from lOeV to 200 eV [5].

Both nuclear and electronic mechanisms contribute towards the energy loss

of the incident ion inside the target atom. As the number of ions in an implantation

are very large, usually larger than to 12 ions/cm2 [25]. It is more appropriate to

consider that [Rp][26] is the average depth of the implanted ions.

Ion concentration n(x) as a function of depth can be described with the help of

following mathematical expressionI I 5].

(3.2)

The above cxpression rcprc5cnts a nrathematical model: the real

distribution may dift-er liom it. '[-o take in to the account these differences.

skewness [6], kurtosis I l6], and other parameters may be considered.

In case the target is a crystalline solid. The impinging ions move through

the directions where the chances of collision is minimum e.g. atoms rows or

planes [5]. By doing this, the ions can travel deeper in to the target rest there. This

phenomenon is called channeling and it is responsible for the asymmetrical

implant distribution inside the target [5].

3.1.3: Ion lnduced Damage:

Despite of man;- advantages, such as introduction of an accurate dose of

impurity atoms to be placed at a controlled distance from the surface of the

substrate. The disadvantage is the introduction of damage. High energy ions

displace the atoms in the substrate from their position in the crystal structue. In

N(x) - """p\#l
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addition to that only a few implanted impurity atoms and up in the correct lattice

site.

As described the implanted ion lever energy in two way i.e. electronic

collision or nuclear collision. It rcaches a resting plant producing ionization or

electronic excitation and resultantll therrrral or photonic enrission. The effect is a

little different in case of nuclear scattering require. It is quite easy to produce

displacement of the target action. as the binding energy of the latlice is just l0-

20V [8]. The displaced atom and the ion still have sufficient energy to displace

further atom and form so called cascades [5]. The result is missing atom in the

lattice position called vacancies [5]. These vacancies can be filled by the

implanted impurity atoms [5].

If heary ion is implanted in to lighter targets denser cascades are formed

and the defect structure so produced is also quite different from the other extreme

[5]. In this case when the heav] ion strikes the surface of silicon, it deflects and

continues in to crystal lattice along with the recoil atom [5]. l'he ion and the recoil

atom have enough energl'to produce more displacements [5]. The ion energy

shared by ions and recoil atoms produce cylindrical cascades with axis along with

path of the ion [5].

The ion energy determines the amount of damage produced [5]. If the ion

energy remains constant heavier ion will produce more damage than the lighter ion

tst.



24

3.2 ANNEALING

3.2.1 Introduction:

After implantation annealing is required, in order to repair the damage and

to put the dopant atoms on the vacancies. where they can be electrically active [5].

But while performing there true tasks i.c. repairing the damage and electrically

activating the dopant atoms. care needs to be taken that nature of the implant is not

disturbed i.e. shallow implant remains shallow[5].

The important or the critical factors in annealing are the temperature

maintained and the time for which the implanted sample is exposed to that

temperature [5]. This is also called annealing cycle determines the sining of

impurities atom in the host lattice which in tum determines the resistivity,

conductance and other properties of the material[5].

For amorphous layer the electrical activation of dopant atoms is a bit

different. For amorphous layer electrical activation takes place when impurities

are incorporated in to lattice sites during recr;-stallization [5]. When the doping

atom moves according to a fixed dopant gradient in to a semi conductor it is called

diffusion [5]. It takes place, either intentionally or parasitically, during any high

temperature proceeding step [5]. In modem days ultra shallow junction are

required in the semi conductor technology, therefore, diffusion is mostly seen as a

parasitic effect of ion implantation or oxidation step, which are performed at high

temperatures [5]. But still diffusion has many applications like well formation in

CMOS technology [5]. The diffuse ability of different dopant species are different

[5]. Oxidation enhances diffusion while nitridation retards it because it produces

point defects on the surlace [5]. 'l'hesc poinr dc-lecrs as u,ell as the implantation

induced point defects can strongll inlluence the diff,usivit1.. because they
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introduce complex diffusion mechanism like transient enhanced diffusion [20]. At

high concentration levels, the dopant atoms may form non mobile clusters, which

will affect adversely the average diffusivity [5]. All diffusion mechanisms must be

controlled exactly during the manufacturing of a semiconductor device, as the re-

distribution of dopant may bring undesirable changes in the electrical properties of

the device [5]. When the clustering and precipitation occurs in case of dopant

concentration above solid solubility limit (SSL), a portion of the diffused atoms

appears as electrically inactive at room temperature [21]. This effect need to be

considered during simulation [5].

3.2.1 Types of Annealing:

Annealing can be of various types like laser, fumace, microwave.

incandescent lamp [5]. The most important of them all is rapid thermal annealing

(RTA) or rapid thermal processing (RTP). RTA/RTP is a process of short

duration, satisfying certain parameters [5]. It may contain any one or more types

of annealing discussed above. Here RTA/RTP is discussed keeping in view all the

types of annealing [5].

3.2.1.1 Furnace Annealing:

A bell Jar method for annealing implant motions was developed at high

temperatue Engineering [5]. Further improvement was made recently with an

emissive cornpensating temperature measurement scheme [5]. The wafer is

elevated on a support platform. in to high temperature zone with a vertical

temperature gradient [5]. The highest temperature of about 200C above the desired

process temperature is set at the top of the bell Jar [5]. Due to the comparatively
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weak sensitivity of wafer temperature to wafer remissibly within an almost black

body environment at high lempcraturc. this has become a visible method for open

Ioop operation in some production work [5].

Elevator motion is fast enough to produce to produce thermal spiking with

0.5s dwell time 2C short of peat temperature [5]. Best results have been achieved

with pyrometer focused on the back side of the wafer under closed loop

temperature control, in terms of process reproductively and uniformity. In case of

bell jar system the pyrometer detect is the electric llux emitted by the wafer and

measure the resultant emissivity of the wafer. Emissivity E is defined as the ratio

of thermal emission from the wafer with respect to the thermal emission of the

black body at the same temperature [231. The rrafer Iength at which the pyrometer

operates is about 0.95 um. Which is above the silicon band gap optical

transmission on through the wal'er can be neglected. Application of law of

conservation of energy and kick off law we arrive at

E: I.R (3.3)

This expression is used to compute emissivity from reflectivity, R [5]. The

reflectivity is determined in a multistep process. first geometrical and background

reflection factor are mapped. a tunction of evaluator is added as height then

bidirectional reflection signals are normalized to a separate existed measurement

of R at room temperature using hemispherical illumination. Wafer temperature is

finally computed using plant radiation law and gauge factor for detector sensitivity

tsl
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3.2.2.2 Rapid Thermal Annealing (RTA):

RTA is the most popular method ol acti\ ating the dopant atoms alier

implantation [5]. In this method. systcm processes one u'afer at a time [5]. The

system configuration may be different for each process, but for shallow junction

creation we have heat the wafer at ultra high temperatures ranging from 900C to

1100 for a few seconds or less [5]. The time for which wafer remains at peak

temperature is called soak time [5]. Ramp up rate of up to 40C-400C can be

achieved [5]. One of the popular types of RTA is a spike anneal [5]. This involves

ramping up the wafer to peak temperature for a lew milliseconds and then ramping

it down [5]. Minimum hold time at peak temperature and ramp up rate is

dependent on system configuration [5I. l'wo of the mosl common configurations

are hot walled system and lamp based s1'stem [5]. Here the wafer is ramped up to

600 - 700C held at that temperature tbr a l'ew records. betbre being ramped up to

peak temperature [5]. This reduces the stress in the waler but increases the thermal

budget [5]. The wafer cools down through radiative cooling from the surface of

the wafer and conduction through the wafer holder. In the lamp based system, the

cooling rate is observed to be 70Clsec while in hot walled system it is 60C [22].

The cooling down rate also contributes toward increasing the thermal budget [5].

Hot walled system is mostly used in current mainstream IC processing [5]. In RTP

only the wafer is heated and cooled from the processing temperature [5]. The walts

of the chamber are water cooled [51. 
.l 

he x'indon's are air or water cooled.

therefore, the process steps may only take ten second tbr comptetion [5].

Various arrangement have been designed in order to heat the wafer in-

visible light or ultraviolet light or both [5]. Light passes from lamp array source to

the wafer using the upper widow [5]. The lower window may be used for remote
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temperature measurements of the wafer or ultraviolet treatment of the wafer. Lamp

anay typically requires the power of up to several tens of KW [22].

Advantages of RTP include lower thermal budget, a shorter duration of

high temperature processing time. and better process repeatability [5]. Since the

wafer is far from equilibrium from it's surrounding the problem ofnon uniformity

of temperature throughout the waf-er is greater than in case of hot oven processing

[5]. During I.C. manufacturing silicon u'al'er under goes various processes at high

temperature, various atmospheric conditions, and high level of heat power [5].

Research is still going on for accurate control mechanisms to provide real time

monitoring [5].

One of the major problem areas in this research is the non uniformity of

temperature all over the wafer [5]. A mean uniform temperature is required to be

maintained all over the wafer [5].

It is important to monitor the temperature all over the wafer using pyrometer

located outside the chamber. double-pars infrared transmission and multiwave

imaging pyrometff are some of the techniques applied tbr doing so [5].

33 Displacement Energy:

The energy required by the recoil to overcome the target lattice force and to

move away from its original site more than one atomic spacing [5]. If the recoiling

atom does not move more than one atomic spacing away from its original site, it is

assumed that it will go back to its original site and will give up the recoil energy

into phonons [5]... Typically the value of displacement energy is about l5eV for

semiconductors and 25eV lbr metals. For granite materials this value may be from

2-s ev Is].
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3.4 Binding Enerry due Surface Kinetics:

This is the energy that must be overcome by the target ion in order to leave

the surface of the target [5]. This energy should not be seen as only the chemical

binding energy between the atoms. rather it includes all the surface non linearity

e.g. those produced by radiation damage, surlace relaxation. surface etc[5].

3.5 Binding Energy Due to Lattice Kinetics:

The energy that the recoil targel atom must lose at the time of leaving the

lattice site and recoiling in the target. Its typical value ranges between 1 to 3eV

[5]. For most compounds this value is not known [5]. Typical assumption is that

this energy goes in to phonons. This energy is also very significant in computing

the sputtering yield [5].

3.6 RESISTIVITY AND HALL MEASUREMENTS

The Hall Effect technique is ri'cll knorrn to dra* conclusive evidence on
the conductivity type of the semiconductors. 'l-his also provides a substantial
information of sheet resistivity (R.), mobility (p,) and sheet carrier concentration
(n.) governing the following expression deduced in literature [60 and references
thereinl and widely used in the industry.

n": IBlqlVlll [60]. (3 4)
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Fig: l: An n-type, bar-shaped semiconductor [60]

p=lVHlRslB = l/(qn5Rs). [601 (3 5)

If the conducting layer thickness d is known, one can determine the bulk resistivity
(p: Rsd) and the bulk density (n : n5ld) 160 and references thereinl. I, B, q, VH in
these expressions are cunent, applied magnetic field, charge and Hall voltage.
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Fig2: Sample Geometry t60l

It is preferable to fabricate samples from thin plates of the semiconductor material
and to adopt a suitable geometry, as illustrated in Fig. 3.2[60]. A schematic of
contact measurement during Hall and resistivity measurements using electrical
point contacts is shown in Fig3.3 below. The resistivity is dependent on the quality
of the contacts and the uniform dc voltage measured between contacts.
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Fig3: Definitions for Resistivity Measurements 160)
Yield the following eight values of resistance, all of which must be positive:

{ny: Vy/Izr, Rp,a3: Va31Ip,

R32,a1 : Va1lI72, Rztlq: Vvlzt,
Ra3p: Y12lIa7, R3a.21 : V2y'l1a,

R1a.y: VylIla, Ra132= V32lIa1.

(3.6)

The sources of errors in Hall measurements are efficiency of contacts, geometry of
the sample and current source, which is reasonably acceptable if a cumulative
souce is less than 5% [60).

3.7 SRIM (Stopping and Range Of lon in Matter)

3.7.1 Introduction:

TRIM is a group of programs that two things namely stopping and range of

ions (10eV - 2GeV/amu) in to matter using a quantum mechanical treatment of
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ion-atom collision I I ]. For this introduction of SRIM moving atom will be refened

to as ion while the target atoms will be called atoms []. Very efficient statistical

algorithms are used which allow the ion to jump between calculated collision, and

then average is taken for the collision results over the intervening gap [1]

Fig .1. SRIM Serup windov,

The collision between ion and atoms is screened coulomb collision, which

includes both exchange and correlation interaction between the overlapping

electron shells []. The long range intention of ion result in electron excitation and

plasmons within the taryet [1]. For its description, a description of the targets

collective electronic structure and int erionic bond structure is included in the

calculation set up [1]. The concept of effective charge is used to describe the

charge state of ion within the target []. The concept of effective charge state of

ion within the target. The concept of elTectire charge comprises of a velocity

dependent charge state and long rangc scrccnine due to thc collective electron sea

of target [1]. TRIM ahs the capacity to accept complex targets made up of

compound materials with up to eight layers [l]. It will calculate not only the final

rrf -foris
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3D distribution of the ions, but also the kinetic phenomena associated with the

target damage, ion energy ions, sputtering ionization and phonon production[l].

The target cascades can also be taken in to account if required, in fact a great deal

of information about the target cascades can be made available [1]. The programs

can be stopped and resumed at any time. Plots ofcalculation can also be saved and

displayed at the time of choice I i ].

l'ig 5. l'Rlll Setup t inchn

TRIM is contained in the programs called SRIN'l 1I'he Stopping and Range

of lons in Maner) [1]. It can be accessed liom its Title page by pressing the button

marked TRIM [ 1].

3.7.2 Some Concepts about SRIM Calculations

Ion distribution and quick calculation of damage is a type of calculation []. These

types of calculation is applied when we are not worried about the target damage,

or sputtering quick statistical estimates regarding the damage are made union

kinship - Pease lormalism I ll. The data calculatcd s'ill be calculated accurately

using this calculation I I l. I'he end ol tlnal distrihution of ions in the target.
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transmitted and back scattered ions. ionization cnergl' loss by the ion into the

target, Energy transferred to recoil atoms [ ].

This quick damage calculation should be used if you don't give any significant

importance to the details of target damage or sputtering I I ]. The damage

calculated in this type of calculation will be the quick statistical estimates based on

the Kin chin - Pease formalism []. The under mentioned data will be calculated

correctly: Final distribution of ions in the target. Ionization energy loss by the ion

into the target. Energy translerrcd to recoil atoms. Backscattered Ions and

Transmitted Ions [ ]. You will get similar ion rangcs results as lvhen you use the

Full Damage Cascade option bclo\\. because the randonr number generator lbr the

ions is different from that used lbr the recoils. This is useful to compare

calculations [ 1].

In detailed damage calculation every recoiling atom is followed until the time thar

it losses it's energy below the lowest displacement energy of any of the target

atom []. The only exceptional case is of massive cascades exceeding 20,000

atoms [1]. The reason for this exception is that TRIM memory at this point is

fumished TRIM stops the calculations and given an elror message []. The

number of recoiling atom in a singlc cascade h as cxceeded the limit of 20.000[ I ].

The requirement lbr monolay er coliision ste p is thc ion tLr hu e a collisron in each

monolayer of the target []. Everl collision is calculated without any

approximation as the possibility of the use of lree flight path is omitted Il]. The

result will be the same averaged quantities like mean range, ionization, damage,

etc, but the calculation will take lar too long to complete special calculation like

sputtering require this type of calculation to generate data on every possible

collision in the file COLLISION.Txt[1].

The calculation of surface sputtering requires monolayer collision steps [1].

That is the ion must have a collision in each monolayer of the target [1]. Special
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plots are available which allow close examination ol' small variations of the

surface binding energy on the sputtering lield I I. Surlace binding energy is at the

heart of sputtering I I ]. This parameter is very difficult to estimate. Heat

sublimation values provided by TRIM provide a good estimate of surface binding

energy [1].

Any ion can be chosen from the periodic table. or altematively the symbol of the

chosen ion can be written e.g. H for hydrogen. He for Helium, and so on Il]. Mass

suggested by the TRIM is the mars of the most natural weight [l]' However any

mars can be entered but the units will be KeV in this case [l]. The range of

acceptable values is from l0KeV to l0cev/am [l]. TRIM does not have the

capability to anall'ze nuclcar rcaciiotts I I l. 
'l'hcrclirrc thc inclastic energl losses

above 5MeV/amu are not included in the-l-Rltvl calculations I ll.

Pcrbdk Trbl. of the Elements

Density - 2.32129icm3
Atom Dens. - 4.977ej?2 alicm3
Heat Subl, - ,1.7 eV
Fermivel. - 0.974 vo

Yf,I

IB rYB.r€ tt 
.t19-Ee

'osi
Nat Wgt. - 28.086
HAI ass. 28

ilAl wgr- 27.977

Silicon

Ce Pr Nd PmSm Eu
Th Pa U

Gd Tb Dy Ho Er TmYb Lu

lfd. ilatt - t*o'
Oeasllit - 6oH PlptcClick to selecl ao element

Fig 6; The Periodic Table

We can also give the angle of incidence of the ion on the surface of the target [1].

Zero degree is taken to be perpendicular to the surface of the target Il]. The angle
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of incidence may be changed within the range of 0 to 89 degrees in the XY plane

tll.
Gaseous target are considered diflerent tiom solid targcts is 'IRIM Il ]. Target can

also be mixed i.e. gas and solid [11. ll'a target eontaitt norntal as in target e.g.

oxygen in solid form in a quartz target. it should be declared and will be treated as

solid [].
The user can input the various target elements in the same way, he inputs the ion

[]. The simple way of doing so is by pressing the pt button and choosing it the

element of choice from the periodic table up to twelve target elements can be

added per layer []. TRIM follow the mixing of layers by ion beam, which results

in the formation of cascades [1]. For example. If a user wants to follow silicon

atoms from a surface layer of SiO2. they can specify silicon twice once for the

substrate and once lor the surlace I ll TRIM u'ill keep s!'parate record for both Si

atoms and various anall'tic plots can bc uscd to distingtrish the two silicon atoms

t 11.

TRIM also has a repository for commonly used compounds, in which basic

information like stoichiometry, density, bonding information, provided [1]? This

table can be used and most for the target input steps can be avoided [1].

Once you choose a target element you will have to choose its thickness [1]. The

default unit for choosing the thickness is angstrom. but you can also choose in

micrometer, manometer, millimeter. we will also have to choose the ratio the ratio

of a certain element in a target compound e.g. for Silicon dioxide, Silicon is One

and oxygen is two I I l.

Each tayer has a densitl (unirs-gicm3) Ill. IRIN'I guesses at densities.

which is based on a mixlure o1'elemental target densities u'eighted by their relative

stoichiometry [27]. However, one should be careful to check the reasonability of

the density guessed in this manner [1].
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You can always choose the name of your choice for any layer, and the layer will

be described in any plot or data using that name []. You can choose simple or

somewhat descriptive name ofyour choice, Si, SiO2, Si (33) t1l.

TRIM uses the entire target depth to generate the averages like projected

range, vacancies/ion etc. but any portion of the target can be enlarged in order to

analyze it more closely' [ ]. 'l'his is called l'rim's Vies ing Window Il ]. This is

very important consideration tbr thick targets Il l. The depth window allows the

user to expand a small region in the target to extract flner details liom it Il]' One

of the examples of TRIM view window is in TRIM demo called "He (5 MeV) in a

Gas Ionization Detector" where although the target is 50mm deep but the view

window is set at 40mm-50mm to have a detailed view of the He end of range ions

for both data files and plots []. This window is divided in to 100 depth bins by the

TRIM in which it stores average data for the calculations, a couple of examples of

such data are the energy loss to ionization and the final ion ranges[1].A maximum

number of 99,999 ion can be set using this option. a lesser value can also be

chosen. This is also possiblc that the calculatton is stopped at a certain point after

choosing the default value ol'99999. One may u ish to stop atter a selected number

of ions so that different TRIM ;alculations may be compared. If a TRIM

calculation is repeated, every ion will be exactly same as for the previous

calculation unless the random number seed is not changed. If the user has

requested for a calculation with lesser number of ions he can increase the number

of ions after the completion of that catculation b1 first resuming saved TRIM

calculation and then increasing the number of ions [ ].

Since TRIM calculations may take days to complete, TRIM automatically

saves it at intervals. You may change this number during the calculation. It may

range from l-32000 [ ].
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Until the random number is not changed, there is no difference in the

successive calculation. This random number can be any integer between 1-

999eeeee9[1).
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CHAPTER 04

EXPERIMENTS, RESULTS AND DISCUSSIONS-I

(THE DESIGI9

4.1 HEMT Structure: AIGaN/GaN Structure

4.1.1 Introduction:

Gatlium nitride (GaN) I-{EMTs excel over competing technology for high

power. high tiequencl applications. GaN t{E M'l s har e an order of magnitudd

higher power densit.v- and higher elficiency'over silicon (Si) and gallium arsenide

(GaAs) transistors, allowing a ten time size reduction lbr the same output power,

while simultaneously saving material cost. The wide band gap (3.4 eV) allows for

rugged high voltage, high-temperarure application extensively covering both

commercial and military markets [29]. In this study, FIEMT Test devices were

characterized by their resistivity, Hall and Transconductance measurements.

Fig 7: HEMT Structure (Commercially Available Test Device)

AIGaN 20nm

src 38Oum

3umGrN
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4.2 Damage Calculation:

Extensive damage calculations are performed using industrial simulation

package (SzuM 2008). The simulation experiments are performed in following

manner [5]:

In putting the layer device architecture into the simulator.

Choosing the input pzlrelmeters such as ion energy, ion specie'

fluency (normalization factor), beam angle, solid solubility limits

and ion-matter interaction models.

Iterative output graphs normalization.

Checking the orerall routines uith rcspcct to the desired process

optimization parameters on one bl one basis.

Analysis and final selection.

Ion species (He, N, O, F, Cl, Zn, and Si) are simulated in structure with

different energies described below for each specie. For each set of ion-energy

matrix; the procedure given in section 4.2 is followed on iterative basis so that

process may be optimized.

4.2.1 Damage Calculation for Helium

lmplanted energies used for Helium are 3.00 MeV.3.l0 MeV.3.l5 MeV

and 3.25 MeV. Now Helium ions are implanted in the device structure shown

above using these mentioned energies in simulation and a damage profile is

obtained for each category, as shown under:

a)

b)

c)

d)

e)
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Fig 9: Collision events Helium at 3.I MeV
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The above mentioned plots (tig. 4.2-4.5) are generated by SRIM. Each data

points are representing damage created by specific energy. As it is shown from the

graph that damage created by Helium ion changes as the implanted energy is

changed.

Table2 Damage calculation w.r.t. depth attained by Helium ions

For other high energies of 3.10 MeV, 3.15 MeV and 3.25 MeV damage

created is 0.0063 vac/ion/ang., 0.0059 vac/ionlatg and 0.0061 vaclion/ang.,

respectively.

4.2.2. Damage Calculation for Nitrogen

lmplanted energies used for Nitrogen are 3.15 MeV. 3.25 MeV, 3.35 MeV

and 3.45 MeV. Nou' Nitrogen ions are implanted in the device structue shown

above using these mentioned energies in simulation and a damage profile is

obtained for each category, as shown under

Ion Energy (MeV) Ion Ranges Rp(um) Extent of Damages (%)
(vaci ion/ang)

3.00 10.8 0.0065x I 00:0.65

3. r0 11.2 0.0063x I 00:0.63

3.r5 l 1.5 0.0059x I 00-0.59

3.25 12.0 0.0061x100:0.61
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The above mentioned plots (fig 4.6-4.19) are generated by SRIM 2008'

Each data point is representing damage crated by specific energy' For the ion

energy of 3.15 MeV maximum damage created is 0.0181 vaclion/ang and this

damage is crated at depth of 36000 A in the structure

Table 3: Table showing damage calculation w.r.t. depth attained by Nitrogen ions

For other high energies of 3.25MeV, 3.35MeV and 3.45MeV damage

created is 0.08189 vaclion/ang.0.0l 84 vaclion/ang. And 0.0240 vac/ion/ang.

Respectively.

4.2.3 Damage Calculation for Oxygen

Implanted energies used for Oxygen are 3.15 MeV.3.30 MeV, 3.40 MeV

and 3.55 MeV. Now Oxygen ion are implanted in the device structure shown

above using these mentioned energies in simulation and a damage profile is

obtained lor each category, as shown under

Ion Energy (MeV)

3.15

Ion Ranges Rp(um)

3.6 I

Extent of Damages (%)

rye!4"!a€L-
0.0181x100=1.81

3.25 3.67 0.08 l9x 100= I .89

3.35 3.7 | 0.01 84x 100= 1.84

3.45 3.78 0.0240x100:2.40
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To above mentioned plots (fig 4.10- 4. l3) are generated by SRM 2008'

Each data point is representing damage crated b)' specific energl . Damage created

by Oxygen ion changes as the implanted energy is changed. For the ion energy of

3.15 MeV maximum damage created is 0.0185 vaclion/ang and this damage is

crated at depth of 36000 A in the structure.

Table 4: Table showing damage calculation w.r't. depth attained by Oxygen ions

For other high energies of 3.15 MeV, 3.45 MeV and 3.60 MeV damage

crated is 0.0 180 vac/ion//ang. And 0.01 87 vaclion/ang. Respectively.

4.2,4 Damage Calculation for Fluorine

Implanted energies used for fluorine are 3.40 MeV,3.50 MeV.3.65 MeV

and 3.75 MeV. Now fluorine ions are implanted in the device structure shown

above using these mentioned energies in simulation and a damage profile is

obtained for each category. as shown under

Ion Energy (MeV) Ion Ranges Rp (um) Extent of Damages (%)
(vaclior/ang)

3.15 3.52 0.0185x100=1.85

3.30 3.60 0.01 80x 100= 1.80

3.45 3.66 0.0190x100:1.90

3.60 3.7 5 0.01 87x 100: I .87
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The above mentioned plots (fig 4.14-4.17) are generated by SRIM 2008'

Each data point is representing damage created by specific energy. Damage

created by Fluorine ion changes as the implanted energy is changed. For the ion

energy of 3.40 MeV maximum damage crated is 0021 vaclion/ang and this

damage is crated at depth of 34500 A in the structure.

Table 5: Table showing damage calculation w.r.t. dePth attained by Fluorine ions

Ion Energy (MeV) Ion Ranges Rp (um) Extent of Damages (%)
(vac/ion/an

3.40 0.02 1x 1 00=2. 1 0

For other high energies of 3.50MeV, 3.65MeV and 3.75MeV damage rated

is 0.019 vaclion/ang., 0.20 vaclionlang. And 01.021 vaclionlang.. respectively.

4.2.5 Damage Calculation for Chlorine

Implanted energies used lbr Chlorine are 4.65 MeV' 4.95 MeV. 5.15 MeV

and 5.30 MeV. Now Chlorine ions are implanted in the device structure shown

above using these mentioncd energies in simulation and a damage profile is

obtained from each category, as shown under

3.50 3.5 7 0.01 9r I 00- I .90

3.6s 3.6.r i o.o2ox l oo=2.0

3.7 5 3.72 0.02 1x 1 00:2. 1
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The above mentioned plots (fig 4.18-4.21) are generated by SRIM 2008.

Each data point is representing damage crated by specific energy. Damage created

by Chlorine ion changes as the implanted energy is changed. For the ion energy of

4.65 MeV maximum damage created is 0.0260 vac/iorVang and this damage is

created at depth of 34500 A in the structure.

Table 6. Table shov rng damoge calc'ulution w.r.t. depth atlained b.v Chlorine ions

For other high energies of 4.95MeV, 5.15 MeV and 5.30 MeV damage

crated is 0.0264 vacliott/ang.. 0.0210 vaclion/ang. And 0.0265 vaclion/ang.

Respectively.

4.2.6 Damage Calculation for zinc

Implanted energies used for Zinc are 6.90 MeV, 7.10 MeV, 7.30 MeV and

7.40 MeV. Now Zinc ions are implanted in the device structure shown above

using these mentioned energies in simulation and a damage profile is obtained for

each category, as shown under

The above mentioned plots (trg 4.26-4.29) are generated by SRIM 2008. Each data

point is

Ion Energy (MeV) Ion Ranges Rp (um) Extent of Damages (%)
(vac/ior/ang)

4.65 3.36 0.0260x 100=2.60

4.95 3.46 0.0264x100:2.64

5.15 3.55 0.0270x100:2.70
5.30 3.58 0.0265x 100=2.65



56

COLLISION EVENTS
\'!crltciet Produced (I\-P)

o
I

E
o
t-

a
EO

0.)

A
F

z
0

UE

Fig 28: Collision events Chlorine at 6.9MeV

tr

I

L

t,
bo

L
0J

F

a
z

COLLISION EVENTS
\ r.iln.rEs Produced I K PI

Fig 29: Collision events Chlorine at 7.I MeV

0
Tf.n



57

I

cti
o
lr
o
tso

L
!J

-o
E

z
0

Fig 30: Collision events Chlorine at 7.3MeV

COLLISION EVENTS
\ icrtrcL€s Produced (Ii-P)

Fig j I : Collision events Chlorine at 7.4MeV

q
o
I

1)
3

2
z

COLLISION EVENTS
|acrncies Prodlrced (K-P)

0

ma



58

Representing damage crcated b1'specific energy. Damage created by Zinc

ion changes as the implanted energy is changed. For the ion energy ol 6.90 MeV

maximum damage created is 0.0359 vac/ion/ang and this damage is created at

depth of 37500 A in the structure

Table 7: Table showing damage calculation w.r.t. depth attained by Zinc ions

For other high energies o1' 7.l0 \'leV. 7.30 MeV and 7.'10 McV damage crated is

0.0363 vac/ion/ang.. 0.0352 r ac/ion/ang. And 0.0353 r'ac/iodang. Respectively.

4.3 Damage calculation of Silicon

Various experiments were performed with silicon, as silicon has some

special properties; it can act as donor and acceptor, plus the ease with which we

can manipulate its properties to our advantage makes it a good choice. Silicon

atom was bombarded on our slructure at varying energy levels and different results

were achieved

Ion Energy (MeV) Ion Ranges Rp (um) Extent of Damages (%)
(vaclior/ang)

6.90 3.68 0.0359x 100=3.59

7.10 3.80 0.0363x 100=3.63

7.30 3.82 0.0352x100=3.52
'7.40 3.86 0.03 53x100=3.53
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Table E: Table showing damage calculation w.r.t. depth attained by Silicon ions

This table shows dilferent trends, to further explore these trends different curves

were drawn using the Mat lab: these are energy vs. damage and energy vs. range

curve.
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As it is obvious that this energy vs. range cun'e shows a sort of

proportional relationship while the energy vs. ohdamage curve shows a sort of an

indirect relationship. this means that greater the energy greater will be the

penetration of the ion in to the structure which is quite an obvious concept, but the

interesting part is that at higher energies the percentage damage reduces, that is at

higher energies the damage that an ion produces reduces significantly, moreover

this fall in percentage damage is not uniform but it is sharper at lower energies and

less sharp at higher energies, so what we get from this plot is that not only the

higher energy levels are difficult to attain physically but they are also less

productive when it comes to damage production. This lead us performing some

experiments at lower energies. cxperiments were pcrlormed at energies lower than

l00KeV and following results ucre obtained.

251-
1m



6t

Table 9: Table showing damage calculation w.r.t. depth attained by Silicon ions

at lov,er energies

Again these results were plotted in order to analyze the trends arising from this

data

Plot showng Range vs Energy

,::::
-.4 - : - - . . - - . - . . . . - - - - - - i. - - - - - - - . . i - - - . - - - - - -l- - - - . - - - i. - - - - - - . .

1strE
10 15 20

Fig j4:Range vs Energy plol for Silicon ion at lower energies

While the range for this data is not as great as was for the earlier data, the

percentage damage column shows a major improvement, it is quite interesting to

note that the percentage damage touches l00o% at l5KeV and shows a downwards

trend afterwards. this further emphasises our earlier point that at lower energies

550
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{50
3
E, 4oo

o 
35o
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o

zlo

s.no Energy
KeV

Range(A) 7o Da m a ge=(v ac/ion/ran ge)* I 00

I l0 165.09 99.06

2 l5 230.05 100

J 20 294.75 99.t75
4 25 358.6 97.59

5 30 421 .28 96.01

6 35 184.96 93.90

7 40 543.03 92.95

8 45 608.99 90.46
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the percentage damage is higher while the range is lower and we can sy this reason

able authority that l5 KeV is the optimum point where the percentage damage is

maximum.
Plot showing Energy \,s. Percentage Oamage
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Fig 35:Energtvs 94Danage plot for Silicon ion at lower energies

4.4: Bombardment of some other ion sPecies

In order to check the merits and demerits, some other ion species were also

bombarded on the target structure, the important features to decide were the

energy required to push the ions rvith reasonable force. and to drau'a comparative

analysis. among each other. After a lot of experimentation. it was fbund out that

many ions are too hear y' and the energl required to accelerate them and create a

considerable damage is too high, and it is almost physically impossible to generate

that much energy, on the other hard the respective percentage damage is to low

and not acceptable, these reason also contributed to the selection of silicon as the

choice atom to bombard on the target structure. Following table shows some of the

results of the experiments performed using other atoms.

I
453520
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Table l0: Table showing damage calculation w.r.t. depth attained by other ion

specie

Range at 4 MeV

C.,rl,cn Oxy gen

Fig36: Ran,:,'s for other ions al 4MeV

4.5

4

35

3

ezs
E'Ic(!a
d'

15

,l

05

0

No Bombarded ion Energy(MeV) Range(A) YoOamage

1 Boron 4 44444 L.82

2 Carbon 4 37768 2.67

3 Oxygen 4 3t766 5.18

4 Neon 4 30209 8.26
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4,5: Bombardment of Silicon on individual layers

After all the experimentation it was felt that the bombardment of silicon on

individual layers is a better idea, as it gives as layer by layer analysis of the target

structure. keeping this in vierv silicon al different energ)' was bombarded at

different layers ol the target devicc and following results were obtained.

Table ll: Table showing damagc calarlation x'.r.t. depth altained by Silicon ions

on SiC

Plot showing Enirgy \,s. Range fcr SiC
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Fig 37 : Energt t s Range Plot for SiC lat'er

!

Sr.no Energy(KeVl Range(A) %damage

L 150 1880.4 65.74

2 t75 2773.7 62.25

3 200 2478.9 58.97

4 225 2779.4 56.18
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Plot showing Energy !s Percentage Damage br SiC
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Fig j8:Energt vs pcrc3ntage damage Plot for SiC layer

SiC is the substrate layer 380um thick and silicon atom were bombarded at

it at some energy, the reults again proves our previous hypothosis, first of all at

higher energies the range beconrcs higher and the percentage damage becomes

lower secondly the figures in borlr the columns of percentage damage and energy

are in acceptable limits. which Lc. liircs lor the suitabilitl of the silicon atom to be

used as the choice atom to be bonrbarded on the target structure. A target damage

with in the range of lllties and sixties percent u'as achieved. u'hich is quite a

reasonable figure.

GaN

Table.l2: Table showing damagc calculation v).r.t. depth attained by Silicon ions

on GaN

150 2052.L

t7s 2399.4
2753.t

5a

56

140

Sr.no Energy(KeVl Range(A) Yodamage

1 55

2 62.09

3 200 s9.34

4 225 3712.6 56.81
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Same level of energies werc used to bombard the GaN layer. 3um thick, the

above mentioned table shows thc rcsult. Again the percentage damage column

shows round about the same figLrres howering between 55 and 65 percent, the

highest of them being 65 percent. the ranges in case of GaN is higher than the

ranges for SiC. This might be dLrc to some intrinsic property of Galium nitride'

like strength of the bond, bond tcngth etc. Now let us see how alimunium galium

nitride reacted to the bombardmcrrt of silicon atom at same energies. The graphs

below show the energy vs rangc in angstrom and energy vs percentage damage

c urves.

Plor showing E,,crgy \/s Range ior GaN
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Plot showing Energy \/s Percentage Damage for GaN
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Fig 40 ;Energt vs perce ntage damage Plot for GaN layer

Now let us explore hou'AlGaN l0nm thick layer reacted to the bombardment of
silicon atom at same energy. Thc Ibllorving table gives an insight.

AIGaN
Table 13. Table showing damaga colculation w.r.t. depth attained by Silicon ions

on AIGaN

The above table shows lhat thc pcrcentage damage was maximum in the

case when energy was 200KeV. and uo valid result was produced at energy level

of 225 KeY. The percentage damage was also maximum at 200KeV' The

following graphs further elaborat.'. thc- table.

66

65

64

63

Sez
I u't
a
Soo
h

Iu"
5a'

57'

56

55
140

Sr,no Energy(KeV) Range(A) lodamage

1 150 728.29 38.88

2 175 147.22 31.89

3 2oo I ga.orc 44.37

4 225 92.058 42.t0
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The fourth layer of Galium nitride is orignally just 3nm thick, this is too

thin to get a result from, so it \\'as decided to increase it's thickness to 30nm in

order to get the data from experimentation. The following results were achieved

after experimentation.

GaNl
Table 14. Table showing damoge calculation w.r.t. depth attained b1'Silicon ions

on GaN l

s,no EnerSy(KeV) Range(A) %damage

1 150 139.54 58.46

2 t75 L53.29 49.51

3 200 239.23 29.22

4 225 127.39 50.21

Plo! sho\Jving_ E nergy \,s
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Percentage Damage br GaNl
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Fig 4 3 : Energt vs perce ntage damage Plot for GaN layer
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Plot showrng Energy \.s Range
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Fig 44:Energt vs Range Plot for GaN layer

The thing worth mentioning herc is the steep fall in the percentage damage

at 200KeV. and what makes it c\ cn morc interesting that there is a jump in range

column at the same point

4.6 Some lower energies

As mentioned earlier at l,rrt.'r cncrqies the results in terms of percentage

damage is better, therefore it is r goo<! idcl to repeat these experiments at lower

level, again first of all the subsl:'ate lavcr of silicon carbide was bombarded with

the silicon atom at different cncigics ranging from 50KeV to l25KeV and

following results were obtained.
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Table 15. Table showing damoi:e calculation w.r.t. depth altained by Silicon ions

on SiC

Plot sr, n!v,ng Er,ergy vs
16m

'15{Il
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Fig 45 : Energt vs li

ao ql lm 110 1n !3[]
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ange l'lot for SiC layer at lower energt

t

,!o

s.no Enerey(KeV) Ilangc(r\) "hdamage
I 50 673.52 88.36

2 75 | 978.73 80.92

3 100 1277 .8 75. 10

4 125 t574.9 70.29

Rang€ for SiC
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At lower level energy ler e ls the range is lower but the percentage damage

is higher. Then the second 3 rrn thick la1'er of GaN was choosed for the

bombardment of silicon atom, ar',1 lollowing results were obtained.

Table.l6. Table showing damagi talculalion vt.r-t. depth attained by Silicon ions

on GaN (ower energies
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Again you see higher level of pcrccntage damage as compared to the

previous graph at lower energl' lcrel. Ncxt the 20nm Aluminum Gallium nitride

was bombarded with the silicon ato.n and following results were obtained.

Table 17: Table showing damage calculation vt.r.t. depth attained by Silicon ions

on AIGaN

l 00.14
r06.4

100 r I 1.67

95.17 I

Plot shc,. Enersy !: Ranga for AIGaN

1n 1Il
Enercl''''ke\4

Fig 49:Energt vs Rart.: "lol for ,llCaN layer at lower energt

Here a peak was achievcd .rt tertls ol'the range at lOOKeV but after that

there is a sharp fall, so you can sa' ihat l00KcV is the maximum point in terms of

range.
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Plol showng Energy vs Percentage Damage for ArGaN
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Fig 50: Energt vs Percentage Damage Plot for AIGaN layer at lower energt

Here we see an inverse trend as compared to the range graph; here 100 KeV

is the minimum point in tenns of the percentage damage. Now let's discuss the

bombardment of the upper most layer of Gallium nitride that was thickened to a

dimension of 30nm in order to get results from the experiment, following results

were achieved.

Table 18: Table showing damage calculation w.r.t. depth attained by Silicon ions

95

ql

85

R80
E
o

=
E70o-

65

on GaNl fiower ener
s.no Energy(KeV) Ranee(A) %odamage

I 50 158.04 94.71
2 75 148.14 82.5
t t00 t54.25 66.39
4 125 13 8.83 64.74
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Generally there is a downwards trend as far as range is concerned except

for a jump on the higher side in the middle of this graph.
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Here the trend is similar to the projected outcome that is at lower energies

percentage damage is higher and at higher energies it is relatively lower.
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4.7 Physical Basis of Our Model

The basic process for our work is as follows: damage is caused to the layer

by implanting energetic ions into semiconductor crystal. Species are chosen so that

they do not dope and create sufficient and uniform damage in the semiconductor.

The depth of the damage can be varied by changing the ion energies. The

implantation is usually performed at 7 to the substrate surface normal to prevent

the channeling. We have used the similar angle of implantation in order to

simulate the device structure. The ion impact caused vacancies and other defects

to be formed. We have used the Kinchin-Pease model (KP Model) accounts for the

defect generation, damage accumulation as well as the interstitial encountering.

With two parameters, one species independent and other species - dependent, very

good agreement with experimental impurities profile has been obtained. In

addition, this model is believed to provide reasonable good profile for the

interstitial profile [30]. Following are the assumption that we take into account for

our suggested simulated process scheme:

First of all, defect production is taken into account by calculating the

deposited energy E for each cascade by using the binary collision

approximation.

This energy is then converted into the number of point defect n by

using the Kinchin-Pease formula [3 l]

N - kE /ZEd (4.1)

Where k:0.8 is a constant, and Ed is the displacement tfueshold energy

(15eV) for Ga based materials.

a)

b)
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Damage accumulation is then calculated as all of the defects are

calculated by Eq. (4.1) can not survive, since some of the defects

might recombine with in the cascade as well as with the defect

generated by previous cascade.

The crystal is then annealed; the vacancies formed are suggested to

be highly mobile.

4.8 Comparison of the Six Ion Specie

It is well known that the nature of implantation defects created by light and

heary ions are quite different 123,24, and 251. For light ion like He, most of the

residual defects after implantation are in form of point defects and dilute defect

clusters, whereas for heavy ions like Zn and Cl in addition to point defect, other

defects such as denser defect clusters, complexes and extended defects are

expected to be found [28].

Helium is highly mobile inside the lattice and produces sufficient damage.

Helium is not chemically active at higher annealing temperatures and does not

affect the electrical properties of the device because of the inert nature of helium

t28l

Oxygen produces lager damage as compared to helium and nitrogen

because it is a bit heavier than these two and it may be chemically active and

higher annealing temperatures and may can affect the electrical properties of the

lattice [28].

Zinc produces the highest damage as compared to all the five species used

in this work. It is chemically active at higher temperatures and its diffusivity is

low as compared to the other species as it is heavier compared to the rest of ion

species used to simulate the required test structure [2E].

c)

d)
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Silicon is the ion specie of choice as its outer most orbit is partially filled, It

will not form any bonds with the target atoms, secondly it is neither very heavy

nor very light, experimentation can be done at very high as well as relatively lower

energies, keeping this in view silicon was used for further experimentation layer

by layer. This impact will become more obvious in next chapter where the

experimental results of the electrical characterization of AIGaN/GaN devices

reveal the influence of the appropriate choice of ion specie to create desirable

damage in the lattice for potential engineering of the devices.
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CHAPTER 5

EXPERIMENTS, RESULTS & DISCUSSION.II
(MEASUREMENTS AND VALIDITY OF MODEL

AND DESIGN)

5.1 Introduction:

The III-V semiconductors are currently employed in the fabrication of

optoelectronic devices and integrated circuits (lC) for high frequency operations

[40-52].Electrical isolation of III-V semiconductors formed by introduction ofa
controlled concentration of point defects from light ion inadiation is a well-

established technique [42-52]. Besides the efficiency of this method to obtain

highly isolated layers, it has the additional advantage of maintaining the planarity

of the isolated structures [49-51]. Thermal processing of the crystal tends to

remove ion beam induced damage and reduce the degree of compensation, while

at the same time producing diffusion of the defect centers [44, 47-49]. Therefore

thermal processing due to variable implantation temperature and post-implant

annealing cycles is crucial to enable electrical and optical characteristics. With the

knowledge gained during the design and modeling of ion-beam-engineered

AIGaN/GaN HEMT structure thoroughly investigated in the previous sections, a

systematic investigation of the real-time experiments carried out on the

conventional AIGaN/GaN test structure (already in use commercially and reported

in literature on variety of occasions) is presented below:
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5.2 Experimental Condition and Details:

The samples studied (test device structure is intentionally chosen to be of

the same design as used commercially to independently evaluate the influence of

high energy implantation on AIGaN/GaN layers and subsequent impact on the

physical properties important to enable frequency and power related device

operations) were corlmercially grown by Metal Organic Chemical Vapor

Deposition (MOCVD) on semi-insulating SiC substrate. The 2 Dimensional

Electron Gas (2DEG) GaN channel was prepared with sheet carrier concentrations

of z.= 3.1*rot3 /cm2 and z. : 3.1xl0la /cm2. The damage implantations were

carried out by Helium and Silicon ions irradiation at energy of 3000 KeV and

1000 KeV, respectively to place the peak of the damage distribution well inside

the substrate as well as the GaN channel making an interface with the AIGaN

barrier. A relatively flat damage distribution is created both in the top-layered

GaN cap and AIGaN barrier so that a controlled amount of defects may be created

at interfaces and surface for possible exploitation during the high power and high

frequency applications. These implants were designed and modeled under the

scope of this study and carried out at IBS Inc. USA (collaborating R&D) with

exact modeled parameters and dimensions. During implantation, the normal to the

wafers was inclined at 15o with respect to the beam to minimize ion channeling.

The selection of Helium and Silicon for damage studies for these HEMT test

structures was crucial. Although the design studies included a range of ion species

such as Zinc, Chlorine, Oxygen, Nitrogen etc. but the actual experiments were

limited to one inert and lighter ion specie (Helium) and one commonly used

dopant in III-V (Silicon, which is not known to create chemical impurity levels in

AIGaN/GaN structures unlike Zinc, Chlorine, Oxygen and Nitrogen etc.) so that

in-situ thermal effects caused by relatively high energy implantation due to beam

heating and self-annealing of defects may be studied in IIEMT test devices,
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independently. Isolation implants were performed at different combined doses

ranging from 5xl0r3 cm-2 to 2xl0r5 cm-2 at room temperature (RT). The doped

regions under the contact areas were masked using the metal foil on top of those

contacts. The resistivity and Hall measurements were carried out using an Ecopia

HMS3000 system, whereas HP 4156 parameter analyze.:^ was used to evaluate the

DC characteristics. Some of the measurements, implant schedules and annealing

cycles were repeated and double checked at facilities in Berkeley National

Laboratory, USA
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.Fig55. Evolution of sheet resistance with the increasing ion dose (experiments designed
as similar as depicted in Reference 57 to qualify the model requirements)

5.3 Results and Discussion:

Utilizing the similar model as devised in reference 57, we conducted a very

similar experiment to quali$ the threshold dose model for III-N-V devices.

Following Ref. 50, 52 and 57, a threshold dose for isolation, D6, can be defined as

the minimum ion dose at which R, reaches its maximum value. The presence of
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threshold doses can easily be seen in Fig. 5.1, where two distinct threshold doses

exist for two different initial sheet carrier concentrations of GaN layers. It has

already been demonstrated 150, 52, 57 -59) that ion doses required for an effective

isolation of GaAs devices have simple linear and reciprocal dependences on the

values of initial free carrier concentration and ion-beam-produced atomic

displacements, respectively. If n,o is the original sheet carrier concentration of the

n-type GaN layers, D is the implanted dose to isolate the structure, r,2 is the

measured sheet carrier concentration after the isolation implantation to dose D then

R will be the carrier removal rate which is a function of mass and energy of the

ion. The equation relating these parameters is as follows [57]:

nso = nsD + RxD [54... A 1)

Since we do not intend to fully compensate the layers, optimum carrier removal

rate is not considered while designing these experimenrs. The modelled

parameters in terms of accumulated disorder and energy loss due to electronic and

nuclear stopping are summarized in Tablel8 for each case.

Table 19: The modelled physical pararneters in response to the high energy ion

implantation to the active device regions in nitride HEMT structure are as follows:

PHYSICAL PARAMETERS 3000 KeV He+ into SiC

at Rp (10.7 microns)

3000 KeV He-f into GaN

Channel (3 microns)

1000 KeV Si+ into GaN

Channel at Rp (1.45

microns)

Elergy loss due to Electrolic

Deposition (electron volvangstrom)

11.98 23 14.8 E

Energy loss due to Nuclear

Deposition (electron voluangstrom)

0. l9 2.46 2t

Accumulated Disorder 7o 7.3 t.9 15.I
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The threshold doses in this experiments are D: 2xlOra cm-2 and D:2xl0t5 cm'2

for the n-type GaN layers with initial channel sheet carrier concentrations of

3.1x10r3/cm2 and 3.lxl0ra/cm2, respectively. Figures 56 and 57 illustrate the

isolation characteristics (resistivity) for different starting material layers implanted

with combined implantation at RT for a range of doses including the threshold

doses in each case. Each data point is comprised of the cumulative isochronal

annealing sequence for 50s period. For the Dg, case in Fig. 56, the stability of the

isolation is restricted to temperatures below 400 "C.
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In the samples irradiated to doses higher than the threshold dose (2.5Dr) the

isolation persists up to the temperature of 350 'C. The increase of the inadiation

dose to 10D6 leads to the decrease of .R. because of hopping conduction in the

highly damaged region. During post inadiation annealing there is a progressive

increase of R, with increasing temperature up to 300 oC, since the carrier hopping

becomes less effective as the damage is repaired. The defects are removed by

annealing above this temperature, which would correspond to the annealing of

defect clusters or defect complexes, as already seen in cases such as experiments

done in reference 57 and references therein.

Fig 57: Presence of persistent electrical compensation: thermally stable process window

for combined Helium and Silicon Implantation-compensated AIGaN/GaN device

structures of initial sheet carrier concentration of 3.1xl01a ..'2 in GaN channel. These

structures are implant-isolated at RT for a range ofdoses including the threshold doses in

each case. Each data point is comprised of the cumulative isochronal annealing sequence

for 50s period.
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Figure 57 also explains that the devices of starting material with high sheet

channel carrier concentration are reasonably isolated with threshold doses. Further

higher doses, for example in the case of Fig. 56, are not needed to obtain better

isolation. The larger thermally stable window (till 500"C) achieved in the case of

the results shown in figure 57, is sufTicient for subsequent processing such as

contact sintering. The evolution of sheet resistivity with varying annealing

temperatures at certain ion fluence (variable doses with respect to the already

calculated threshold doses in Fig 55) shown in Figure 56 and 57 follow the similar

trend and behave almost identically to a similar finding in case of GaAs layers

isolated with protons [79]. This is expected as the post-implant-annealed-isolation

trends are reported to behave in a similar fashion for most of the III-V devices,

particularly for damage-only ion species such as protons, helium and silicon [42-

st,7e).

As part of our study, we aimed to employ the technique of ion beam

engineering onto the scheme of commercially designed AIGaN/GaN HEMT

structures. While using the modelled parameter of Threshold Dose during the ion

implantation, it is experimentally shown above that one can make the layers highly

resistive and hence the extent of mobile electrons can be reduced according to the

requirements of the device operations. One can achieve a fully compensated layer

either in capped layer, barrier layer, channel, buffer or substrate. The design and

modelling of ion implantation parameters, such as in our experiments, provide us a

flexibility to control the amount of mobile carriers within a certain layer or

interface, which may in rum be utilized to control the high-power and high-

frequency operations. The usage of high energy implantation (particularly the

MeV range of incident energies) is known to produce special defect complexes

due to the dynamic annealing during the process of implantation. Therefore, such
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thermal effects also contribute in the significant results achieved after the

implantation in form of physical changes experienced by the lattice. With the

scope of high electron mobility transistor's operation in mind, our proposed design

of ion implantation parameters also provide an effective solution to improve the

efficiency of device characteristics. Being used in RF/lVlicrowave amplification

environment, nitride TIEMT devices are considered to have efficiencies to operate

both in low and high field carrier transport. This demands a high carrier density

along with high carrier mobility even during the relatively high temperature

environments. Persistent low sheet resistivity and high 2DEG mobility is desirable

physical attribute of such devices. This can be only achieved if we fabricate the

HEMT structure with (a) high spatially distributed conductivity of GaN channel,

and (b) high quality of AIGaN/GaN interface. The higher strain and better carrier

conhnement on AlGaNiGaN interface may provide a desirable quality lower sheet

resistivity as well as higher 2DEG mobility. We suggest that by using the high

energy ion implantation with a uniformly distributed damage distribution in the

capped layer (near surface regions) and peak of the damage profile within the

channel with a reasonable extent of damage therein may create such defects within

the laftice which may confine the carriers at the interface effectively. The follow-

up annealing at a certain temperature, while recovering the lattice after ion

irradiation, may release an additional amount ofthe trapped carriers in the channel

which in turn would raise the mobility of the electron gas. Ion implanted structures

may consequently exhibit better output device characteristics by virh-re of getting

damaged to an extent where they form defects which help the interface relax in

such a manner that while undergoing the reversal effect (annealing to recover the

ion-induced damage) they provide more carriers to the channel with greater

mobility and lower sheet resistivity. This way, relatively higher initial carrier

density materials may also be used to perform device operations exactly the same
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way as could be done with lower initial canier densities in AIGaN/GaN structures.

Therefore, our suggested ion implantation model and designed experiments

provide a substantial control on the carrier transport mechanisms while looking at

the output device characteristics of AIGaN/GaN HEMT structures. This discussion

is exhibited in Fig.5.4, where initial sheet carrier concentration is plotted against

the 2DEG hall mobility in AIGaN/GaN layers for HEMT structures with and

without implantation. The samples which were irradiated with combined

implantation schedule of Helium and Silicon ions, received the fluence which was

at least two orders of magnitude below the threshold doses that were used in

earlier experiments for each independent case of initial sheet carrier concentration.

This is due to the fact to produce light damage in the lattice which is neither stable

nor long range to compensate the layer fully. This is an extent of ion-induced

damage which is just about sufficient to trap the carriers at interface and

recoverable at a low thermal budget. Figure 4 clearly shows that the higher values

of 2DEG mobility are achieved when the HEMT structures have undergone a

carefully designed ion implantation and annealing at temperatures around 400oC.
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This trend is repeatable for starting materials with different initial carrier densities.
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nr= 3.1xl0la cm-2) for AIGaN/GaN structures with and without ion implantation and

annealing cycles (combined He* and Si* implants with ion doses 2 orders of magnitude

lesser than the Threshold Dose in each case as shown in Fig.5.l)

The data points shown in all the curves presented in Figure 55 to 60 are

average of repeated measurements of each hall sample used in this study. A

converse is plotted in Figure 59 where sheet resistivity is plotted against the

starting carrier density of AIGaN/GaN HEMT structure for cases where the
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structures are measured with and without the ion irradiation received.
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Fig 59: Sheet Resistivity versus initial channel carrier density (n,: 3.lxl0l3 cm'2 and n,:

3.lxl0ra c.-'; fo. AIGaN/GaN structures with and without ion implantation and

annealing cycles (combined He* and Si* implants with ion doses 2 orders of magnitude

lesser than the Threshold Dose in each case as shown in Fig. 55)

A converse pattem is achieved as compared to Figure 58. It is interesting to note

that the lattice engineering due to the carefully designed ion implantation schedule

and subsequent rapid thermal annealing provided a very low value of sheet

resistivity (-100 ohms/square) which is befter than many commercial devices

manufactured by conventional process routines without introducing lattice

normalization engineering by ion implantation. Both the lower values of sheet

resistivity and higher value of 2DEG mobilities are vital to improve the RF

characteristics of the HEMT device for small signal applications. Figure 60

exhibits the characteristic trends of extrinsic transconductance (G.) and drain

. HEMT without lon lrradiation

. HEMT after lon lrradiation + Annealinq at T= 4OOoC
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current density (lp5) versus the gate voltage (V*). The measurements were

performed with the Vos : 5 Volts supplied to the structure having gate dimensions

of 0.4x220 pm2. A maximum value transconductance of over 300 mS/mm was

achieved for ion-implanted structures, which is better than the average commercial

HEMT structure without undergoing the post process ion implantation and

annealing cycles. The results presented in Figure 58, 59 and 60 have ramifications

for device and design engineers who are particularly looking at the possibilities of

optimizing the AIGaN/GaN HEMT efficiency for high-power and high-frequency

operations.
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CHAPTER 6

CONCLUSION & FUTURE WORI(

6.1 Conclusion

The ion implanted AIGaN/GaN High Electron Mobility Transistors (HEMT)

test structures were studied thoroughly to look into the possibilities of enhancing

the HEMT efficiency for high-power and high-frequency electronic applications.

With the results of this detailed study, we conclude the following:

o A dedicated experimental design was created in order to study the influence

of the physical parameters in response to the high energy (by virtue of in-

situ beam heating due to highly energetic implantation) ion implantation to

the active device regions in nitride HEMT structures. Several sets of

simulations were performed to predict the appropriate experimental

conditions during the process of ion implantation induced damage

formation before the test structure actually undergone the ion irradiation. A

very calculated disorder or damage created in the HEMT structure was then

studied carefully with Electrical characterization techniques such as Hall, I-

V and G-V measurements.

o The evolution of the electrical characteristics affecting the high-power and

high-frequency operations was also analyzed by subjecting the HEMT

active device regions to the progressive time-temperature annealing cycles.
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The influence of relatively damaged HEMT structure by using "carefully"

designed ion irradiation protocols was compared with the ones which are

commercially available (having no post-process implantation protocols

experimented) and it revealed that by changing the ion-induced physical

dynamics of the channel and interface regions in AIGaN/GaN HEMT

structures may enhance the operational efficiency of the device in many

ways.

The suggested model can also provide a functional process window to

control the extent of 2D Electron mobility in the AIGaN/GaN IIEMT

devices undergoing a fulI cycle of thermal impact i-e from a desirable

conductive region to a highly compensated one. That is shown possible by

engineering the HEMT structures with or without the irradiation of so-

called Threshold Doses (D,) and their consequent impact on the carrier

density of the channel in the AIGaN/GaN HEMT devices. The evolution of

such a physical impact is also studied by varying the annealing

temperatures to devise process instruments for various operational domains

in AIGaN/GaN HEMT structures. The work carried out in this study is very

important for the semiconductor process engineering and have

ramifications for device engineers.

6.2 Further Work

A lot of possibilities arise during the course of this study, which may form the

basis of detailed further work to address the problem areas more in depth and

rigorously. Some of the ideas are discussed as below:
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The influence of hot and cold implantation (implantations carried out at

elevated and below room temperature) on HEMT devices may be studied to

control the dynamics of 2D electron motilities, which in tum would play a

major controlling role in high-frequency and high-power device operations;

The thermal and temporal stability of the effects maintained by the

carefully designed ion irradiation parameters may be of interest to monitor

the device's operational behavior in extreme conditions (such as extreme

pressure and extreme temperatures etc.);

The structural changes occurred to the interfaces and channel areas after the

ion implantation and during the time-temperature annealing cycles may

impact the structural dynamics necessary to provide a minimum number of

free carriers in the channel region to effectively perform the high-frequency

operations. A physical study (using the techniques such as Rutherford

Backscattering Spectroscopy, Field-Emission Scanning Electron

Microscopy etc.) may be carried out on the samples used in our study to

correlate the structural dynamics with the efficiency and stability of the

electrical characteristics exhibited on as-implanted and post-processed

AIGaN/GaN HEMT devices.
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