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Abstract

[l -nitride materialsaarevery promising for high speed electronics/optical applications but still suffer

in performance due to problems during high quality epitaxial growth, evolution of dislo@att
defects, less understanding of fundamental physics of materials/processing of devices etc. This
thesis mainly focus on GaN based heterostructures to understand theemetainductor interface
properties, 2DE(H)G influence on electrical and optpraperties, and deep level states in GaN and
InAIN, InGaN materials.

The detailed electrical characterizations have been employed on Schottky diodes at GaN and
InAl(Ga)N/GaN heterostructures in order to understand the fsetaiconductor interface redat
properties in these materials. | have observed the occurrence of Schottky barrier inhomogenity, role
of dislocations in terms of leakage and creating electrically active defect states within energy gap of
materials. Deep level transient spectroscopyhoeetis employed on GaN, InAIN and InGaN
materials and several defect levels have been observed related to majority and minority carriers. In
fact, some defects have been found common in characteristics in ternary layers and GaN layer
which indicates thatibse defect levels are from similar origin, most probably due to Ga/N vacancy
in GaN/heterostructures. The role of structural defects, roughness has been extensively understood
in terms of enhancing the reverse leakage current, suppressing the mobiiINIHAIN/GaN
based high electron mobility transistor (HEMT) structures which are identified as key issues for
GaN technology.

Optical spectroscopy methods have been employed to understand materials quality, sub
band and defect related transitions and gared with electrical characterizations. The observation
of 2DEG sub band related absorption/emission in optical spectra have been identified and proposed
for first time in nitride based polar heterostructures, which is well supported with simulatids.resul
In addition, metakemiconductemetal (MSM}InAl(Ga)N/GaN based photodetector structures

have been fabricated and proposed for achieving high efficient optoelectronics devices in future.

Keywords: Il -Nitrides, GaN high electron mobility transistoidEMT), carrier gas, sub bands,

dislocations, defects, leakage current, mobility mechanims
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Chapter 1

Introduction

1.1 Introduction to Il -Nitride semiconductors

Compoundsemiconductor researdias played a major role in technological improvement in
last decades and put the world at a new front. Recent progress in semiconductor research show the
capability of Ilknitride based semiconductor research as most promisingtioelectronics devices
application and possibly as well as for high speed/mobile transistors development E302)
Nakamura ]] successfully realized thetype doping for GaNand this invention can be considered
as a keydate for applications in optteetronic devices. Since thelight emitting diodes I(EDSs)
andlaser diode¢LDs) have become possibie a spetral range which could not be achieweing
conventional semiconductors like 84l)GaAs or AlinGaP .In particular the blue and white LE®
have shown norcomparable advantagesver since.They are the materials of choice for
ultravioletblue green optoelectronics and they hold the potential to complement andratkmge
silicon in a number of electronic applications. The main reason &cdhtinuously increasing
success and researchGaN ystemsfor optoelectronic devices is due to ability of tunitgydirect
band gap along a wide range efergies. Figure 1.1 represents the band gap range for various
semiconductors andurtzite I1I-N, showing that this semiconductor family covers the whole visible
spectrum On the other hand, in 1993, Khag| [realizzd a heterostructure fieleffect transistor
based on an AlGaN/GaN layer structure for the first timensidered as a breakthrough for
electronic device research with nitridéghe two-dimensionaklectron gas (2DEG) in combination
with superior material properties in terms of large bandbgagh breakdown voltage and high
saturation carrier velociti an ideal precondition for applicatiam electronic devices.
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Figure 1.1 Band gap variation with lattice constant for various compound semiconductors [3]
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The gallium nitride(GaN) and Aluminium Nitride (AIN)materiat were synthesized first in
1930and 1907 4, § and then growmpitaxiallyby means of hydrid phase vapour epitaxy (HVPE)
in 1969 by Maruskeet al. [6]. In later years, themportant breakthroughwere achievedby
realization of the growtlvia metal organic cheroal vapor phase epitaxy (MOVPE), molecular
beam epitaxy7, §. Since then the scientific work done on this material sysstemd exploding
marketas depicted in Figur&.2 according toelectronic industry market research and knowledge
network statistics 9]. In the 192's thep-type doping was discovered leading te tlirst high
brightness light emitting diode (LEOWQ]. This pushed forward the development of the InGaN
ternary alloy and consequently tb&e laser diodel[l]. Indeed, it isan attractive candidate for
optical and electronic devices, with a bandgapecog anunprecedented spectral range from
ultraviolett (UV) to infrared (IR).The predicated market size for various applications with GaN
devices for optoelectronics applications is shown in Fig. 1.3. On the other hand, there are several
main drawbacks hich causes the efficiency droop in nitride based devices still need to be
understood and improved with epitaxial quality, fabrication etc. dragvbaclk have motivated a
huge researckffort on the growth of IHnitrides using nopolar and sempolar crystallographic
orientations byeducing the effects of the polarizatiorduced internal electric field
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Figure 1;: GaN could exceed 5% of the overall power device market by 2020.
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One of tle main drawbacks of Hhitride semiconductorss the large latticenismatch (LM)
i ssue of it 6 switlhdachathewhich sulfs starinedstaxial layers antimitation
on thethicknesses for the growth of heterostues. Apparently AlinN has thecapability of
reducing the lattice mismatch by growing the altdyAIN or InN grown on GaN templates and
thus allowing straiffree, LM heterostructures which offers a new degree of freedom in designing
nitride based hetertisictures for various applicatiorRecently Kuzmik et. al[13] reportedthat the
combination of straiiree AlInN epilayers together with high polarization properties would kead
superior deviceperformance with respect to AlGaN/GaN heterostructufégrefore, the LM
AllInN/GaN system is an ideal candidate for high power/frequency electronics etc.

Due to optimization of LM structure with strain free AllInN/GaN heterostructure which is
considered O0state of artoé f eenremoited withisuparior ighd e v i
mobility and 2DEG density properties by Gonschre#.[As a further research work, it was found
that infortunately these electrons forming the 2DEG suffer from pagptanetransport properties.

As a development/improvemiepart, it was proposed that insertion of thin AIN layer conldrove
the qualityof thisé s t a t detecobtructurebaged transistdor next generation power devices

1.2 Objective of the thesis

The objective of this thesiss concerned with various r@spects of IHnitride based
heterostructure for different applications. The focus has been given in order to provide the detailed
investigation on general properties investigation to the physical phenomena for electronic
application and very new resulten defect related investigation on AlInN/GaN based
heterostructures with varying AIN interlayer thickness. Additionally, InGaN based structures have
been investigated in order to understand the defect levels and their properties followed by optical
propertes of photodetector structure.

The thesis starts witlthapter 1 an introduction to IHni t ri de semi conduc
achi evement i n research and devel opment over
market size for electronic and optoeleoins applications. The chapter finishes with the
introduction with organization of the thesis.

Chapter 2 gives an overview on Hhitride semiconductor materials properties i.e. structural,
electrical and optical which is kind of unique among all semigotads, particularly with the
existing polarization within the materials which offers the possibility of 2DEG and 2DHG systems.
This also provides information on type of defects in semiconductors and their influences on nitride
based heterostructures pen@nce and issues.

Chapter 3mainly describes thenain experimental techniquassed for research during the thesis
work. The experimental techniques used in for this thesis ranges from basic electrical
characterization to Deep level Transient spectros¢Dhy'S) followed by optical methods such as
Surface Photo Spectroscopy (SPS) and RGeotwent spectroscopy (PC).

Chapter 4deals withdetailed characterization of GaN layer by in order to understand the electrical
properties such as Schottky barrier infageneity, leakage mechanism, and optical and defect
related studies. The defects extracted by using DLTS technique are compared with optical methods
and found in good agreement with each other.
been discusxl by considering the nature of dislocations.
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Chapter 5describes tha very detailed investigation of lattice mismatched InAIN/AIN/GaN based
heterostructures with varying AIN interlayer thickness in order to understand the role of AIN layer
on electricaland optical properties. It has been observed that thin AIN layers enhance the
performance of the device while thick AIN layers cause structural deformation and results in
substantial reduction in performancg5[ 16. The electrical analysis allow undeasting the
properties like mobility, 2DEG density variation with varying AIN thickness which can be used to
optimizing the interlayer thickness by growers to improve the quality and propdipDLTS
analysis gives information to identify the deep leva structures and also allows defining them as
extended defects connecting to the trap responsible for-Foat&el mechanism [18]. The defect
levels identified have not been reported in literature so far. Moreover, we have also observed the
effect of 2DEG density variation on optical properties which have never been reported in terms of
2DEG related transitions above GaN bandgap in such heterostructures [19]. In addition, we have
observed similar phenomena in case of LM structures and also proposssbéneationof Fermi

Edge singularity (FES) phenomena attributed to high 2DEG density in heterostructures. In later
part, MSM based photodetector structure has been fabricated and the possibility of developing
optoelectronic devices with high efficiencydiscussed.

Chapter 6is mainly dedicated to study InGaN/GaN heterostructures to detect the deep levels,
understand the optical properties and propose an efficient Photodetector structure. DLTS
investigation detects majority and minority carrier relategts, where minority carrier related trap
emission is attributed to InGaN/GaN interface. Surface photovoltage spectroscopy studies mainly
focus on energy gap determination for varying In content in InGaN layer, which also defines the
bowing parameter fomGaN alloys. In later part, MSM based photodetector structure has been
fabricated and surface and heterojunction (interface) related efficiency is compared, which gives a
possibility of developing optoelectronic devices with high efficiency.
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Chapter 2

Background on Il -V nitride materials
properties

(In, Al, Ga)N based system is very promising for various applications sudhigas
frequency, high power HEMTSs, in addition for optoelectronic devices as solar blincetgvtats,
UV LEDs, UV laser diodes, biosensors, pressure sensors, and MEM9S bcusing on the
properties that give nitrides a huge advantage in HEMT applications, a number of material metrics
combine to give Galdased devices great potential. This Clespgives an introduction to
important material properties of wurtzite nitride semiconductors: crystal structure, polarization
field and defects in Hhitride and key issues.

2.1 Crytall structure properties

2.1.1 Crystalline Structure and Symmetry

(In, Al, GgN mainly exist in two crystallographic typeknown aszincb | e n glease) b
and wu rphage). The wyrttite phase is thermodynamically stalderiiparison to mestable
cubic, with energy gaiatom of 18.4 meV, 9.9 meV antil.4 meV for AIN, GaN and InN,
respectively. The possibility of eexistence ofwurtzite and cubic phases is high because energy
barrier is not high enough to prevené mixing, demanding critical tuning of growth conditions.

The wurtzite GaN phase shows hexagonal symmesiyofvnin Fig. 2.1(a)]and belongs to
the space group P63nC46v). The lattice consists of two merdeskagonal sufattices shifted by
3/8[0001] for GaN. The two sulattices arecomposed of groufil metal and nitrogen atoms,
respectively. Fig. 2.1(b) represetite GaN inzinc blendghase, with cubic symmetrZubic GaN
belongs to F43n(T2d) space group consisting of two famentered cubic structures shifted by
Y[111],with both metal and nitrogen atoms occupying appropriate sites.
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Figure 2.1 (a) Wurtzite and(b) Zinc-blende structures of GaN. The red dide spheres indicate
Ga and N atoms, respectiyel

The hexagonal crystal structure of-Nk, illustrated in Fig. 22, is representedby the edge
length a of the basal hexagon along the {2Q] axis, heightc of the hexagonal prism along the
[0001] axB, and the anicoation bondengthu along the [0001] axis. The animation bond length
is considered becausechanges with different cations and ionic ra@ji [The notation for the four
indices(h k i I) is assigned to the three base vectars,, az andc. The third index is definedas-

h-k. All the three base vectors are separated by angle of 120°. It mushbmbered that, unlike
the cubic orientations, the Miller indices of hexagar&ntations do not lead to identical planes on
permutaton. In the hexagonal systeraguivalent crystallographic planes can be identified by
permutation of the three badadavais indice$ k i. In addition, different type of planes (polar) have
been also shown in Fig. 2.2b, wherg @ are at 120 and a is parallel to eaxis. The lattice
parameters of binary GaN, InN and AIN are indicated in TableFai.ternary compounds like
AxB1xN the lattice parameters can be deduced Wdiegg ar d[d]s | aw

g = Xa, +(1- X)ag (2.1)

Table 2.1 Lattice parameters of bulk InN, GaN and AIN

INN GaN AIN
c (A°) 5.693 5.186 4.982
a (A°) 3.533 3.189 3.112
c/a 1.611 1.626 1.600
u 0.377 0.377 0.382
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Figure 2.2aHexagonal structure with representations for the base vegi@s a
and the lattice parameteasndc

Figure 2.2b The dark (red and green) shadaveas show the 4plane and lane respectively
while grey shadow area showplane B]

In both cubic and hexagonal phases, the atoms are tetrahedricallgdband thetructures
if rotated along equivalent axis by 60° can be transformed into either zincluemndetzite ([111]
or [0001], respectively, as indicated in Fig. 2.3. As a rethudt,major aspect which differentiates
the wurtzite and cubic crydliae structures is thetacking sequence shown in Fig 2.4. The wurtzite
phase (0001) plane is stacked MBABé sequence and cubi c p ha s
ABCABCé stacking.
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(b)
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Figure 2.3 Atoms bonded in tetrahedron fd¢a) zinc-blende and(b) wurtzite arrangements.
Interchangeable on rotation along [111] and [0001] directions for cubic and wurtzite respectively
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Figure 2.4. Stacking sequence f@a) (0001) planes in wurtzite ([220] azimuth),
and(b) (111) planesn zinc-blende ([210] azimuth)

The wurtzite crystals being narentrosymmetric, the barycenters of positive and
negative charges carried by group Ill metal Ah,Gg do not necessarily coincide
along thec-axis. The presence of polarization is strongly connected to the unit cell
symmetry of the crystalThis asymmetry is the origin of the pyroelectric nature of wurtzite
(In, Al, GaN, which will be discusseith next section

2.12 Crystal Polarity

The hexagonal l attice is not c e-htagsownyimmet r
Fig. 2.5. If we consider the bonds betweenNsalong the <0001 xlirection, the vector pointing
from Ga to N is arbitrarily identified as [0001], and thaterial grown along this direction called
Gapolar, whereas the material grown in tigposie direction is called Nbolar. Therefore, the Ga
polar structure is the mirramage of Npolar structure. However, the surface properties in terms of
chimicabehavior, morphology or thermal stability are strongly affected depending on wtiether
structue is Ga or N polar. The polarity of the films can be confirmed by vanmthods like wet
chemical etching, characterization of physical morphology aomhvergent beam electron
diffraction.
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A

[0001] [0001]

substrate substrate

Figure 2.5 Ball and stick model of wurtzite showinglarity in GaN:(a) Gapolar along [0001],
(b) N-polar for [0001]

Gapolar GaN is usually preferred because it favors-dimoensional growth; orthe
contrary, Npolar GaN usually displays rough surface morphology. The @aWn on sapphire is
systematically Ggoar when grown by MOVPE, but in the casé MBE growth, the polarity
depends on the substrate preparation (nitridation or not) and on the nature of the buffér 1dyer [
11, 12, 13]. In contrastin the case of growth on SiC (either 4H or 6H), the jiglés imposed by
the polarity of the substrate. Thus,-N deposition on the (0001) face of SiC, also cafiedace,
will result in metal polarity, whereas growth on the (dQGace of SiC, theo-called Gface, gives
rise to Npolar materia[14, 15, 16, 17].

2.13 Spontaneous and piezoelectric polarization

The existence of polarization make-titride semiconductorspecial and this has been one
of the main driving force for research communitie presence of polarizations is strongly
connected tohe unit cell symmetry of the crystdlhe polarization properties exist fatnde
semiconductors in both the zincblende and wurtzite phases, which are closely related to each other
The polarization phenomena exist in two different ways as (1) Sponsfetarization (§) and
(2) Piezoelectric Polarization {f. Thus total Polarization can be expressed as

Row = Bp 1P, B, (2.2)

otal —

Thus, in case of absence of external eledeld, the total Polarization contribution is mainly from
spontaneous and piezoelectric polarization in solids.

Spontaneous polarizationin the case okincblende compound semiconductors, such as
GaAs orGaN, have four symmetry equivalent pofdrl1> axes whose contributionsliminateeach
otherin equilibrium. Hence, these materials are free of electrical polarization at equilibrium. In
contrast, the wurtzite phase has a singular polar axis, namely, the [000&$ a&kiswn in Fig. 2.6
[18]. Thus, thewurtzite phase carries spontaneous polarization along [0001] even at equilibrium.
One typical example of spontaneous polarization is shown in Fig. 2.6 for AIN/GaN interface
structure on Gdace GaN substrate.

10
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Figure 2.6 Spontaneous polarization at AIN/Gahterfaces in a heterostructure with -@Galarity,
i.e., the edirection bonds poirfrom Ga to N sites. The surface also represents tHay@ga[13].

Figure 2.7 illustrates the microscopic picture of polarization in a slab of sframGaN
[19]. Eachunit cell can be thought to contain a charge dipole that is formed due to the spatial
separation of the barycentre of the negative charges due to the electron clouds jaositithee
charge due to the nuclei. The dipoles in every layer of unit cells heaiteach othen the bulk of
the semiconductor, but form sheet chargésan the surfaces. A free Gacesurface develops a
negative sheet charge, and a positive sheet charge forms ofiabe N
surface. The net electric field in the bulk of the semittector is therefore not zero, but
E, =s ,/ ¢by Gauss's law. Note that this is the field if the bound sheet charge dipole that forms on

the free surfaces is not neutralized by the flow of mobile charges.

charge
+ve -ve neutrality

(0001)

L.

(1100)

by

¥
A memead ++ ++ 4+ 4+ + —]0;

GaN bulk (unstrained) GaN bulk (strained) Dipole sheets Bulk polarization field

Figure 2.7 Microscopic pictureof spontaneous polarization in a freestanding GaN slab

An estimate of the electric field in {Hitrides arising from the polarization shextarges
givesk a1- 10 MV/cm. Such large fields cause a major redistribution of charges in
the system. What is interesting is that these large fields are frozen into the system by means
of the crystal structure and they do have striking effects on the band diagnange, ¢
accumulation and depletion. In general, the stestdie picture is much different from the
flat-band situation one finds in standard heterostructure device ph¥ysi@ compositionally
uniform, unstrained bulk polar material that possesspsntaneus polarization, the total

11
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polarization P is constant in space and the volume densitypolarization charge vanishes
(mathematically, (B.P) =0 but (P, 0). Due to the absence ofet charge in the bulk, the

macroscopicelectric field has a magnitude, =s / ¢ where e is the dielectric constant of the
semiconductor. This electric field can be related to the sudaaggess, = P.nof a slab of the

material by @Quss' law

Bernardini et al.[20] and Ombacher et aR]] theoretically calculated thespontaneous
polarization internary alloyAB1.xN as a function of th& Because of thaonlinear dependence of
the cell internal parameter on alloy composition a mear behavior of the spontaneous
polarization versug has to be expecteB8ernardiniet al. pointed out that the different response to
the hydrostatic pressure of thaary constituents of the alloy should contribute significantly to the
nonlinear behawur of spontaneous polarization in ternary random all¢g4]. Thus, he
spontaneous polarization of the random termatyde alloys is given to second orderxrby (in

cm'?):
Pan(¥) = PXx +RJ1 » bkl ¥
P.n() = 0.090x 0.034(1 x-) 002% (1x

AlGa

PP (X)= 0.090x 0.042(1 x-) 0078 (1x 2.3)

AllnN

PR = 0.042x 0.034(1 x-) 003X (1x

The first two terms in the equations are the usual linear interpolation between thecbmpognds
(such as InNGaN, AIN). The third term embodies nonlinearity to quadratic order (see also figure
2.8). Higherorder terms are neglected as their effect was estimated to be less thamh&§%.
parameter is defined as bowing parameter for band gap calculations in whayfs will be
discussed in next sections.

InxGa'l_x N
b = 0.037 C/m?

L GaN

Alxln]_x N
b = 0.070 C/m?

pSP [Cz’mzj

Al,Ga; N
1 b = 0.021 C/m?

-0.08 ¢

=0, 110 st

Figure 2.8 Predicted spontaneous polarization for random, ternary alloys with wurtzite crystal
structure. The dependence B§pr on x can be approximated with high accuracy by quadratic

12
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equations Z.3). The notinearity can be described by positive bowing parameters increasing from
AlGaN to InGaN and AllnN21].

Piezoelectric polarizationIn practice, semiconductor layers are often grown under strain
dueto the lattice mismatch to the underlying laylarotherwords, he asymmetryn the unit cell or
the lack of inversion symmetrgan be further enhanced when strained on materials with a lattice
mismatch a source of additional piezoelectric polarizatibhe contribution®f the four polar axes
of zincblende suctureseliminateeach other for growth along<d 11> direction. However, growth
along one of the polar axes lifts the symmetry and the crgshabits piezoelectric polarization. In
contrast, the wurtzite structure with its unique pd@®01] axis alvays carries piezoelectric
polarization for any growth direction.

The piezoelectric polarization field?,,, is expressedn terms ofpiezoelectricconstantss;
and deformation of a crystélas follows:

sz = a. Qj ej (2-4a)

The equation indicates that the applied strain changes the dipole moment along the [0001] axis; as a
consequencat induces macroscopic polarization with magnitude linearly dependenthe
polarization tensor of the material. The equation can be written in a different form:

P.= a dijsj (2.4b)

Wherg Py, is linearly related to all components of general stieasd piezoelectrimodulid;. Both
t he above equations tell t helawswhioestagamnmforsmpatl and
stress, the amount of strainpportional to the magnitude of the applied stress. Therefore,

s;=agc ¢ (2.4c)

Where Cj is the stiffness or elastic constant tensor. In this thesis we will stiek(th; C;) for
theory and calculations for the sake of uniformity the case of wurtzite structure, due to the
crystal symmetry, the elastic mstanttensor contains five independent coefficients, as described
below:

%, C, C,0 0 O
Z:lz C, C30 0 O
&313 C13 C33 0 O O
C 2 S]
ij:&O 0 0 C44 0 0 (2_5)
) 0 0 0C, O
e
0 0 0 0 0O %(Cﬂ-clz)
¢

The value of elastic coefficientexperimentallymeasured antheoreticallycalculated by averal
groups forlnN, GaN and AIN are summarized in Table 2. 1|

13



Chapter2

Table 2.1 Experimentabnd theoretical stiffness constants of InN, GaN and AIN in GPa

Cu Cu Cis Cas Cus References
271 124 94 200 46 [22] theory

NN 223 115 92 224 48 [23 theory
374 106 70 379 101 [24] exp.
396 144 100 392 o1 [27] theory
367 135 103 405 95 [23 theory

GaN

AN 410 140 100 390 120 [25] exp.
396 137 108 373 116 [23] theory

During heteroepitaxy of lhitrides on the (0001) plane, the-pfane stress isiniform
(s, = § = ¥and there is no stress along thexis or shear stress. In thgdrticular case (biaxial

stress configuration), equation42) gives:
ey = ﬁ z e= 2'(C13/C33) X (26)

where,e,=(c )/ G, and ¢ s e(a g+ g ¢ andsre unstrainegarameters.

Due to crystal symmetry we have only three-zeno independent constarmts,
€31 andeys, so that equation (2a%can be written as

ag

e

80 0 0 0 g, ogﬁ2

P — 3
P,=) 0 0 g 0 0=

&1 e, g0 00 93?9:

&

With eq. (2.6) and (2.7), we obtain that the in the case of biaxial giezoelectric polarization
vector is along [0001] axis and the module can be obtained by:

&

2.7)

o

a C
sz[0001] =2 €, a8 '%3£
¢

33

(2.8)

O
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with the piezoelectric constantss and e3; and the elastic constan€;; and Css. Hence, the
piezoelectic polarization is along [0001].

As a consequence of equatioR. 7 and of the linear interpolation of the elastic and
piezoelectric constants, the piezoelectric polarization is nonlinear in terms of theaatippsition.
The nonlinear dependence of theezmelectric polarization on the allogomposition can be
approximated with accuracy better thi¥ by the following quadratiequations 21]:

P (X =[ 0.28x 0.113(1 x) 004X (1 x )inCn¥

P vean(®=[ 0.0525x 8.028X% (L x-)[nC n¥ (2.9)

P wan(®=[ 0.026(1 x) 0#024& (1 x )InCn¥

P (X =[ 0.28x 8.104x (1 x)]inC n¥

P ncan(X=[ 0.0525x ©.148(1 x-) 00938 (1x }hCnf (2.10)

P san(X=[ 0.182(1 x) 009X (1 x }nCnr

PP i =[ 0.113(1 x) 0:027& (L x )InC nr

Prcavean(¥) =[ ©.148x  0.0424 (1 x-)jnCn¥ (2.11)

PP an(X=[ 8.182(x) 8.026(1 x-) 0:0458 (1x YhCnr

For heterostructures with barriers under moderate §2ainthese equations can be used as
an input, either directly as polarization, as interfaoand sheet charge, depending on the
implementation, in a selfonsistent Sclidingeii Poissonsdver based for example on effective
mass or tighbinding theory.

Thecal_cylated nonlinear piezoelectricity of the binary compounds can be described by the relations
(in C-m'?):

P¥ = 1.80& 5.6242 for e! (2.12a)
P = 1.80& 7.8882 for el (2.12b)
P2 = 0.91%& 9.5412 (2.12¢)
PP = 1.37% %.559% (2.12d)

Therefore, the calculation of thgiezoelectric polarization of an,Bs;ixN alloy at any strain
becomes straightforward. Oran choose a value fgr calculate tk strain = Ux) fromVe gar d 6 s
law, and the piezoelectrfolarization by

P (X)=xER(e(%) €1 3 BI( e (2.13)

where, P (e(X), Rix( €X) are the strain dependent bulk piezoelectrik fiwlarizations of the
relevant binary compounds mentioned above.

Polarization constantsThe spontaneous and piezoelectric polarization constants for InN,
GaN and AlNare indicated in Table 2. lllJsually, materials constants of group nitrides are
determined byab initio densityfunctional theory (DFT) calculations in the framework of the local
densityapproximation (LDA).In the case of spontaneous and piezoelectric polarizediostants, it
is important to note that these materials constantgattirely on structural datsuch as, e.g., the
lattice constant ratio/a and the aniortation bond lengtluc along thegf0001] axis We observe that
the magnitude of piezoelectric constaistsen times higher than GaAs or CdTe compounds, due to
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the strag ionic character ofhe IlI-N bond. In bulk materials, rearrangement of surface charges
cancels spatiallyuniform polarizationrinduced electric fields. However, for heterostructures,
variation incomposition and strain induces internal electric fieldhenlayers

Table 2.1l Spontaneous and piezoelectric coefficients of varsamsiconductorgl9, 21]
Note no spontaneous coefficients for GaAs &uile (cubic symmetry materials)

Pss (C M) e31(C m?) e&s3(C m?)
InN -0.032 0.57 0.97
GaN -0.029 049 0.73
AIN -0.081 0.60 1.46
GaAs - 0.06 0.12
CdTe - -0.01 0.03

2.1.4Polarization in Heterostructure and 2Dimensional ElectronHole Gas

The band gap of GaN isarrowerin comparison tahat of AIN. Any abrupt change in
material results in abruptahd offset at the semiconductor heterointerfabech must be stepke
in normal cases. However, the differencespontaneous and piezoelectric polarization across the
heterointerface affects the bastlucture to a large extent in-I, leading to chaye depletion or
interface chargeiccumulation. The amount of charges at the interface depends on the strain and
material composition.
As mentioned above, the total polarizatiBnis the sum of the piezoelectric asgontaneous
polarization,

Paen = Paan +PASI§N (2.14)
Associated with a gradient of polarization in space is a polarizatéuced charge density
given by
ro=-E (2.15)
As a special s, at the surface of a relaxed or straing8hAN layer, as well as at the

interfaces of a B1;xN /GaN heterostructure, the total polarization changes abruptly, causing
fixed two-dimensional polarization charge densitygiven by

Soa= Sen Pasn Plan - for surfaces  (2.16a)

Spolz ‘S:ABN/GaN :PGaN PABN
— pz SP pz SP
_(PGaN +PGaN) ('PABN P.'AB
16

for interfaces (2.16b)
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Figures2.9 (a) and (b) show the polarizatioamduced surface and interface sheensityll / e
(e = 1102 x 10*° C) for relaxed and strained binary nitrides aslvesl for pseudomorphic
AxB1i xN/GaN heterostructureS.he (spontaneous) polarizatiomduced bound surface density of
relaxed INN, GaN andIN crystals is determined to be62 x 10, 2.12 x 10" and 562 x 10"
cm 2, respectivelywhich is equivalent to@proximately two and five electron charges per every
100 surface atomdf a biaxial compressive strain of eld.= 002 is applied to the crystals, the
surface chargeare reduced t0.02 x 10'3 0.74 x 10" and 322 x 10" cm' ?, respectively (figure
2.9 (a)). For compressive strains in INN, GaN and AINW@f= 01025, 10.030 andi 0.045 the
piezoelectric polarization compensates the spontaneous polarization and the strainedlooydthls
be without surface charge and internal electric field. As cansden from figure2.9 (a),
compressive strain reduces and tensile strain enhances the bound surface charge. It should be
mentioned that for relaxed layers grown alongdiais on a substrate of choice, the surfeltarge
is positive (negative) for mateliaith N-face (Gaface) polarity.

As in ferroelectrics, the bound surface chazge be screened by oppositely chargedace
defects and adsorbed charges from the environméhtlfZhe screening of theurface charge by
defects or the ambient is natraplete, the carrier concentration profilaside the crystals will be
affected [Z]. For example in slightly #type doped Gdace GaNgrown onc-Al203 substrates free
electrons are expected to accumulate at the GaBAtterface compensating the posgibound
(mainly spontaneous) polarizatiomduced interfaceharge 4, whereas the negative surface charge
on top of the GaN layadrl is only partiallycompensated by the ionized donors. As a consequence a
significant band bending at tiéa-face GaN surface is expected.

Since screening by charges from the ambier,8t;\N/GaN interfaces can be excluded,
polarizationinduced effects are much easier to study in heterostructures in comparisamgligh
epitaxial layers. For pseudomorphic-@ae ALGay;N/GaN (0< x O1) andAlyny;N/GaN (071
< x 01) heterostructureghe polarizatiorinduced interface chargese predicted to be positive
(figure 2.9 (b)). In both cases the bound charge increases nonlineigilyx up to 706 x 10" cm'?,
estimated for the AIN/GaN heterostructure. Forf@ee In,Gay ,N/GaN (0< x O1 ) and Aklny N
/GaN (0< x 00.71) heterostructureg is found to be negative. Again the polarizatioduced
interface density changes in a nonlineaanner if the alloy composition is varied. For
pseudomorphic INN/GaN heterostructuregeay high value othe bound sheet density of .44x
10" cm 2is calculated.

In n-type heterostructures it has to be taken into account that free electrons will accumulate
at interfaces with positive bound sheet charges, compensétiig-a consequence a 2DExEh a
sheet carrier concentration close to the concentration of the bound interface dengitar be
formed. It should be pointed out that these 2DEGs are realized without any neethdfilation
doped barrier. This is of special interest for the fabricatiomigh-frequency andhigh power
HEMTSs, as the growth and processing of these devices is significantly simplified.
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piezoelectric and spontaneous polarizat the surfaces in dependence of biaxial strain apiplied

the basal plane. (b) Bound interface density of pseudomorphic AlGaN/GaN, InGaN/GaN and

AllInN/GaN heterostructures grown on relaxed GaN buffer layers witfiaGa polarity. Positive
(negative) pdrizationrinduced interface charges are screened by electrons (holedype ip
type)samples, causing the formation of teionensional carrier gasgko, 21]

The polarization difference results in a fixed charge sliggtat the heterointerfacéow,
let us try and identify the modification in the band diagram introduced byfiked interface

charge.In general, heterostructures are grownf&se GaN substrate so we will focus on GaN

based heterojunctionEigure 210 shows the sign of the polarizan vectors and theesulting iy,
for different cases.

AIN buffer
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Figure 2.10 Polarization directions and sheet carrier density in GaN and AlNdiféerent
conditions of strain in: (a) unstrained GaN or AIN or InN (b) terstil@ined AIN grown on relaxed
GaN buffer (c) Compressive strain€&N onrelaxed AIN buffer, (d) Compressive strained InN on
relaxed GaN buffer.

For instance, in the case of AIN strained on GaN, ble¢hdifference in spontaneous and
piezoelectric polarization lies in the same directilmading to positivell,o at theinterface and
hence to the formation of a tvebmensionaklectron gas (2DEG) in GaN by rearrangement of free
carriers.Conversely, when GaN is compressively strained on an AIN buffer layeppthgzation
difference have opposite sense, leading to thegéy,o, and hence to depletion region in the GaN.
The corresponding band diagrams are depictéid.ir2.11.

@ an GaN (b)

2DEG

\r’

Figure 2.11Schematic description of the potential profile at nitride heterojunctions

__/l\

GaN AIN (c)

[0001]

The builtin electric field in 1IEN heterostructuresffers many interestingproperties to
emerge, which can be eithemgineered accordingp our advantagtr device design. For instance,
the 2DEG formed at the GaN/AlGaN interface canused to fabricate high electron mobility
transistors (HEMTSs), with sheearrierconcentration comparable to those obtained by doping the
channel. Since the structurae nonintentionally doped, the mobility is not degraded on scattering
by the presencef ionized donors which is the case.

2.1.5 High Power High Frequency HE MT 6 sin(AlYBaN/GaN

Until recently, AlGaN/GaN material quality has been insufficient to produce lyggity
microwave devices. The recent improvements in GaN material quality thatthbofabrication of

high frequency transistors have largely beemeh by thecommercialization of GaN for optical
applications. These applications were madssible by the implementation oftype doping in

GaN by Amancet al and theimproved ptype doping cooentrations by Nakamura in 1992 [28,
29]. The originalapgdications for the Group [INitride material system were laser diodes, light
emitters,and UV detectors. Due to the direct, wide bandgap of these materials, these devices have
been implemented in a wide range of color applications from the UV to visibleling displays

by incorporating varying amounts of Al, In, and Ga with a large degreeromercialsuccess [9).

Morer ecent | vy, Al GaN/ GaN has been higtspever devices. HE M
Taking advantage of the piezoelectric charge fornairtigyo-dimensional electron gas-REG) at
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the AlGaN/GaN interface, many researchkra ve been abl e to i mpl emen

currentcarrier densities an order ofagnitude higher than those formed with AlIGaAs/GaAs. The

high temperature stabilitgf GaN compounds and high breakdown voltage of these materials allow

very highdensity power operations which greatly exceed the power handling abilities of all other

materi al systems to date with the exfreqgndyi on ¢

response and power handling, their implementation has been lamgsiliccessful due to the

inability to make high enough qualitytgpe GaN and reliable ptypghmic contacts [30, 31]The

pt ype ohmic contacts bei emughfos miccowave deviceEOhink ar e

contacts to f#type GaN have been highbuccessfu[32, 33] Most IlI-Nitride microwave device

research is currently focused drE MT 6 s, wh i c htype emqia comtaets onl y n
Nevertheless, a great deal of research is ctliyréscused on the substitution of the AlGaN

barrier with an IQAI 1_XN barrier[34, 35, 36].The motivation for such a shift when AlGaN/GaN

HFETs are already near adoption is essentially the ability to induce an even larger carrier density

13 -2
(>2.5 x 10 cm ) due to the relatively large difference in polarization at the interface where the 2
dimensional electron gas (2DEG) resides coupled with the larger conduction band offset afforded to
INAIN as compared to typical AlGaN barrier layers, resulting in betierier confinement in the
gquantumwell [37]. Additionally, the pairing of INAIN with GaN is attractive because these
materials can be lattice matched, circumventing strain related maladies that plague the AlGaN/GaN
system[34].

ngh sheet density coupledlth respectable mobilities at room temperature (for example,
-2 16 -1 -122

n: =2.6 X 10 cmand ¢ = 1/§I(/§’f6r a praduct of over 3x10V s ) promises high current

den3|ty in INAIN channels. In fact, record current densities of 2.3A/mm and 2.8A/mm have been
achieved with forward biased gates in DC and pulsed modes, respef3®ERegading device
scaling, Medjdoulet al showed no change in sheet carrier density down no%nd operation

down to 3nm InAIN barrier thicknesses, demonstrating the benefits in terms of scalibility of InAIN
barrier layers over AlGaN barriers. Additionallyhe same grqu [38] demonstrated FET
performance at 1000°C, which may have never been demonstrated in ANY device prior to this point

0
and upon returning to room temperature after operation at up toQ,0dGppears thaItD, gate

leakage, and pinchoff valges are all preserved. These factors motive the further development on
InAIN -based HFETSs. In the following we will discuss our own results, discuss the spectre of hot
phonon lifetime, which limg the ultimate performance of the HFETSs, and provide expmstah
evidence of the ability to tune the hot phonon effects, resulting in enhanced microwave performance
and reliability of InAINbased HFET devices.

State of the Art Transistors Even though GaN and related compounds still have a large
number of growtre | at ed def ects compared to other mat
heterostructures have i mpressive pédavitesframhnce.
fuax as high as 101 and 150 GHz have been reported for AIGaNFGENM T 6 s on 8si C s U
[23, 25] Other researchers report very high power operation saithrated output powers as high as
10.7 W/mm at 10 GH{31-33]. There have been masyu c c e s s f u | attempts at
various substrates for improved powssipation. Microwave ggications include mobilghone
base stations, nemobile wireless systems such as fixed wireless access systems, wireless local
loop systems, olocal multipoint distribution systems, and military applications such as tracking
systems, communications, afequency jammers. GaN based devices are touted as being the
material of choice for high performance devices for use in harsh operating envirosmeatthey
require less coolingnAIN/GaN based transistors are more promising as they offer betterfedpe
to AlGaN/GaN based devices.
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2.16 Band structure of Il -Nitrides

a) Band diagram

The bandgaps of Hhitride semiconductors cover a wide energy range that fyjoes the near
infrared to the deep ultraviolet (Several groups have investigated tdestrantures of both GaN
and AIN usingdifferent methods such as the-aléctron relativistic, full potential, linearized
augmented plane wave (FLAPW) methd9,[40]. The bandstructures of GaN and AIN are
represented irfig. 212, showing direct band gawith the conduction and valence band minima
situated at the O point.
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Figure 2.12Calculated band structure of GaN (left) AIN (rig[89, 40]

Due to the asymmetric nature of wurtzite structure the valence band degesdiftey due
to the crystal fieldand spirorbit coupling. Thus the heavy hole (A), lightle (B) and spitorbit,
crystal field splitting (C) subbands are separated. Thelbbaeds e t hei r symmetry a
id9 for A and @07 f oshowB in&ig 83 18 the catelio@aNdtise, enesyp
difference between the valence band b b ands iEg =g 6 Vv el A8y ey, with the
values of degenerachy the crystafield and spiror b ikt= PO me ¥ =dh theV @
respectively(41] . I n t he (=258 me¥fie. thd tdp,of tlep C subband is at higher
energy than the A or B subbands.
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Figure 2.13Schematic representation of the valebaad splitting in wurtzite GaN

The band gap of binary compounds like GaN and AIN have been well estaliisgdzhck,
but lot of ambiguity surrounded InN until the year 2001. Now a consdmstideen reached on a
value 50% lesser than previously obtained values of 1.948)/ Advances in epitaxial growth
techniques have allowed fabrication of singfgstal InN exhibiting adndamental gap of ~ 0.62
eV. The band parameters for GaAIN and InN have been summed up in Table 2.1l. For ternary
compounds like AlIGaMr InGaN the band gap is approximated by a quadratic equation:

E, (AB)=XE, (A) +(1- X)Eq (B)- X(1- X)b (2.17)

where, wiere Ey (A) and Eg (B) are the bandgap values for the two binary compounds. Various
valuescan be found in the literature for the bowing parambteas it strongly depends on the
sample strain state and qualifihe bowing parameter has value efl15 eV |3, 44] in the case of
AlGaN. In that context, some recenwbrks have succeeded in establishing widely accepted values:
1.4 eV for InGaN alloys and-6 eV for the AlInN alloy. One nevertheless should keep in mind that
Equation R.17) is a phenomenologicadescription. Recently, the bandgap of AlInNN was
successfully describedwith a composition dependent bowing parameter of the form
bainn=15.3/(1+4.8X) [45].
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Table 2.1V Band parameters of InN, GaN and AIN

InN GaN AIN

E, (@ 300 K) 0.66+ 0.02 3.40 6.2
E, (@ 0 K) 0.62+ 0.02 3.48 6.28
U 0.414 0.909 1.999
b 454 830 1429

V) 15.3 8.9 8.5

VY 8.4 5.35 4.77

In semiconductors, the band gap depends upon the temperature mainly dudatbcthe
expansion and the electrattice interaction. The evoliain of the band gawith temperature can
be represented by the expression below proposed by Vatsinj46]:

art?

2.18
b+T ( )

E,(T)= E, (OK)-

where Uandb are constants calculated taking into account the elepttononinteraction.There
are widespread values reported in the literature. In my calculatiosgdl the values published in
ref. 41for simulation of GaN and AIN heterostructures

b) Effective masses

Figure 214 s hows the bands around theeiltpainti
symmetryisheavylaong al |l the k direct i onisstance lightaléng i s
kx and k directions and heavy along kor GaN. It is thereforemportant to account for such
anisotropic effective masses during band eeeiimg design of heterostructures. Tablé/ dists
reported values of the average electrontaold effective masses of AIN and GaN materials
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Figure 2.14 Valence band structure of (a) GaN (b) AIN, indicating the anisotropy

For small values of thke vedor near the center of the Brillouin zorn® ¢(hedispersion of the bands
is expressed within the parabolic approximation
21,2
E(eh)=E,, (k=0)- Z a

\ (2.19)

h
where mg* andmy* are the effective masses of the valence and conduction band, respectively

Table 2.V Effectives masses for electro(me/m0), heavy (hnhit/m0 and light (nih*/m0 hole
parallel €) andperpendicularg) to the polar [0001] axis in isotropic approximation around the
point. Values are taken froref.47

Me/Mo | Me/Mo | M /Mo | Mpn /Mo | min /mo | mi /mg
() (€) () (€) () (€)
GaN 0.2 0.2 1.6 1.1 0.15 1.1
AIN 0.4 0.4 10.42 3.53 0.24 3.53
INN 0.07 1.63 0.27

c) Band offsets

Heterostructures, with band discontinuities for valence band (VBO)anduction band
(CBO), have dual importanceptically and electrically: optically thegan be used to form
waveguides and electrically to observe quantum phenomenath&oGaN/AIN, InN/GaN and
INN/AIN systems, the band offset presents a typmrifiguration, i.e. in a quantum well, both
electrons ad holes are confined in tremaller band gap material. Tablesv2. 2.VII and 2.VII
give the theoretical an@xperimental values of band offsets for different binary compound
combinations.
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Table 2. VI GaN/AIN valence band offset (VBO) and conductiondaffset (CBO)

CBO (eV) VBO (eV) Details and refs.
1.8 0.8 GaN inplane lattice [8]
- 0.87 Relaxed GaN/AIN[9]
2.1 0.7+0.24 [50]
1.78 - [51]
Table 2. VI InN/GaN band offsets
CBO (eV) VBO (eV) Details and refs.
2.2+0.1 0.5 [52]
2.2240.1 0.58+0.@ [53]
1.82 0.85 [54]
Table 2.VIII InN/AIN band offsets
CBO (eV) VBO (eV) Details and refs.
4.0+0.2 1.52+0.17 [53]
2.45 1.81+0.2 [47] ,[52]

2.2 Defects in llIFnitrides structures

In general, alefectin a semiconductor crystal is definedaakad of crystal perfection in a certain
region of the material The properties of materials are often controlled by defects and impurities.
This is particularly true in the case sémiconductors, where the incorporation of impurities in
small concentrationsletermines the electrical conductivitipefectsin semiconductorsan be
classified according to their geometrical configuration it categories: (apoint defects (0O
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dimensional) andb) extended defects {8 dimensional)Point defects are usually mstrained to

one, or at most a few atoms ac&h be divided into native defects and impurities, as well as their
complexes In later case, region of defects can be extended to whole thickness of the materials.
Extended defects include dislocations (1Dagcking faults and grairor phase boundaries (2D), as

well as larger suctures such as atomic pretapes or larger voids (vacancy clusters) in the crystal
structure (3D).The fabrication ofp-type andn-type doped layers underli¢ise design of virtuajl

all electronic and optoelectronic devic&s. achieve such control, comprehensive knowledgbef
fundamental processes that control doping is requiredrder to understand the physics of defects
and their role and control, one needs to understamdalfowing topics which are still open in
semiconductor research community:

a) Defects Observationwith various Spectroscopy techniques such as Deep Level Transient
Spectroscopy (DLTS), Noise measurement spectroscopy (NS), Photoluminescence (PL),
Positron Aanhilation Spectroscopy (PAS) and microscopy techniques such as Transmission
Electron microscopy (TEM), Scanning Electron microscopy (SEM), Atomic Force
Microscopy (AFM) etc.

b) Defects correlationwith theoretical calculation such as Density Functional Th¢DFT)
in correlation with Local Density Approximation (LDA) and experimental results

c) Role of Defectson materials/device properties in order to understand the problems and
improvement

d) Control on Defectsby acquiring enough information from above menéd points in order
to achieve better properties in materials/devices

2.2.1 Type of Defects
Here we, revise the brief information on different type of defects:
a) Point Defects

Point defects are usually constrained to one or at most a few atoms and caddekinto native
defects and impurities, as well as their complexes. Impurities are foreign atoms in the lattice of the
host materialand can be present either on lattice sites, i.e. substitutional or intepsigigbns.

Native defects are formed Inyere modifications of the ideal

lattice structure. These can be empty lattice sites, i.e. vacancies, atdmstwhich are displaced

into interstitial positions, i.e. seifterstitials In the case of compound semiconductors such as InN,
GaN also antige defectscan be formed by atoms occupying opposite-latiice sites. Frenkel
defects are nearby pairs of vacancies and interstitials. Schottky defectacancy pairs created by

the simultaneous removal of a two opposite

atoms in compound semicondors.

b) Shallow and Deep levels

In order tounderstand the influence of defects on electronic properties they need to classified in
terms of the electronic states within the bandd#&e electricatharacteristics of defects are mainly
given by the positiorof their electron states in the energy g8pallow defects are called those
whose levels lien close vicinity of band edgese(v tens of millielectronvolts(meV) from the
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respectiveband edgés while deep defects have electron states lying furthen ftbe bands
Shallow statesresemble hydrogenic atoms, with energy levetsl Bohr radii correspondingly
scaled due to the relative dielectric constant of the material atiteteffective electron mass.
Shallow level defects are efficient donors (acceptand can batroduced intentionally for(p-)

doping of a semiconductoin contrast,deep level defect@re highly localized defects that
constitutesevere perturbations of the local electrastrticture and induce energy levels deep inside

the bandgp. As the energy required to induce transitions from the nearest band edges to the defect
level is usually much larger than the thermal energy (25 meV at 300 K), thus deep level states do
not enhance the conductivity. However, they can act as efficiemgrc@aps and recombination

centers. One typical example is shown for GaN in Fig. [R3p

Conduction Band

L ” 30meV 280 meV
Shallow S1

donor

Red band

Yellow band

Eg=343eV _
Violet band

1.08eV — Shallow Mg

acceptor

Valence Band

Figure 2.15 Presence of shallow and deep levels in GaN semiconductor
c) Extended Defects

Extended defects include dislocations (1D), stacking faults and grgiinase boundaries (2D), as
well as larger structures such as atomic precipitates or larger voids (vacancy clusters) in the crystal
structure (3D).

Dislocationscan be divided into two extreme cases, i.e., screw andtgdgeislocations.
A dislocation can be described by the -salled Burgers vectorThe edge dislocation has
orthogonal to the dislocation line, whereas the sal@alocation has parallel to the dislocation
line, shown in Fig. 2.6. Edge dislocations can be imagined as an extregplaalé of atoms inserted
midway through the crystal lattice. To visualize a screw dislocation, a crystal is cutayaiflong
a lattice plane with one hadtipped across the other. Edge and screw dislocations can be identified
by their Burgers vector, whirt represents the magnitude and direction of lgtece distortion
connected to the introduction of the dislocation. In ediglocations, the Burgers vector is normal
to the dislocation line directiomy screw dislocations parallel. Dislocations with tbgiarallel and
perpendiculacomponent in the burgers vector are mixed dislocations.
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Edge dislocation

Screw dislocation
Figure 2.16Representationf Edge and Screw dislocation with respect to burger vector

The electrical activity of dislo¢ens is an important parameter simitarpoint defecs, it
has been proposed th@islocations may introduce electrorstates in the bandgap. Scattering at
dislocations can affect the electron mobility. In GaN, it is found that, due tbighedislocation
density, vertical transport is favouredtlwirespect to lateral dnsport. Mreover,the scattering
efficiency of dislocations depends on their charge, which, in turn, depends on theariiee
concentrationlIn lll-nitride, dislocation has been main cause of leakage in HEMT devices and
efficiency droop in optoelectronic deviceSimilarly to point defects, dislocations provide non
radiative recombination paths which canha@mful in optoelectronic devices, and represented one
of the major degradation and failure sourtesGaAs based LEDs andders. Despite huge
dislocation densities, GaNased LEDs showery efficient luminescence properties

Stacking faultsand grain or phase boundaries are the main planar defaatacking fault
is formed by a spatially limited alteration of teeackingorder of the atomic planes. Grain and
phase boundaries describlee sudden change of the crystallographic direction or phase. Three
dimensionaldefects include, e.g., atomic precipitates or larger voids (vacancy clusters) in the
crystal structure. One tigal example is shown in Fig. 2.17 as proposed by Potin et al. [56] for GaN
on sapphire.

[o001]

o

=0

nzel el

ay EX] n¥  mZ  mo aw

Figure 2.17Representationf stacking faults for GaN/sapphire [56]

2.2.2Thermodynamics of Defects

Thermodynamicss an essential tool for understanding the trampmoperties of defects. In
general, all kind of properties of defects can be characterized by using thermodynamics laws. The
parameters such as defect concentration, diffusivity of impurity atoms and annihilation strongly
depends on temperature variatiime concentration of charged defed¢fsarticularly in GaN and
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alloys) moreover, depends on the Fermi energy, which, in turn, depemdsly on the
concentration of shallow dopants in the material

At thermal equilibrium, the Gibbs free enei@yf a sysém is defineds the difference
between the enthalgy and the product of absolutemperaturd and entropys. The change in
Gibbs free energformation of a defecgiGg, in a chemical reaction is givers:

DG. =| T-S (2.20)

where, H is the defect formation energy enthalpy,isSthe formation entropylhe introduction of
defectss ncr eases t h e asavellyastseatiogy.sTheesfore, ldefdctp will be formed or
annihilated until the thermaquilibrium is reached, i.e., the Gibbs free energy is minimig&#<£
0). At thermal equilibrium, the concentration of a defect loarcalculateds

C=N_N

conf sitesexp( -GF/ kBT) (221)

Where, Nontis number of equivalent configuration of defects and thesié number of available
sites per unit volume angsk s t he b ol t Fongractica calcubatioastusiAT,. Gr is
often identified with defect formation enerds,

If the defect is charged, as in the case afoaorlike defect which can donateelectrons, the
formation enthalpy depends on the Feemergyas:

s-1
H.=H., & (E. E™) (2.22)
n=0

whereE™ is the energy of the n+1/n transition st&ejs the Fermi energy artdg, is the
formation enthalpy of the neutral defect

The defect formation enerdy , defines the equilibrium concentration of a certain defect at
aparticulartemperature; a high formation energgrresponds$o a low defect concentratiaic. For
increasing Fermi level, the formation enexfya negatively (positively) charged defect decreases
(increases). Thereforéhe formation of charged donors (acceptorskess [favorable undertype
(p-type) conditions, but becomes advantageous when approachyme n-type) conductivity.
This leads to the concept of seimpensationj.e., the compensation of dopantuced free
carriers by the formation ofative pointdefects

2.2.3 Defects and HEMTSs key problems

As an emerging technologynitrides has shown very good success in some area of markets
but still lag with some key problems to achieve its full potential for various applications. As
mentioned in above disssions that high number of dislocations causes high leakage current in
HEMTs devices and degrades the device performances which are an important issue for reliability.
The key issues with Nitride semiconductors are (a) problems with growth of high gtraldiures,

(b) defect formation/generation at high temperature in devices. Thus, temperature control needs to
be optimized for better growth and device design depending on the defect generation source. The
main problem with growth of nitrides has been 1aek of a native substrate ftine growth. The
common substrates are sapphire, SiC, andh@h are commonly used for HEMT devicasd as a
consequence Dislocation density is really high and order 109 cm®. These substrates do not
have wurtziticstructure,so growth and optimization on these substrates has been a long standing
area of researchn last years nearnative substrates have been achieved through growth of thick
GaN films, typically grown by MOCVD or HVPE, on a foreign substrate, whiglhen removed
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usinglaser ablation, removal of a sacrificial layer, or other mechanism. Thesaate@ substrates
have low threading dislocation densities in trder of 10° cmi?, but their cost iso high which

c a n ousedfdr eommercialization @ per now. The evidence of the leakage caused by dislocations
is evident in Fig. 2.18 where the threading dislocatiw@diated carrier transport in heterojunction
bipolar transistors (HBT) causaspronounced increase in leakage current over the windaanreg
where the TDDconcentration is significantly higher than the wing regidn.[ Further evidence of

the roleof dislocations is found in several scanning probe and transmission electron microscopy
experiments. Hset al. used scanning Kelvin force, sgang capacitance, and conducta®mic
forcemicroscopy to suggest that screw dislocations are the primary source of leakaget in Ga

rich MBE-grown films while mixed and pure edge dislocations are negatorelyged[58, 59.
Chernset al. determired that edge dislocations were negatively chamgedtype MOCVD-grown

GaN and positively charged patype material using electrdrolography[60].

Leakage Current [A]

005 0 5 10 15 20
Applied Bias [V]

Figure 2.18 Variation of kakage current of heterojunction bipolar transistors (HBT) on lateral
epitaial overgrowth(LEO) window and wing regions. The leakage is reduced for the wing region
by four orders ofmagnitude as compared to the window redf].

Several issues can arise in HEMT devices that can affect device performance and operation.
Many of these problems dictate device design considerations such as field platiitigtde the
problems, but this is done at the expense of reduced max operating frequesseydefects can be
categorized as DC or RF according to which frequency range wheyeare primarily seen. Gate
and buffer leakage (DC phenomena) reduce the operating voltage range by limiting the gate voltage
for gate leakage and the draaurce voltage fobuffer leakage. Several deviations from the
expected RF performance of HEMTsisgtxand are generaliiermed as dispersion. The dispersive
effects can only be caused by defects andhssting, scalthough the focus here is on defect
related phenomena sdieating should not bevoided

According to Morkod61], the most common andgnounced effect in HEMTs is gate lag.
Gate lag is used to describe the slow transient response of the drain current and tgpécaltp a
change in gate voltage to more positive values with a corresponding slow inoreasi@ current.
Because the rdin current increases with time, shiating cannot be thsource as increased
temperature results in increased elecipbonon scattering that resuits decreased current flow
[61]. Therefore variations in the gate potential must cause trapping/degagipdefects under the
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gate or in the access regions, but specific defects have petidentified61]. An example of the
temporal dependence of the drain currenth@ngate switching is shown kig. 2.19. The gate lag
exhibits a bias dependencedemced by the differences in response in Fig. 2.48db where it is

clear that multiple onsets are visible indicative of multiple traps contributing to the drain current
response. Several type of failures are observed by researcher in recent yeakéTodediEes such

as High voltage gate stress, high voltage dsaiarce, high time stress and found the generation of
defects and appearance of some spots near-Biaid region [62, 63 ] and confirmed these tests
with various experimental techniques suchs &canning probe microscopy (SPM),
Electroluminescence (EL) etc. The passivation and surface treatments themselves can also be a
potential source of degradation as Shéis been shown to potentially deteriorate with time [61].
Surface passivation has bemmintegral part of reducing dispersion increasing output power density
[64] but the long term reliability is not as well understood yet.

(@ 0.8 T T T T T T T (b) 0.05 T T T T T T T
—_ L  Experimental
g 07 4{E 004} Passivated device @) i
£ 06F E 3)
< o5l Experimental 1<
g Passivated device 1= 003f 1
o 04Ff oV 18 r -4V
3 L 13 o002 .
© 03 Ves -7V ] 2 Vgs 12V
§ 02¢ 18 oo .
o 01F VDD=1OV 1= ' VDD=1.5V
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Figure 2.19Experimental draiturrent versus time waveformin response to a constant drain
voltage of 10 V and gatsource voltage stepped from (&)to 0 V and (b}12 to-4 V. The

HEMT was in series with a 50 - resistor attached to the drain terminal. This HEMT exhibits varying
degrees of gatsnduced lag due to trapped charge [65].

The source of these failuresas open question with many possible reasons. Fig. 2.20 shows
potential mechanisms contributing to HEMT failure and the regions of the device
where this is from a more device perspective. From a more materials aspect, the role of point
defects, point defédormation, the high dislocation densities, interface and surtaéd
defects, and the sources of the defecksgkly essential to be well understood

Hot electrons and phonons
Electromechanical
thermal coupling

Passivation <
Gate tunnel current
and surface traps

Drain I
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Source

AlGaN

2DEG
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Space charge hmited Interface effects
current and nonlinear Charge dipole domain

Substrate (SiC. Sapphire) and breakdown

Figure 2.20 Possible mechanisms contributing to HEMT degradation and failure are represented
[60]
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Chapter 3

Experimental techniques

In this chapter, | mainly discuss the primary toolshich have been used for
characterization in this thesis. The chapter mainly discusses the electrical characterization tool like
IV, CV and defect related characterizatidh TS and optical characterization by absorption based
spectroscopy methods.

3.1 Curent -voltage characterization

CurrentVoltage (FV) characterization is basic and important experimental technigue
semiconductor device physics. First, thé tharacteristics give informaticebout the operation of
the sample as a devicBor examfe, thel-V characteristicof a diode, evidencing its rectifying
properties significantly differ from the tV of an Ohmic resistor; the-V of a transistorevidences
which the amplification or logical capabilities of the device are, and many other eesgopld be
mentioned. Secondly, theM characteristics give a significant amount of physicébrmation.
From the analysis ofV data it is possible to draw conclusions about the preserdef@tts, about
the quality of the contacts, the potential bars governing the transport of chartfee presence of
heterainterfaces, etdn the following the main applications of this characterization will be shortly
revised. For a in-depth analysis, many handbook® semiconductor materials and devicespff
the detaild1, 2, 3]

3.1.1 Schottky Contacts

Schottky and Mott independently suggested a model for the rectification mechanism and
pointed out that the observed direction of rectification could be explained by supposing that
electrons passed over at@uatial barrier through the normal process of drift and diffusion.

Theory of Rectifying Metal-Semiconductor Contacts

The basic theory of these contacts is presented in ref. 3 and 4. Figure 3.1 shows a schematic of the
band structure of an unbiased meginiconductor contact.
The SchottkyMott theory is expressed as follows:

fb: (ﬁ T s (31)
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where,
f, =contact barrier heigh{ at zerobigs

f..=work function of the metal
¢, =electron affinity of the semiconduct

Electron affinity can be expressed as
c.= {{E. Ey) (3.2)

where,
fs=work functionof the semiconduc

E. =conductionaband energy ineV
E; = Fermienergylevel ineV

Vacuum level

SIS Eeses e \
N oy
d)m ¢> s
N B
¢h E
I - 1 | [P T ........ I
- X, > :
= E,
1
]
E,
Metal Semiconductor

Figure 3.1Unbiased band structure of a metal/pe semiconductor contact
f,is the barrier encountered by electrons in the metal whereas thalpolmtialV,;, encountered

by electrons in the semiconductor, is given by:
Vo =F - L
=f, {E. Ef)

This theory is rather simplistisince it assumes ideal conditions where dipslerface
contributions to the barridreight and the electron affinity are thought tounehanged when the
metal and the semiconductor are brought into contact. It also a$$bhatehere are no chemical
reactions or physical strains created between the two when thiespaght into contact

In practice, however, surface dipole layers do arise. This is because at the surface of a solid
the atoms have neighbours on one side only. This causes a distortion of the electron cloud
belonging to the surface atoms, so that the centres of the paamitiveegative charge do not
coincide. It was discovered tha does not depend aim in contradiction to (eqr8.1). Thus the
assumptiorthatthe surface dipol&eeps constant is not correct€he of the first explanations for
the departure of experimts from this theory was given iterms of localised surface states or
Afdangling bondso. The surface s3] withiethe fabhidden c o nt
gap and are characterised by a neutral Jexelsuchthat if the surface stateseanccupied up tey
and empty abovey, the surface is electrically neutral.
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In general, the Fermi level does not coincide with the neutral |I8@aisequentlya net
chargeexists atthe surfaceln figure 3.1 an ftype semiconductor is brought into cacttavith a
metal to form a Schottky diode. After the transfer of electrons to the conduction band of the metal
the Fermi levels are coincident. Positively charged donor ions are left behind in this region which is
practically stripped of electronslf, in addition (and often in practice due to chemical
etchingtleaningof the semiconductor prior to processing) there is a thin oxide layer between the
metal and thesemiconductodue to ambient conditionshe chargeat the surface states together
with its imag charge on the surface thie metal will form a dipole layef his dipole layer altex
the potential differencdetween the semiconductor and the metal. Thus the modification to the
SchottkyMott theoryis expressed as followd]|

o= gnf- ) XEg o) (3.4)
where,
E, =band gap of the semicondcutor ineV

f = positionof neutrallevg¢l measured from theadfthe valence band

and,
e
= ' 3.5
eran, &)
where,
e = permittivity of the oxidelaye

d=thickness of oxidelayer
D, =density of surface states

Hence if there are no surface states, Ds = Qyarid (egn. 3.4) becomes identical to
(eqn. 2.1) (Original Schottkiviott approximation). If the density of states is significantly

high, g is very small andf, approaches the valugg, - 7;). The small deviation from the Fermi
level from the neutral &2l can produce a large dipole moment, which stabilises the barrier height

by a negative feedback effect [ 4, 5] pinnedlh e n t
relative to the band edges by the surface states.

3.1.2 Current transport mechanismsan Schottky diodes

a) Thermionic Emission

The current transport through the device by emission over the Schottky barrier isseepwo
process. First, the electrons are transported through the depletion region. by the mechanisms of
diffusion and drift; secoriyg, they must undergo the emission over the barrier into the metal. This
latter process is controlled by the number of electrons that impinge on unit area of the metal per
second.

This is expressed in (eqn.3.6):

| =AAT? exp@fb) (exp(ve—ff )-1  (3.6)
' kT 7 nkT '
where,

A= crosssectional area of metakmiconductor interface

37



Chapter3

A*:A"Oi—rsmz: Modi fied Richardsonds constant for met
T =Temperature in kelvin
K= Boltzmann constant
g= electron charge
Vi = effective bias across thmterface

= ideality factor
The ideality factor(n) in (egn.3.6) gives a measure of the quality of the junction, whidhighly
metal deposition procestependentFor an ideal Schottky junction, n = 1. In practice, however,
larger values are obtainedud to the presence of ndageal effects or components to the current
through the junction. Thigype o f current transport thesmioico mmo n
emission 6, [7].

b) Diffusion

The expression for the diffusion current is similathat for he thermionic current; however,
the saturation current has a weak dependence otertiqgerature and a strong dependence on the
applied voltage in the diffusive model, while it depenusstly on the temperature in the thermionic
model.

According tothethediffusion model the currentoltage characteristiare described bjl]

aev o
J= JD|expaek— 0—1uwhere,
y
(3.7)
eDNadg\,- )2 N 5 3 £,
J. = n_“c i 2 ax _b
S - 0oPE T

where,D,is the diffusion coefficient for electronN¢is the equivalent density of states in the
conduction bandvyy,; is thebuilt-in potential

c) Quantum Mechanical Tunneling

For a moderately to heavily doped semiconductor or for operation at low temperatures, the
current due to quantum mechanical tunneling of carriers through the-seetadonductor barrier
may become the domant transport process [6, 8]. For all except very low biases, the tunneling
current, in, can be represented by:

& agqv, 6
lin =1 105 g8XPae— gl (39
¢ ¢k =

where,
l;n = Tunneling saturation current
Eo = tunneling constant

The tunneling saturation curreshépends on temperature, barrier height and other
semiconductor parameters. In the notation of Padovani and Strattog if6gjiéen by
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_ aEy,
E, = Ey COthgﬁE (3.9)

where, ko is tunneling parameter inherently related to maltgraperties of the
semiconductor and is expressed as:

_gh f N,
=—. |2 3.10
Foo ap\m e (3.10)

where,i s t he P a Noathe dopingcancestratipm,tthe effective mass of electron

In the following we are mention some casesranechanisms:

d) Soft breakdown: Dislocationassisted tunneling

In certain circumstances, for example in case of a device with high dislocation density,
tunneling mechanisms can be enhanced under reverse bias, which is alssafalledakdown
This cae has been reported in InGaN blue LEDs grown on sapphire [9]. When this dislocation
assisted tunnelling occurs, the reversédharacteristics tend to have the folrav™.

e) Leakage current

The leakage currentjk] is another parallel component of theatocurrent. It is caused by
surface leakage and can usually be significantly reduced by various designs and fabrication
techniques. In practice, it is the component monitors the metal/semiconductor interface altogether
and is often thought of as a largakage resistor, IR in parallel to it. Thus, the leakage current can
be expressed as :

:Veff.
R

where, \i. is the applied bias across the interface.

(3.11)

IIk

f) Anomalouslyhigh ideality factors

When the idealityactor isn>>2.0, other factors than diffusion or recombination of carriers
must be taken into account. One of the factors is tunnelling, as already mentioned. Another model
[10] takes into account the formation of potential barriers at every heteroveteifam the
metatsemiconductocontacts to the semiconducteemiconductor junctions. Each of siee
junctionsis characterized biys own ideality facton;. The current and the voltage drgip>kT at
eachjunction are given by:

_ eey, (3.12)
=l expgnj?

The total votage drop can bepeessed a¥ =§ ; Vi, hence the-V characteristics of the structure
is described by

V=aV, =agn(kT/ ¢in | n( k¥ En | (3.13)

Thus, rearranging thertas one has
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Inl :(e/ I(T)V .Laj. nj " Isj (314)
an  an

i i

As the second summand in the above equation is constant, one obtains an effective ideality
factor for the heterostructure given by than of the single ideality factors of each junctiom(p
junction, unipolar heterojunctions and metamiconductor junctions).

3.1.3Experimental setup

The FV measurements have been performed with a Keittd@psourceneter. The
computemprogram setdhe following measurement parameters:

U scanning stepd/
U eetime interval between bias change and meter reading.

The temperature at which the measurement is performed is controlledimynkenaddeSTA
temperature controller. Thgpical experimental setup for the/Icharacterization is shown in fig.
3.2

PC

ISTA
Temperature
Controller

Thermo
Thermo coax
couple

/h'illllplt' holder
Heater

sample KEITHLY
Source meter

2400

Figure 3.2Block diagram for the-V characterization

3.2 CapacitanceVoltage (C-V) characterization

The Schottky diode has characteristics that arelairto those of thg-n junction, except
that for many applications it has a much faster respahseh can be desirabbnd depends on type
of applications. The capacitance measurement allows calculating doping concentration, depletion
layer width, trap concentration etch@ capacitance measurements change influenced by electronic
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(trap) states during the reverse bias which is used for Deep level transient spectroscopy (DLTS)
which will be explained in next sectioA p-n as well as a Schottky junction in reverse bias are
characterized by a <capacitance, which it wi | |
following, we will always consider the case efype semiconductors.

When a semiconductor is brduginto contact with a metal, a barrier is formed in the
semconductor from which charge carriers are severaly depleted. The barrier layer is called the
depletion layer and can be seen in figuBds There is also depletion layierthe metal which is so
small that it can bégnoredin most of the casegl]. We ma consider the bulk region to be
electrically neutral and approximate the boundary between the bulk and the depletion region to be
sharp.

Here thePodissord squation is
BD _N,e

&

(3.15)

Where D is the electric displacement and N the doping concentration. Frogil5 the electric
potential is determineds

a7 _ Nee

¢ eg
Where x is the distance from the junction inteetsemiconductor. If we assumegt
be constant we get

(3.16a)

Ny® e (3.16b)
2e ¢

f=

whenwe apply a reverse bias/to the Schottky diodehe total potenal becomes ¥ + Ve,
where \; is the buit-in potential of the junctioniFrom 3.16b,the thickness of the layer (ség.

3.)is
W:\/ZG (g\/bi-'-veff.) (317)
N,e

Therefore the stored charge in the depletion reggarits

Q=WN,eA=A2e gN €Y ) (3.18)

where A is the cross sectional area of junction.

The capacitance of the junctiengivenby

C:d_Q :J:A Ldee e:@ﬁ‘ W (3.19)
d\/eff. 2 Vbi+\/eff. W C

From eq. 3.19, it can be written that

53

2V +V.
izz—(vg' er.) (3.20)
C Aee N,
Thus, Nycan also be expressed as
0 -1
c® adc O
N = W s 3.21
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It turns out that these equations give accurate redaelipite the assumption thidt is constant.
With the known capacitance, it is necessary to develop the theory for capacitance transient
spectroscopypased techniques i.e. Deep level transient spectroscopy (DLTS) etc.

3.2.1 Series resistance and equivaleaircuit of a Schottky diode in GV
measurements

Figure3.3 shows thequvalent circuitof a Schottky diodeTwo resistances, Rre
connected in parallel (nonlinear leakage resistaawee)R is connected in series. The total
impedance is thej3]

,_R+RI #CR) 4uCR
1+ WC’R?

(3.22)

In the LCR meter we have to use the approximation that we have a resistance connected either
serial or parallel, not botlif we ddine G, the value measured by the L@keter (where we ignore
Rs) we can calckate the real capacitance C by

Co - 1 (3.23)

C (1+FF§)2 'M/ZCZQZ

If we knowthe approximatestalue of RWher e, ¥ i s the test frequen
If Rs « Ry, As expected at reverse voltagenC,, a C.

(‘
|

R

ﬁw

R,
Figure 3.3 Equivalent circuit for Schottky diode

From the above eq. 3.23)ne can see that for high values of the series resistance the
measuredapacitance is a decreasing function of the real capacithmoe.accounted forhis can
seriously affect thentempretation of DLTS results, which are based on measurements of capacitance
differencesoccurring at low temperatures.

3.2.2 Experimental setup

The block diagram of the instrumentation used for thé éharacterization of the samples
analysed in this thesis depicted in fig3.4.The building blocks of the setup are the Lakeshore
330 temperature controller, which makes it possible to perform measurements at different
controlledtemperatures, the Keithley 230 bias generator and the Keithley 3330 LCZ Titeder.
LCZ meter has operating frequencies ranging from 120 Hz to 105 Hz. Measurenvéhts
frequency 1MHzhave also been performed by using a Boonton capacitance tmegtimize the
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bias condition and DLTS results analysighe measurementsre driven by sftware, with the
following parameters:

The bias interval/max Vimin

The bias step

The time intervatgd between two successive bias values
The LCZ meter operating frequenfeyp

[t enHiN an-iN et

The same setup can be used for slightly different measurements, saglactaacdrequency
(C-f) characterization and admittance spectroscopy.

PC

Lakeshore 330
Temperature
Controller

Thermo
Thermo coax
couple

/samplc holder
= Heater

sample KEITHLY || KEITHLY
Capacitance Bias Generator
meter 3330 230

Figure 3.4 Block diagram for capacitanemltage characterization

3.3 Thermal Spectroscopy

In order to understand the deep level transient spectroscopy (DLTS) working coaddion
analysis, it is important to understand the physics of carrier emission and capture which is discussed
following:

3.3.1. Physics of Carrier emission and capture

Theelectroniclevels within the gap of semiconducting materiedn be determined liye emission

and capture of carriers to trap levels. Electronic states are classified as shallow and deep states
(details in chapter 1\arying trap occupancy within the depletion region changes the fixed charge
density to maintain the charge balance vathixed bias applied to theample, the depletion edge
moves slightly. Tk small change in the depletion edgealetectedby the change incapacitance
according toeg. (3.24). This section wilintroducethese relations and expand ugbam to include

all the concepts necessary for the basic understanding of processes invanad.

43



Chapter3

Four processes can ocaitra deep level within the bandgap of a semiconductaffectits
occupancy. They are electron capture, electron emidsada,capture, and hokemission from the
trap as depicted in processes-(@) in Fig. 3.5, respectively. To solve for the rate at which the
density of occupied traps changes withime, the relationship between all of these possible events
needs to be considered. The ratelectron capture is proportional to both the number of electrons
in the conduction band and the number of empty trap stapes The number of trap states empty
of electrong: is equal to the total number of defect statesinus the number of defestates filled
with electronsn; . Since capture always increases the electron concentration of the defeate the
of change is always positive and given by

% capture:CrJ pn (324)
B
n
Ec
- T

Et

Pt . C ! e

P . |7P

E
o, & Ev

>

@ b  © (@ E
Figure 3.5The processes possible Bodeep level involving transitions to or from a band are
(a) electron capture and (b) electron emission to conduction band and (c) hole capture and
(d) hole emission to the valence bdi@].

The constant, is known as thelectron capture coefficieird has units of cfis™. Now,
electron emission from the defect level to the conduction band is considered. Because the
conduction band is mostly empty, the rate of emission is independent of the number of
empty final states, and the rate is limited by thmber of defects occupied by electrons.
Thus,

Hr = -en; (3.25)

emission
Lt

In this casee, is theelectron emission ratend has units of’s Following the same argument
for the valence band,

K, —

ture
ut cap

and (3.26)

<P

emission:e ppT
wherec, is thehole capture coefficiergnde, is thehole emission ratelhe change imccupancy of
the defect considering all recombinatigeneration (RG) processes is

%=(cnmor en) (gpr gp (327

conductionband valenceband
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Considering therinciple of detailed balancander equilibriumconditions, the rate afapture and
emission to each band must equal zero. Thisceptcan be used to detaine THE relationship
between the capture coefficient and the emission rate

€ =G Ny %rge'\r:f t (3.28)
¢

TheFermiDirac statistics can be used to establish the relationship betweaeadNy
in equilibriumwhere

LIS 1E - (3.29)
NT 1+ exp%u
¢ kT
Fermi level position also dictatesandn; yielding,
n=n expgeIﬂ (3.30a)
¢ kT
n=N, expgeE'k—EC (3.30b)
Thus the relationship betweean ande, can be writteras,
e =g, Ncexp aE - E (3.31a)
c T
or for the valence band using similar argumgnts
e, =¢,N, expgaeE‘%ET (3.31b)

As the capture rate is defined as,
C,=S, AN (3.32)
wherel, is theelectron capture crossectionand vy, is thethermal velocity The latter can be
defined as,
a3kT 6
e — 0 (3.33)
¢M =

whereki s Bol t z ma n nnj is theetectrentetientitve mags.dAdditionally, the
effective desity of states in the conduction bang Bl

o 3
N, =28PMKT 0 (3.34)

wherehi s Pl anckds const ant . eqlh3lgto detarmineahe | be subs
electron emission time constd#for a defect aEc-Et

exp((E; - E;) /KT) (3.35)
Sy ANc

[ =

n

or,
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- E ) /KT
tT2= exp((Ecg §T) ) where g -ae_l_—nf,‘z 8%\%5 (3.36)

where(J is simply the inverse o, Theotermis generated by dividing out themperature
dependencies fromte vy, andNc terms and multiplying the left side of the equationlyto
maintain balancedn smplifying @ammawith all the constants, it becomes 3507 (m,/my)
cm?s*K? for an ntype majority carrier defect. Eqtion @.36) is Thefundamental equation for
DLTS and is used to determine both the energy within the bandgap and the thermal
crosssectionof thedefecs. To determindy and the defect concentration, more knowledge of how
thedefect concentratioAffects the capacitance is needed.

Relaxing the restrictions frosteadystate, quassteadystate relationships, which
are mordikely to real situationsre considered. Undérese conditions, the population
of carriers is still constant in time, but the requirement that this balance is due to an exact
balance between each process and its inverse (e.g. electron capture and electron emission) is
relaxed. These conditions areefid for determining steadstate current, recombinatiageneration
minority carrier lifetime, ananost importantly for capacitive studies the stesidye
occupancy of the deep levels. Rearrangng3.27) gives

Frelen g)(N a) (gpn gt (3.37)

On solving the differential equation results in

_ a-t 5 (cn+e) N
nT(t)—nT(O)expget— a* e o p ﬁ ?[ exp—g (3.38)

wheren; (0) is initial density of filled states ands defined as

;= 1 (3.39)

GN+te& G p €

Based on this it is a simple matter to determine the ststatly occupancy of the deep level
by checking the limit a&bapproache®

n=g =— "% (3.40)
CN+e G p € '

This general saition is difficult to use in practice because there are so many variables that
arenot known at every moment is space and time. Several reasonable assumptions are possible
in the case for a Schottky ompdiode that allow for great simplification of thissult. In the
depletion regionn andp are negligible, so capture events can be ignored and the equation
simplifies to

e
t= =" N 3.41
n(t= 19 o tg (3.41)

From this point on, the discussionillvbe limited to the depletion region in amtype
semiconductor It is assumed that-type Schottky diode or abrugi+/n diode is beingneasured.
This assumption allows fahe majorityof the change in depletion depth to occur on-side of the
junction. Studying am-type depletion region with a majority carrier tralpoveE; , &, is negligible
compared tee,. Therefore, the steaestate conditionis, (=) = 0. It i s also
that these equations hold true for both thermal and optical processes
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We will consider a defect initially filleby electrons. This could be the case for a DLTS
trap that has recently been filled with electrons mythe fill pulse. In such a case, electron and
holecapture are negligible within the depletion region and hole emission to the valence band is
assumed negligible because the thermal energy required for this to occur is extrigmelysuch
a casegq. (3.27) reduces to

dn, _
—= 3.42
i (3.42)

The solution to this equation is

N, () =n;(0) exp( € 1) (3.43)

The emission of electrons as a function of time leads to increased positive fixed charge in
the depletion region. Since the net charge remains the same for a given voltage, this leads to
decrease in the depletion width and an increase in theitaapac Using the equation for
capacitance and assuming a unifordbped rtype Schottky or abrupt, orsdedp+/n
junction, the following is educed froeq. (3.19

. 2 U2
eA € gN a qeN, -
C=— 2A6—————~ | A g —~ (3.44)
W Aze(vbi - V) u Zéé\é V)

whereNp is the ntype doping cooentrationVy,; is the builtin voltage or Schottky barrier
height, andV is the applied voltage This can be rearranged to
1/,2 1/2

C=_C, L where G @%7 3.45
éé Nd O 2@\/bl ( )

When the trap concentratiddy is muchlower than the doping concentratidda, the equation
can be further simplifietly the binomial approximation (i.e. £%)" = 1+nx, for x
less than 0.1) It resultsas

c()=C, (1 ZT—N(U (3.46)

d

In the steadystate change of capacitance from an initial occupancy to a final occupémsy,
eguation becomes
C 2N,

ol

usingeq. (3.43). Typically one assumes the level is completely filletd=a0 such thatn, (0) =
Nrande, Y 0 son. (D) = 0. Additionally, the total change in capacita@¢D)-C (0) is
typically written agyC. Using these relations and rearranging, the more common form of
this equation is arrived at where
N, = 2N,DC
C

(3.48)

a
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The above expression shows tieneral formwhich one might expect foDLTS based on
thermal emission rate. In summary, the majority and minority carrier emission/capture can be
realized from from Fig3.5 and Fig. 3.6 respectively.

1, 2, 3, 4,
Steady state Forward bias reverse bias Steady state
Reverse bias Pulse, deep states discharge transient Reverse bias
V<o charge up V<0
000 000000 000 000

W | 3| [ 2

(2)

() (4)

3)

Figure 3.6 Effect of a forward bias pulse with 6 >applied on a reversely biased junction in
presence of a ajority carrier trap
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1, 2, 3, 4,
Steady state Forward bias reverse bias Steady state
Reverse bias Pulse, deep states discharge transient Reverse bias
V<0 charge up V<0
000 000000 200 000
-------- —____TQfJQ___________ B flof - B -
0000 0
t=0

Figure 3.7 Effect of a forward bias pulse with 6 >afplied on a reversely biasechgtion in
preence of a minority carrier trap

3.3.2 Deep Level Transient Spectroscopy (DLTS)

Deep level transient spectroscopy (DLTS), developed by D. V. Lang in 1974, is a powerful
and well known technique for identifying deep level thermal esession concentration, and
energy position inite bandgapl3]. The basic concept of DLTS has changed relatively little since
its inception, and most of the advances have resulted from the increased capability of computers to
do complex storage and analysis lo¢ transient data. There are a few exceptions to this including
applying the technique to conductance and cuttygr® measurementfor examplg14i 17]. Many
developments to the DLTS theory have involved improving the analysis, but improvinghgon
original boxcar integration in terms of sigrtatnoise ratio have been limited. A myriad of
variations of DLTS are available including the standard boxcar DLTS, Fourier tranBlofi@
(FTDLTS), Laplaceransform DLTS, and covariance method of linear predictimodeling
(CMLPM) to name a few13, 18 21]. Each method has its advantages and disadvantages with
regard to required sign#b-noise ratio (SNR), ability to separate defect levels closely spaced in
energy, accuracy, and easieuse.

DLTS is based on a&perature scan of the capacitance transient of the analysed sample.
The experimental setup of the DLTS system is rather simple. The sample is mourded
temperatureontrolled cryostat and connected to a capacitance meter and vdltag@n
generatorThe DLTS signal is univocally related ¢9 by means of theate windowconcept, which
will be illustrated in the following. The measurement procedurkustrated in fig.3.8. A negative
bias is applied to the sample, so that a certain region iste@éméfree carriers. Aéach period® a
pulse of duration., and amplitudé/ip is applied to the junction. The duration of the
pulse affects the filling level of the traps, while the amplitude can be related to the region probed by
the bias pulse:
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U Ve <V:in this case an interval inside the space charge region is selected. This can be
useful if one is interested in concentration profiles of traps close to the surface or to the

junction region, although more sophisticated techniques,

be used for that.

such as Mdukte should

U VipaV +Vy;: the whole space charge regiomépleted with free carriers.
U Ve >V +Vyi In p-n junctions, minority carriers are injected from the opposite side of the
junction, thus making possible the observation of minority carrier traps.

During the fill pulse, a majority carrier trap intype material below the Fermi level will fill
with electrons as can be seen in Fig. 3.8a. After the fill pulse, the quiescent bias is applied, typically
-0.5 V and always less (more negative) than the fill pulse biathesdepletion region extends
deeper into the material (see Fig. 3.8b). Now most of the filled traps in the depletion region are
above the quagtermi level and would prefer to be empty, so electron emission to the conduction
band occurs according &9. (3.46). As the emission occurs, the fixed charge density increases for
an electron trap in-type material, but because the applied bias is constant the total charge is
constant the depletion depth must decrease to maintain the total charge. As the degjeton
decreases, the capacitance increases, which is shown in Fig. 3.8c and d. As this process is repeatec
at higher and higher temperatures, the emission rate increases accosjn(@.9) and is shown

here rearranged for clarity

5: E,

MDS@%wa
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Figure 3.8: Schematic illustration of the effect of capture and emission of electrons dmom
electron trap(a) The sample is biased in the fill pulse regime to allBio fill with electrons. The

fill pulse bias is always greater than theasurement bias to allow traps to filhe bottom part of

the figure shows the bias scheme as a function of time while the gréqer shows the resulting
capacitance(b) At the start of the measurement, the levetscampletely filled resulting in a lower
charge density in the depletion region. This dictateslépdetion depth and capacitan@®.As the
traps emit, the charge density increases dukeaincovered fixed charge of the traps. In this case,
the depldabn region shrinks as the sanmtal charge can be uncovered in a smaller volume, and the
capacitance increases. This is #tandard intuitive process for a deep level exposed to a voltage

change[12].
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Again, remember that the emission rate constaris simply 14, assuming negligible
emission to the valence band. The emission rate varies exponentially with tempemttire,
challenge is to develop a system that can determine this rate fraapheatance transient, which is
given by
@u21 Ny exp 1. (3.50)

g 2N, £

NT

C(t)=C
=G N,

O SB_\QJO

- O: O

which is similar to Eq.3.46) butn;(0) is assumetllr. Wi t h t odayds cmempryit i ng
capacity, recording parts or all of the transients is relatively simple. The difficuligpaxtracting
the emission raftime constant from recorded data especially consideringrtbig than one trap
can have similar time constant that would need to be extracted separadethis is where the
double boxcar, Fourier transform, Pdd#place, and other analysisethods araised. Once the
emission rate vs. temperature is extracted, the trap activatengy and captweross section can
be determined by modifyinep. (3.45) to Plotting 1KT vs. In(T ?) gives trap energy from the slope
and the crossection is extractettom they-intercept. This is very straight forward so far, but as
alluded to earlier the extractiarf the emission rate constants is nontrivial and this has been the
basis for the plethera @halysis techniques. The following sections will describe thfehease
techniques

The original DLTS analysis methased a boxcar integrator to determine the
temperature for a given emission rate.[83t at ed mor e s i mp ICyissimpihG DLT
(t2)-C (t1), Better signato-noise ratio is possible without significant distortion of the signal by
averaging the capacitance aroundndt;

The change in capacitance for a given rate window isgiye

C e a-t o 3
=M ot Gexp-  (351)
2Nd @ (; tn -

DC, (L) €(b)

Taking the derivative of Eq. 3.51 and setting it to 0 to find the maxima or minima, the peak in
t h €, signal can be found as

t, =6, =21 (3.52)
In(t, /t,)

Onecansees thag, is a quantity depending on the constdanendt,, which are fixed at the
begiming of the measurement. The time intetyd} is also called rate window, and the procedure
is summarized in fi@.9.
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Deep Level Parameters
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Figure 3.9 a) Discharge capacitance transients at different temperatures, with the rate wiglow
in evidence)) associated DLTS sign§2]

3.3.3Capture kinetics via DLTS

Under ideal situations, defects are randomly distributed and in low lkermongentration
such that the no defect occupancy affects any other defect occupancy. If defects are present
in very high concentrations, clustered, or decorate dislocations, for example, the defects
can be physically close enough that the Coulombic basgociated with one defect can
influence the occupancy of other defects. Interacting defects vs. idealtaarcting defects
can be determined via differences manifested in the DLTS spectra. Studying the capture
kinetic behavior allows one distinguigteal point defects from interacting ones. Another
nortideality that can arise for multiple reasons is a distribution of energy levels for a given
defect instead of the ideal discrete energy level. Determination of the energy distribution is
also possibleising capture kinetic analysis although a feadifications to the ideal theory
previously presented is required.

In capture kinetics the fill pulse time is varied to measure the change in the DLTS peak
height The changes that occur here are a resuitaaimplete filling of the level where in the
past it was assumed(0) =Ny, so it is necessary to focus on fill pulse time when capture is
the dominant process. Keeping the discussion restrictedyfee material, the change
is [23]

Z_T:cnnpr <N ) (3.55)

assuming the level is completely empty at the start of the fill pulse the solution is
n(1)=N; g -exp( Gnt) (3.56)

Thet idlused to signify a difference between the measurement timae starts at the end of the fill

pulse andNj t hat starts at the beginning of the fi
the fill pulsetep right before the bias changesdaemission becomes the dominant process. The
value ofnT (tNj tss) will be calledn,, and corresponds to: (t = 0) in previous equations. For a
sufficiently long fill pulse timegnt.. is large andy.,Y N, . Conversely, as\ntpY 0 .Y O . I f th
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chalge i n c a@ramith a fil putsestrpr igopcompared to the change in capacitance for an
infinitely Chthargtiofsi | | pul se

my: I"ITOF

—=—— 3 exp(chn 3.57

[x:n NT p( n tFF’ ) ( )

This can be rearranged to a more usable form

a 0
In - DG g G,Nt, (3.58)
¢ DC

Becausec,n is constant, the left side of the above expression should be lineagmiitn an ideal,
nortrinteracting defect to the point where the time is long enough for the level to completely
saturage. This measurement can be performed by finding the satuation nt Q¢ hcelonger
increases withgp , whichChlefThers g atseveral shgrterdil pulse times, a
plot can be generated to determine if the defect is ideal.

When the defects are namiformly distributed and closely spaced due linear
arrangementsr clustering for example, a Coulombic interaction can occur influencing the

[ =l

Figure 3.10 Before capture (top), the defect is uncharged and has no Coulombic assoerated

with it. After capture begins (bottom), a time dependwarrier forms reducinthe capture rate of

the next electron. In order for the efféatbe observed, neighboring defects have to be close enough
to be influenced by the resultant Coulombic potential [24
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electron capture of neighboring defects. ThisilBmbic barrier to capture is modeled as a
time-dependent potentisgg )(thtat builds up around the defects and reduces the subsequent electron
capture as in Fig. 301

Further understanding of interacting defects is possible considering the theohydtt St

al., which allows one to distinguish bandlike aondalizedstates [2830]. This model shows that
continuous energy bands are likely to result from pure dislocation states due to wave function
overlap. In contrast, for the case where point defdetcorate a dislocation, Schroter showreat
such wavefunction overlap would be minimal and a deep level associated with this tgfeabf
formation would manifest as a localized state and not exhibit-liemdharacter[25, 30 32].
Figure 3.11 a andb shows simulation and experimentally observed behavior of barldiriets,
respectively. The bantlke level in Fig. 3.11 is distinguished by the peak shifting tower
temperatures for longer fill pulse times. As the fill pulse increases, more of et lolefid fills
starting furthest fronthe conduction band then filling available states above this.
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Figure 3.11 (a) Simulated DLTS spectra of interacting levels for a bandlike energy distribution
[30]. (b) Measured minority carrier bandlike distributiaf states in Si/Gey4Si [32]. The
simulationuses a broader distribution of states, which causes the lisjertion of the DLTS
curve at larger fill pulse times. The features of the bandlike distribatierthe decrease in peak
temperature and inease in peak height at longer fill pulse tinaesl the high temperature side of
the curves typically nearly overlap.

The defect band can be considered as an infinite series of discrete levels with their own
Ec -Er and crosssection. Assuming the crossction is constant, the emission rate will vary
exponentially withEc-Er. For a short fill pulse where only the bottom of the band fills,0h&S
will approximate the peak of a discrete level. As the fill pulse is increased, the lpzEitowf the
band wil have the same emission response but additional parts of the baedwifhster (i.e. at
lower temperatures) due to a lowEe-Er. The result of this is threfeld. First, the peak
temperature will shift to lower temperatures as the averaged bahkg decreases for longer fill
pulse times. Second, the peak height will increase becausedeferts are captured and emitted at
the longer fill pulse times. Third, the high temperatsice of the DLTS peak will nearly line up.
This is because of the expartial dependence dhe emission rate on temperature meaning that the
bottom part of the band dominates tipart of thespectra [29].0n the other hand, a discrete
interacting | evel EdEaisdependent ostlaerfilepulsedehgthe bgfthition,e 0
so the emission rate is constand therefore the peak temperature is also constant
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3.3.4.Experimental setup

The DLTS measurementhave bee performed as followsthe sample temperature varies
slowly, while the sample bias varies in a fashilike that described in fi@.8, with a fixed period
P. Moreover,the capacitance of the sample at reverse Yias and the capacitances during the
transient att; and t, are measured. In order to achieve this, we make use of the following
experimenthequipment, which is depicted in fi§.12.

Temperature controller and cryogenic apparatus

This instrument, a Lake Shore DRC91C, allows one to set and control the temperature of the
sample. It is interfaced to a computer by means of a NI board and Besia software. The user
4-24 determines the temperature interval and heating rate through the software. For our setup, the
heatingrate must be lower than 0.083K/s. The temperature interval can vary frdfn i#&. the
liquid nitrogen temperature, to aibt 700 Kfor GaNdevices The lower maximum temperatures are
employedfor more materials and devices, such as ®&aBedHEMTS, LEDs. The sample iKept
in a cryogenicapparatus, consisting of a dewar containing liquid nitrogen, and a sample holder. A
themocouplemeasures the temperature, while the sample holder can be heated by a Thermocoax
cable withresistivity 12.5 W/cm.

Pulse generator and capacitance meter

The pulse generator and the capacitance meter are, together with the exponential correlators,
building blocks of the Sula Technologies Deep Level Spectrometer. The impulse parameters
arementionend below

the periodP

the reverse biage,

the filling pulse biad/

the pulse duration (pulse widtt)

.

The capacitance meter works at a freqyesfcl MHz, thus being able to reproduce accurately
capacitance transients with time constants of the order of some tens of ms. The output of this
instrument yield the reverd®as capacitanc€y, and the capacitance transient, which is further
processedythe correlators.

Exponential correlators and boxcar averager

The deep level spectrometer incorporates four correlators, which play the role of reducing
the noise affecting the capacitance transient. The output of each correlator is then processed by a
boxcar averager, which, in turn, yield as output the sigiaC(t;)-C(t2). To eachdoubleboxcar
averagercorrespond four different values of the coupletd), so that in a single measurement it is
possible tocollect four spectra speeding up the experimental procedure. ThéMfati® fixed and
equal to 2.5The values of the emission rate en corresponding to the different values of the rate
windows rangdrom 1.16 x 10s*t0 2.33 &.

The correlator performs the following operations: the periodic signal consists of the sum of
noiseN(t) and ideal signaklescribed by an unknown amplitudenultiplying the function
s(t) = exp[-eqt]. The signal is filtered by means of a weighting functfg( )= exp[-t/t], produced by
an exponential function generator with variable time constant. The best measure S kftvenun
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amplitude A
P
S=pgrexp( -e) N(Y) @M d (3.59)
0
occurs just whes(t)=W(t). This provides the best SNR.

The signal is the processed by the double boxcar averager. Here two input channels correspond
to two linear gates which samglee signal at instants andt,, while a differential block yields at

the output the difference of the signals measured by the two gates. The measurement setup is
illustrated infig 3.12
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Figure 3.12 Block diagram of the instrumentation for the DLT®asurements, evidencing the
correlator and the double boxcar average

Optical Spectroscopymethods

In order to extract the results on Band gap, defect related transition, polarization induced
transition and optoelectronic devices efficiency calculattifierent optical methods have been
used in this thesjahich is discussed below. The idea has been taken also to correlate electrical
properties with optical properties as the thesis is mainly focused on high polarization field
materials, i.e. high carrielensity structures with defects/dislocations.
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3.4 Surface Photovoltage Spectroscopy

In 1839, Becquerel has discovered experimentally the photovoltaic ¢#&8kt which
consists, in general, of an illuminatieamduced change in the potential distribat of a given
structure, due to the transfer and/or redistribution of some charge within the structure caused by an
incident illumination.A specific variant of the photovoltaic effect is the surface photovoltaic effect,
which is defined as the illuminatieinduced change in the surface potential, and named as the
surface photovoltage (SPV).

Monitoring the change in the surface voltage as a function of the incident photon energy is a
technique based on the SPV effect: the surface photo voltage spectr@S&&)y This method
makes it possible to have a detailed picture of the electronic structure, due to its sensibility of the
change in band bending in function of an external illumination, and so information about the bulk
properties, such as band gap anpetyf semiconductor, which allow to reconstruction of the
surface and interface band diagrams. It also allows the analysis and the measurement of surface and
bulk defect state and energy levels in quantum structures.

3.4.1 Surface electrical properties osemiconductor

The boundary of media with different physical properties is generally defined as an
interface. Especially the surface between a s
and between a semiconflueteosuahdceacuum or a ¢
Ideal crystalline semiconductor presents, in general, a periodic structure of allowed energy bands
separated by forbidden energy gaps. Its termination at free surface or interface createsosurface
interfacelocalized electronic states, thin the semiconductors band gaps, and/or a surface dipole, a
double layer of charge. Breaking the symmetry of lattice termination is not the unique phenomena
involved in the creation of electronic states, also the presence of surface atom that adewtht tie
an upper one, steps, kinks, adsorbed impurity atoms and the effect of the surface reconstruction or
relaxation, such as a change in the bonding configuration of surface atoms to minimize the surface
energy, are involved in this process.

The presencef the surfacdocalized states makes the semiconductor bulk and surface not
more in thermal equilibrium. In order to establish equilibrium, there is a charge transfer of free
carrier between the two, therefore the carrier density deviates from itsbaguailivalue in the
vicinity of the surface and the result is a surface spheege region (SCR). Thus, this region is
electrically nonneutral and a potential drop occurs across it, to underline the fact that the surface
potential is different form the ettric one in the bulk even in equilibrium conditions.

Associated to the semiconductor surface is also the presence of a surface barrier, which is defined
by the electron affinity 6, the energy needed
vacuum, and by tgeternsined biadditiamal mhicrgsapicedipajeicontributions,

such as reconstructiostoichiometry changed].

Introducing the concept of the local vacuum leveldgfined as the energy of an electron at
rest in a given point free from the influence of the crystal piatebut not from the macroscopic
potentials due to the electric field in SCR, the different effect of surface and surface dipoles is
illustrated in fig. 3.13.
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Figure 3.13 Schematic band diagram of semiconductor surface SCR at equilibrium.

Sotheel ect r on af f i nEt where Bis tihleednduatiendband energy, bat At
the surface the effective electron affinity
dipole effect. Also fig. 3.13 shows the work function,\Wefined athe separation energy between
the local vacuum [Eat the surface and the Fermi level E

3.4.2 Surface Photovoltage (SPV) effect

Under illumination, a transfer and/or redistribution of charge in the structure is typically of
the photovoltaic effect and specific variant is the surface photovoltage effect, defined as the
illumination-induced change in the surface potential.

Generally there are two way of formation of free carrier by creating elelstienpairs, due
to the illumination and so to the alked photons: via bar-band transitions, typically for
photons energy above the energy gap, named -bapelgap photons, and/or release captured
carriers via trafio-band transitions, typically for stiandgap photons. Thus a significant transfer
and/or redistribution of charge occur between the surface and the bulk or vice versa in an

il luminated device. | t 6 s | mp oarrier generatidisofollawedt e t h

by net charge redistribution.

Such redistribution normally affects lgrthe surface charge region and so its potential drop
across. The underlying bulk region remains cguasitral, only the presence of significantly non
uniform generation or recombination may also cause a potential drop in thenqutaai region,
this efect is known as the Dembpotential [34].

Therefore the SPV mechanism strongly depends on the energy of the incident photon. Super

bandgap and sdbandgap mechanisms are all demonstrated for a deplayge isurface in figure
3.14.
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Figure 3.14 Schenatic band diagrams of the semiconductor depletégpa surface spaeaegion
under diferent illumination conditions

The most common supbandgap mechanism is demonstrated in figure 3.14 (b): the electric
field in the SCR causes the excess electrons sawket away from the surface and the excess holes
to be swept towards it, this reduce the density of surface trapped electrons and decreases the band
bending. A second mechanism in figure 3.14 (c) presents the situation in which electrons (i) or
holes (ii) are trapped at surface defects. This transfer charges the surface and increases the band
bending in the electrons case and decreases thebeadthg in the hole one.

Figure 3.14(d) shows the effect of shindgap SPV illumination, in which the surface
charge region and its potential is directly modified by excitation of trapped carriers. In case (i) the
phot ons have @abBancthissproguces blectrons transition from a surface state of
energy Eto the conduction band, here the electrons aepsguickly away by the electric field to
the semiconductor bulk. So the negative surface charge is reduced and tHeerding is
decreased. By anal ogy +E qaise e¢lestrorss tramsitiorhfrone theevalenge h
band to the surface staté energy E this is equivalent to hole transitions from the surface state to
the valence band like in figure (ii). This results in an increase of both the surface negative charge
and the surface bargkending. In this case SPV is necessary to have #isam diffusion of the
excess holes into the bulk and/or recombination of electrons and holes inside SCR, because there is
no field-assisted driving force of holes into the bulk.

Finally, there are other mechanisms based on-babdnd transitions due tsubbandgap
photons. The most important is the Fra¢edish effect, shown in figure 3Xe), in which photons
with subbandgapenergy produce bard-band transitions via photeassisted tunneling in a
sufficiently large electric field [35]. In this miumstancehe photon energy is typically close to

energy gap.

3.4.3 SPV effect on buried interfaces

The previous section has taken in consideration only -sémite, uniform bulk
semiconductors. Nowadays semiconductor samples may be thin, not mechhargthe diffusion
length and/or absorption length, so that the excess carriers may be present near their back part as
well and also presents a mtlliyer structure: several buried interfaces due to homojunctions and
heterojunctions within the sample.

59



Chapter3

The screening by quaseutral region seems to make unable the buried interfaces, deep
enough in the sample, to contribute to the measured of the SPV signal. This idea is erroneous.
Considering a semiconductor thin film grown on a semiconducting bulknedkefpy different
material parameters, the schematic banduipef this structure, reported in figure 3.16, underlines
the fact that also the interface contributes to the 8iRact [36].

SemiconductorI  Semiconductor I SemiconductorI  Semiconductor II

(@) (b)

Figure 3.15 Schematic band diagrams of thin film structure he tark (solid curve) and under
illumination (dashed curve), where the interface SCR (a) is the dominated contriantiotihe
suface SCR (b) to the SPV effect

In this structure there are two different surface charge regions: interface SCR, between the
substrate and the film, and surface SCR, between the film and the ambient. Figure 3.15 clearly
shows the sensitivity of the SPV to interface and surface SCR, especially, there are changes in the
bandbending of either the SCR that produce SPV. However ia (@sthe interfaceelated SPV
dominates, in the other case (b) the sur@atated SPV dominates, as evident from the surface
position of local vacuum energy. Ehus optical absorption in any noutral region, present in the
sample, may contribute tihe measured SPV signal because the potential of the free surface is
strictly linked to any other illuminated region, no matter how deep within the sample.

The sensitivity of SPV measurements to a certain region of a semiconductor is limited only
by the alsorption length of the photons, or rather the possibility of introducing an excess of free
carrier in the a particular region, thus by proper design and interpretation of experiments, may be
used to gain information about the various semiconductor ineedad bulk properties (via the
Dember effect), in addition to semiconductor surface properties.

3.4.4 SPV experimental measuremest

The surface potential is a built in potential, rather than an external potential, in other words
is not equal to the diffence in Fermi levels between the front and the back part of a sample, and
thus it cannot be measured by a simple voltmeter. Moreover any contact alters the surface properties
and hence the quantity under measurement. Consequently many elaborate teébmigaasuring
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the surface potential without applying direct electrical contact have emerged and here the two most
famousare presented.

3.4.4.1 Kelvin probemethod

Figure 3.15 shows the schematic band diagram of a semiconductor SCR at the equilibrium,
or rather in the absence of photochemical activity, smthe surface banbending eV causes a
change of equal magnitude in the surface work function Werefore, in the absence of
photochemical activity, the change in the surface work function is equivéd a direct SPV
measurement, in absolute value terms.

The oldest method for measuring the relative changes in work functions is measuring the
work function difference between two materials forming the two sides of a parallel plate capacitor.
Figure 3.5 reported this situation for two metals. Prior the connections (a) the metals are
electrically neutral, no macroscopic electrical field arise, and share the same local vacuum energy
level. Shoricircuiting the metals (b), charge must flow from the smallerk function metal to the
other one until the equilibration of the Fermi level. This transfer of charge results in an electric field
in the gap between the two plates and a drop in the local vacuum across it. Finally the potential
energy drop is equal the difference inthe work functions of the two metals and is usually known
as the contact potential difference (CPD)][37
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Figure 3.16 Parallel plate capacitor band diagram formed from two different metals with the two
plates isolated (a), shecircuited (b) and connected through a d.c. bias equal and opposite to the
contact potential difference (c)

A method for measuring CPD was suggested by Lord Kelvin applying to the capacitor an
external d.c. bias equal and opposite to the CPD, figure 3.16 (tt)isl condition the Fermi levels
in both materials differ by e)p, just as in the isolated case, no charge exchange between them
need take place and so the capacitor is discharged. Therefore for determining the CPD is sufficient
to calculate the appliedias that discharges the capacitor, even if neither the capacitor charge nor
capacitance is known. This method is named Kelvin probe and nowadays rely on a periodically
vibrated plate brought in proximity to the sample surface, such that a -stmaelya.c current
develops in the effective a.c. capacitor formed. This current can be zero if, the capacitor is
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discharged, and thus, the CPD can be determined by determining the d.c. bias for which the external
a.c. current is nullified.

34.4.2 The metalinsulator-semiconductor structure

Metakinsulatorsemicondutor (MIS) structure is an alternative way for measuring directly
SPV. Assuming that after the equilibrium a MIS structure is brought into thecnpeit mode by
disconnecting the two terminals, thafage voltage Vs may change due to the photovoltaic effect,
applying an illumination to the capacitor. The change in Vs must produce an equal change in the
voltage measured between the plates of the capacitor, thus the SPV at the semiconductor/insulator
interface in a MIS structure can be found by measuring the photo induced voltage between the MIS
capacitor terminals. Experimentally this is easily applicable to the study of free semiconductor by
placing a static metallic grid in proximity of the samplethaair or vacuum gap functioning as the
insulator, and using chopped illumination with ldokdetection of the ensuing SPV signal.

The application choice between the two different approaches is based on their own physical
properties. The MIS method is neorsuitable for experiment that involves fast relaxation
phenomena, allows for a systematic modification of the surfacelimding in the dark as an extra
degree of freedom and alleviates the need for an ohmic back contact. On the other hand, the Kelvin
probe is more suitable for following phenomena with large time constants, as in particular surface
states with long timeelaxation. This does not perturb the true bbaadding of the free surface and
the extra information afforded by the work function ydremely useful in experiments involving
surface chemistry amal film deposition [38].

34.4.3 SPS setp

The surface photo voltage spectroscopy (SPS) is defined as the measurement of the SPV
signal for various values of photon energy. The data givafasmation about the behavior of the
sample for a specific spectrum of various wavelength.

The SPV signal is generated using a broadly tunable light source. The most suitaplesset

to use of a Awhiteodo | i ght s ourecaese thensupbanadgapu nc t i
absorption coefficients is typically orders of magnitude larger than thdaudgap coefficient
makes SPS is vulnerable to the spurious contribution ofdvidér diffraction peaks and stray light
and so the using of monochromatesults in making these effects small as possible.
Typically the sample under study is placed in a metallic box, which results as a dark box and a
Faraday cage, and this box must include the probe, a vibrating plane as in the Kelvin probes or
static onen the case of the MIS structure. In the last case, static metal plane, the illumination must
be also periodically chopped to allow for leickdetection of the signal.

Realtime computer program records the SPV spectrum, controls the monochromator motor
ard thus the wavelength changes, operates the control electronics of the probe, reads the
measurement result by interfacing with the probe -m#delectronics via an analogteedigital
converter and finally stores the obtained spectrum for subsequertydasl analysis. The SPS-set
up schematic is given in figurel3.
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Slit 1 | : | Slit 2 i
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Monochromator Electrometer

|
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Photovoltage signal
Lock-in amplifier
—

Figure 3.17 Block diagram of SPS seip

In Kelvin probe method the use of the chopper is avoleduse the loek candetectthe
vibrational signal fronrprobeand s o t higute®i whwri bten as Ai f ap
the use of an auxiliaryllg-=s our ce, such as white, I-nis&s0 oof Ut
system and for additional quantitatiaealysis [38].

3.4.5 Applications of SPS

The analysis of th&PS spectra gives information about the semiconductor bandgap, the
type of the sample, the gap state and characterization of multiplayer structures and eventually
guantum wells.This tool makes the SPS an important technique in the fields of the surface
electronic structure, surface reactions, msthiconductor interface, bulk and surface defects and
more.

The method has been applied to study different materials and structures such as Si, CdS,
GaAs, ZnO etc. and their heterostructurg®41], whilethe @ N and it déds heteros
have been limited in literatures so far due to different issues such as materials quality, high
polarization field etc. so far. There are some literatures which had reported some results on GaN
layer which is shown irFig 318 [42], b u t still there hasnot been
which is an important field of study in this thesis and shown in next chapters.
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Photon Energy [eV]
Figure 3.18 SPV spectra showing the GaN band gap and YL related transition [42]

Thushe SPV analysisffers the possibility of performing contactless and-destructive
characterization of buried and surface interfaces and quantum wells, resulting in a complete
description of the electrical and optical properties of the sample.

3.5 Photocurrent Spectrosopy

Photoconductivity is an optical and electric phenomerteere a material/substance shows
the increase in conductivity on absorption of the light radiation such as visible, ultraviolet etc.
Photocurrent spectroscopy, also knowntlas spectral lpotoconductivity (SP) method, has been
used to investigate the photoconductivity chang& gubsequent to extrinsic or intringitoton
absorption processes that induce charge transitions in semiconductor mateléaices.

In a semiconductorntrinsic absrption occurgdue tolarger or equaphoton energyo the
bandgap valughs CEg), so that carriers of both types are generated. Differently, extrinsic
absorptionis generated by beloWwandgap energy light, able to excite transitions of carriers from
deep levels to either bands, as schematically shown in R3gLBeSP may allowfor distinguishing
surface or bulk defect states from the analysis ofdheyant spectra. In fact, spectral photocurrent
measurements carried out by sadndgagight [44, 45] might be used to study deep levels in the
bulk as these measurements sssensitive to surface effects in comparison to admedgap
illumination becaus¢he photocurrent is collected from the whole bulk, so that the contribution of
the surfaceegion is usually negligible

VB

Figure 3.19 Bandto- band and intraband transit®imduced by photons
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Conversely, spectral photocurrent measurements carried out by-ladnodgagight [45] might be
eminently used to study the surface states.

3. 5.1 Basic Principles

Photoconductivity effects in solids were discovered $mith [46] at the end of the
nineteenth century. In the 1920s, Gudderv] [4developed the photoconductivityheory
demonstrating the dependence of photoconductivity, light absorption and luminesceahedight
wavelength and assessing that the interaction occurs betmegphotorand one electron.

The dark conductivityl of a semiconductor is given by:

s=e(nm+p W (3.60)

where,e, andg, the electrons and holes mobility, respectively, aatdp their concemnations,
respectively

Photoconductivity [8] ¢plis defined as the increase of conductivity occurring in a semiconductor
under optical excitation. When light of ndaandgap energy hits a homogeneous semiconductor,
the conductivity increases by an amogmidue, in most cases, to the increase of thedeeger
densitiesyp ando:

Ds = Dy vy (3.61)

It should be remindethat only the majority carrier transport, electrons fdype and holesor p-

type seniconductors, is usually considered since low injection conditions are Mseeover, the
charge neutrality is assumed to be maintained during illuminationgpes, gn. Photogenerated
excess carriers in semiconductors are typicallgess ofmagnituddower than their density in the
dark @Qp<«p and gn«n); conversely insemtinsulators the excess carriers are much higher than the
dark density. Photearrier densitiesqm = f (J; qp = f (J depend on the numbérof electrorihole
pairs generateger seconger unit volume. The parameters, in turn, related to the excitation
intensityl (8) and to the absorption coefficiedt(a). The spectral response is therefarfunction

of &

Fromt he Beer 6s | aw

Aps =a( )dN, (3.62)

where Aqps.is the absorbancéls) is the absorption coefficiend,is the penetration depindN; is
the absorbing species concentratiozan be expressed by:

f=b g (5} (3.63)

where b is the number of carrigrairs generated by each photon (typicdly<1) [48]. The
photoconductivityp (can be finally expressed, taking into account reflection

Ds = b 41f R &™)( , /mt+ (3.64)

A strict correlation thus exists betenU(hs andgp{(hs ,)as depicted in Fig.20 [44].

For photon energids Eg corresponding to the high absorption region I in Figuré e
light is mainly absorbed close to the surface, hence the photocondugtitisycontrolled by the
surfacecarrier lifetime. In the intermediate regi¢i & Eg, (region Il) the photoconductivity is
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controlled bythe bulk lifetime, with a maximunoccurring forU & 1/d, d being the sample
thickness.For h3 « Ey (region 1) the bulk lifetime still controls the ploconductivity, which
decreases by orders of magnitude as absorption coefficient does. In this region, htveever,
impinging light induces transitions involving deep levels (DL) in the bandgap. therapsorption
coefficientUis proportional to the desity of deep levels centelg, by the relation:

a=g N, (3.65)

with s, the optical capture cross section of teaters [4].

-———0
Ac

Figure 3.20 Light wavelength dependence ohet absorption coefficientd and of the
photoconductivity in the regions above (1), near (II) and below (1) bande)

At photon energy exciting extrinsic transitions, the photoconductivity spectra s&aks,
the height of which igelated to the densityp, of the deep levs involved inthe procesdJsually,
photoconductivity measurements are carried out in an ohmic ptamdiguration, The use of a
rectifying Schottky contact configurati@ensibly increases the signal intensity. The high collection
efficiency, due to theelectric field acting across the depletion region, allows-veslblved spectra
to be obtained from which many details can be inferiidte Schottky contact configuration,
however, limits the exploration to the depleti@gion W [1] also whenW is much bwer than the
light-penetration depth.ight absorption can induce processes other than the intrinsic and extrinsic
transitions [44], as for instance intraband transitions, i.e., transitions between internal levels.
Intraband transitions cannot be, howewtected by photoconductivity measurements since they
do not involve carrier transfer to the conduction or valence band, hence do not affecttaerfeee
concentration.

3.5.2 Experimental tools/setupfor Photocurrent Spectroscopy

Photocurrent setugonsists of followingnajor tools:

1. Light sources are one of the basic building blocks of many optical spectroscopy
experiments. The spectrum can be discrete, as in Hg lamps, continuous, as in Quartz
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Tungsten Halogen (QTH) lamps, or a superposition oficoatis and discrete spectrum, as
in Xenon Arc lamps

2. Themonochromator is the element which allows the selection of a narrow IRhnaf
wavelengths from a source of radiation. The selected wavelengths can be directed to the
sample to analyse, as in absorption or photocurrent spectroscopy, or can be extracted from
the emission of the sample.

3. A thermopillar, which is a series conneati of a certain number of thermocouple junction.
A thermocouple junction consists of two dissimilar metals connected in series. To detect the
radiation, one junction is blackened to absorb the radiation. The temperature rise of the
junction generates a wabe. An increase in the output voltage is obtained by increasing the
number of thermocouple junctions.

4. Thelock-in techniqueis used to measure very small AC signals, even when they are buried
in noise. A lockin is a filter with a very narrow bandwidttyned to the frequency of the
signal. The filter rejects most of the noise, having Q factors as high®as laxdition to
filtering, the lockin also provides gain, up to 10The basic principle of the lodk is that
the experiment is performed atiaefd frequency, possibly far from the frequency regions
where significant noise source can be present. In the present experiments a reference signal
is fed to the lockn by means of a photodiode sensing theamd offstates of the chopper
The referenceignal enters a Phas®ck Loop (PLL) circuit which tracks the input signal
frequency. The lockn is then capable to extract the first harmonic of this square wave, in
form of a sinusoidal function. The other signal may be either the photocurrent fsamnal
the sample or the signal from the light detector.

Set-read wavelength

Chopper control
frequency

«—>

| Slit 2
sample

|\\§7:| =

Photo Monochromator Current amplifier

F |

Light source

Square wave reference

Photocurrent signal
Lock-in amplifier
_

Figure 3.21 Block diagram of Photocurrent setup
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3.5.3 Applications in GaN and heterostructures/quantum wells

Spectral photoconductivity has besm advanced tool fartharacterizatiothe GaNmaterids
and heterostructures. In recent years, it has been used for defect characterizations in GaN layers
[50] and also for GaN based heterostructures for various applications such as LEDs, solar cells etc
[51]. Fig. 3.2 shows the deep levels in GaN respolesitor different luminescencerig. 3.23
shows the 2DEG related peak in AlGaN/GaN based HEMT structure with variable chopper
frequence which isne of the main area of interest in this thesis.
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Figure 3.2 Showing Deep levels in GaN layers [50]
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Figure 3.23 Showing presence of 2DEG related absorption in AlIGaN/GaN B#E&tTs [51]
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Chapter 4

Characterization of GaN layer

In this chapter | report on how GaN layer has been characterized with various electrical
and optical methods. As in this thesis GaN layer has been used as reference material in order to
understand the results of GaN based heterostructutrés significant to explore the electrical and
optical properties of GaN. The chapter starts with experimental results from basic electrical
techniques like-V, GV to understand the electronic transport properties and proceeded with
defect characteration by DLTS method. The electrically active defects and their capture cross
section iare investigated and compared with various references. Optical spectroscopy methods like
Surface Photovoltage, Photocurrent and Photoluminescence have been used tigatavése
optical properties and to correlate the defect related transitions/emission with DLTS results.

4.1 Sample detais and growth information

GaN layer was grown on sapphire ¢8i;) by MetatOrganic Chemical Vapor Deposition
(MOCVD) technique. Thgrowmn Gaf ace (0001) GaN | ayer thickne
Reflection and transmission analysis byra¢y Diffraction method by sample providdrhe thick
GaN layers (00D) wasgrown on sapphire at 1050 °C using LT (low temperature) Gadeation
layer. This leads to the formation of semsulating (nintentionally doped) #type GaN.The
experimentally measured Hall carrier concentration at 300 K is around ~*4 eni® The carrier
concentration has been also measured by Capacité@itage analsis which is discussed in next
sections.

Electrical measurementare performed ors e mi t r a n sSzlottke contact® (@dtséof
1mm diameterand Ti/Al/Ni/Au Ohmic contacts (dots dfmm diameter)The ohmic and Schottky
contactsare prepared by Ti/Al/Ni/Au and Pt evaporation, respectively; for ohmimetallization,
further annealing was performed at 850 for 30 s in N ambient.Ohmic contacts have been
checked and found qua®hmic behavior, probably due to semsulating nature of GaN layer as
i tnotsloped, consequently with lower carrier concentration.

Pt(20nm) TV/AUN/ Au

Q Q

GaN (3pm) (N, =3x 10'7 cm3)

=2 sapphire

33

Figure 4.1 Schematic of GaN layer on sapphire with Schottky (filled dot) and Ohmic contacts
(empty dots)
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4. 2 Current - Voltage (I-V) characterization

The Currertvoltagemeasurements haveeén performed vs. temperature (218 K03 K).
The measurements have been performed in range Vdfto 2 V. shown in Fig. 4.2 it can be seen
that the current rises with temperature in forward and reverse bias. A very high leakage current is
observed at \v bias (for instance 100 nA at 1V) which is still an open issue in GaN based device as
leaky devices suffer with several problems like current collapse, early degradation etc. due to
presence of traps/defects][ The conduction mechanism involved for héglreverse leakage and
forward bias current is discussed in order to understand the role of dislocatiomsetaid
semiconductor interface related propestirepectively.
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i 1 1 1
-2 -1 0 1 2
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Figure 4.2Forward and reverse bias characteristics b8 at different tempearature
Forward bias analysis

The forward bias characteristics is analyzed with the Thermionic emission (TE) model, as
explained in chapter 3.. The apparent Schottky barrier height (3BHN)d ideality factorrf) have

been calalated with TE model from eq. 4.1 and 4.2, shown in Fig. 4.3a. It shows the variation of
barrier height and ideality factor with temperature

=1 AT expC- P ) (expte ) -1 4.1)
' KT * kT~ = '
where, l,=AT? .expge_q—’rb 4.2)
C kT

wherelpi s t he saturation current 7 theappatent Schoktkyi s t

barrier heightn is the ideality factor, A is the Schottky diode ar&ai s t he ef fecti ve
constant (~ 26.4 A/cfK?).

The experimental values of the barrier heighjt,and theideality factor,n, are determined
from interceptsand slope of the forwasbias Inl vsV plot at eacliemperatue.
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An apparent increase in the ideality factor and decr@agbe Schottky barrier height
moving towarddow temperatures are possibdpusedoy structuraldefects in the semiconductor,
i nhomogeneous
interfacial reactions and diffusion/interdiffusion of the contamination of applied material on
semiconductor surfac Other pogble effects aredue to inhomogeneities of thickness and
composition of theayer, nonuniformity of interfacial charges or preserafea thin insulating layer
between metal and semiconducto®, [3, 4, 5, 6]. Since current transport across the
metal/semicaductor (MS) interface is a temperature activated process, at low tempetatirens
having lower energyan surmountuch barrierand the dominant current flow is through the
regions ofthe low Schottky barrier height (SBHAs the temperature increasanore number of
electrons having sufficient energy to surmount higher SBH at higher temperature activated process,
which results in increase of the barrier heidfttis is evident by plotting SBH variation with 1/T,
which is shown in Fig. 3b. It can bdserved that at low temperature (2880 K) SBH varies
significantly while at higher temperature (304K0 3 K)

¢, (eV)

Figure 4.3bApparent Schottky barrier height variation with temperature
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According to[7], a linear relationship betwreexperimental SBH and ideality factan)(
values is an indication of the barrier irregularity and can be explained by lateral inhomogeneities of
BHs. The value ohomogeneous barrier heightin beobtained from the extrapolatioof the
experimental Schdty barrier heights vs idealitfactors plot ton = 1 [7, 8, 9]. Thus, forPt-GaN,
homogenous barrier height value is obtained around 0.97 ghbwn in Fig.4.

— T T T T - T T T T T T T T T
L ideal fo= 0.97 eV
095} -
"
- AN
—~ 090} N .
s N
~ S
N
.._% 0.85 | ™ i
AN
N
N
0.80 N i
N
L}
0.75 E
1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
n (Ideality factor )

Figure 4.4 Variation of Schottky barrier height with ideality factd@he linear extrapolation for n =
1 gives the ideal barrier height fBt-GaN.

Another way to determine the Schottky barrier heighttaedRichardson constant is to use
theactivation energy plotJsing the values of the saturation current dengifyat each temperature
from thel/Ji V data (ig. 5), the conventional Richardson plot of Jg(T %) vs 1000T is obtained in
the temperature rand®28 403 K. From the lineafit fig. 4)Schottky barrier heigheind Richardson
constant are calculated to be8DeV and1-8 Alcm?K?, respectively. The estimated valuetbé
Richardson constant is much lower than the theoretighle of n-GaN (264 A/cnf?K?). The
deviation in the convention&ichardson plot may be due to the spatially inhomogenbauser
heights ad potential fluctuations at thaterface that consists of low and high barrier af@as3,
10, 11]reported that thé’ value obtained from theemperaturedependenti V characteristics may
be affectedy lateral inhomogeneity of the barrier
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Figure 4.5 Conventional Richardson plot rfidhe measuremerdf barrier height and Richardson
constant
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The convent i onpot, hoRever, hisa badesl on dhe thermionic emission
mechanismin eg. (4.1) and, hence, assumes an almosgidarrier, with ideality factor and the
Schottky barrieheight independent of the temperature. Hence, the nonlineétitg conventional
Ri chardsonds plvath thegeewnousty shovensxperimentalteddgnces, nantety,
temperature depelence ofSBH andn. In order to takénto account the deviation from the ideality
and the experimentallpbserved dependence ofand SBH on the temperaturee A modi f i e
Ri c har ds oJ/@sversuby@nkT, is dlsa reporteth Fig. 4.6. This apmach was proposed
by Hackam and Harrop [12] in order to consider the effects of deviationrirem at zero bias
voltage as well. In this case, a better linear fit has been obtained, gi\aagier height value of
085eV and a Ri charldxboh?d/snfKé. dinissvaleemfd*, mwever, is still
significantly lower than the theoretical predictions (26.4 Ak [13] found that the value of*

determined by a modified Richardsonds plot in
val ue. On the other hand, [ 14] f ouMArdhroegh a eas o
conventional Ri chardsonds plot. Clearly, t he

ascribed to the different interface quality, which, in turn, depend several factors such as the
surface defects density, the surface treatment (cleaning, etching, etc.), the metal and the deposition
process (evaporation, sputtering, etc.). As an example, [15] observed a depend&hoa tiie
dislocation density ofie material, in Ni/GaN Schottky diodes. In our case, itmargued that the
underestimatiof the A* value, even after considering the riokeality of the

barrier i n the Richar dsonds ofpmllatetally inkomogendoes r e |
Sdottky barrier which, irturn, may result into an effective area for the current condutioar

than the total area of the diode.
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Figure 4.6 Conventional Richardsénglot for calculation of barrier height and Richardson
consant

For the tunneling dominated curraransport equatiod.3, the slope of the Ih versusV
plot (0/Eo=a/nkT) is essentially temperature independent and is called a vdbag® or tunneling
constant. In addition, at a constant bratage, Inl is more of a linear function of temperature than
an inverse temperature. According to the tunneling maabich wasdeveloped for Schottky
barriers, the band bending works as a barrier for carriers tunneling into interface states or
dislocations, where vans traps may be involved in muttinneling steps [16]. Thermally
activated carriers make (stepwise) tunneling into the interface states.

e ag(v- 1 0
=l éexpo’eq(—li) ol (4.3)
e C Eo -

where, E, =nKT is the tunneling pamaeter and.$ is tunneling saturation current.

However,Ey values remaisialmost unchangeadver the same temperature range with an average of
0.15 eV, shown in Fig.4.7The high value ofn can been attributed to several effects such as
interface statesutneling currents in the high dislocations i[19] image force lowering of the
Schottky barrier in the high electric field at a MS interface, and generation currents within the space
charge region [20]. The TFE mechanism can be ruled out in this regnae Ey is more or less
constant in the measuréesmperature range.

76



Chaptedd

— 10-4 3 T T T T T T T T 05
" - | =1.94x10° A -

o of © -

< 10r »~7 104

rd

> 2 -

= 8 -

% 10" r P - 0a

” -

o) 1 - T
£ 10™f - B
9 ? , e | R
= 1 - J02 | ©
) 3 -

O 10™ 3 ¢ L
S o o

g 10" F o ° o |

— F [ ] [

a W

10' N 1 N 1 N 1 N 1 OO
200 250 300 350 400
T (K)

Figure 4.7 Variation of saturation current and tunneling parameter with teatype varitaion with
TFE model

Reverse Bias analysis

We studied reverse bias keme current mechanisms in Pt/Au Schottky contacts opdkaity
GaN. In this study, we assume thia¢ main mechanism for leakage current occurs thréogie
Frenkel EmissionHPE) and focus on reverse bias current density eladtric field characterigs.

In FPE, kakage current isainly governed bythe emission of electronsia trap state into a
continuum of states associated with ghresence of conductive dislocatiors is successfully
explained by the FPE model, in which, usually, the condndtand need not necessarily be in an
insulator and its emission refers to the electridtl-enhanced thermal emission from a trap state
into a continuum of electronic states. The current density associated with FPE is given by [21, 22]

a gE, )
O,
E:g pEe€ 8

J=CE exp T

(4.4)

[0 >N ONONONON O

where Eis the electric field in the semiconductor barrieth@ metal/semiconductor interface, is

the barrier heightfor electron emission from the trapped statfk,is the relativedielectric
permittivity, T is the absolute temperatutgjs thepermittivity of free space&ki s t he Bol t z 1
constant, and K is a constant. From B, In(J/E) should be a linear function of sqHy), i.e,

In(J/E)=RNJE +&7 (4.5)
R(T)—— a4
where, PEs! (4.6)

S :—t I C
(M kT

77



J/Es (AIV)

10°®

N
S,
o

[

S
[N
o

350

1
400 450 500 550

1/2

sqrt Es (V/cm)

Figure 4.8 VariationIn(J/Es) with electric field for 218 K318 K

Chaptedd

Figure 4.8 shows the plot of In(J/Es) versus sqrt(Es) as linear in the temperature range 218
318 K for Pt Schottky contact on GaN; this is a proof for a Fref@ble effect. As defineih eqs.
4.6, we also plotted R(T) and S(T) as functions of 1/T for Pt/GaN Schottky diode. The calculated
relative dielectric constant from the slope of R(T) versus 1000/T (figure 4.9a) is 6.0+1 and the
e mi s si o ngfrdmathe slope of S() versus 1000(the inset of Fig. 4.9b) is 0.14+.04 eV,
T h @ foreGepotartyc Gadl dis inv gobdagecementt with) the
previously reported [23, 24]. Recently, Arslan et al. [25] reported that dielectitstant and
emissiorbarrier are 5.&nd 0.12 eV for AlINN/AIN/GaN heterstructuresrespectively.
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Figure 4.9 Variation of R(T) and S(T) with 1000/T to calculate high frequency constant for GaN
(a) and trap barrier height (b)
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4. 3 Capacitance-Voltage (C-V) characterization

The GV measuremesthavebeen performed at 300 K to calculate taerier concentration
in GaN layer, depletion region and barrier height as mentioned in chapter 3-\ hee@surements
have been carried out at 1 MHz in order to use thér@sults for DLTS characterization.. As can
be seen from Fig. 4.10a , the Schottky barrier starts depleting (plateau) ardund 3hows full
depletion at very high reverse bias (~ 15 V) and-Bkepfeatures. It can be observed from th&/' C
characteristicsSchottky junctions are not completely depleted which is probably due to
inhomegenies in the Schottky layer (metamiconductor interface) or to the quality of the Ohmic
contacts on the GaN layer, that it is undoped and semi insulating.-Vheh@ractestics are used
for calculation of the Schottky barrier height , SBH, by plotting? 4V, as explained in chapter
3 [20]. The obtained SBH value ~ 0.78+.02 eV (Fig. 4.10b) is in very good agreement with
calculations by Currefi¥oltage analysis, as meatied above.

44 —(Ia) | | | | |

a2t
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40 |

38 |

36 1 1 1 1

3.28x10"

3.24x10"

—~~
3¢
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-
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©3.16x10*
i

3.12x10"

Bias _(V)

Figure 4.10C-V characteristis of PtGaN at 300 K (ajliagram of 1/C2 vs V (b)

The results of the / measurementsave been used order to obtaimeyx andncyv)
profiles, which are shown in Fig.11. The Sabitky junction is at x = 0 pm. The distribution of
carriers with reverse bias and depth indicates that reverse bias increase shows that carrier
concentration starts decreases at higherbiag t 6s shown in fig. 4.9a t
which can be correlated with decrease in carrier concentration with depletion and reaches to lower
value with higher bias, evidenced witlg.f4.11. Moreover, thearrier concentration value is in
good agreement with Hall effect measurements as provided by tipéesgnower.
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Figure 4.11Carrier concentration profile with depth (a) and reverse bias (b)

4.4 DeepLevel Transient Spectroscopy (DLTS)

Deep level transient spectroscopy has been performed to obtain information on defects/traps
level in the bandyap of GaN, thatis very essential for understanding the electronic and optical
properties of GaN devices and GaN based dewcegw of theirapplicationsDLTS is performed
using aSULA TECH systemto detect the presence of deep levels in unintentionallyddGaeN
over a temperature ran@60 - 500 K. Samples have been biased withV, -3 V, -5 V for different
tests with 1 V as filling pulse for trap filling with pulse width = 10 ms. The transient signal has been
recorded for different emission rates, as showi n Fi g. 4. 12. The capaci
C, with temperature is also shown in Fig. 4.
calculated their energy levels by plotting Arrhenius plot. The calculated energy level values and
cgpture cross section values are shown in Fig. 4.13.
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Figure 4.12DLTS spectraforRGa N (|l eft axes), and @C vs. temg
It is worth discussing the evolution diie positive peak in DLTS spectra which should in
gener al to be associated the dminority carrie
im-GaN | ayer . However, t hi s 0an &d explamedsn tamastofu r e

minority carrier trap emission §26]

a) Capacitance DLTS metld does not allow to detect minority carriers itype of GaN layer

b) The evolution positive peakould be due to high leakage in Schottky layer i.e. high
impedence and also to lack of the high quality Ohmic contacts as explained above. It could
be due to He increase in current at high temperature which increases the impedence too
which can affect the capacitance measurements and inverse the capacitance transient which
results in positive peak evolution in DLTS spectra [26].

However, such appearance pésitive peak in DLTS spectra had also been discussed in some
studies in GaN [26, 27]

The calculated activation energy values of defects have also compared with earlier reported
resultson Gapolar GaN layers by DLTS and Deep level transient optical (DLSp8Etroscopy
method [28, 29, 30]. The defect levels present in GaN are mainly associated with charged
dislocations which is also responsible for high leakage in GaN based devices as shown in an earlier
part of this chapter (see Pdéailenkel analysis on ¢ trap level at 0.14 eV). Other authors
attributed these defect levels mainly due to Gallium (Ga) or Carbon (C) vacancies or complexes in
GaN [28]. In the next padf this chapter, we have performed the optical measurements by SPV, PC
and PL in order taorrelate the presence of defects with transitions/emissions.

81



Chaptedd

T (K)
500 400 300 200
T T T T T T
T
3
10* b
" 098
9.8e-14

— 2 T

7)) I ’
N ;

Y  10°} !

—’ [

c /
o I o5t

= " 55e-15 0.24

5.3e-16
10° 2
L | L | L
2 4 6 8

1000/T (K™

Figure 4.13Arrhenius plotof GaNsample. Activation energy and capture cross section of the
levels detected are reported

4.5 Surface Photovoltage Spectroscopy, Photoaent and
Photoluminescnece analysis

First wewill discuss about SP¥&sults obtainedwith two differentlight sourcesand compare
their spectra. Lateon, we will compare the SPV results with Photocurrent and Photoksceme
analysis for energy gap,etect related informationThe aim of the study is taet further
information on energy gap and defect/trap level transitions/emissions with optical smethod
In the last sectiortable 4.1 has been preparetidd summarized with extracted defect level posg
from Conduction/Valence band in GaN with optical and DLTS mehtod as well as with some
literatures.

Surafce Photovoltage (SPV) spcectroscopy measurements have been performed on GaN

layer with two different lamps of QTH and Xe lamgeéchapter 3) at @0 K. SPV measurements
have been performed with two different gratings A (300 lines/fon)detection of energy gap
related transition and deep levels related transitieayelength ranges from 300900 nm and
grating B (1500 lines/um) to detect deep les related transitionsvavelength ranges 962000
nm. Fig. 4.14a shows the SPV spectra for GaN with QTH and Xe lamps which clearly shows the
observed band to band transition related to GaN energylgapould be reminded that by
changing the photonenr gy al so the opti cal absorption coc
dept,h vlari es. For photon e iltemgesifrens0.07 ta hgniim@Nf r o
[31]. This means that from 3 to 4 eV the carrier generation and collection ocauny within the
GaN layer

82



Chaptedd

: 200
1.0} GaN QTH lamp]|
1160
0.8}
—~
- _ 12 <)
S06} 0 %
© =
\./O 4l 4180 —
®
> |
o defect 40 [
002 T o))
4 (7.’
§e)
q'\")OO 1 1 M 1 M 1 M O E
= GaN 1350
10 1300 ?
£
5 1250
c 4200
0-5 . 150
1100
150
0.0 ]
Xe lamp 79
1 R 1 R 1 R 1 R -50
3.0 3.2 3.4 3.6 3.8 4.0

Energy (eV)

Figure 4.14aSPV spectra of GaN layeecorded by usin@TH and Xe lamps

Thus from Figure 4.14a, comparing the both lamps spectra GaN energy gap related
information is achieved. It can also be obsérthe peak at 3.16 eV in the QTH lamp spectrum
while it cannot be observebe using Xe lampprobably because of the very low
intensity/absorption compared to GaN gap peak. This peak at 3.16 eV could be related to defect
level transition in GaN by corggring the data from DLTS analysis which show the one defect
level at E€0.24 eV. This defect level is mainly attributed [32] to dislocation core level in GaN layer
as discussed in DLTS analysis section above.

Photocurrent and Photoluminescence measurenfeve also been performed at 300 K and
5 K with QTH lamp and H&€d laser to get information on energy gap and observation of bound
and free excitonic emission in PL spectra (fig. 4.13t)e comparison of SPV, PC and PL spectra
is shown in fig.4.4b. Fhotocurrent measurements have been performed in Scifitikyc contact
configuration withbias =-2 V as shown belowA sharp pealhas beenobserved in PC spectra at
3.43 eV, which shows the electrbole recombinatiofieature andhenthe signalstarts dereasing.
In case of PL, measurements have been done at 380dK5 K both in order to observe the
transitions related to bound exciton and free exciton (FE) near to GaN energy [33]

Figure 4.14b presents PL spectra of GaN gane sapphire measured aD3X 5 K. The
PL spectrum at 5 K exhibits the dominant transition of near-edgeé (NBE) band at 3.489eV,
together with shoulder at higher energy of 3.502 eV and another at lower energy of 3.496 eV. The
spectra exhibit three emission lines identifying #allow neutral donebound D°X) and free
exciton (X and FXg), the bound excitonD°X) level at 6.7 meV below the free exciton (BX
energy. The splitting of X, and FXg levels is 6.8 meV. Our results are in agreement with literature
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results [34, 35], ad the linewidths of EX, FX, and FXg as smallas 4.0, 3.9 and 6.9 meV,
respectively, show the high quality crystal of GaN layer

The temperature dependence of GaN fhiws also beemvestigated. The redshift and
broadening of alemission lines withncreasing temperature have been observed. The temperature
dependence of the linewidth is attributed to phemuuced band broadening [36]. The
characteristic redshift with increasing temperature is attributed to band gap reduction from lattice
expansion ando electrosphonon interactions [37]. The first contribution has major importance at
low temperature.
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Figure 4.14bSPV, PC spetra at 300 K and PL spectra at 300 K and 5 K
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Defect related information has been also achieved bBgnpang measurements below GaN
gap with all three different spectroscopies and comparison is shown in Fig. 4.15. SPV and PC
measurements have been performed at 300 K and PL measurbanventeemperformed at 5 K for
defect level emissions. In SPV specire peak at 2.98 eV is clearly observed transition, which is
usually related to Blue band (BB) emission also observed in PC and PL spectra around 2.98 eV and
3.05 eV.
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Figure 4.15SPV, PC spera at 300 K and PL spectaa5 K

In case of PLspectra, the broad peak can be related to defect level response as earlier
discussedvhich is mainly related to extrinsic feature (probably due to vacancy complexes nature)
in PL spectra. This defect related transition can also be correlgtedefect position analysed by
DLTS at &-0.57 which is in good agreement with SPV, PC and PL. The other feature at 2.48 eV is
observed in SPV and PC spectra while in PL spectra this peak is not observed. The peak at 2.48 eV
can be due taefect relatedransition responsible for green band earlier reported in some reports
[38]. This defect level can also be correlated with the DLTS results which show a defect leyel at E
0.98 eV. The other peak observed in SPV and PC spectra &.328V and also a dad peak in
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PL spetra at similar position is observed which can be related to Yellow band (YB) emission in
GaN which is still not clear about it origin due to minority carrier enhanced to majority carrier trap,
originated from screw/mixed/edge dislocatiétere, | have considered both possibilities in order to
explain this transition/emission with consideration of results from literature.

The case of Yellow Luminescence (YL)

I will deal with the origin of Yellow luminescence by considering tpaossible tleories
based on a) Screwtdixed dislocation and)liEdge/mixed dislocatigrwhich is still an open topic. It
has been observetiat the intensity of YL increases with the concentration of the Ga vacancy,
particularly inn-type GaN[39]. Furthermore, the Gaacancy is energetically the most favorable
configuration inn-type GaN [40] . However, the Ga vacancy itself is a shallow accepter [40] and
hence the Gaacancy/impurity complex has been suggested to be one of the sources as YL [41,
42]. Transitions beteen a shallow donor and a deep acceptor [43] or a deep donor and a shallow
acceptor [44] could be responsible for YL. It has been suggested that YL is due to screw component
of dislocation in some reports [45]. Recent theoretical calculations [46, 47aiadi that
dislocations may well be charged, giving rise to dgap states, also discussed above with optical
spectroscopies and DLTS results. Lee et al. reported that YL could also be due to edge dislocation
even in absence of Ga/N vacancy or complexesre it is discussed that the dangling bonds at Ga
and N atoms mostly contribute to deggp states and valenband tails, respectively [32]. All the
edge dislocations can act as deep trap centers except-trec&@wy dislocation, which may act as
a souce for YL. Fulk and opercore dislocations show degap states, which arenostly
contributed by the Ga dangling bonds, located at the dislocddienre, it is shown in Fig. 4.16 the
emission mechanism for YL luminescenceundoped AGaN with the considation of a deep
acceptor level above to valence band E0.81) eV [48. The suspcted source of this YL band
around2.2 eV is a deep carbon levelgallium vacancy It shows that YL mainly originate due to a
transition from shallow donor/dislocation & to deep acceptor state which results in YL
transition/emission in GaN.

Ec
Shallow donor - - —- - - oo
Dislocationsnetwork —___ " § T E-(0.2-0.24eV)
"""""""""""" E.-0.57eV)

------------------------ E.-0.98eV)

Deep acceptor ~ mmmemmm e EA+(0.8-1eV)

Ev

Figure 4.16Emission mechanism of YelloBand in GaN
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Table 4.1 Summary of defect levels observed by DLTS, SPV, PC and PL

Summary on defect levels in GaN

Methods Defect levels (eV) Capture cross section
by DLTS (cm?)
BB GB .

BB GB

DLTS Ec-0.24 E--0.98 - 53x 1018 98 x 10

E-0.57 2.5 x 1015

SPV 2.98 2.48 2.28

PC 2.98 248 2.30

PL 3.02 - 232 -

References

=

J. Jd, J. D. Alamo, IEEE De\.ett. 29, 287 (2008)

P. Y. Song, R. L. Van Meirhaeghe, W. H. Lafler, F. Car@&mniid-State Electron29,

633(1986)

J. H. Werner, H. H. Guttled. Appl.Phys.69,1522 (1991)

J. P. Sullivan, R. T. Tung, M. R. Pinto, W. R. GrahdmAppl.Phys.70,7403 (1991)

G. Y. Chen, M. Ogura, H. OkusAppl. Phys. Lett82,4367 (2003)

S. Zhu, R. L. Van Meirhaeghe, S. Forment, G. P. Ru, X. P. Qu, B. Z.Sbijd-State

Electron.48,1205 (2004)

R. F. Schmitsdorf, T. U. Kampen, W. Mon@&urf. Sci.324,249 (1995)

M J.Mamor. Phys. Condens. Matted., 335802 (2009)

S. H. Phark, H. Kim, K. M. Song, P. G. Kang, H. S. Shin D. W. KirhysD: Appl. Phys.

43165102 (2010)

10.S. Dogan, S. Duman, B. Gurbulak, S. Tuzemen, H. MofRbgsicaE41646 (2009)

11.J. Zs. Horvatlsolid-State Electron39,176 (1996)

12.R. Hackam, P. Harrop, IEEE Trans. Electron Devic®sl231 (1972).

13.Y. Zhou, D. Wang, C. Ahyi, CC. Tin, J. Williams, M. Park, N. M. Williams, A. Hanser,
and E. A. Preble, J. Appl. Phy01, 02456 (2007).

14.H. Ishikawa, K. Nakamura, T. Egawa, T. Jimbo, and M. Umeno, Jpn. J. Appl. Phys., Part 2
37, L7 (1998).

15.A. Arehart, B. Moran, J. S. Speck, U. K. Mishra, S. P. DenBaars, and S. A. Ringel, J. Appl.
Phys. 100, 023709 (2006).

16.R. Riben and D. L. Feughint. J. Electron20, 583 (1966).

17.V. V. Evstropov, M. Dzhumaeva, Yu. V. Zhilyaev, N. Nazarov, A. A. Sitnikova, L. M.
Fedorov, Fiz. Tekh. Poluprovodn. {Beterburg)34, 1357 (2000) SemiconductaoBd, 1305
(2000)

18.V. V. Evstropov, Yu. V. Zhilyaev, M. Damaeva, and N. Nazarov, Fiz. Tekh.

Poluprovodn. (S. Peterburg), 152 (1997), Semiconductasg, 115 (1997)

N

o0k w

© o N

87



Chaptedd

19.E . Bel yaev, N . S. Bol tovet s, V. N . l vanov,
A. V. Kuchuk, V. V. Milenin, Yu. N. Sveshnikov, and V. [Sheremet, Semiconductors 42,
689 (2008).

20.S. M. SzePhysics of Semiconductor Device#/iley, New York, (1981).

21.J. R. Yeargan and H. L. Taylor, J. Appl. Phys. 39, 5600 (1968).

22.J. G. Simmons, Phys. Rev. 155, 657 (1967).

23.H. Zhang, E. J. Miller, and E. T. YU, Appl. Phys. 99, 023703 (2006).

24.K. H. Lee, S. J. Chang, P. C. Chang, Y. C. Wang, and C. H. Kuo, Appl. Phys. Lett. 93,
132110 (2008).

25.E. Arslan, S. Altindal, S. Ozcelik, and E. Ozbay, J. Appl. Phys. 105, 023705 (2009)

26. L. Rigutti, PhD Theis, Universityfd@ologna, Italy (2008)

27. S. Saddoiu M. M. B. Salem, M. Gassoumi, H. Maaref, C. Gaquie're, J. Appl. Phys. 111,
073713 (2012)

28.A. Arehart, PhD thesis, The Ohio state University (2009)

29.P. Koteswara RaoB. Park,S-T Lee, Y-K Noh, M-D Kim, and JE. Oh, J. Appl Phys.110,
013716 (2011)

30.E. J. Miller, E. T. Yu, P. Waltereit, J. S. Speck, Apitys. Lett. 84, 535 (2004)

31.L. F. Jiang, W. Z. Shen, Q. X. Guigurnal of Appl. Phys. 106, 0315 (2009)

32.S. M. Lee, M. A. Belkhir, X. Y. Zhu, Y. H. Lee, Phys. Rev. B 61, 15(3000)

33. M. A. Reshchikov an®. Y. Korotkov A Phys. Rev. 54, 115205 (2001)

34.D. Y. Song, M. Basavaraj, S. A. Nikishin, M. Holtz, V. Soukhoveev, Usikov, V.
Dmitriev, J. Appl. Phys100,113504 (206)

35.W. Shan, T. J. Schmidt, X. H. Yang, S. J. Hwang, $ong and B. GoldenbeAppl. Phys.

Lett. 66 985 (1995)

36.S. Rudin, T. LReinecke,B. SegallPhys. RevB 4211218 (1990)

37.R. B. Capaz, C. D. Spataru, P. Tangney, M. L. Cohen, S. G. LBhis. Rev. Lett94
036801 (2005)

38.L. Polenta, A. Castaldini, ACavallini, J. Appl.Phys.102 063702 (2007)

39.K. Saarinen, T. Laine, S. Kuisma, J. Nissila”, P. Hautoja'rvi, L. Dobrzynski, J.M.
Baranowski, K. Pakula, R. Stepniewski, M. Wojdak, A. Wysmolek, T. Suski, M.
Leszczynski, I. Grzegory and S. Porowski, Phys..Rett. 79, 3030 (1997)

40.J. Neugebauer and C.G. Van de Walle, PRgx.. B50, 8067 (1994)

41.F.A. Ponce, D.P. Bour, W. Gotz, and P.J. Wright, Appl. Phys. 68t67 (1996)

42.J. Neugebauer and C.G. Van de Walle, Applys. Lett69, 503, (1996)

43.T. Ogino andM. Aoki, J. Appl. Phys19, 2395 (1980)

44.E.R. Glaser, T.A. Kennedy, K. Doverspike, L.B. Rowland, D.K. Gaskill, J.A. Freitas, Jr., M.
A. Khan, D.T. Oslon, J.N. Kunznia, and D.K. Wickenden, Phys. Ré&i4, B3 326 (1995)

45.S. Christiansen, M. Albrecht, W. Dats, H.P. Strunk, C. ZanottFregonara, G. Salviati, A.
Pelzmann, M. Mayer, M. Kamp, and K.J. Ebeling, MRS Internet J. Nitride Semicond. Res.
1, 19 (1996)

46.A.F. Wright and U. Grossner, Appl. Phys. L&B, 2751 (1998)

47.D.C. Look and J.R. Sizelove, Appl. Phy ett.82, 1237 (1999)

48.Y. Tokuda, Y. Yamada, T. Shibata, S. Yamaguchi, H. Ueda, T. Uesugi, T. Kachi, Phys.
Stati. Solidi C 8, 2239 (2011)

88



Chapters

Chapter 5

Characterization of INAIN/AIN/GaN based
heterostructures for high electron mobility
transistors

In this chapter INAIN/GaN based heterostructures for high mobility transistor (HEMT) have
been characterized with various electrical and optical methods. As InAIN layer has been emerged
with the possibility of lattice matching with GaN substrate/layer REMT and various
optoelectronics applications, so it becomes quite significant to explore the electrical and optical
properties of HEMT structures. The chapter starts with experimental results from basic electrical
techniques like -V, GV to understand # electronic transport properties, different scattering
mechanism for mobility variation and proceeded with defect characterization by DLTS method. The
presence of electrically active defects and information on their capture cross section is explored
which is still not available in literatures which makes this work in this thesis quite significant.
Optical spectroscopy methods like Surface Photovoltage, Photocurrent and Photoluminescence
have been used to investigate the optical properties, in particul& @elated transitions and
emissions, which is proposed for first time on this kind of heterostructures, and to correlate the
defect related transitions/emission with DLTS results.

5.1 Sample and growth details

Sevensamples with AlINN/AIN/GaN heterostttures were grown in an AIXTRON metal
organic chemical vapour deposition (MOCVD) reactor eplame sapphire substrates. AlInN was
around 15 nm thick, AIN layer was varied as 0 to 7.5 nm (shown in Table I), whilesth@ 3t hi c k
GaN layer has been grown on sapphire. Indium content varies from 13% to 14% as assessed by
High Resolution XRay Diffraction (HRXRD) [1]. Electrical measurementsve beerperformed
on semitransparent ONi ( 40 rotiky ¢comtacts, (d6t®@of bmmh 6 a
diameter) and Ti (30 nm)/Al (200 nm)/Ni (50 nm)/Au (150 nm) Ohmic contacts (dots of 1 mm
diameter), as shown in Fidgh.la as schematic. The Ohmic and Schottky conthatse been
prepared by O0Ti/ Al | Nespestively, fa Olimic énttallizatioa, fuatheo r a t
annealingis performed at 850C for 30 s in N ambient. Ohmic contacts have been checked and
found very good Ohmic behavior, shown in Figlb, due to high carrier concentration due to
formation of two dimasional electron gas (2DEG) at (In)AIN/GaN interface. For sample 3, effect
of annealing has been shown on Ohmic behavior of the contacts; similar effect has been found for
other samples.
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Table 5.1 Sample detailsof INAIN/AIN/GaN structures

Chapters

Sample 1| Sample 2| Sample 3| Sample 4| Sample 5| Sample 6 | Sample 7
INAIN (nm) 15 15 15 15 15 15 15
AIN (nm) 0 0.5 1 1.5 2 2.5 75
GaN (um) 3 3 3 3 3 3 3
Schottky
Q ® Q
In Al N
2DEG

Sapphire

Figure 5.1a Schematic of InAIN/AIN/GaN heterostructure for electrical measurements, Ohmic
contactshve been deposited by Ti/ Al / Ni/ Au (shown
dots of Ni/Au or Pt (circle in red color)
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Figure 5.1b Effect of annealingon Ohmic contact behavior for sample $hows the achieved

Ohmicity & high temperature annealing in comparison to unannelaed condition

5.2 Surface morphologyanalysisby Atomic force microscopy analysis (AFM)

Atomic force microscopy measuremegritave been performed in necontact mode for

surface morphology analysis andr fthe calculation of surface roughness etc. The surface

morphology of all samples have been compared and found very smooth surfaces in all samples

except for the sample 7, as shown in Bg .

The

r ol

e of

electrical ancklectronic properties have been discussed in this chapter.

sur face

Figureb. 2 surface morphology analyses of samples with variation iniAi&layer [2,3]
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5.3 Band diagramSimulation

Conduction band profiehavebeen simulated by using nextnano sofevfg] conduction
band offset CBO) =R . 1 eV f o= 1.8 EWr@knN/AIN apRlso discussed in
chapter 2, metal (Schottky) thickness is taken as 10 nm for all the samples with different AIN
interlayer thicknesse$], the resultsare shown in Fig5.3. Fig. 5.3a shows theanduction band
profile for all samples with variation of AIN interlayer thickness which shows the formation of
2DEG well at AIN/GaN interface and variation of depth of 2DEG well with variation in interlayer
thickness (shown by arrow), while Fi§.3b showsthe carrier concentration variation in different
samples at AIN/GaN interface which also shows the variation in density with respect to interlayer
thickness similarly as depth of 2DEG well as mentioned above. The Fermi level is shown as dashed
line and me&ked as Ein Fig. 5.3a. The detailed analysis of subband energy levels and their position
and role in electrical properties are discussed later in this chapter while discussing some theories. It
is to be noted that all the structures have been considesed 6i n strained6 <co
explained in chapter 2 in terms of strained and relaxed nature and influence on electrical and other
properties. It is shown in some earlier repo8sq that thicker AIN interlayer tends to get relaxed
above 6.5 nm ahstarts forming the cracks in surface for AIN/GaN heterostructures and we have
found similar things in our case but this st
be performed for strained st r uceffeactrobsdraindduaed t o
relaxed nature of AIN interlayer is well explored and explained with electrical and optical
measurements which has been an important feature of the thesis and discussed in next sections.

T T T T T T T T
—0nm

4L (@) ——0.5nm
1nm

3 ——1.5nm
—2nm

P.E. (eV)

0 10 20 30 40 50

Depth (nm)

Carrier concentration x 10*° (cm™)

Figure 5.3 Condudion band profils of INAIN/AIN/GaN heterostructure with varying AIN layer
thicknesga), and Carrier concentration variation with AIN layer thickness variation in
heterostructurefb)
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5.4 Current-Voltage (I-V) characteristics and analysis

In this sectionelectronic properties of the INAIN/AIN/GaN have been investigated with
Currentvoltage measurements for analysis of 2DEG concentration, dominant conduction
mechanism, leakage analysis and mobility limiting mechanism in this kind of heterostructures.

541 0 I-Ga al | oy 6 -Schétikyh oconfigkrgtion Current-voltage
measurements and 2DEG properties analysis:

Here, we examine on the current transport properties of AlINN/AIN/GaN high electron
mobility transistors with different AIN interlayer thicknesseWave determined thed2mensional
electron gas (2DEG) properties directly from simple curvattage measurements, carried out with
two Schottky contacts in a planar baokback configuration. A model has been developed to
straightforwardly extract th@DEG electrical properties from roetamperature currenoltage
curves and we correlated them to the effects of varying AIN thickness. The 2DEG properties
calculated form currentoltage analyses are in very good agreement with results obtained with
stardard Hall effect measuremengy.

The work presented in this section is focused on the electrical characterization of
Al gdno.1AN/AIN/GaN heterostructures by means of simple, room temperature Givodage (}

V) measurements which are here useddiectly derive the main 2DEG electrical transport
properties, such as the 2DEG carrier concentration and sheet resistance. The method we here
propose offers the advantage, with respect to other methods such as Hall effect measurements, of
requiring two Shottky contacts that are easier to realize than Ohmic contacts on -basdd
compounds. Moreover, it can be carried out with very common current/voltage meters, instead of
requiring expensive dedicated apparatuses. We also report the effect of viaeyiifjl tinterlayer
thickness in the heterostructure up to 7.5 nm.

Five samples with AlInN layer around 15 nm thick, AIN layer varied as 0, 0.5, 1, 2.5 and 7.5
nm,goownon& m t hi ck GaN | ayer haGueentWatage meassrentents o r
haw been performed at room temperature withickto-back Schottky contactén a planar
configuration directly formed by ga alloy with a spacing of 2 mmhawn in the inset of Fig.

S54a.

We have carried outV measurements on all samples and observelthage in the curve
slope at different applied biaxcept for the sample with a 7.5 nm thick AIN interlalfggure 4a
reports the typical-V curves observed for samples with 1 and 7.5 nm thick AIN structures,
indicating how a change in slope is clearlgible in 1 nm thick AIN samples and less in 7.5 nm
AIN samples. We can understand thé turves behaviour by considering that for low bias voltages
the transport is limited to the top AlINN barrier layer. As the applied bias voltage increases, for one
of the reverse biased schottky diode (shown in Figure 4a), the depletion region extends further
through the AlInN and AIN layers, allowing the current flow to reach the interface with the GaN
substrate, where the 2DEG is locat@ll [The onset of the 2DEG ntribution is revealed by the
marked current increase observed in tkgh&ped-V curves (Figures.4a)

We noted that the bias value corresponding to the onset of 2DEG condughgg, \Wries
linearly as a function of the AIN interlayer thickness fockimesses up to 2.5 nm. Samples with a
7.5 nm AIN layer do not show an evident change in slope at this scalé gk
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0 1nm AIN
O 7.5nm AIN

Schottky contact

Current (A)
oL

10° 3 al 2DEG conduction point
E O
1 L | s 1 L | L 1 "
0 2 4 6 8 10
Voltage (V)

Figure 5.4a Current vs. Voltage plot showing difference between change of slope as 2DEG
conduction in samples with 1 nm AIN (bluahd 7.5 nm AIN thickness (red). It also shows the
depletion of reversbiased Schottky with increasing bias (inset)

7.-;'|'|'|'|'|

V 2DEG (V)

0 1 2 3 4 5 6 7 8 9
tan (NM)

Figure 5.4bV,pes as a function of the AIN interlayer thickness

In order to understand the origin of the different behavior of samytasa 7.5 nm thick
AIN layer, wehavecarried out Atomic Force Microscopy analyses of samples with different AIN
thicknesses, reported in Figue3 b and5.3g. We have clearly identified the formation of
nanocracks on the AlINN surface that become mawmnqunced as the AIN layer thickness
increases, becoming macroscopic defects (misiped) in heterostructures with a 7.5 nm thick
AIN layer. Other recent results report the formation of cracks in AIN/GaN heterostrudiisesl|
we could relate their psence in samples with a 7.5 nm thick AIN layer to the observation of large
currents at very low bias voltages, due to high leakage effects.
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To calculate the 2DEG sheet carrier concentration, we determine the total effective
polarization charge density frothe data in Figur&.4b. The slope of the linear region obpEs Vs
the AIN thickness fin) gives,

dVopes - (S anscan +S ainnzan) (5.1)
Aty €6
where, e is t hgen®ln &gk aethe effective gpaarization charge densities

of the AIN and the AlInN layers, respectivelg; is the vacuum dielectric constant aadis
dielectric constant averaged over the AIN (~10.3) and AlInN (9.8) lalfessa equation (5.1) we
calculate thetotal effective polarization charge densityafican + Uamnan) and by calculating
Ewta, the total electric field across the AIN and AlInN layas$2]:

Etotal = VZDEG (52)

tAIN + tAIInN

we can then determine the 2DEG dhegarier concentration,geg by:

_ (S anscan TS amnsan ~ Mopec) 3
otal — (5 )
&6

The oomtemperature 2DEG carrier concentrations of the investigated AlINN/AIN/GaN
structures vs. AIN thicknesse plotted in Figs.5a, as determined frorAM curves (solid squares)
and Hall measurements (open squares). They are reported together with other experimental data
from the literature for similar structures by Capacitavodiage (GV) (solid triangle$ [8],
showing very good agreement. The error associated to our experimental data has been estimated to
be +0.01 x 1&cm and i toés mostly due to stoichiometr.i
differences could be ascribed to the different ghotethniques and to the different characterization
methods employed ¥, C-V and Hall). Moreover, our results are in good agreement with the
theoretical calculation by Ambacher et &].[The Hall measurements data reported in biga
from refs. 8 and9 (circles) deviate from the behaviour of the here investigated samples possibly
because thén concentration in their AlinN layer was ~18%. For such indium concentration, it is
known that the structure becomes lattice matched and spontaneous polagzeggothe major
contribution to form 2DEG §, 10], while in our samples, that are not lattimatched, the
piezoelectric polarization also plays a role.

In figure 5.5a, the last point (7.5 nm thick AIN layer) of the 2DEG concentration curve
relative to ou data (solid red squares) has not been directly determined from experimental data. In
fact, as is clearly shown in Figusedb, the 1V curves relative to the thicker AIN sample (7.5 nm)
does not allow to extract the 2DEG concentration from thged/ posibly because of the
deterioration of the AlINN barrier layer morphology that induces the flow of a very high current at
very low voltages. This effect hinders the direct application of tklemethod to the study of
samples with a cracked or dislocatedriga layer that acts as a lower resistance path for the
injected carriers, inhibiting the direct assessment of the 2DEG propertie¥ mgelsurements.
Nonetheless, if we extrapolate thep¥Ws vs AIN thickness curve obtained from thinner AIN
interlayers(Figure 5.4b), and we use the extrapolated values to estimate the 2DEG concentration,
we obtain a very good agreement with the experimental values obtained from Hall measurements
performed on the same samples (Fiduba).
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Figure 55 (a) 2DEG concentration as a function of the AIN interlayer thickness. Our data are
obtained from 4V curves (solid squares) and Hall measurements (open squares) and they are
compared with results form the literature, obtained withv (solid triangles) and Hall
measurements (circles), on similar samples. The last point (7.5 nm) of\beurive has been
extrapolated (see text). The lines are plotted only forgeygance (b) 2DEG Hall mobility (left

axis) and sheet resistance (right axis) vammatvith AIN interlayer thickness

Hall measurementsave beeralso performed to determine the Hall mobility and the sheet
resistivity as a function of the AIN interlayer thickness, shown in Figsé. The mobility
increases with the AIN interlayer thickss and reaches its maximum values of 123wt for
an AIN thickness of 2.5 nm, while further increasing the AIN thickness (7.5 nm) induces a drastic
decrease in the mobility. As the AIN thickness increases, dislocations are generated to minimize the
strain induced by lattice mismatch between GaN and AIN, thus degrading the interface roughness,
increasing the scattering processes and consequently, reducing the electron mobility, similarly to
what has been observed in the AlGaN/GaN sysiéln [

The sleet resistance behaviour (Fig&:Bb) further supports the results so far discussed: the
quite large value for the thickest (7.5 nm) sample well correlates to its strong morphological
deterioration and significant 2DEG mobility decrease as discussed. db®vaoteworthy that the
sheet resistance has been measured both with the Hall effect method and withrieghbd, using
the slope of the-Y curve after the onset of the 2DEG conduction, providing results in very good
agreement.
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In summary, we havestudied the transport properties of nearly latticached
AlINnN/AIN/GaN heterostructures with various AIN spacer layer thicknesses usikg |
measurements at 300Kvith Schottky contacts in a planar backback configuration By
comparing 1V and Hall meaurements we could assess the reliability of the here proposed method
based on simple-V analyses in the determination of the major transport properties of the 2DEG.
Our results confirmthe beneficial role played by an AIN interlayer, provided the stratctu
morphology of the AlInN barrier layer is preserved from the degradation induced by defects, such
as extended dislocations and macroscopic cracks, that we have clearly identéitniy Force
Microscopy analyses samples with AIN thickness ~7.5 nm.

5.4. 2 (Ni/Au) Schottky junction behaviour

In order to clarify the effect of charged dislocations and surface donor states on the transport
mechanisms in polaAlInN/AIN/GaN heterostructuresywe have studied the Currevibltage
characteristics of Schitdy junctions fabricated oAIINN/AIN/GaN heterostructures. lie reverse

bias leakage current behaviour has been interpreted with aPeoleel emission of electrons from

trap states near the metdmiconductor junction to dislocation induced states.vHEn@tion of the
Schottky barrier height as a function of the AIN layer thickness has been measured and discussed
considering the role of the surface states in the formation of the two dimensional electron gas at
AIN/GaN interface. A brief investigationals been also done on Schottky barrier inhomogeneity at
metalsemiconductor interface in this kind of heterostructures which is a very important issue for
device applications.

A surface donor model has been proposey 18], even if the characteristics efich donor
surface states are still debated. In this letter, we focus on the analysis of leakage current and
Schottky barrier height in (NAu)/ Alosdno 14N/AIN/GaN heterostructures obtained by current
voltage (}V) measurements. The density and enedggstribution of surface donor states were
obtained and their role on the 2DEG density in pseudomor@iigsdno 1dN/AIN/GaN
heterostructures was clarified. Moreover, such surface donor states are also found to be responsible
for Poole Frenkel emission tihe dislocation network which controls the reverse bias leakage
current in (NtAu)/ Al sdno.14N/AIN/GaN Schottky diodes.

Pseudomorphic samples oAl4InyN/AIN/GaN heterostructures with different AIN
interlayer thicknesses waas 0, 1, 2, 2.5 and 7.5mThe Background doping concentration in GaN
buffer layer was found of the order of 10cm® by Hall effect measurements. Another
heterostructurés examined, with a nominal thickness of 30 nm AlInN layer ard am thick AIN
interlayer. All samples werpseudomorphic, except for the one with the 7.5 nm AIN interlayer,
which showed partial relaxatio3,[§.

Currentvoltage measurementsave beenperformed at room temperature on-Al
Schottky contactgdots of 1 mm diameterand Ti/Al/Ni/Au Ohmic contacts (dots of 0.6 mm
diameter. Forward and reverse bias curkaitage measurements performed at 300 K are shown in
Fig. 5.6a. In the pseudomorphic heterostructures, the reverse bias leakage current is reduced by
increasing the AIN interlayer thicknessiin O nm up to 2 nm; while for the samples where the AIN
layer thicknessaly is 2.5 nm or even larger (7.5 nm) than the AIN layer critical thickness ~ 6.5 nm
[6], the leakage current rapidly increases by increagjng t
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Figure 5.6 (a) Variation of everse bias leakage current with different AIN interlayer thickness.
Variation of Dislocation density (WPit) is also shown in the inset

5.4.2.1 Leakage and Poolérenkel EmissionAnalysis

Sample without any AIN interlayds usedas reference samléo investigatethe effect of
the insertion of the AIN layer on the leakage curréinhas been recently suggested that the main
cause of leakage in nitride based heterostructures could be due to the presepis,of/Mch are
formed when screMype threathg dislocations terminate at the surface to reduce the surface
energy. This phenomenon is further enhanced by the segregation of indium along the dislocation,
forming a leakage path 41 To investigate this hypothesis, we performed Atomic Force
Microscopy (AFM) to directly determine the Yit density in each sample. Thepit density as a
function of the AIN interlayer thickness is shown as insefigpf5.6a. It is evident that the -yit
density does not increase significantBtan in the pseudomorpbilayers while, it starts increasing
at tan =2.5 nm and reaches a high value fgg £7.5 nm. Besides, in this relaxed structure the
formation of micro/nanocracks was observed, which strongly affects the Schottky beBa3jor [

We have applied the PaoFrenkel transport model [15, 16] to interpret the leakage
mechanisms in sucAlInN/AIN/GaN heterostructuresPooleFrenkel emission refers to electric
field-enhanced thermal emission from a trap state into a continuum of electronic Htatesirrent
variation associated with Poekrenké emission can be expressed as

e ,/ E. |
/= CAEexpg q@ i pe) (5.4)
e
which can also be written as
log(J / E9) = [q ‘/ ] {Q/t legd [R]] [ ST (5.5)
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whereC is a constantA is the area of the Schottky contatts the current densit¥s is the electric
field at the semiconductor surfacé, is the barrier height for electron emission from trapped state,
and g, and e, are the free space permittivity and high frequency relative dielectric permittivity,

respectively. The Electric field {Evalues were calculated by dividing by the total thickness of
AlInN and AIN layers the applied bias as also mentioned in ref. 16.

|/ Es (A-cm/V)
Sl.
|
!u,u,\\\l

300 400 500 600 700 800
Eso.s (VO'Slcn’iO's)

Figure 5.6 (b) Measured reverskias current divided by electric field vs square root of electric field
for Schottky contact on the fddno.14N/AIN/GaN heterostructure (serhbg scale)

In fig. 5.6b we have plottefl / E)vs/Es and found a linear dependence in the log scale as

predicted by equation (5.4) for the pseudomorphic structures. These results indicate that the Poole
Frenkel mechanism is the dominant mechanism controlling the eedeekage current in
AllnN/GaN nearly lattice matched heterostructufésr the higher AIN layer thicknesses of 2.5 nm

and 7.5 nm (relaxed structures, high dislocation density and even cracks in the case of the 7.5 nm
thick layer), the reverse bias leakagurrent significantly increases. Actually, for the relaxed

structure with 7.5 nm thick AIN layer, the current becomes nearly independef&iczfuggesting

that other mechanisms, such for example conduction through electrically aattocracks, could
play a major role.
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Figure 5.7 Temperature dependen¥land In(J/Es) vs. Es plot to show the RBaénkel emission
in samples 1, 3 and 6 (lines are used only for eye guide lines)

In order to confirm the Poole Frenkel mechanisnpoesible for high leakage current in this
kind of heterostructures, 3 samples with substantial differences in AIN layer thickness have been
measured with temperature variation. From temperature deperdanebsurements (260-K00
K) on sample 1, 3 and\gith varying AIN interlayer thickness, as shown in FBg. we can observe
the linear dependent plot of In(J/Es) vs. sqrt (Es) which confirms the-Pomi&el mechanism.
Thus, from figh.7 we can extract slopes and intercept to obtain the high frequetetywe
di el ect r igcandcemission arier he{ght of trags)(for the pseudomorphically grown
structures, by plotting R(T) and S(T) vs. 1/T (as defined in eq. 5.5, se&.8&igThe values of
ranges 5.8 8 and ~ 0.10 0.167 eV were obtaine f s@and(; léspectively [17]. We can therefore
conclude that the leakage current in these heterostructures is controlled by emission of electrons
from trap states to the conductive dislocation network.
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Figure 5.8 R(T) vs. 1/T allows calculatingighh frequency relative dielectric constant (a) and
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S(T) vs. 1/T allows calculating the ersiign barrier height of trap (b)
5.4.2.2 Role othe surface trap states inthe formation of 2DEG

Such states lie below the conduction band edge and above thel&erinthus they could
be related to the surface donor states which are considered as the source of the 2DEG-in nitride

based heterostructures2[113]. To validate this hypothesishe Schottky barrier height/ () is

extracted byforward bias 1V plots from the thermionic emission model [18] and correlated with

the 2DEG density 4 directly measured for all the samples by Hall effect measurements on Van
Der Pauw geometry at 300 K as reported in 18f(Fig. 5.9a). Hall effect allvs us to obtain a

direct measurement of the 2DEG density value, as a possible contribution from the GaN substrate
should be ruled out as the estimated doping of the buffer layer is arotfochiOtwo orders of
magnitude lower than the 2DEG related fetectron density which is of the order of'300% cm®

[19]. The measuredV curves were fitted with [15], also discussed in chapter 3:

| = Iogexpggwg- lﬁwhere I, = AAT? expae 8
e C nkT = U c KT = (56)

with A the Schottky contact area, Ahe effective Richardson constant (~56 ATki®) [18], T the
absolute temperaturg the electron charge, akdhe Boltzmann constant.

The Schottky barrier height/ () increases with AIN layer thicksse for pseudomorphic
heterostructures, while it decreases for the relaxed layer. fgoB9a, it should be noted that the
/, and the 2DEG density show the same treadan, revealing the existence of a correlation

between thes two parameters. However, for the sample without AIN interlayer, theatue is
higher than for the samples with AIN interlayer. Thus it doesn't follow the increasing trend in 2DEG
density value with increasing AIN thickness observed for AIN layerpseudomorphic structures.
Possible reasons for such a behaviour were discussed in ref. 20. The 2DEG idgpisitiyd
against/ , as shown in fig5.9b, and an almost linear relation was found. This plot can be used to

investigate e energy distribution of the surfacel/interface donor states located at the metal
semiconductor interface. If we assume that their distribution is uniform, as earlier proposed by
Gordon et. al [2], and we consider surface states as the origin of the I8 Gthe surface donor
density can be calculated by the slope of the {sqsares fit line of 2DEG densitys/ . In this

study, the value of (2.7 + 0.2) x focm® eV? is estimated. The scalculated value of surface
donor densy is in good agreement with earlier reports on AlGaN/GaN heterostru¢fire®?].
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Figure 59 (a) Variation of Schottky barrier height (in red solid squares, left axis) and 2DEG
density (in blue open squares, right axis) on AIN layer thicknesatioer. The lines are a guide to
the eye

It should be noted that eventife Poole Frenkel mechanism does not apply to the reverse |
V curve of the relaxed samplext,=7.5 nm) possibly controlled by other conduction mechanisms,
like conduction throughhreading dislocations, weaveinserted the data (calculated from forward
bias FV characteristics) relevant to this sample in Bi§.to understand how the 2DEG density can
be affected by the formation of cracks propagating toward the surface. It cdealdg observed
that the barrier height value for this sample is significantly reduced, which means that threading
dislocations propagating toward the surface can significantly affect the metal semiconductor
interface through the increase in the surfatates. Moreover, we have simulated D 1
Schrédinger Poisson equations the Conduction band (CB) profile for a surface barrier height of 1.6
eV, a metal thickness of 10 nm and a conduction band offset between AIN/GaN of6?, & [
show the effect induckon the band structure by the variation of the AIN interlayer thickness. The
results are shown for all sampledig. 5.3.
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Figure 5.9 (b) Measured 2DEG density variation with barrier height (red solid circles) and linear
fitting (straight line)

These results allow us to calculate the interface/surface states density value in
AlInN/AIN/GaN heterostructures, and clearly demonstrate that these states are the origin of the
2DEG in nitridebased heterostructures, in agreement with results recendinettby theoretical
simulations in AlIGaN/GaN structures [21 22]. In addition, we have calculated the 2DEG density
value for the sample with 30 nm thick AlInN barrier layer from ref. 10. The obtained value of
2DEG density (~ 3.3 x #8cm?) is higher tharihe one for the 15 nm thick barrier layer, indicating
that the distribution of surface donor states could indeed be important in the formation and control
of the 2DEG carrier density. In fact, an increment in AlInN barrier layer thickness lowers the Fermi
level below conduction band thus emptying the donor states which emits carriers in conduction
band resulting in increase of 2DEG density as showigib.4b. The conduction band (CB) profile
was simulated for both structures and shown in Fig. 10 thhease in 2DEG density {nvalue for
30 nm thick barrier sample in comparison to 15 nm thick barrier samples can be noted.
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Figure 5.10 The variation in 2DEG density (dashed line for 15 nm and dotted line for 30 nm)

5.4.2.3 Barrier inhomogeneity atNi/Au) -InAIN/AIN/GaN interface

From above analysis and discussion, the leakage mechanism and role of surface trap states
in INAIN/AIN/GaN heterostructures have been well understood and proposed. From, forward bias
analysis a detailed study on Schottkyrkearheight has been explored to understand the metal
semicoductor interface quality as it is still an open issue in GaN based HEMT structures which has
been earlier reported in very few studies [23]. To investigate this issue, Sample 6 has been
consideredwvith temperature dependerYVlanalysis as shown in Fi§.7. as in case of other sample
variation in current is quite low to conclude anything.

The forward bias characteristics is analyzed with the Thermionic emission (TE)
model as explained in chapt8rfor the temperature range. The apparent Schottky barrier height
(SBH) 7, and ideality factorr{) have been calculated with TE model, shown in Fifyla. It shows

the variation of barrier height and ideality factor with tempeeatdn apparent increase in the
ideality factor and decrease in the Schottky barrier height at low temperatures are possibly caused
by structural defects in the semiconductor, inhomogeneous doping (which is not the case in the
sampl e as i triase roughresspimalfacial reactionsand diffusionfidi@usion of

the contamination of applied material on semiconductor surface. Other possible effects are due to
inhomogeneities of thickness and composition of the layer, aneumformity of intefacial

charges or the presence of a thin insulating layer between metal and semiconductor [24, 25, 26].
Since current transport across the metal/semiconductor (MS) interface is a temperature activated
process, electrons at low temperatures can surmoutdwiee Schottky barrier height (SBH) and

the dominant current flow is through the regions of lower Schottky barrier height (SBH). As the
temperature increases, more electrons have sufficient energy to surmount higher temperature
activated process, electmmat low temperatures can surmount the lower Schottky barrier height
(SBH) and the dominant current flow is through the regions of lower Schottky barrier height (SBH).
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Figure 5.11 (a) Apparent Schottky barrier height and ideality factor variatioih vémpearature
(b) Variation of Schottky barrier height with ideality factoe. The linear extrapolation for n = 1 gives
the ideal barrier hright folNji/Au)-InAIN/AIN/GaN

According to [19], a linear relationship between the experimental SBH and idieality
(n) values is an indication of the barrier irregularity and can be explained by lateral inhomogeneities
of BHs. The value of homogeneous barrier height can be obtained from the extrapolation of the
experimental Schottky barrier heights vs idealagtbrs plot ton = 1 [27, 28]. Thus, forNi/Au)
INAIN/AIN/GaN, homogenous barrier height value is obtained around 1.46 eV which is also in
agreement with MotSchottky law [19], shown ifig. 5.11b.

In conclusion, we have investigated the characteristicsurface/interface donor states in
AlINN/AIN/GaN heterostructures. We have experimentally determindég ¢ensity of
surface/interface donor states, which are considered the source of the 2DEG in these
heterostructures, by relating the Schottky barriéeghteand the 2DEG density. Moreover, we have
found that these surface/interface states are also responsible for Poole Frenkel emission to the
dislocation network, which could be considered as the source of reverse bias leakage current
observed in (NiAu)/AlINN/AIN/GaN Schottky diodes.
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5.4.3 Mobility limiting mechanisms in polar nitride semiconductor
heterostructures

The mechanisms controlling the carrier mobility of two dimensional electron gas (2DEG) in
ultra-thin polar semiconductor heterostructureshsas IlFV nitrides, have been analyzed,Ah;.
«N/AIN/GaN heterostructures with different AIN layer thicknesses have been investigated. These
structures can be considered a very good benchmark for the analyse¥ aittltles, due to the
possibility tomodulate the strain by varying the In composition. In order to determine an estimate
of the mobility, charged dislocation and remote surface roughness scattering lifetimes have been
calculated. Atomic Force Microscopy and Scanning Tunnelling Microscoplysss have been
used to measure the parameters required for the lifetime calculation, such as surface roughness,
correlation length and dislocation density, and the total mobility has thus been calculated without
the need of anw priori assumptions on évalues of these parameters. The mobility QAln
«N/AIN/GaN heterostructures has been measured at room temperature and liquid nitrogen
temperature by Hall effect. The comparison between the calculated and the Hall Effect measured
mobilities, allowed ugo establish, without using amg-hoc assumption or fitting parameters, that
the remote surface roughness is the most effective factor in controlling the transport properties of
2DEGs in nitride based heterostructures at low temperature.

The identificaion of the dominant scattering mechanisms controlling the electron mobility
in the high density 2DEG is therefore important to deepen the fundamental understanding of these
systems, as well as to optimize the growth mechanisms the of the heterostrirctardsr to
improve their electronic quality. In an ideal, defect free material the electron mobility at room
temperature is mainly limited by electrphonon interactions. In a real sample the mobility is
further reduced by structural defects/impuritibgttinteract with the electrons, in nitrides the
negatively charged threading dislocation lines play a major role. Compared to other
semiconductors, the nitrides have a peculiar defect: the negatively charged dislocation lines which
can significantly redce room temperature mobility [29]. Since threading dislocations propagate
through the heterointerfaces, and are known to forpit¥in indium containing materials [30, 31,

14], they may also contribute to the interface roughness. Cao 6} hadle showrthat among the
several scattering mechanisms that can be considered such as Coulomb scattering due to chargec
dislocations, surface charged states and background impurities, the dominating one at low
temperature in AIN/GaN layers is the interface rougbn&imilarly, Antoszewski et al. [32]
showed that in AlGaN/GaN structures with 2DEG density higher than % gt the interface
roughness becomes the dominant scattering mechanism. Recently, Liu et al. [33] and Cao et al. [34]
showed that the remote $ace roughness (RSR) scattering mechanism explains the low
temperature mobility in AlIGaN/GaN and in AIN/GaN 2DEG channel layers, respectively, while the
scattering due to dislocations, alloy disorder, phonons, etc., plays an important role in limiting the
2DEG room temperature mobility [34]. The role of surface roughness has been also deeply
discussed in ref35. In particularthe authors discuss the role of correlation lengths on the RSR
scattering in AlGaN/GaN heterostructures, and reach the conclusibtathe correlation lengths

(of the order of hundreds of nm or larger) control the quantum lifetime, while the transport lifetime
is controlled by short (atomic level) correlation lengths.

We analyze the role of surface roughness scattering on InAWGEN heterostructures
which have got advantages over AlGaN/GaN and AIN/GaN structures due to higher 2DEG density
and mobility, and lattice matching for In~ 18%. In previous reports the RSR mechanism has been
proposed [33, 34], here the values of importpatameters like dislocation density, surface
roughness and lateral correlation lengths, have been ad hoc assumed to calculate the mobility for
AlGaN/GaN, AIN/GaN structures. On the contrary, in the present report, we have measured
dislocation density, stace roughness and correlation length by scanning probe microscopy method
and the measured values have been used to calculate the electron mobility. We have considered
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Ing.14Alp.8dN /AIN/GaN structures with different AIN thickness in order to analyze retthiand
relaxed structures. In polar semiconductor heterostructures the 2DEG density is function of the
barrier thickness. Barrier thickness fluctuations result in variations of the electric potential in the
channel and these fluctuations are the origithefRSR scattering mechanism. The 2DEG mobility

in In Al1.xN/AIN/GaN heterostructures was measured by Hall effect. The morphological parameters
and the dislocation density required to calculate the RSR and dislocation related mobilities were
obtained by tomic force microscopy (AFM) and Scanning Tunnelling Microscopy (STM) analyses.
The mobility values have beecalculated by these parameters without the need ofaapsori
assumption or fitting parameters. The comparison between calculated and mesatradbility

shows that in nearly lattice matched pseudomorphi@l{rN/AIN/GaN heterostructures the
surface roughness scattering is the dominant mechanism at low temperatures.

Four samples wittn,Al 1 xN/AIN/GaN heterostructures were grown by AIXTRQIY metal
organic chemical vapour deposition (MOCVD) oplane sapphire substrates,Ah.xN thickness
was around 15 nm thick, the AIN layer thickness was varied as 1, 1.5, 2.5 and 7.5 nm, while the
semtinsulating GaN template wase3m t h i ¢ k . mple,hwéth AlNatlsickness aqual to 7.5
nm, is included in our investigation to study the different behaviour of mobility and surface
roughness between a pseudomorphic and a relaxed layer. A sketch of the analyzed structure is
shown in inset ofig. 5.12 (a)

Hall measurementeave beerperformed on all samples at 300 K and 77 K. The surface
morphology was studied by topography maps of 5 um x 5um by Atomic Force Microscopy (NT
MDT-Solver PRO 47) in sengontact mode. High resolution topography maps wereigzby
STM in the constant current mode at room temperatutdtra-high vacuum (UHV) conditions, by
usingan electrochemically etched tungsten By.AFM and STM analyses the surface roughmpss
and the autocorrelation length v a lare ekgained by He onedimensional heighheight
correlation function [35, 36]. Moreover, the density of V shaped defects was also measured by
AFM. By comparison with Transmission Electron Microscopy analyses [37], the V pit dénsity
assumed to be around one half of theeading dislocation density, as it has been recently
demonstrated that only screw and mixed type dislocations fepits\[31].

Surface roughness,-pit density, Hall mobility and 2DEG density, measured at 300 K and
at 77 K, are plotted against intgyer thickness iffig. 5.12 (a, b). It can be observed that both
surface roughness andpit density keep almost constant for AIN interlayer thickness from
1 to 2.5 nmand increase to higher values fagtabove 2.5 nm. Fonit from 1 to 2.5 nmthe
surface roughness showalues around 0.25 nm (typical value in those structures, corresponding to
half a GaN unit cell [33]) and the-pit density is around 2.0° cm? (of the same order of
magnitude of the dislocation density in GaN). The Hall mgbaiso increases up to a maximum
value for i around 1.5 nm and it starts decreasing f@r &bove 2.5 nm, reaching a very low
value of for fn= 7.5 nm (relaxed growth). The variation of 2DEG density with AIN thickness
measured by Hall effect at 300 &d 77 K B] is also reported irfig. 5.12b, background
concentration in GaN buffer layer is found around’d®?® which is quite low to influence the
2DEG density (which can reach 22am? [17]) at AIN/GaN interface, that indicates the good
confinemen of electrons.
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Figure 5.12 Surface roughness (open squareg)iMiensity (solid squares) (top layer) and Hall
mobility at 300 K (solid triangle) and 77 K (solid dots), and also 2DEG density at 300 K (in dash
line) and 77 K (dot line), (bottom laygpjotted as a function of AIN layer thickness. The sketch of
InxAl1.xN/AIN/GaN heterostrueire is also shown in the inset

Here, it should be reminded that the barrier layer also plays an important role in 2DEG
properties as it induces a very high electietd due to the related polarization, as discussed in ref.
14. The mobility increases as temperature decredggs5(12b) showing that strong Coulombic
scattering due to charged dislocatidfg(10%cnr), remote surface charged states, and background
charged impuritiesNyack (10'7cm®) do not play a significant role. For increasing 2DEG
concentration the screening of 2DEG becomes stronger, thus decreasing the contribution of the
Coulombic scattering to the total mobility [38]. Thus, the increase indawperature mobility from
1 to 1.5 nm thick AIN sample could be possibly due to better confinement of the 2DEG and the
increased screening effect due to higher 2DEG density, even if the surface roughness keeps
constant. At the same time, for AIN layer thiess ranging from 1.5 and 2.5 nm, the low
temperature mobility remains almost constant even if the surface roughness slightly increases, this
can be due to a higheg at 2.5 nm with respect to 1.5 nm, which enhances the screening effect.

Therefore, the@mbined effect of surface roughness, 2DEG density and dislocatipis)V
density on mobility should be considered.o calculate the dependence of mobility on surface
roughness, whaveapplied the models developed for AlGaN/GaN [33] and for AIN/GaN {84]
our InysAl geN/AIN/GaN heterostructuresBoth models give similar values for the calculated
mobility. The origin of roughness induced scattering (RSR) is due to the coupling between surface
roughness and polarization. As in polar heterostructure2DBE& densityns is function of the layer
thickness, the roughness, i.e. the fluctuation in the layer thickness aifeatsl, in turn, the
electrical potential in the channel. In order to calculate the RSR limited mobility we estimated the
first ground sbband energy leveb]
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where k i s the r andistheetkctréhleffecticekmasstoerelectranio charg)
the vacuum dielectric constant adthe GaN relative dielectric constant.
Band diagrams, subband energy levels and electronic wave functions hawnbalered
pE= 2.1 eV f o¢ 1.6¢VNDr AlaMAIN, meEtal thickness around 10 nm for all the
samples with different AIN interlayer thicknessd§ the resultsare shown irfig. 5.13. The effect
of the barrier layer thickness on the subband gnlengels and the localization of the electron wave
functions can be noted.
The square matrix el ement of surface roughnes

> &4 PP 12 EF & s° B& P
M| = 3 —2— Ngp— ex
A ® Y4 Ln T Qge f (5.8)

Whereg=k 6 i s the two di mensi onadLloflRdaeddABt er i
the sample area.

For degener ated 2DEG, we can consi der t hat
q* =2k*@ <osJ . The tansport relaxation time is given by [33]:
1 _ A&y 9,  p
G %I/IR| S <osJ) 4E, £) d k (5.9)
whereExandkar e the energies to k and ko6, respect.i
dimensional SchodingerPdisson simulationshown infig. 5.13, and is the scattering factor, that
can be written to a good approximationsas Zg , Where is the Thomag-ermi wave
§a+4, ¢

vector andbg, is the &ective Bohr radius of 2DEG. Finally, the mobility limited by surface
roughness scattering has been calculatedby aver agi ng U-Dimvdistributohe Fer

function at low temperature.
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