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Abstract
In the last few years, there has been remarkable progress in the development of group IlI-nitride
based materials because of their potential application in fabricating various optoelectronic
devices such as light emitting diodes, laser diodes, tandem solar cells and eld effect
transistors. In order to realize these devices, growth of device quality heterostructures are
required. One of the most interesting properties of a semiconductor heterostructure interface
is its Schottky barrier height, which is a measure of the mismatch of the energy levels for the
majority carriers across the heterojunction interface. Recently, the growth of non-polar Il1-
nitrides has been an important subject due to its potential improvement on the ef ciency of
[lI-nitride-based opto-electronic devices. It is well known thatctaegis oriented optoelectronic
devices are strongly affected by the intrinsic spontaneous and piezoelectric polarization elds,
which results in the low electrehole recombination ef ciency. One of the useful approaches
for eliminating the piezoelectric polarization effects is to fabricate nitride-based devices along
non-polar and semi-polar directions. Heterostructures grown on these orientations are receiving
a lot of focus due to enhanced behaviour. In the present review article discussion has been
carried out on the growth of IlI-nitride binary alloys and properties of GaN/Si, InN/Si, polar
InN/GaN, and nonpolar InN/GaN heterostructures followed by studies on band offsets of Ill-
nitride semiconductor heterostructures using the x-ray photoelectron spectroscopy technique.
Current transport mechanisms of these heterostructures are also discussed.

Keywords: Il nitride heterostructures, non-polar nitrides, band offset engineering

(Some gures may appear in colour only in the online journal)

1 Introduction materials. Heterostructures has brought tremendous changes
in our everyday life and are heart for electronic and opteelec
11 Introduction to lll-nitride heterostructures tronic devices]]. Heterostructures are used in different forms

- . . like diodes, transistors, thyristors, solar cells, detectors and
Heterostructures are ubiquitous of semiconductor devices ?n . . .
. . ; ser diodes. A heterostructure is de ned as a semiconductor
most of semiconductor devices have two or more semiconducior . . . o .
structure in which the chemical composition changes with

Gy Content from this work may be used under the termPOsition P]. The simplest heterostructure consists of a single
of theCreative Commons Attribution 3.0 licenggny ~ Neterojunction, which is an interface that occurs between two

further distribution of this work must maintain attribution to the ~ layers or regions of dissimilar crystalline semiconductors have
author(s) and the title of the work, journal citation and DOI. unequal band gaps. From last two decade, IlI-nitride materials
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Figure 1. Three types of semiconductor heterojunctions.

are attracted to researcher due to its potential applicatiomaterial properties, which decide the type of heterostructure;
in light emitting diodes (LEDSs), laser diodes (LDs), tandetvand gap, electron af nity and work function. The electron
solar cells and eld effect transistors (FET8)-T]. In 1982, af nity model (EAM) is rst proposed model by which we
rst GaN/AIN heterostructure were fabricated by Yoshédal can calculate band offsets of heterostructures in in an ideal
and demonstrated that the cathodoluminescence ef ciencycake with assumption that no potential created at interface
the overlaying GaN has improved by using AIN buffer laygi7]. However, a deviation from the EAM model is gener
on Sapphire§]. Later Akasaki 9] and Nakamurall0] have ally observed as a change in the interface dipole. The band
deployed the nucleation layer idea and have grown high quaignment between two semiconductors is controlled by the
ity GaN epitaxial layer by using a two-step growth, a lowharge transfer across the interface and the resulting interface
temperature buffer layer and high temperature GaN epitaxdgbole in a fashion similar to Schottky barrier modél§].
layers. The achievement of p-type doping in GaN technologiso many researchers have employed charge neutrality levels
is another breakthrough in the history of IlI-nitride mater(CNL) to relate the relative contribution of the electron af n
als. Akasakiet al [11] reported low energy electron beanity model and the interface dipole in determining the band off
irradiation (LEEBI) converted an Mg-doped GaN layer to sets L9]. The CNL concept was rst formulated and used in
p-type doped conductive layer. In 1993, rst heterostructustudies of metakemiconductor interfaces. CNL determines
based p-GaN/n-InGaN/n-GaN blue LEDs were fabricated the barrier height at the interphase boundary, electronic prop
Nakamura12] and he is awarded for Nobel Prize for this workrties of a bulk semiconductor saturated with intrinsic lattice
in 2014. In 1996, Nakamurat al demonstrated rst violet defects, surface electronic properties, and limiting concen
laser based on InGaN/GaN/AlGaN heterostructut8s The trations of shallow chemical impurities in semiconductors.
rst breakthrough of AlGaN/GaN high mobility transistorsThis makes possible the use of the CNL to judge the elec
based on heterostructure was demonstrated by Ehahin tronic properties of defective nature semiconductors layers in
1994 4. hetero-epitaxy with various nucleation and strain relief layers
In order to realize these devices, both growth of deviaad to construct the energy diagram of the interface. The band
quality epilayers and fabrication of heterojunctions (HJs) avéfset of heterostructures can be estimated by using x-ray pho
required. One of the most interesting properties of a semictwelectron spectroscopy (XPS) and ultraviolet photoelectron
ductor heterostructure interface is its Schottky barrier heigbpectroscopy (UPS20, 21]. At the interface of two semicen
which is a measure of the mismatch of the energy levels éarctors of different energy gaps, the offsets in the conduction
the majority carriers across the interface. In the present reviemd valence bands of heterostructure constituents accommo
article, fabrication, determination of band offsets and effect dates the difference in the electronic properties between wide-
electrical transport properties are discussed. gap semiconductor and narrow-gap semiconductor. Tailoring
the band-offsets would leads to a new degree of freedom to
tune the properties of the fabricated devices which uses the
heterostructure. For example, the carrier injection and cur
Two semiconductor materials of different band gap have dient transport and, in turn, the performance and reliability
continuities between the valence band maxima or conducti@inheterojunction bipolar transistors (HBTs) and the carrier
band minima at their interface, when both are joined. The dion nement in modulation doped eld effective transistors
continuities act as barriers to electrical transport across {(MODFETS) can be varied by the sp Ecin the conduction
interface. The semiconductor devices performance censddnd and ste E, in the valence band at heterointerfa2d.[
ously depends on valence band offsets (VBOs), conduction
band offsets (CBOs) gnd interface quality in terms of .reugfs- Determination of band offsets at heterostructures
ness and absence of interface defeldp Based on the align
ment of energy levels, heterostructures can be categorize
three classes; (i) type-I (straddling gap), (ii) type-1l (staggerétie band offsets have a large in uence on the carrier transport
gap), and (iii) type -1l (broken gapl@]. Three types of band across the junction and it is essential to measure the accu
alignments are shown in guré There are three signi cant rate value of CBO and VBO to understand the relationship

12. Band offsets of semiconductor heterostructures

sing XPS
dh°

2
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Table 1. Experimental band offset values from various previous reports.

Heterojunctions VBO (eV) CBO (eV)
InN/GaN 0.58+ 0.08 p7], 0.85 p8],1.04 29|, 1.05+ 0.25 P3| 2.22+ 0.10 7], 1.82 ¢
GaN/AIN 0.5+ 0.1 0], 0.70+ 0.24 p3 1.4+ 0.1B0
a-plane GaN/AIN 1.33+ 0.16 B1] —
a-plane AIN/GaN 0.73+ 0.16 B —
INN/AIN 1.52+ 0.17 B2}, 1.81+ 0.20 p3| 4.0+ 0.2B2
AIN/GaN 1.36+ 0.07 B3], 0.57+ 0.22 P3| —
AIN/InN 1.32+ 0.14 p3 —
between interface physical structure, electronic structure, ar TE ¢e——
carrier transports. The VBO of two semiconductor material: A

can be determined from XPS measurements of the valen
band and core-level photoemission from bulk like samples ¢
the two constituent materials and a HJ sample forming th TFE
interface of interest. The over layer of this HJ sample must t ¢
suf ciently thin to allow XPS core levels from the underly B
ing material to be probed due to the nite escape depth of tt
photoelectrons. The VBO is calculated from Krauhethod, E
Ev=( All_? Eéll_? (E&: Elen +(ES2 Even . . 4 il . e S ¢
@) E;
where(EES  ELS is the energy difference between core Metal Semiconductor
level spectra of semiconductor A (CL1) and semiconductor |
(CL2), which are measured in the HJ sam(E& ; Eigy)

and(ES, E@s,) are the difference of core levels spectraigure 2. Different types of current transport mechanism in metal/
and valance band maxima (VBM) of thick Im of semigonsemiconductor Schottky diodes.

dUCtﬁrA and bulk S(Tmico.nductor B. h & energy barrier, with maximum barrier height above the Fermi
There are several studies are reported on the band offSef§\al| o metal region. The tunnelling of carriers at lower ener
[1I-Nitride heterostructures. Most earlier reports on thls-stugies than the full barrier happens in heavily doped semicon

ies of lll-Nitride semiconductors are inspiring for the recery, 1ors This mechanism is called thermionic eld emission
studies. Martin23, 24] et alreported on the basic and COMPre gy and dominates signi cantly for semiconductors with
hensive studies of band offsets of IlI-nitride SemICOHdUCtOﬁIgh doping concentration (~1 10 cm 2). Field emission

Unlu et al[25] and Huai P reported on the theoretical stud (rpy gominates in the metal/ semiconductor interface with

ies of band offsets of the zinc-blende IlI-Nitride heterost{uc%rge number of defect density. There are many reports on
tres. Experimental band offset values from wurtzite IlI-Nitridg "¢ 1 rication and characterizations of metal/GaN Schottky
heterostrucutres from various previous reports are givendiiradeS B7-40).

table1. A part of this review will mostly focus on the band 5 ot widely used techniques to measure the SBH and
alignment studies of the InN/Si heterojuction, GalI3N4 /e jqeality factor is thé-V technique, in which the forward
Si(111) heterojunctions and InN/GaN heterojunctions.  yiaq hortion of thé-V a characteristic is used. The transport of
the charge carriers across the heterostructure interface is very
14. Current transport mechanism of heterostructures sensitive to the magnitude of the SBH, hence the measurement

) o _of the SBH is interesting. The principal mechanism responsi
The mismatch of the energy levels for the majority carriegg for the current ow at the heterostructure based Schottky

across the semiconductor heterostructures or metal/section is the TE process. The values of SBH and the ideality
conductor interfaces can be explained in terms of Schotiyor for the junction are usually calculated by tting a line
barrier height (SBH). Metasemiconductor contact is one ofy the linear region of the forwardV/ curves using the TE
the most commonly used rectifying contacts. It is importagiygel. According to the TE procegK], whereqV> 3KT, the

to understand the nature of their electrical characteristics ¢d@yard|—V characteristic of a Schottky diode is given by,
terms understanding the interface properties as well as form

ing robust Schottky diode84, 35]. qVv

Currentvoltage (—V) is one of the most widely used tech I =lsexp T (2)
nigues to measure the SBH and forward Ibidécharacter
istics has often used to calculate the magnitude of the SBHwhere
[36]. Figure2 shows the carrier transport mechanism in metal/
semiconductor Schottky diodes. According to the thermionic ls= AA* T2exp _b 3)
emission (TE) theory, the carrier overcomes the neighbouring kT
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here, | is the reverse saturation currefitis the measure measurements, which is usually interpreted by the existence

ment temperatureA* is the Richardsds constantk is the of barrier height inhomogeneities at the interface due to the

Boltzmann constang is the electron charg , is the SBH several reasons like doping inhomogeneity, interface defects,

and is the ideality factor. The TE model is valid when thbulk material defects, etel4]. To explain the temperature

transmission probability of the charge carriers across the judependent barrier height, Werner aniitt@r [44] assumed

tion is small. the barrier heights are distributed according to a Gaussian
In heavily doped semiconductors the barrier width at tiype function which usually lead to an apparent barrier height

junction decreases with doping of the carriers and hence that is temperature dependent. The total current is obtained by

tunnelling probability for the charge carriers increases. Thdegrating the thermionic emission current with an individual

tunnelling of carriers at energies lower than the full barribarrier height and weighted by using the Gaussian distribution

height can produce a current that is comparable or even nfaretion.

to the current generated by TE process. The tunnelling of the

charge carriers effectively reduces the barrier for the therrIL;i

onic emitted carriers by a speci ¢ amount, which depends on

the Width of the bqrrier and the tempera}ture. The combined . \/si heterostructures

mechanism of partially thermally activation and the tunnel

ling is known as TFE. According to TFE modéR[43], the GaN layers were grown on various substrates but Si is consid

forward |-V characteristic of a Schottky diode is given by ered most promising candidate due to its availability in large

wafer size with low cost, and having a well-known existing
I = loexp qE_V ) device technology4p). In addition, the growth of GaN on Si

Growth of IlI-nitride based heterostructures

o allows good thermal management as Si has a better thermal
with, conductivity than sapphire. However, due to large lattice mis
match (~17%) and thermal expansion coef cient mismatch
Eo= Egcoth Eoo _ KT, ) _(~56%) bet_ween GaN and Si, a large density of defects aris
kT ing which rigorously affect the performance of devicéd.[
Chuet al published rst report of GaN growth on Si in 1971
[47]. To improve the interface quality, a thin interlayer of less
. AA* T Eod p, AV W) Vo (p W) mismatched materials can be used to passivate the defects and
0 kcosl'(@) KT Eo * change th_e_ interface charge. benl[48] reported_zmc blende
kT and wurtzitic GaN Ims on Si(100) by MBE, using a two-step
) ] ) 6) growth process. However the lattice mismatch is higher on
where,lg is t_he saturatlon currenk,is the measurement tem Si(100) than Si(11 1) and (11 1) orientation provides hexago
perature A* is the Richardsds constantk is the Boltzmann 5 attice design, which is required for wurtzite GaN growth.
constantq is the electron charg:  is the Schottky barrier |, 1994, Stevenet al [49] reported wurtzite single crystalline
height, is the ideality factor andl, is the energy difference gaN epilayers with 30 arcmin XRD FWHM, using a thin AIN
between the conduction band minim(E;) and Fermi level pfer jayer. The rst LED on Si(11 1) was fabricated in 1997
(Er) of the semiconductor and is givenvy, = kKT/q In(Nc/No),  py Guhaet al [50] by using AIN buffer layers and the elec
whereNc is the effective density of states in the conductigfy|yminescence peak was centred in the ultraviolet around
band anNp is the carrier concentration of the semiconductarggg nm, with a full width at half maximum of ~17 nm. Up
The parameteEq is the characteristic tunnelling energy that, date, various type of buffer layers were deployed, such as
is related to the tunnel transmission probability and is givgmg|e or multi-AIN thin layersg1, 52], SiC [53], InGaN [54],
by AIN/GaN superlattice §5] and step-graded or composition-
h N 112 graded AlGaN/AIN $6] and SgN4 [57].
Eoo = — ’ (7)
4 m
wherem* is the effective mass of the electron agds the
dielectric constant of the semiconductor. [Eqg parameter The achievement of high quality InN on Si has been delayed
value determines whether the current conduction mechanidne to lack of suitable substrates, high In migration rate and
is by TE or TFE. According to the transport theory, TFEelatively low decomposition temperature. Recently several
dominates only wheEg/kT 1, because the Boltzmann dis studies have been reported on the growth of InN epilayers
tribution tail of thermionic emission drops off by a factor odnd nanostructures on, Si (115859 and Si (100) 0]
exp( 1, which is much faster than the decrease rate of thébstrates. The Si substrates offer several advantages such
tunnelling probability. On the other hand, TE is predominaas ease of cleaving, availability of conducting substrates in
whenEg/kT 1 because the tunnelling probability drops offarge size wafers at very low cost and suitability in device
faster than TEJ6]. processing from the perspective of the devices. In our-previ
Schottky diodes often exhibit temperature dependemis reports we have studied the growth and properties of InN
barrier height and ideality factor evaluated from th&y epilayers by employing $N4 buffer layers on Si substrates

and,

2.2. InN/Si heterostructures
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by plasma-assisted molecular beam epitaxy (PAMBEH). [ 350W. The beam equivalent pressure of Indium was -main
Gardaetet alreported on the growth of InN nanorods as wethined at 2.1x 10 ” mbar. The structural characterizations
as compact layers on Si with AIN buffer laye&2][ In this of the as grown Ims were carried out by high resolution
review a brief discussion is carried out on the InN nanostrueray diffraction (HRXRD) and SEM. The thin Ims grown
tures as well as InN thin Ims grown on Si substrates. on Si(100)and Si(111) surfaces exhibit the wurtzite crystal
InN nanostructures were directly grown on p-Si(10 0} sustructure of the InN. The corresponding (0002) XRD peak
strates by nitrogen plasma-assisted molecular beam epitagpears at 31.30 for InN. Nano sized grain distribution of
system to fabricate InN/p-Si heterojunction. Two differerthe InN thin Ims grown on Si(100) as well as Si(111) are
types of nanostructures namely nano-dots (NDs) and nanoresisblished from FESEM studies. While the Ims grown on
(NRs) were grown by following two different growth condiSi(111) were densely packed, the Ims grown on Si(100)
tions. The set of growth conditions includes, RF-plasma powended to be slightly porus. These behaviours might be due to
was kept at 350W, for NDs as well as for NRs. The fabricine improved crystallinity of the §\, intermediate layers in
tion of InN NDs consists of a two-step growth method. Ttike case of Si (111).
initial low temperature buffer layer was deposited at 200
for 10 min. Further, the substrate temperature was raisedzl__I ) InN/GaN heterostructures
500°C to fabricate the nano-dots. The duration of ND growt
was kept for 60 min. The growth temperature and duration™fe IlI-nitride based heterostructures have potential appli
growth for NRs were kept at, 4C and 120 min, respec cation in fabricating optoelectronic devices like LEDs, LDs
tively. The nitrogen ow rate was maintained at 0.5 sccieind FETS. In order to realize these devices, both growth of
and 1 sccm for the growth of NDs and NRs respectivetjevice quality epilayers and fabrication of heterojunctions
The beam equivalent pressure (BEP) of Indium was -maare required. High quality InGaN/GaN multi quantum well
tained at 2x 10 ” mbar for NDs and the BEP was varied lik§MQW) grown by MBE have been reported by several groups.
8.35x 10 & mbar, 1.45< 10 “ mbar and 2.34 10 “ mbar Shenet alreported 10-period of InGaN/GaN MQWSs with-dif
for three samples of NRs. The structural characterizationsfafent indium mole fractionf]. Ng et al reported InGaN/
the as-grown nanostructures were carried out by eld -em{SaN MQW:s with abrupt interfaces between wells and barriers
sion scanning electron microscopy (FESEM) and transmj§5]. Che at al. reported 20 periods InNN/InGaN MQWs using
sion electron microscopy (TEM). It could be observed thagdio frequency PAMBEG6]. The InN/GaN heterostructure
the increase in the BEP of indium results in the increasesiystem has several advantages for the development ef elec
density of NRs. It is also observed that the height of NRstisnic devices operating in THz frequency rangég.[These
increased with increasing the indium BEP. The dependencead¥antages includes the high rate of optical phonon emission
the average height and density of the NRs on the indium BEFANN (2.5x 10 s %), high peak value of the steady state
concluded. At the BEP of 2.34 10 ” mbar, the density of electron drift velocity in InN (5x 10’ cm s ') and large con
nanorods is approximately equal to %510 '° cm 2, with duction band offset ensures the blocking of the conduction
an average height and diameter of 100 nm and 30 nm respecrent over the barrier§7, 68].
tively. It is also observed that the nanorods grown with the However, the fabrication of high quality InN/GaN hetero
BEP of 2.34x 10 7 mbar are highly aligned. The NDs arestructures is a challenging issue. The main reason is attributed
vertically aligned and uniformly grown on the entire substratie. the dif culty in continuous growth of InN and GaN Ims
The average height and diameter of these dots were foundeoause of large difference in the optimum growth tempera
be 100 nm. As-grown NDs and NRs are fairly single crystaure between them (InN ~50C and GaN ~750C). Further,
line, and are crystallized hexagonally along the [0 0 1] direhis is also partly attributed to the dif culty in getting high
tion with uniform geometry. From the SEM and TEM resultguality InN epilayer at very low growth temperatures ~500
the shape of the NDs corresponds to a perfect hexagon inlitihéed by the dissociation temperature of InN. In addition,
Im plane and a truncated pyramid in the vertical directiothe lattice mismatch between InN and GaN is as large as about
with very clear crystallographic facets of hexagonal structuEl% causing huge density defects at the interface. The inter
It can be described more accurately as a truncated pyrafaitial structural defects of the heterostructures like INN/GaN,
with hexagonal base with a base diameter few times lar@aN/ZnO and GaN/AIN have been studied by several groups
than the height. Such growth behaviour is in agreement wjiei®-71]. Yoshikawaet al [72] proposed and demonstrated
that reported earlie6p]. the fabrication of InN/GaN MQWs consisting of 1 ML and
INN Ims were grown on the Si (100) and Si (11 1)-suldractional monolayer InN well insertion in GaN matrix. Che
strates by PAMBE. The substrates were chemically clearetdhlreported the fabrication of INN/GaN single-quantum well
followed by dipping in 5% hydro uoric acid to remove theand double heterostructures by the radio-frequency PAMBE
surface native oxides. The substrates were thermally cleasgstem 73]. We have grown InN/GaN heterostructures using
at 900°C for an hour under ultra-high vacuum. Then the SUBAMBE system. The InN Ims of 300 nm thick were grown
strates were nitrided under the nitrogen plasma at the terpitaxially on 4 m-GaN/ALO; (000 1) templates at different
perature of 700C. Then the low temperature buffer layergrowth temperatures under nitrogen rich condition. The GaN
were grown at 400C of thickness 30 nm, followed by thetemplates were thermally cleaned at 7@0for 5min in the
high temperature Ims at 450C of thickness 250 nm. Thepresence of nitrogen plasma. After thermal cleaning, the InN
nitrogen ow rate, RF-plasma powers were kept at 0.5 scciims were grown by using a two-step process: (a) growth of

5
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Figure 3. RHEED patterns of (e-plane (11 20) GaN and (b&-plane (11 20) InN taken along (000 1) azimuth. Reprinted with
permission from&8], copyright 2012 AIP Publishing LLC.

low temperature InN buffer layer of thickness 20 nm at4D0 .
followed by, (b) the growth of high temperature InN epilayers Al
The range of high temperature growth were varied from-450
530 °C. The other detailed growth conditions can be founc
elsewhereq4]. After growth of InN/GaN heterostructures we
have fabricated InN/GaN Schottky junctions and studied th
temperature dependent electrical transport properties, whic
will be discussed on later section.

Top view

2.4. Nonpolar InN/GaN heterostructures

One of the useful approaches for eliminating the piezeele«
tric polarization effects is to fabricate nitride-based device
along non-polar and semi-polar directions. Growth of non
polar llI-nitrides has been an important subject recently du
to its potential improvement on the ef ciency of IlI-nitride- Cross-sectional view
based opto-electronic deviceg5] 76]. However, growth

of high quality InN is challenging due to its low thermal

decomposition temperature and the high equilibrium vapouEg,e 4. Schematic diagram of the metal/GaN Schottky diode.
pressure of nitrogen. In last few years, considerable progress

has been made in the growth of high-quality wurtzite Inslrface 87]. The 3D growth of nonpola-plane InN is con
by MBE and metal-organic chemical vapour depositioimed by spotty nature o&-plane InN Bg].

(MOCVD). Despite the study of non-polar GaN7{79],
there are very few reports on epitaxial growth of non-polg_rSI
INN [80, 81]. The earlier reports on the InN on r-sapphire
substrates indicate the growth of (001) cubic InN growth order to improve the performance of GaN based devices for
[82, 83] and polar (0001) orientatior84]. The nonpolar optoelectronics and high temperature/high power electronics,
a-plane InN was demonstrated by using GaN buffer layiiis necessary to develop more reliable and thermally stable
on r-plane sapphire8p, 86]. In this section, MBE growth Ohmic and Schottky contacts to this material. One of the most
and properties of nonpolar InN on r-sapphire substrates witkeresting properties of metaemiconductor interface is its
GaN buffer layer are discussed. The temperature grovidrier height at the interface, which is a measure of the mis
of InN were varied from 47&30 °C. The other detailed match of the energy levels for the majority carriers across the
growth conditions of InN/GaN heterostructures can heterface. The barrier height controls the electronic transport
found elsewheregp). All the samples show the growth ofacross the interface and therefore, of vital importance to the
nonpolara-plane InN/GaN heterojunctions. The SEM anduccessful operation of any semiconductor device. Several
atomic force microscopy (AFM) studies show the rough swauthors have found low experimental values of the barrier
face of nonpolaa-plane InN ora-GaN /r-sapphired6]. The height compared to theoretical prediction and the ideality
RHEED patterns in the azimuths [000 1] feplane GaN factor signi cantly larger than the unity. The low values of
anda-plane InN are shown in gure3(a) and (b), respec the barrier height result high leakage current, which is dis
tively. The Bragg spots appear with weak streaky lin@slvantageous for the device performances. The experimental
observed fora-plane GaN con rms the reasonable smootlow value of the barrier height may be due to the enhanced

Fabrication of Au/GaN heterostructures

6
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Figure 5. Bands deduced for the clean n-GaN surface and the interface between n-GafNlarich8ivalence band offs¢E,),
conduction band offseE,), band bending (BB), and interface dipol @re presented. Reprinted with permission fraif, [copyright
2003 AIP Publishing LLC.

tunnelling current through the metaémiconductor Schottky between nand p-type GaN and $l, interfaces by XPS and
barrier or the presence of charged surface states, metal induge8. The energy bands deduced for n-type GaN ahd &ie
gap states, bulk material defects, etc. shown in gure5. The VBO E,), CBO | E) and interface
The schematic diagram of the Au/GaN Schottky diodépole ( ) were determined 0.6eV, 2.5eV and 1.1eV, respec

is shown in the gured. Prior to the fabrication of Au/GaN tively. For p-type GaN and $N, were determine E, ~04
Schottky diode, the GaN Ims were degreased in hot acetog E.~22eV and ~1.0eV and shown in guré. Lee
and isopropyl alcohol for 5 min each, and etched in a solutioredfal [93] has grown ultrathin -SizN, layer by N-plasma
HF and HO (HF: HO = 1:10), rinsed with de-ionized waterpitridation of Si(1 1 1) substrates at SFWand measured band
and then dried with nitrogen gas. The inner circular Schottkifsets by photoelectron spectroscopy (PES) using synchro
contact of diameter 600m was made on GaN Ims by depos tron radiation. Figur& shows the valence-band PES spectrum
iting Au (thickness ~200 nm) metal using RF-sputtering. Tland contains both the PES signals from tH&isN, Im and
diameter of the inner circular metal dot was de ned by thieom the Si(111) substrate. The VBO and CBO values were
help of physical mask. Then, the outer circular Ohmic codletermined as 1.8 eV and 2.4 eV, respectively. In our previous
tact of diameter 1000m was made by thermally depositingeport P4], we have grown ultrathin Ims of-SisN (000 1)
Al (thickness ~200 nm) metal. The outer circular Ohmic-conn Si (111) surface by exposing the surface to radie- fre
tact was fabricated using standard photolithography procegsency nitrogen plasma with a high content of nitrogen atoms
to pattern photo-resist for subsequent metallization and lift@ffid using -SisN4 layer as a buffer layer, GaN epilayers were
process. Finally, the device was annealed af@0@r 20 min grown on Si (111) by plasma-assisted molecular beam epi
in order to avoid the hydrogen in uencing barrier heigheixy. The VBO and CBO were determined at of GaSSisN4
caused by RF sputtered metallizati8f][ and -SisN4/Si heterojunctions by XPS and shown in- g
ure 8. The VBO, CBO and interface dipole were measured

E,~184eV, E.~26eV and E,~ 0.46 eV, respectively
at -SisN4/Si interface ani E, ~0.41eV, E;~228eV and

E, ~ 129 eV, respectively at GaN/SisN, interface.

3. Band offsets of IlI-nitride based
heterostructures by XPS

3.1 Band-alignment at GaN/ -Si3N4 /Si (111) interfaces

- o . . . .3.2. Band alignment at high-k gate oxide/GaN interface
Silicon Nitrides (SiNg) layers were used as gate dielectric in g ghg

eld-effect transistors (FETS), passivation layer in high voltMoorées prediction that the number of transistors per wafer
age devices and buffer layers for GaN technold@y 91]. would be doubled-up every 484 months has led to higher
Nakasakiet al [92] has grown SN4 on GaN by chemical device density. As the transistor size decreases, the electric eld
vapour deposition and determined the valance band offseteases, which required the materials that can sustain in high
E, ~ 1.0-1.2eV at SiINyJ/GaN interface using XPS core leveklectric eld [95. GaN based high electron mobility transistors
measurements. Coadt al [17] studied the band alignment(HEMTs) have excessive demand in high power electronics
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Figure 6. Bands deduced for the clean p-GaN surface and the interface between p-GagNlarich8ivalence band offs¢E,),
conduction band offseE), band bending (BB), and interface dipol@ @re presented. Reprinted with permission fraij, [copyright
2003 AIP Publishing LLC.

alignment at highk gate oxide/GaN interface. Coekal [104]
hv=150eV .E,(B-Si.N,) determined band alignment at HfGaN interface and stud
Valence Band P o ied the annealing effect. FiguBeand 10 shows band offsets

i1.8eV

[ B-Si,N, b between n-type GaN and Hf®efore and after annealing at 650
i E.(Si) °C, respectively. The VBO and CBO were calcul: E, ~ 0.1
eV and E;~ 2.EeV before annealing ar E, ~ 0.2 eV and
- ‘F E. ~ 2.2 eV after annealing of HffiGaN heterojunctions. The

interface represents type-ll band alignment and the thermal sta
bility of the HfO, Im signi cantly affects the electronic proper
ties at the GaN/Hf@interface. Chemet al [105 reported MgO
epitaxial growth by RF plasma-assisted molecular beam epitaxy
B e A S e L AR S on top of thick GaN templates on sapphire substrates. The VBO
15 10 5 0=EF and CBO of MgO/GaN heterojunctions were measured by XPS
B|nd|ng Energy (eV and shown in gurell The band gap difference of 4.36eV
between the MgO and GaN materials leads to band alignment
Figure 7. Valence-band spectrum ofSisN./Si (11 1). Reprinted Ev~ 106 eV and E.~3.2eV at MgO/GaN interface. The
with permission fromg3]. high band offsets provide the effective reduction of current col
lapse, a low interface state density with GaN and also well suited
market because of their inherent high breakdown voltage, highigh-temperature applications. TheGghas a bixbyite crys
two-dimensional electron gas (2DEG) concentration, and higitstructure, with a 9.2% lattice mismatch to GaN, a high dielec
saturation velocity 96]. However, device performances ofric constant (~14), a reasonable band gap (6.0eV) and low trap
AlGaN/GaN HEMTSs are seriously limited by several drawbackgnsities which reduce the current collapse in AlGaN/GaN het
such as, drain-current collapse phenomenon, reduction of breglsstructure transistord (6. Chenet al [107] measured the
down voltages, microwave power, and ef ciency and increagfergy discontinuity at $05/GaN heterostructures using XPS
the noise of the devic®T]. To solve these problems, researcBnd shown in gurel2 A value of E, ~ 0.42 eV was obtained
community is optimizing the crystalline quality, interfaces angsing the Ga 3d energy level as a referenct Egib 2.14eV in
the surfaces, hence the electrical properties of the HEMT I'@@os/GaN system. An XPS core level measurementis a power

erostructures. Along with this, signi cant research is going qQl tool to determine the band offsets between oxide and semi
metal-oxide-semiconductor high-electron mobility-transistoggnductor heterostructures.

(MOS-HEMT). Up to date various type of gate dielectrics were
used such as S99, Ga0O3 [99], Al,05 [100, HfO, [101],

Sc03 [10 and MgO [L03. The use of highkdielectrics as a
passivation layer on GaN-based high voltage devices and &ree silicon is the most sought semiconductor material, it
gate dielectric in FETs devices requires knowledge of the basd/ery important to understand the band alignment of InN

Intensity (arb. unit)

3.3. Band alignment at InN/Si interface
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Figure 9. Deduced bands for the clean n-GaN surface and the interface between n-GaN abeféifOannealing. The valence band
offset | E,), conduction band offse E.), band bending, and interface dipolé @re represented. Reprinted with permission frb@][
copyright 2003 AIP Publishing LLC.

based devices and their heterojunction behaviour priorgave a reasonably good agreement with the experimental
their adoption in the fabrication of optoelectronic devicedeterminations.

Our report 0] on the n-InN nano-dot/p-Si heterojunction The band offsets of InN/p-Si heterojunction were -esti
established the band offset values by capacitarotiage mated by the results of XPS, obtained for a 200 nm InN Im,
measurements. Our previoukOf study is evident on the cleaned Si substrate and 4 nm thin InN/p-Si heterojunction.
determination of valence band and conduction band offs&tse growth process of these Ims and details of band offset
of InN/p-Si heterojunction with well accepted InN band gagstimation can be found elsewhef®§. Hence, the VBO
value of 0.650.8 eV by using XPS. We have used the methedlue is calculated to be 1.39 0.01eV. The band gap val

of CNLs [109 to cross check the band offset values whiales of 0.7eV and 1.12eV were considered for InN and Si,
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Figure 10. Deduced bands for the clean n-GaN surface and the interface between n-GaN aafiérd@nealing at 65C. The
valence band offse E,), conduction band offse Eg), band bending, and interface dipol€) @re represented. Reprinted with
permission from104], copyright 2003 AIP Publishing LLC.

respectively E;was calculated to be 1.81 eV, and as a resuMso, the basic assumption in the EAM is that the interface is
a type-lIl band alignment for the InN/p-Si heterojunction hdsrmed without perturbation of the surface electronic states of
been proposed, as shown in gur@ The InN/p-Si band off either of the two materials. The observed difference between
sets of these results can be found signi cantly different frothe prediction of the EAM and the experimentally observed
the band offset values reported by Yoshimetal [109], in band offset attributed to a change in the interface dijo§.[
particular for the CBO. A type-Il band alignment for InN/p-Si
heterojunction was reported by Yoshimetcal This is attrib . .
uted to the major difference in the band gap value of the In?\'lé,l' Band alignment at InN/GaN interface
i.e. 0.7 eV which is considerably lesser than that of2e® The band offsets have a large in uence on the carrier-trans
considered by Yoshimotet al[109. port across the interface and electioole pair recombina

The band offsets can also be determined by the relatil@. It is very crucial to study conduction and valence band
position of the CNL of the two materials if the density offfsets between InN and GaN heterojunction from & fun
states is high or if the CNL of the two materials is similatamental point of view as well as fabricating optical and
in the relative energy. In the present case, we found that, ¢tectronic devices. The present section focuses on the deter
experimental results are in agreement with the CNL modrination of band offsets at InN/GaN heterostructures. The
within the experimental measurement error. A comparatigarlier report on the VBO value of InN/GaN was found to
interpretation of the experimentally derived and predictéed 1.05+ 0.25eV which was measured almost two decades
from the CNL model band alignment with the band alignmeago R3]. Theoretically estimated the VBO at an InN/GaN
obtained from EAM had been performed by constructing theterojunction was found to t E& 0.4¢€ eV [26]. Wu
band alignment diagram. Initially the diagram was alignest al [29] demonstrated the VBO calculation using pho
with respect to the vacuum level at Si by the electron af nitpelectron spectroscopy for In/Ga-polar and N-polar InN/
of g = 4.0feV. The band gaps of both the material are-indbaN heterojunction. The determined VBOare 1.04 and
cated. Then the CBs and VBs are aligned by substituting B4 eV for In/Ga-polar and N-polar InN/GaN heterojunc
CBO and VBO values respectively, obtained from the expstibn, respectively. These values may have large error as the
mental results or CNL model. Both the methods resulted in MBOs were calculated using In 4d and Ga 3d peaks. King
reasonably matching of band offset values and no signi caettal [27] demonstrated the accurate VBO measurement of
difference was observed in the band alignments. A deviationiN/GaN heterojunction grown by MBE system and was
0.06 eV was observed between experimental results as wefoasmd to be 0.58 eV and was calculated using In 3d and Ga
the results from the CNL model. The EAM of heterojunctioBp. Mahmoocet al[28] estimated the VBO of InN/GaN het
band alignment assumes that the vacuum levels would al@ojunction grown by MOCVD using internal photoemis
at the interface so that conduction band minima of the mataibn spectroscopy and was found to be 0.85eV. Figdre
als would get aligned with respect to their electron af nitieshows the room-temperature band alignment at an InN/GaN
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Figure 11. Energy band diagram of a thin MgO/GaN heterojunction interface as determined by XPS. Core level separation measured
across the interface is represented BB. Reprinted with permission frori(5, copyright 2006 AIP Publishing LLC.

heterojunction 27]. The heterojunctions form in the type-lby synchrotron radiation photoemission spectroscopy. The
straddling con guration. samples were prepared by pulsed laser deposition techniques
and the VBOs were found to be Gt70.1 and 0.% 0.1eV

for the polar ¢-plane) and nonpolantplane) GaN/ZnO het
erojunctions, respectively. Yamgal[112] reported the VBOs

In recent years, nonpolar nitride materials have drawhthe wurtzite polac-plane and nonpola-plane InN/ZnO
great interest due to absence of spontaneous polarizationeaérojunctions grown by MOCVD. The VBOs are directly
the interfaces and its applications in high bright LEDs amigtermined 1.7& 0.2eV for polar and 2.26 0.2eV for
normally-off HEMT devices. The spontaneous polarizatiafonpolar by XPS. The heterojunctions form in the type-I
affects the band alignment at the heterojunction and so dataddling con guration with a conduction band offsets of
nonpolar band offsets have been studied by fewt BI[110 0.84+ 0.2eV and 0.4@& 0.2eV. The difference of VBOs of
reported the VBOs of wurtzite-plane anda-plane AIN/GaN polar and nonpolar structures is due to the large spontaneous
heterojunctions grown by MOCVD. The VBOs were foungnd piezoelectric polarization effects and the discontinuity of
to be 0.82+ 0.15 and 0.63 0.15eV for thec-plane and polarizations across a heterojunction, which induce a xed
a-plane AIN/GaN heterojunctions, respectively. The discrepolarization charge at the interface.

ancy in VBOs of heterojunctions with different orientations
could be due to the spontaneous polarization effect and ﬁh
VBO of thea-plane AIN/GaN is closer to the intrinsic valu%'
due to absence of polarization effects. GaN and ZnO have t
same crystal structure, close lattice parameters and thermfl
expansion coef cients. The polarization effects on bane off’
sets can be studied by determining the band offsets at G@iNére are few previous studies on the transport properties of
ZnO and InN/ZnO heterojunctions. Lét al[11]] studied the GaN/Si heterojunctionsl[3-115. In this review the transport
band offsets of polar and nonpolar GaN/ZnO heterostructureschanisms of GaN/Si heterojunctions are establishée\by

3.5. Band alignment at non-polar nitride interface

Current transport studies of IlI-nitride
Ig?éerostructu res

Electrical transport properties of GaN/Si heterojunctions
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Figure 12. Energy band diagram of thin £3/GaN heterojunction interface. Reprinted with permission frd@¥][ copyright 2006 AIP
Publishing LLC.

characteristics obtained at room temperature. Room temperaThe |-V curves of all the three diodes were analysed at low
ture -V characteristics of the GaN/p-Si(100) heterojunctionsltage regions<0.5V) by using the standard diode equa
were measured and the behaviour is shown in the @6re tion as given in equatior2. The diode grown with the absence
Three different samples were grown with various nitridatiasf substrate nitridation exhibited highest ideality factor, 6
conditions such as, absence of substrate nitridation, nitridatéol the diode fabricated with low temperature substrate nitri
at 600°C and nitridation at 808C [113. The diodes exhibit the dation resulted in an ideality factor of ~4. The high ideality
turn on voltage of about 0.4V but the allowing current at turn €actors observed are often attributed to the presence of defect
voltage is strongly dependent on the nitridation conditions. Té@ates which causes the deep level assisted tunnelling or lateral
non-stoicheometric gy layers present in the sample with lowin homogeneities of the barrier height at the interfaces. Diode
temperature substrate nitridation act as a thin insulator lagasricated with high temperature substrate nitridation showed an
which reduces the current ow. Both the diodes show similafeality factor ~1.5. This behaviour shows transport is governed
rectifying behaviour with the on/off ratio of ~11 at 3V. Buby the recombination at space charge region mechanism at low
the diode with high temperature substrate nitridation exhibitsitages. According to the TE model, the saturation curldnt (

a current of 10° A at the turn on voltage. It shows a noticeable represented by equatic8),(whereA is the contact area of the
reduction in the forward current, it exhibits the best rectifyirjgnction, A* is the Richardson constant which is 112 A ¢# 2
behaviour with on/off ratio ~230 at 3V. A considerable redufor n-Si [116], due to inverted recti cation, an ', is the effee

tion in the leakage current is attributed to the low defect cencéve barrier height , is obtained to be 0.63, 0.71, 0.82 eV for the
tration or trap centres in the Im and interfacial layers due thitodes grown with absence of nitridation, low temperature nitri
introduction of stoicheometric $bi, buffer layer. dation, and high temperature nitridation, respectively. Barrier
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Figure 13. Schematic illustration of type-IIl band alignment of InN/p-Si. The top dashed line corresponds to the electron af nity of Si. The
deviation in the band alignments from the electron af nity model is indicated BReprinted with permission fromi (g, copyright 2011
AIP Publishing LLC.
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Figure 14. Schematic of the room-temperature interface band
alignment at an InN/GaN heterojunction. Reproduced with Voltage (V)

permission from27], copyright 2008 American Physical Society.

height val the t li f - in th IFié;ure 15. Room temperature-V characteristics of the GaN/p-Si
eight values conrm tne tunnelling or carriers in the samplg terojunctions grown with (a) absence of nitridation, (b) nitridation

grown without nitridation as well as low temperature nitridatiogt 600°C and (c) nitridation at 80GC. Reproduced with permission
The transport characteristics of n-GaN/p-Si heterejunicom [113, copyright 2011 AIP Publishing LLC.

tions exhibit an interesting inverted recti cation behaviour

irrespective of nitridation conditions. A quantum well fofSi heterojunction, i.e. 0.95eV. The band alignment diagram of

electrons is formed on the p-Si side as shown in the banaN/p-Si is shown in the gurg6 certainly renounces the

alignment diagram ( gurél6). The Si is inverted in the inter possibility of inter-band tunnelling.

face with n-GaN. Here the smaller band gap material Si is

comparable to the metal and the conduction band offset4i§

equivalent to a Schottky barrier in artype diode. The bar

rier height obtained from theV characteristics is 0.82 eV, isInN is an important semiconductor material with superior

in close agreement with the conduction band offset of Gadléctronic transport properties such as high mobility and

Carrier transport studies of InN/Si heterojunctions
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Figure 16. Energy band alignment diagram of the n-GaliM@p-Si heterojunction under thermal equilibrium. Reproduced with
permission from113, copyright 2011 AIP Publishing LLC.

high saturation velocity at room temperature, which makero bias (ZB) barrier heights are evaluated at each tempera
it suitable for high-ef ciency terahertz emitters, detectorsure, ZB BH “ ) and ideality factor variations with tem
high-frequency electronic device$1[~~119. Device prote perature are shown in gurE7(b). A dependence ¢, and
types employing semiconductor nano-structures have alreatythe temperature is clearly observed which is attributed to
been interest of the research community. Electrical beh#ive inhomogeneity at the interfad9]. A variation of the
iour of nano-devices with nano-structures is critical to desigs a function of with a linear correlation was also observed.
and fabricate high performance electronic or optoelectrofibe present behaviour can be associated with a non-uniform
devices. In comparison with the thin-Im devices, transSchottky interfaceqQ]. The BH depends on the electric eld
port behaviours through interfaces has been seen to diffeadgnoss the interface and consequently on the applied voltage,
nature (e.g. tunnelling versus thermionic) as the lateral sizes necessary to consider the standard eld conditions. Under
of the contact is varied. Also, the reduction in the density thie at band (FB) conditions, the electric eld is zero across
extended defects in the case of nano-structures offers seviialinterface. The capacitanreeltage C-V) measurements
advantages in terms of lower leakage and recombinatien qerformed §0] on the heterojunctions at 100 kHz in the tem
rents as compared to the thin- Im counterparts, provided thzgrature range of 174873 K. The By, values obtained are
surface recombination is suppressea. plotted in gure17(b), and it can be seen that the FB BH is
Recently several studies have been reported on the €letdrger than the ZB BH at low temperature. The FB BH mirrors
cal properties and transport mechanisms of InN/Si heteroju@eV BH with slight reduction in BH values at low tempera
tions. We reported on the barrier inhomogeneity and electritale. This behaviour is attributed to the tunnelling and leakage
properties of INN nano-dots/Si(111) heterojunction diodéwough the dislocations and other defects resulting in high
[12]] and transport and infrared photoresponse propertiesvafues of ideality factor (> 1), which increases with decreas
INN nanorods/Si heterojunction are studied and concluded temperature.
that, INN NRs/Si heterojunction device can be used for IR We have also carried out the comparative studies of-trans
detectors 127. Wu et al observed the near-infrared eleetroport properties of InN/p-Si heterojunctions. We have censid
luminescence emission from an n-InN nano dots/p-Si heteeved INN NRs and NDs grown on p-Si(100) substrates and
junction structureJ23.The brief and comparative discussiortompared with InN thin Im grown on p-Si(111) substrates.
of the transport properties of simple InN/Si heterojunction The ideality factor and barrier height values obtained for vari
given. ous heterojunctions are listed in the tabl# is observed that,
Studies of the currentoltage characteristics of the n-InNa considerable increase in the ideality factors and reduction in
ND/ p-Si heterostructures revealed the presence of goed tearrier heights in the case of INnN NRs/p-Si(100) and InN thin
tifying characteristics. Figuré7(a) shows the temperaturelm/p-Si(111) heterojunctions when compared to the InN
dependent=V characteristics of the heterojunction in theteniNDs/p-Si(100). Since the growth of InN NR and thin Im
perature range of 17873 K. An excellent rectifying behav are carried out at lower temperature (4@) compared the
iour was observed at lower temperatures with an on/off ratioggbwth temperature (500C) of INN NDs. The poor crystal
206 at 10V. The deterioration observed in the rectifying natdirge quality and the interfacial defects leads the trap assisted
at high temperature is due to thermally generated carrier ttumnelling mechanism, which increases the ideality factors
nelling. Thel-V curves were tted by using the single carrieand lowers the barrier heights in the case of NRs and thin Im
thermionic emission expression as given by equafipriThe heterojunctions.
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Table 2. Ideality factor and barrier height values obtained for
various InN/p-Si heterojunctions.

Ideality Barrier height,
Samples with factor, (ev)
InN Nanodots/p-Si(100) 1.02 0.7
InN Film/p-Si(111) 2 0.4
INN Nanorods/p-Si(100) 2.2 0.38

based Schottky junctions in the temperature range480
K and reported nearly temperature independent barrier height
(~1.25eV) and ideality factor (~1.25). Weeital [28] reported
the Schottky barrier height of 0.94 eV at room temperature for
the InN/GaN heterostructure using capacitasoltage meas
urements. In this section we have fabricated INN/GaN Schottky
junctions and studied the temperature dependent electrical
transport properties. We have observed that the barrier height
and the ideality factor are temperature dependent as estimated
by thermionic eld emission model. First we have grown InN/
GaN heterostructures by PAMBE and then fabricated InN/
GaN based Schottky junctions using standard devices process
ing steps like photolithography, dry etching, metallization and
lift-off processes. Aluminium metal (thickness ~200 nm) was
used as Ohmic contact to both GaN and InN layers.| e
measurements were performed by taking contacts from two Al
metals deposited on InN and GaN layers. Fidi@) shows
the room temperatui®-V (current densityoltage) measure
ment for the junction. The junction between InN and GaN
exhibits a rectifying behaviour which suggests an existence of
Schottky type behaviour at the junctidr2 .
To investigate in details, we have carried out temperature
dependent-V (JV-T) measurements ranging from 200 to
Figure 17. (&) Current versus voltage plots of the InN ND/p-Si 500 K by _st(_aps of 50 K. F_|guth8(b) shows the forward-V
diode at different temperatures. Inset shows schematic diagram diharacteristics as a function of temperature for the InN/GaN
the device and measurement method. (b) Variation of ZBCFB,  Schottky diode 129. It is very clear from theé-V-T curve
barrier heights and ideality factor with temperature. Reproduced that at xed bias the forward current increases with increasing
with permission fromg0], copyright 2010 AIP Publishing LLC. temperature. In the present case, the GaN Im is doped with
silicon (Np ~ 1. 4 x 10 cm 3). The highly silicon doping on
GaN resulted a narrow barrier width at the InN/GaN interface
The InN/GaN heterostructure system has several advantagkigh helps in tunnelling of the carriers at the interface. This
for the development of electronic devices operating in THuggests that the current transport is primarily dominated by
frequency range6]7]. These advantages includes the highFE mechanism, in which the carriers will tunnel through the
rate of optical phonon emission in InN (2510 s %), high barrier from GaN to InN at the interface. The values of the
peak value of the steady state electron drift velocity in Inbarrier height and the ideality factol) (vere calculated by -t
(5 x 10’ cm s 1) and large conduction band offset ensures thiag a line in the linear region of the forwakeV curves using
blocking of the conduction current over the barriés 68]. the TFE model (equatiom)), as shown in gurel8(b). The
Hence, studying the InN/GaN interface properties and calaalue of ,, and other electrical parameters suclEgsand
lating the conduction and valence band offsets between IBNwhile obtained from the tting are given in tal8e It has
and GaN are very important in terms of fabrication of InGabken noticed that both the barrier height and the ideality fac
based devices. tor are temperature dependent. Thus the results of our present
Similar to metatsemiconductor interface, the semicondudnvestigation on temperature dependence of barrier height
tor heterostructures exhibits the Schottky barrier at the interfaady indicate the presence of inhomogeneous barrier height
due to the formation of conduction band offset. The conceptsthe interface. The inhomogeneous SBH may be due to
of band offset are directly transferable to the Schottky barrigrious types of defects that could be present at the interface
height (SBH) problems and hence it is worthwhile to stud28, 126, 127]. Since in the present casEqe/kT 1, which
the transport properties of the semiconductor heterostructsinggests that TFE can be considered to be a more realistic
based Schottky junctions. Chei al [124 studied the tem model for the analysis of the electronic transport in INN/GaN
perature dependent electrical transport properties of InN/Ghaéterostructure.

4.3. Current transport behaviour of INN/GaN heterostructures
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Figure 18. (a) The room-temperature\dcharacteristics of InN/GaN Schottky junction. (b) The forwkid characteristics with TFE tting
as a function of measurement temperature. Reproduced with permissioaZnagpyright 2011 AIP Publishing LLC.

Table 3. The electrical parameters of InN/GaN Schottky didd5].

Temp. (K) Ego (MeV) Eoo/kT B (meV) , (V) = Eg/kT

200 24.12 1.39 26.00 1.40 1.50

250 25.85 1.19 29.20 1.42 1.35

300 28.17 1.08 31.50 1.43 1.21

350 30.16 0.99 34.50 1.44 1.14

400 34.00 0.98 38.00 1.47 1.10

450 37.00 0.95 41.50 1.49 1.07

500 40.00 0.92 45.00 1.50 1.04
4.4. Current transport behaviour of nonpolar InN/GaN 127). The earlier report with temperature dependent barrier
heterostructures height and ideality factor in Pt/a-plane GaN Schottky diode

The existence of Schottky barrier at InN/GaN interfaceo> explained |n.terms of surface defect§ in nongsfzane
could be explained in terms of large difference between t gN [129. The Richardson plot of saturation current has been

u;ed to in order to evaluate the barrier hei }.(There are
energy band gaps of InN and GaN. There are few repaqris

. . two linear regions were observed in the temperature region
on the transport studies @mplane InN/GaN Schpttky inter 150-300 K and 358500 K. The values of Richard<sncon
faces 124, 128. However, the transport behaviour of nron

3 .
polar a-plane InN/GaN heterostructure interfaces is Iimiteg.tant £) were found to be much lower than the theoretical

In this section, we will discuss our results on the trans (\)/ﬁlue of 24Acm’K *for n-GaN. The inhomogeneous nature
’ pof Schottky barrier at the InN/GaN interface was explained

%rggegile;u?éfg(g?gfﬁxg?é IthNo/SIﬁ,r\lniziejrenr?:;urzteut;el.cgrlleoy considering the Gaussian distribution of barrier heights
[130 131, which can be written as,

tacts (Ohmic) fabricated on the InN and GaN. Figle@)
shows the room temperatureV characteristic curve of nen v

polar a-plane INN/GaN heterostructure Schottky dio88].[ P( )= 1 exp (b , 8)

The rectifying behaviour of thie-V curve indicates the exis w2 2¢

tence of Schottky barrier at the InN and GaN interface. The

linear region of the forwaré-V curves was tted using the Wherel/ /2 is the normalization constant a— and ¢ are

TE model, in order to calculate the values of Schottky barriée mean and standard deviation of barrier height respectively.
height “ ) and the ideality factor § for nonpolar InN/GaN Considering Gaussian distribution of barrier height the effec
junction. It was found that and , values ranging from 1.65 tive barrier height |, given by the expression,

and 0.83eV (500 K) to 4.1 and 0.4eV (150 K), respectively

2
as shown in the guré&9(b). The values ¢ increases and b= o qks . 9)
decreases with increasing temperature, indicating the inhomo T
geneous nature of nonpolar InN/GaN interface. Here, o is the zero bias mean barrier height. Considering

The inhomogeneous SBH could arise due to the- vatie barrier height inhomogeneities, the conventional
ous types of defects present at the InNN/GaN interfag6 [ Richardson plot is modi ed as follows
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Figure 19. (a) The room temperatuteV characteristics of the nonpokaplane InN/GaN Schottky junction. (b) The temperature
dependent variation of barrier height and the ideality factor. Reproduced with permissio@8karngyright 2012 AIP Publishing LLC.

Figure 20. (a) Modi ed Richardson plot cn(Is/T2) g2 2/2k?T2 versusykT. (b) Plot of kBT as a function okBT. Reproduced with
permission from&8], copyright 2012 AIP Publishing LLC.

| q? 2 a4 5o of the absence of polarization eld at the interface. The value
T—Sz KT In(AA¥) T (10) of A in the temperature range of 800 K shows the large

deviation indicating that the TE mechanism does not domi

Figure20(a) shows the modi ed Richardson plot considemnate in this region. Figu2Q(b) showsEy = kTversuT plot
ing the Gaussian distribution. In the rst region (3600 K), for the nonpolaa-InN/GaN Schottky diode. The value B§
the values of BH™) and effective Richardson constaA’)( is independent of temperature at the low temperature indicat
were found to be 1.15eV and 19.5 A &K ?, respectively. ing that the FE dominates in the range of-B8D K [137.
The calculated Richardson constant value in the temperatiline carriers do not have enough energy to surmount the bar
range of 3568500 K is very close to the theoretical value dfier at the low temperature and they tunnel through the defects
24 A cm 2 K 2 for n-type GaN. This indicates that at higheat the interface.
temperatures (35800 K) the current transport is dominated
by TE mechanism. The values of B~} and effective .
Richardson constanA*) were found to beb1.6 eV and 25.8 A4'5' Transport studies of Au/GaN heterostructures
cm 2K 2, respectively for polac-plane INN/GaN 128. The The performance of the GaN based optoelectronic devices are
reduction in barrier height in nonpolaplane INN/GaN with limited by the nature of the metal contacts and hence the-under
respect to the polarplane InN/GaN was explained in termsstanding of the electrical transport behaviour of metal contacts

17



J. Phys. D: Appl. Phys. 48 (2015) 423001 Topical Review

Figure 21. (a) Thel-V characteristics of Au/GaN Schottky diodes at different temperatures. (b) The temperature dependence of the barrier
height and the ideality factor. Reproduced with permission @[ copyright 2012 John Wiley and Sons.

to GaN is an important subject. Several groups have reporactor decreased from 2.4 to 1.2 with the increase in -meas

the electrical transport behaviour of n-GaN Schottky diodasement temperature from 300 to 510 K. Such temperature

by taking different metal contacts. Piagal [133 fabricated dependence ¢ ", and is may be due to the existence of-sur

Pd/GaN Schottky diodes and reported the barrier heightfate inhomogeneities in the GaN semiconductor lay@r]|

0.94 and 1.07 eV usinlgV andC-V measurements, respec  For the evaluation of the barrier height, Richardson plot of

tively. Hackeet al[134] reported the Schottky barrier heightghe saturation current was utilized. Equati8ndan be rewrit

of 0.84eV and 0.94eV usingV and C-V measurements, ten as

respectively, for Au/GaN Schottky diodes. In another study on

Au/n-GaN Schottky diode, Khaet al[135 reported the val In Is _ In( AAY) b. (11)

ues of barrier height as 0.91 and 1.01 eV usiwWandC-V T2 kT

measurements, respectively. In this section we have reported

the temperature dependent electrical transport properties off he conventional Richardsanplot ofin(ls/T?) versus T

Au/GaN Schottky diodes. High quality GaN Im on sapphirgvas obtained and is shown in gu2&(a) [13€]. From the lin

substrate were grown and studied the temperature depen@@htt to the plot, the Richardstmconstant and barrier height

electrical transport properties of Au/GaN Schottky diodes Were calculated to be 3.28 10°> A cm 2 K 2 and 0.51eV

the temperature range of 3@10 K. The barrier height andrespectively. The value of Richardson constants obtained

the ideality factor were calculated fromV characteristic from the conventional Richardson plot is much lower than

based on thermionic emission which found to be temperattfté theoretical value, which is 24 A cfiK 2, suggested the

dependent. The temperature dependent of barrier height {@gation of an inhomogeneous barrier height and potential

interpreted by assuming the existence of a Gaussian distritigtuations at the interface. In order to understand the lateral

tion of barrier heights at the Au/GaN interface. inhomogeneities of the barrier height at the interface, Sullivan
Figure21(a) shows the temperature dependedtcharac €t al[13§ and Tung 139 14( have treated the system eon

teristics of the Au/GaN Schottky diode36. The diameter of Sists of laterally inhomogeneous patches of different barrier

the Au Schottky contact was 6061. The rectifying behaviour heights, in which the patches of lower barrier height yields a

of the |-V curve indicates the existence of Schottky barri¢arger ideality factor and vice versa. Manetral [141] sug

at the InN and GaN interface. It is clear from the gure th@ested the lateral inhomogeneity of the barrier height can be

the forward current of the diode at a xed bias increases waiributed to the presence of defects at the interface.

increasing the measurement temperature. This indicates thatigure22(b) showsn(ls/T?) g2 .52/2sz2 versusykT plot,

the current is induced by the thermionic emission. The valugs called modi ed Richardson plofi36, which is derived

of the SBH ) and the ideality factor J for the junction by considering Gaussian distribution of barrier heights to

were calculated as functions of the measurement temperatigscribe the inhomogeneous nature at the interface. It can be

by tting a line in the linear region of the forwaldV curves seen that the modi ed Richardson plot has quite good lnear

using the thermionic emission model as described in earligrover the whole temperature range. From the modi ed plot,

section. The dependence of the barrier height and the idedlity Richardsors constant and barrier height were calculated

factor is depicted in gur@1(b) [13€]. It is found that the bar to be 38.8 A cn? K 2 and 1.47 eV respectively. The value of

rier height increased from 0.86 to 1.12 eV while the idealiBichardson constant obtained from the modi ed Richardson

18



J. Phys. D: Appl. Phys. 48 (2015) 423001 Topical Review

Figure 22. (a) The Richardson plot In(ls/To) versus T for Au/GaN Schottky diodes. (b) The modi ed Richardson plot of
In(I/T2) g2 2/2k2TZ versusy/kT. Reproduced with permission frordg], copyright 2012 John Wiley and Sons.

plot is nearly close to the theoretical value of 26.4 Ak 2. [11] Akasaki I, Kozowa T, Hiramatsu H, Sawak N, lkeda K and
Hence, the temperature dependence-Wfcharacteristics of Ishii Y 1988J. Lumin.40121 |
the Au/GaN Schottky diode shows the existence of a Gausdigg} Nakamura S, Senoh M and Mukai T 198pan. J. Appl.

o . . . Phys.321L8-11
distribution of barrier height at the Au and GaN interface. |13 Nakaxwura S, Senoh M, Nagahama S, Iwasa N, Yamada T,

Matsushita T, Kiyoku H and Sugimoto Y 199&pan.
. J. Appl. Phys35L.74
5. Conclusions [14] Khan A, Kuzina M J N, Olson D T, Schaff W J, Burm J W and
Shur M S 1994Appl. Phys. Lett651121-2
In summary, we presented the studies on the growth and piiap] Robertson J 200Rep. Prog. Phy$9 327

erties of group I1I-nitride heterojunctions. Here, the discussi¥] Sze S M and Ng K K 200Bhysics of Semiconductor Devices
has been carried out on the growth and properties of GaNﬁ,}'] c (New York: Wiley)

. ook T E Jr, Fulton C C, Mecouch W J, Davis R F, Lucovsky G
INN/Si, Polar InN/GaN, and nonpolar InN/GaN heterostru and Nemanicha R J 2003Appl. Phys94 3949

tures. Followed by studies on band offsets of IlI-nitride semig] Tersoff J 1984hys. Re\B 304874
conductor heterostructures which is carried out by using XBS] Robertson J 2000. Vac. Sci. TechndB 181785
studies. Current transport mechanisms of heterostructures[&@& Waldrop J R and Grant R W 19Fhys. Rev. Letd31686
also discussed. [21] Horn K 1990Appl. PhysA 51289
[22] Morkoc H, Unii H and Ji G 199Principles and Technology
of MODFETsvol 1 and 2 (New York: Wiley)
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