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Abstract

Thin film gallium antimony bismuth (GaSbBi) grown on Gasiibstrate via molecular beam
epitaxy (MBE) have been explored in this thesis by characterising the films electrical, physical
and optical properties. From these wafers Schottky diodes, and-sestaonductemetal
photodetectors (MSMPDs) have been invegated. Another promising material for infrared
photodetectors is InAs, in this work the use of Highased dielectrics has been investigated

to improve the passivation of InAs avalanche photodiodes (APDS).

Initially, the influence of postgrowth thermahnealing on GaSbBi Schottky barrier diodes has
been investigated. TheM characteristics indicated a better ideality factor and less leakage
current at the reverse bias, as the annealing temperature increased up to 500 °C for a duration
of 30 min. Xray diffraction and scanning transmission electron microscope measurements
were performed to verify that the bismuth composition was unaffected during the annealing
process. Energy dispersivaay analysis indicated that Sb clustering occurs at high annealing
temperatures, resulting in a concomitant degradation in the electrical performance. The
optimum electrical characteristics of the diode were obtained with an annealing temperature of

500 °C for 30 min, resulting in an ideality factor of 1.3 being achieved

The optimised @SbBiand GaSbN samples were then fabricated into M3)4 and verify

the viability of using GaSbBi and GaSbN as active layers in photodetector. Toéf cut
wavelength extended to 1950 nm (2.9% Bi), 1990 nm (3.8% Bi), 2080 nm (4.5% E)anhd

nm (1.5% N) have been observed, demonstrating the viability of using Bi and N for mid
infrared sensing. The comparison of different geometry on the photo spectral response
indicating Bi incorporation increase the lattice expansion, which reduce thierca

concentration of the devices.

Optimization of InAs based APDs are reported in this thesis. The use ok ligtectric

material as a passivation layer to improve the performance of InAs APDs are discussed. Three
potential passivation layers, incind ZnO, AbOs and MgO have been identified, all of which
enables the suppression of surface | eakage i
and at lower temperatures of 175 K compared to a reference SU8 device. The influence of
repeated temperature cycling on these layers has also been investigated with ZnO observed
clear degradation after ten cycle, MgO shows almost a 10% higher curreohatant voltage

after ten temperature cycles and@dpassivated device, exhibiting no change in performance

after temperature cycles. Suggesting@las an effective and stable material for INnAs APDs.
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Chapter 1



1 Introduction

The development of infrared technologies can trace back to 1800 when Willian Herschel built

a crude monochromator that used a thermometer as a detector so that he could measure the
distribution of energy in sunlight and found that the existence of theladation in the

invisible beyond the red, which leads to the discovery of infrared[lighAfter that, limited

progress was made apart from establishing that infrared radiation obeyed the simplest law of
optics[2-4]. The mos advanced development of infrared technology happened after World
War I, and that development is primarily driven by military applications. The discovery of

the versatile narrow bandgap mercury cadmium telluride (HgCdTe) ternaryrall®p9 has

opened up a new area in IR detector technology and has provided an unprecedented degree of
freedom in the design of infrared photoconductive and photovoltaic d¢fe@&pr

The infrared detectors are used to detect the thermal radiation that all objects emit. In general,
infrared detectors can be classified into two categories: thermal detectors and photon detectors.
Where thermal detectors absorke thcident radiation to alter the temperature of the material,

the resultant change in the physical properties is used to generate electrical output. The photon
detector, on the other hand, absorbing the incident radiation within the material by irmeractio
with electrons, while the generated electrical signal is the result of the changed electronic
energy distribution in the semiconductor mat€7al8].
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Figure 11 History of the development of infrared detectors and syst&hs
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Over the past two centuries, most of the progress developed on infrared technology is
connected to semiconductor photon detectors. Many materials have been investigated in the
infrared field. A progress report on the infraetector technology, presented in 2011, has
summarised some of the key breakings through the development of infrared detectors and
systemg9]. The highlight of the main historical infrared detectors and system is shown in
Figure 11. Among those materials, HQCdTe is the most dominated semiconductor material for
mid and longwavelength infrared optoelectronics. The development of HQCdTe technology is
primarily for the military defence. In addition, the main focus has been on focal ptaye ar

(FPA) demonstratiofil0-13], the knowledge based information is relative less repsied

With the growing development of infrared technology, the nefilaoptoelectronic application

has expended its initial interest from military defence to civil applications. In particular, smart
infrared photodetector has great potential used for the important area such as surj®llance
space exploratiofl5], medical imaging16], environmental monitorinfd. 7], and many others.

While conventional bulk and other novel nasemiconductor materials, such as HgC{HJe
InGaAs[18], nanowireqg19], quantum dot$20] and quantum well21] have been used to
develop infrared photodetector. Due to its high responsivity speed, broad detection wavelength
(1-30 em) and | ar ge o0 plehigh quantum effecienid@2lc HgEdTe has t h a t
always been an industrial favourite over the past decades. However, there are always numerous
attempts to replace HgCdTe with alternative materials. The main motivations, behind the

numerous attempts to find replaoaterial, are the technological problems of this material.

[l -V semiconductor compound, are those made from group three and five elements of the
periodic table, and are important for a wide range of optical devicesriatuch as GaSb

and InAs have great potential to explore the short wavelength of the infrared region, due to the
nature of their narrow bandgaps. While introducing a small amount of biggg]jtor nitride

[24] can significantly alter the band structure of tHheV semiconductor material, and thus
extend the emission wavelength to cover a wider range onfitaeed spectrum, providing a
group of novel semiconductor materials for the research in the infrared region. This
breakthrough allowed the higferformance infrared system of small size, lightweight and low

cost and therefore suitable for civil applicats.

1.1 Thesis outline

The structure of this thesis is outlined as follows. Chapter 2 provide an extensive literature

review into a summary of semiconductor physics and dilute bismuth properties. The operating

14



principle of photodetectors is also discusg&thpter 3 introduce the experimental and analysis
techniques used throughout this thesis. The method used for the device fabrication, physical,
electrical and optical characterisation of the thin film semiconductor is explained. Chapter 4
presents the ihfence of the posgrowth thermal annealing process on GaSbBi Schottky
diodes. The effects of the annealing temperature and time on the material quality and electrical
characteristics of the diodes have been studied as well. Chapter 5 demonstratelittyeofiabi
using bismuth for midnfrared sensing by the mets¢miconductemetal photodetector. The

effect of bismuth incorporation and geometry of the device on the spectral response has also
been studied. Chapter 6 investigated the effectiveness of bgjhdc dielectric layers as
potential passivation layers for InAs avalanche photodiodes. The electrical characteristics of a
differently sized diode passivated with each Higlayer are investigated. Finally, the
conclusions and suggestions for future kgoare presented in chapter 7.
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Chapter 2



2. Literature review and background

The general topic and background outline within this thesis are discussed in this chapter; a
summary of semiconductor physics, bismuth properties, junctions, conduction mechanisms and

the operating principle of photodetectors are discussed.
2.1 The semiconductor of physics (band structure, Bi incorporation)

2.1.1 Crystal structure

In general, semiconductor materials can be classified into one of three structural classes; crystal
[1], polycrystalline[2] and amorphous semiconductd8. Figure 2.1 shows the different
structure of semiconductor material. In a crystal semiconductor material, each atom occupies
a particular location forming a crystaltiice. A polycrystalline semiconductor consists of many
different crystals. But those crystals that are oriented in different orientations do not line up at
the boundaries. The boundaries between the different directions called grain boundary. At the
grain boundary, the atoms do not match up well, and the grain boundary is the source of defects.
These defects affect the electronic performance of a material. Amorphous semiconductors are
a class of material that does not show loagge order. The atoms ar®re or less randomly
distributed throughout the solid, which the atoms are not in a precise location specified by a
crystal lattice and basis. Although the amorphous semiconductor does not sheanigag

order, they are likely to show shagnge order éhaviour, enabling the electronic properties

of amorphous semiconductor to be similar to the electronic properties of crystalline

semiconductor material.
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Figure 2.1 Different degree of ordered structured: crystalline, pojgtalline and amorphoud]

Crystalline semiconductors are the most expensive material because it is challenging to grow

them with high quality (low number of defects). It requires putting every atom in its precise
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location, which confirms the highest quality of crystalline semiconductor material with the
fewest defects. Comparatively, polycrystalline semiconductors are less expensive to produce;
however, these grain boundaries form between each crystal can impexi¢ bow. This type

of material is used when the highest quality is not needed, but the cost is essential. For example,
the polycrystalline semiconductor material can be used in solar cells, where a large area of
semiconductor material is utilised. Sofadrication processes include annealing, which can
reduce the negative effect caused by boundary ddteaéts The amorphous semiconductor
materials are the least expensive and have the mostomédectronic properties among
semiconductor materials. The amorphous semiconductor is usually used when the cost is a

critical consideration.

The crystal structure is a unique arrangement of atoms in a crystalline material, which plays an
essential rolen determining the physical properties, such as its band structure and optical
transparencig]. Before fabriciing the material into electronic devices, it is important to study
the crystal structure in the first place. The most widespread and powerful technique for
studying the material properties isr&y diffraction; other structure determination methods
include using the wave character of neutrons or electrons, which are more appropriate for

surface structure determinatif8j.
2.1.2 Band structure

Many materials with electrical cdactor properties can be classified into three categories;
metal, semiconductor and insulator. A practical method to visualize the difference between

each material is studying the energy band structure of the material.

In a single atom, the electron occepidiscrete energy levels. When forming a solid material,
numerous atoms are brought together. While the atoms are bringing closer, the energy level of
those atoms will split into energy bands. In terms of energy bands alegmee Kelvin, the
electronsresponsible for forming bonds between atoms are found in the last occupied band,
where electrons have the highest energy level for the grstabel atoms. The lowest bands
contain core electrons, which are tightly bound to the atoms, and the highestdatais no
electrons, in an infinite number of energy bands. The last grata® band, which contains
electrons, is called the valence b&bd]. The energy bonds state that holds the semiconductor
lattice together is filled with electrons forming the covalent bonds in the valence band. There
is also an equal number of empty states that are availabtéde@lectron is directly above the

valence band called the conduction band. The energy difference between the bottom of the
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conduction band and the top of the valence band is called the forbidd¢hOgjapll of the

valence band states are filled with electrons, and all of the conduction band states are empty,
and there are no states in the forbidden deproom temperature, some of the electrons
generate enough thermal energy to break the valence bonds between atoms and circulate in the
crystal. Those electrons have gone from the valence band to the conduction band. The number
of electrons in the conduonh band and the holes in the valence band are equal, and this number

is called intrinsic carrier concentratifii].

Conduction band

Conduction band
Conductionband ~ ~ ~ "7~ v_\ -
Fermi level

_ W i ) -

Overlap

Valence band Valence band Valence band

Metal Insulator Semiconductor

Figure 2.2 Energy band diagrams in metal, insulator and semiconductor

The energy band diagram of metal, insulator and semiconductor have shieigurére.2. In

metal, the conduction band overlaps the valence band, and because of overlap, the electron in
the valence band can move through the material to become conductive. In the insulator, there
also has a conduction band and valence band but a large forbidden gap in between, making the
electron in the valence band unable to get into the conduction band, therefore unable to become
conductive. Similarly, the semiconductor also has a valence banduan band and
forbidden gap. However, the forbidden gap is much smaller. When the electron moves from
the valence band to the conduction band, it does require a certain amount of energy, but the
energy can be gained through thermal energy. Once ttteogl@arrives at the conduction band,

it becomes free to conductive, and it will conduct if the electric field is applied.

One of the important mechanisms in the semiconductor band structure is recombination and

generation of carriers, as showrHigure 2.3 at the equilibrium, where the electrons and holes
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are sitting at valence and conduction band, respectively. However, semiconductor devices a
easily taken out of equilibrium by the changes in the environment. This could be affected by
external effect, including thermal energy and doping density. Once sufficient energy is
generated, the electron in the valence band can be excited and adtlénto the conduction

band. This process is the standard band to band generation. It is also the mechanism of electrons
and holes pair are createBifferent semiconductor material Ve different absorption
coefficients. The absorption coefficient desesthow far light of a particular wavelength can
penetrate into a material before beifodly absorbed. The material with higher absorption
coefficient can readily absorb phoswhich helg to efficiently excite electrominto the
conduction band. When the energy of the phoismery close to the band gap, the absorption

rate is relatively low since only the electrons at the valance band edge and interact into
conduction band. However, when the photon energy increased, morereetttlower energy

level can interact with the photon to cause absorpiiba.band to band recombination process

is the opposite of the generation process, in which the electrons in the conduction band can fall
into the valence band, fill up the holddareplace the covalent bond. During this process, there
are some energy has to be given up. The extra energy can go out in the form of light in direct
gap semiconductor materials such as niidst material. The other poidlity is the extra

energy can give up in the form of heat in the indirect gap semiconductor such as crystalline

silicon.
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Figure 2.3 Diagram of the standard band to band generation and recombination process
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2.1.3 Direct and indir ect band gap semiconductor

While considering the electron as a particle moving in a velocity in the band strubture
energymomentum (Ek) relation is very useful to study the band structure of direct and indirect
band gap semiconductor material, especially in the reactions with photons and phonons where
energy and momentum have to be conserved. An example of emedgiouctures of direct

and indirect band gap semiconductor is showRigure 2.4. In the case of direct band gap
structure, the conduction band minim (CBM) energy and the valence band maximum (VBM)
energy are at the same momentum value, the electron from the CBM can recombine with the
hole in the VBM directly emitting a light photon of energy, where the energy is the difference
between CBM and VBM.n the case of indirect band gap semiconductor on the other hand,
the CBM and VBM appears at different values of momentum, which means the conservation
of momentum is not satisfied. In this case, the momentum of electron will not be conserved. In
order to onserved the momentum, another particle called phonon (quantized modes of lattice
vibration) will be created or absorbed based on different situation such as heating or cooling
the material. In the indirect band gap semiconductor, an electron from CBkaanbine

with a hole in the VBM by creation @nnihilationof phononsHowever,the probability of

both a photon and phon occurring simultaneously is very low and as such the radiative
lifetime becomesextremelylong. Therefore,radiative recombinatiorbecomes extremely
unlikely in indirect band gap semiconductoféie direct bandgap semiconductor material is
mostly from compound semiconductors, and these type materials are usually used to fabricate
into laser diodes. The indirect semiconductor material, such as Si are used to amplify the signal

as in transistors anéctifier diodes.
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Figure 24 Energy bandtructureof (a) directoand gapand (b)indirectband gap semiconductor

2.1.4 Doping

Unlike metal or insulator, a good or poor electrical conductor, a semiconductor is th@lmater

in between that can control the properties by introducing a small number of dopants into the
semiconductor material. This process is called doping, making the semiconductor highly
metallic, reasonably insulating, or anywhere in between. When a sematons doped with

donor or acceptor impurities, impurity energy levels are introduced that usually lie within the
energy gap, as shown kigure 2.5. The donor level is being neutral if filled by electron, and
being positive is empty. On the other hand, the acceptor level is neutral if empty and negative
if filled by an electron12]. In ptype doping, some of the material atoms are replaced by
doping atoms that do not have enough electrons to share with the nemglelsbars and make
covalent bonds. One of those missing bonds leads to the consequence of introducing a hole into
the semiconductor lattice. Conversely, in thiyme semiconductor, the doping atoms have an
extra electron without bounds with the neareggmaours. This electron's binding energy is
fragile and easily broken at room temperature, leaving an extra electron moving in the

semiconductor lattice.
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Figure 2.5 Energy band diagram of doped semiconductor

2.2 Bismuth properties

After decades of development, significant progress has been achieved in semiconductor
material for infrared devices. The materials such as HgAdFe, compound semiconductor

have continually demonstrated high performance in infrared technology. Because of its
tuneable bandgap over the infrared spectral range, high absorption coefficient, high carrier
mobility, and long carrier lifetime, HgCdTe has maintained its dominated qosas the
material of choice for infrared applicatiofis3]. However, the development of HgCdTe has
suffered from some major limitations, including high cost afiicdities of material growth.
Consequently, other materials have been promoted to replace HgCdTe for infrared

development.

l11-V based compound semiconductor material, such as GaSb and InAs, has demonstrated great
potental in exploring the midnfrared area due to the strong chemical bond and small energy
gap. Thus naturally, its application as an infrared detector becomes obvious. Besides, GaSb is
also particularly interesting as a substrate material because itds latitched to various {ll

V compoundg14]. The cutoff wavelength of the GaSb and InAs detector is relatively short,
making those applications only work in the nedrared region. Tgell superlattice based
infrared detector such as InAs/GaSb and InAs/InA4Sb16] can also provide good quantum

efficiency. Besides, such detectors have the potential to reduce Auger dark {liffent
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However, most reported InAs/GaSh superlatticased deteors have lower performance than
HgCdTe due to shorter minority carrier lifetirffidb-17].

The future development of infrared optoelectronic application requires features including low
cost and multband detection. As shown [Figure 2.6, most of the research on compound
semiconductor material focuses on wide energy gap material. The research on smaller energy
gap and midnfrared detection semioductor material are relatively limited, leaving a gap for

the other novel semiconductor to explore.
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Figure 26 Composition diagram of semiconductor material systgtBs

As one of the typical heavy metal, bismuth has been known as the most diamagnetic of all
metals[19]. Meanwhile, the thermal conductivity of bismuth is much lower than most of the
other metals. High electrical resistance and the highest Hall effect of any rsetala@kase

the scientific attraction in bismuitontained compound49].

Among bismuthcontained compounds, dilute bismuth semiconductor have generated
extensive attation recently{20]. Incorporating a small number of bismuths in generaVIll
alloys results in a lamgbandgap reduction and enhanced spibit coupling compared with
the host material, which makes it attractive for potential optoelectronic applications in the mid

infrared rangg21].

When introducing a small amount of bismuth (Bi) into commb¥ compounds, for instance,

GaAs, Bi impurity states will be formed close to the host semiconductor's valence band edge
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[22]. When Bi is incorporated, the interaction between the valence band and Bi states are
expected to lead to a large energy bgag reduction and stable sgrbit splitting. In contrast

with dilute nitride, which is known to reduce thandgap by lowering the conduction band
edge, Bi on the band structure is primarily in the valence H&jdAs such, this offers a new
method to alter the band strumt of semiconductor alloys and can have more significant
potential for novel optoelectronic application. Moreover, initial results show that electron
transport in dilute bismuth materials is much less influenced than those in dilute N materials
[23], further supporting the notion that Bi primarily affects the valence daide 2.1 shows

the banegap reduction in dilute bismuths and solieV compounds at each percent of Bi,

and these data are valid only for a small numbervailues.

Dilute bismuth

Bandgap reduction (me V/%)

Gd O " E 83 (300 K)[24]
Ga3 A " E 32 (77 K)[25]

100(4 K) [26]
Int O " E 20 (77 K)[27]
IN3A " E 23 (77 K)[27]

(@)

Commonlll -V ternary compounds (300K28]

Bandgap reduction (me V/%)

) ' A Asx 15
)y ' A Sbx 10
Ga ! O 156[29]
Gd B A 19
Inl 8 A 9

(b)

Table 2.1 Summary of bandap reduction in (a) dilute bismuths and (b) some commewi térnary compounds at each
percent of Bi or other incorporated element ({29)

Table 2.1 (a) shows that the reduction in bagdp is much more dramatic when Bi is
introduced compared to more commitinV ternary compounds listed ifable 2.1 (b). It is
interesting to note that dilute nitrides, which are also indicated in the table, have more
significant bandgap reduction than any other alloys, even with Bi concentridtorever,
previous studies on dilute N alloys have shown this is at the cost of severe degradation in the
material's electrical properties. The idea of combining the incorporation of N and Bi does
present new freedom for band engineering since Bi is mainly effjdtinvalence band and N

is on the conduction barjdl9].

Introducing Bi into GaAs has been intensively researched in recent[8ai3032]. Up to

date, the research for G&®® " Ecompounds is proposed for less than 2um wavelength range
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and primarily for telecommunicaticapplications because the host GaAs has a largedmsmd
of 1.424 eV (at 300K).

[Il-Sb semiconductor compounds are very attractive for optoelectronic devices working in mid
infrared. Introducing Bi inll -Sb can also hav@me potential benefits. First, incorporation of

Bi in GaSb can efficiently reduce the bagalp, hereby extending light emission wavelength
more efficiently than using InGaSb. Currently, standard quantum well lasers struggle to operate
in the 24 um rangedue to high current leakage and Auger recombination. However, by
incorporating Bi, a large valence band offset can be formed, suppressing the hole leakage.
Additionally, the spirorbit splitting energy of GaSb is very close to its direct bgayl. As

such,it requires a small amount of Bi in @aA " Eto suppress intevalence band Auger

recombination processes in optoelectronic deit8k

Other compounds like InSb or InAsSb, also have similar wavelength extend by incorporation
of Bi, reaching around-&2 um, which is an important atmospheric trarssion range. Those
changes will enable these novel materials to offer an alternative to HgCdTe, which is
dominated in this wavelength range for phd&iection By comparing with HgCdTe, this
novel materials system can have a lower cost, a simple fabnigaocess and a smaller size
when fabricating devices, making this material more competitlany other research has
been processed dh-V materials such as®A " EInl O " E however, G& A " Eis

rarelyexplored which provide the potential for further investigation.
2.3 Junctions

To form an electronic device, we need to put materials together. The junction will be formed
between the contact. The junction can be generally defined as themeédhjunctionmetat
semiconductor junction and semiconduetemiconductor junction. Whenever the junction is
formed, two materials with different Fermi levels are brought into contact, and free carriers
will flow from one material into the other until an equilibriumndition is achieved, which
means the Fermi levels of both materials are aligned. The equilibrium means that there is no

external potential applied to the systg38].
2.3.1 Metal-metal junction

The energy band diagram example of a metetal junction can be found i¥igure 27. In this
section, Au and Ti have chosen as an example to illustrate themmetdljunction. It can be
seen fromFigure 2.7 that gold has a higher work function than titanium. In this case, the
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titanium has a large number of electrons close to the Fermi level. Andishalgo an
abundancef empty state in the gold. When the meatadtal junction is formed, the electrons
from titanium with the lower work function can move into gold, and an electrical field will be

set up when the junction is formed.

Vacuum level S————

T e

Ep

Ti

before contact after contact

Figure 27 Energy level diagram for metahetal junctions

2.3.2 Metal-semiconductor junctions

When the mtal and semiconductor are brought together, the rsetaiconductor junction

will form at the interface. It is useful to understand the mechanism when we form a device on
a wafer. These devices have to be connected to an external circuit, usually atemhipfis
forming the metal contact with these devices. In this way, to understand the metal
semiconductor junction is essential. There are two types of junction formed by metal
semiconductor contact, Schottky junction and Ohmic junction. To define diffgqeed of
electrical junctions in a metakemiconductor system, assuming that the work function of the
metal%. and that of the semiconduct®s are not equal. Therefore, after they brought into
intimate contact, the charge transfer between the electnod the semiconductor will prevail

until the Fermi levels of the electrode and semiconductor are aligned to the same height.
Depending on the values %6 , %0 and the type of semiconductor, there are different types of

electrical contacts, which adéscussed in the following sections.
2.3.3.1Schottky junction

The Schottky barrier, shown kKigure 2.8. The condition for a contact to be Schottk$sis >
%o for a metain-type semiconductor junction (seen by electrons from the metal sid&), or

%o for a metalp-type semiconductor pction (seen by holes from the metal side). In this
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chapter, we will discuss-type semiconductor as an example. In this condition, electrons will
flow from the semiconductor to the metal, leaving a depletion region in the semiconductor, as
shown inFigure 2.8. Where W is the width of the depletion region, &adis the height of the
potential barrier that an electron in the metal must surmount targashe semiconductor.

The electrons can flow easily from the semiconductor to the metal under the forward bias in
this contact. In contrast, under reverse bias, the flow of electrons from the metal is limited by
the electrons available over the Schottiyrier. The density of which is much smaller than

that in the bulk of the semiconductor. It can be seen as one that creates a depletion region
extended from the interface to the semiconductor inside. In this way, the Schottky junction
under bias behaves a rectifief33]. The conducting mechanism of electron emission from a
metal across the Schottky contact may be due either to the thermionic process or a tunnelling

process. These will be discussed in the next section.
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Figure 2.8 Energy level diagrams for a Schottky contact between a metal antlype semiconductor

2.3.3.20hmic contact

An Ohmic contact between a metal and semiconductor can be described as a negligible
resistance relative to the series impedance of the semiconducie.devis implies that the

free carrier density at and in the vicinity of the contact is much greater than that in the bulk of
the semiconductor. An ohmic contact can also be defined as one that creates an accumulation
extended from the interface to thesighe of the semiconductor. In general, there are two
methods to make ohmic contact. One of which is choosing metals of low work function so that
%0 < %o for metatn-type semiconductor junction or choosing metals of high work functions

so that%e > %o for metatp-type semiconductor junction. The energy level diagrams were
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presented irFigure 2.9. This process lowers the potential barrier for efficient thermionic
emission to make the free carrier density higher at the contact than that in the bulk of the
semiconductor. Another method of forming an ohmic contact is doping the semiconductor
surfaceheavily near the contact to make the potential barrier thin enough for efficient quantum

mechanical tunnelling.

It is usually challenging to find a suitable metal wWih < %o for the ohmic contact to the n

type semiconductor, or withe > %o for the ohmic contact to the-tgpe semiconductor.
Furthermore, most semiconductors for electronic devices are covalently bonded, so they have
surface states. For these reasons, it is not possible to produce an ohmic contact simply based
on choosing a suitablmetal. The method to obtaining reliable ohmic contacts for most
semiconductor devices is based on the dopant, that is, producing a very thin layer heavily doped
with dopants by either diffusion, ion implantation techniques or annealing of the metaleéo mak
this layer degenerate. After this layer has been produced, any metal or alloy can be deposited
on this layer's surface to form a good ohmic contact. In this thesis, most ohmic contacts are

formed under this method.
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Figure 2.9 Energy level diagrams for an Ohmic contact between a metal andygersemiconductor

2.3.3 Semiconductor junctions

The majority of the optoelectronic devices sdlnehomogeneous semiconductor structure to
achieve the photoelectric effect. The properties of semiconductor junctions are also important
when forming complex device structures such as infrared detector, type Il superlattice,

interband cascade laser, angantum well laser structure.
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2.3.3.1Pn junction

A pn junction is formed between atype semiconductor and artype semiconductor as one

of typical semiconductesemiconductor contact. Usually, the jumction formed from the

same material is called homojunction. The pn junction can also from different material; such
type of junction is called heterojunction. In order to form a homojunction interface, a
semiconductor material is used to doping one isittep-type and the other side intetype. In

the heterojunction case, the material has to be chosen carefully so a good interface can form
without any defects at the interface, which has increased some restrictions on the junction they
formed. To form gn junction, we bring the-fype and Aype semiconductor together. An
example of the energy band diagram of pn junction can be fouigure 2.10. At equilibrium,

the Fermi levels will line up, which on the side of theype semiconductor there are existed
electrons at the conduction band, and these electrons can move ttypeeespmiconductor.

On the side of fiype semiconductor, the existing helat the valence band, and these holes
can move to the-type semiconductor. This mechanism will lead to a contact potential between
the pn junction.
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Figure 2.10 Energy level diagrams for a pn junction
A simplified schematic of the pn junction can be foumd-igure 2.11. It can be seen that the
depletion region formed in between. Since the electrons move fromtjipe side to the p
type side, which leaves the net positive charge in ttyp@ side, and these positive charges
refer to the donor ions. Similarly, thereasiet negative charge in thaype side because the

holes from the fiype side move to the-type side, leaving behind the acceptor ions and the
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acceptor ions are negative. The relationship of the depletion width and the concentration of

ions can be estated by equation

— (2-1)

wherew andw is the depletion width of qype and rtype, thel and0 represent the
donor and acceptor consternation, respectively. The ratio of the depletion region width on the
p-type and rtype side is inversely proportional to the concentration of the dopants. There are
certain pn junction that is formedtleen the heavily dopey region and anregion. In this
particular case) is usually greater thai , using theEq. (2- 1), we havew is much smaller
thanw , so the depletion region is almost in thgype side. Another extreme example aéth

can be found in the metaemiconductor Schottky junction, in which the depletion region can
be found on the semiconductor region. Because the charge density in the case of metal is much
higher than that of semiconductor, in order to maintain to thegyehzeutrality, electrons are
coming from the surface of the semiconductor to create the depletion region. This depletion
region stays entirely on the semiconductor side.

p-type n-type

cJoJolo
Sclclcle

Acceptor ions +— Donor ions

Figure 2.11 Schematic of a pn junction

A comparison of the performance of Schottky diode and pn junction diode can be found in the
Table 2.2
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Characteristics Schottky diode pn junction diode
Forward current mechanism | Majority carrier transport Diffusion current (minority
carrier transport)
Reverse current Less temperaturdependent | Strong temperaturdependent
Switching speed Fast respond (extremely small Limited by the recombination
chargestoragdime) process
Breakdown voltage Lower breakdown voltage Comparatively large

Table 2.2 Comparisons of Schottky diode and pn junction diode

The structure of pjunction has been widely used into the device such as a photodetector. The
photodiode can transfer each photon from received optical signal into free electron
instantaneously to generate photocurrent in an ideal situation. However, not every incoming
phoon can generate electron in a suitable semiconductor material caused by-#fiecreort
photoabsorption and carrier collection. A wiellown method used to increase photon
absorption efficiency is to insert a wide and undoped intrinsic layer betwigpe pnd fype
semiconductors. The main advantages ofianpdiode structure are that the width of the
depletion region can be significantly increased and determined in the fabrication, and the build

in electrical field is uniformed in the intrinsic regi{84].
2.4 Conduction mechanism

The current transport in metsémiconductor contact is mainly due to the majority carriers
transport between the junction or pn junction whee minority carriers are responsible. In
general, there are four different conduction mechanisms by which transport can occur: (a)
thermionic emission, (b) tunnelling through the barrier, (c) recombination in the depletion
region and (d) diffusion. In Soltky diodes, the thermionic emission is the dominant
conduction mechanism, and such diodes are referred to as ideal Schottky diode. While the
process of (b), (c), and (d) cause a departure from this ideal behaviour. In practice, the
behaviour of the diodwill lie somewhere between the diffusion theory and the thermionic

emission theory.
2.4.1 Thermionic emission

The thermionic emission (TE) conduction theory is that the electron emitted over the barrier
from the semiconductor into the metal. The electron mast Bnough energy to move through

the high field depletion region. The emission of electrons into the metal is controlled by the
density of available states in the metal. It is assumed in the TE theory that the effect of drift
and diffusion process in traepletion region is negligible, the barrier height is much greater

thankT, the Fermi level for the electrons remain flat throughout the depletion region and the
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thermal equilibrium is establishg85]. Since the barrier height of electron transport from
semiconductor to metal is remain the same under bias, tlemtfiowing through the junction

is thus unaffected by the applied bias. The total current dgt&itgan be given by

L U Qwr— p 2-2)
and
0 0°"YQwn — 2-3)

where 0 is the saturation current density in Akm° is the effective Richardson constant in
A/AT + ,%o is the barrier height in \k is the Boltzmann constant in J/K, afds the

absolute temperature in K.
2.4.2 Diffusion

Before the electron can be emitted over the barrier into the metal, electrons must first be
transported from the semiconductor to the interface. During the transmission process in the
depletion region in semiconductor, the electron motion is under the m&chanisms of
diffusion and drift in the electric field of the barrier. Unlike the TE theory, where the Fermi
level for both types of carriers is assumed to be flat throughout the depletion region. According
to the diffusion theory, the Fermi level issased to be droop down through the depletion
region. It is also an assumption in the diffusion theory that the concentration of conduction
electrons in the depletion region in the semiconductor is unaffected by the bias voltage, the
impurity concentratiof the semiconductor is nondegenerate, and the barrier height is greater
thankT[12, 35] The expression of the diffusion theory for the diode cufB#jtcan ke found

as.
L 0 Qi p (2- 4)
and
L A Qwn— (2- 5)

wherel is the saturation current density in A&8is the diode crossection ared) is the
effective density of states in conduction band in‘ctis the electron mobility in cAV-s and

is the maximum electric field in V/cm. All the other symbols have their usual meaning. The
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current density equation for both TE the&uy. (2- 2) and diffusion theoreq. (2- 4) are similar.
However, comparingd. (2- 3) andEq. (2- 5), the saturation cuent density for the diffusion
theory is much less depending on temperature and is more effective by the applied bias
compared to TE theory.

2.4.3 Carrier generation and recombination in the depletion region

At zero bias the depletion region of the Schottkyibairs in thermal equilibrium, and the rate

of electronhole pair generation in this region is balanced by the rate of recombination. In the
presence of bias voltage, the balance of the eletiotspair will depart, and there will be a

net generationrnpcess or net recombination of the carriers depends on the applied bias. In the
case of a forward voltage applied to the Schottky junction made by a-migfz
semiconductor, the electrons will be injected into the depletion region from the neutral bulk
semiconductor holes will travel through the junction from the metal. These excess electron
hole pairs will recombine in the depletion region to generate a forward recombination current.
If a reverse voltage is applied, the electhmbe pairs in excess diieir thermal equilibrium

value will be generated into the depletion region. These pairs will be swept out by the electric
field of the barrier and causing a reverse curf8f}. The current generated by the carrier
generation and recombination in the depletion region can be expre$38tl as

O 0 Qwn QY p (2- 6)
and
O —_— 2-7)

where S is the diode crossction areal is the minority lifetime in the depletion regian,

is the root of the electrehole product, and is the width of the depletion region. It is noted

that the generated current is when the junction is reverse bias. While the junction is forward
bias,the current is a recombination current. The recombination current is a common cause of

the departure from ideal behaviour in the Schottky diode.
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Figure 212 Forward JV characteristics of a diode with different conductiechanism simulation

An example of a diode forward JV characteristics has used to compare with the theoretical
simulation of different conduction mechanism. The parameters used for the simulation have
been listed in thappendix While the figure used heis as an example to illustrate the JV
characteristics of different conduction mechanism under particular circumstance, as each
parameter presented in thppendix It is less likely to observe one conduction mechanism for

a practical diode. Therefore, tRgure 212 may only be used as an example to understand the
process of different conduction mechanism and how they may be used to identify theaelomina

process or differing regions within experimental data.
2.4.4 Tunnelling through the barrier

Besides the TE and diffusion theories, the electron with energies below the top of the barrier
can also be transported through the barrier by quantum mechanical tunnelling. There are two
types in which tunnelling can occur over the barrier junction, fedssion (FE) and

thermionics field emission (TFE). In the case of FE, the semiconductor is assumed to be doped

to degeneracy, the depletion region is very thin, and at low temperatures, electrons with energy
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close to the Fermi level can tunnelling throagl semiconductor into the metal. As for TFE,

if the temperature increases, many electrons are excited to higher energies. These electrons can
tunnel in the metal before reaching the top of the barrier. The barrier height and thickness
decrease since tmumber of electrons decreases rapidly with energy above the Fermi level.
There is an energy lev€l which contribute to the maximum TFE level. If the temperature
further increased, a limitis reached at which all the electrons can reach and traxg# theo

barrier; at this point, the conduction mechanism is TE domiifiaéés

The relative contributions of TE, EF and TFE depend on both temperature and doping level.

The criterion can be set by comparing the thermal erlefgnd’O which is defined agL2]:

O — — (2-8)

where is the reduced Planck constantig,d is the doping concentration in ¢y * is the
effective mass in kg and is the permittivity of the semiconductor. In the casekWhei© ,
the conduction mechanism is dominating by TE. WKkiEbh ‘O , FE dominates. And whekT

O , TFE is the main mechanism. The current density expression of FE under forward bias

can be express §37]:

zz

V) (2-9)

where
Ok —béo— (2- 10)

And %o is the Fermi potential from conduction band edge-ippe semiconductor express as

%o «—— (2- 11)

Where% is Fermi level an@b is top edge of valence band in eV.

The equation for TFE under forward bias can be expressed as:

zz

(2-12)
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Ok O w&dD— (2- 13)
Wheren is the Fermi potential from conductidnang edge in4type semiconductor in V.

2.4.5 Reverse characteristics

In the thermionic emission theory, the reverse current density of a Schottky barrier junction
should saturate at the valte ! °4 A @D— . Howeve, this saturate value cannot be

observed in a practical diode; instead, there are some causes of departure from ideal behaviour.

One of the common causes is the field dependence of the barrier height. It is certain that the
reverse current will not satate if the barrier height depends on the reverse bias. Since the
barrier height is reduced with increasing electric field inside the b§t@grThe reverse bias

increase with the electric field, making the reverse current to increds@&—— , where

3 is the barrier lowering at reverse bias. The method used to lowering barrier including
image force and dipole formati¢89, 40] the primary cause of barrier lowering is the image
force on the electron emitted from the metal into the semiconductor, it can be accounted as the

reason to explain the departure of the reverse current from ideal.

Besides the barrier lowering, another mechanism that causes the reverse current depart from
ideal is tunnelling of the electrons from the metal into the semiconductor conduction band
through the barrier. As same as forward characteristics, the tunnelling can occur either as FE
or TFE where electrons can enter at lower doping level at reverseasashan for forward

bias case. This is because a moderate reverse bias causes the potential barrier to become
sufficiently thin enough for tunnelling of electrons before reaching the top can be emitted into
the semiconductor by THB6].

Another mechanism causing the reverse current behaviour is the eleakequair generation

in the depletion region.When the effects of image force lowering the barrier height and
tunnelling are reduced to negligible by using a low donor density, there may be a considerable
reverse current causing by the generation in the depletion region. Like the recombination in the
forward bias, the generation current is important for large barrier heights and-lifetovwe
semiconductors. It is also important at low temperature because it has lower activation energy

than the thermioniemission component.
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2.5 Photodetector

Photodeteiors are semiconductor devices that can detect incident photon or radiation through
the electronic process. The performance of the photodetector is measured by its dark current,
responsivity, bandwidth and spectral rafgg]. Generally, the operation of a photodetector

has three steps involved when we think about shining light onto a device and converting it into
electrical current. Firsthe incident light generates carriers (electnofe pair) in the devices.

Once these carriers are generated, they need to be transported to the electrodes; sometimes,
carrier multiplication is also possible. Finally, these carriers are then extrat@dieidevice

in the form of current. When we look at the photodetector, there usually are two class of
photodetector. Firstlass, we have a thermal detector. In this case, the light is incident on the
device, which lead to a temperature rise. The daismperature is directly proportional to the
amount of light that is shining on the devices. It has been widely used in infrared radiation
devices. The other class is the photon detector. In this type of device, the photon generates

electronhole pairs. i this thesis, we will mainly be dealing with the photon detector.
2.5.1 Metal semiconductor metal photodetector

Metal semiconductor metal (MSM) photodetector is the type of device based on the metal
semiconductor junction. Two Schottky barriers connected-tmblack on a coplanar surface,

and the metal contacts usually have an interdigit shape. When the light beam exposes on the
MSM, the light is received at the metal contact gap. A general MSM photodetector is shown
in Figure 213. (a).Unlike regular metasemiconductor photodiode using photoexcitation over
the barrier for conduction, in the MSM photodetector generation is throughtdaand
excitation[12]. In typical operation, the photocurrent first increased with voltage and then
reached saturated. This is due to the expanditineodepletion region in the reversmsed
Schottky junction. An example of the currentitage (IV) characteristics of GaSbBi MSM
photodetector has presented-igure 213. (b). The MSM photodetector has the advantages of
high speed, and it is simple to fabricate into the device, which makes MSM a good candidate
as an optoelectronic device to characteristics the semiconductor material. The mairclidrawba
of MSM photodetector is significant dark current due to the Schbfttkgier junction and a

limited responsivity.
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Figure 213 (a) Schematic diagramf a generalMSM photodetector device and (b) IV characteristics of a GaSbBi MSM
photodetector

2.5.2 Avalanche photodiodes

Avalanche photodiodes (APDs) are operated at a high reb&se/oltage where avalanche

multiplication takes place. In the case of the photodiodmntbe defined by a pn junction or
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the pi-n junction. The electrehole pairs are generated either in the depletion region of the pn
junction or generated in the instinct region of thierpjunction. These electremole pairs are

then separated by applg a reverse bias to the junction where the electrons go totypen

side, and the holes go towards th¢ype side to form the current. Considering -&mp
photodiode under reverse bias, when the incident light shining on the device, the light generate
electron in the conduction band and hole in the valence band. Because of reverse bias, these
electrons and holes are separated, and they contribute to the current. There will be a small
current in the absence of light, and this current is the saturatiwant of the device. The
current is enhanced when the light is shining on the device due to the generated electrons and
holes. In this case,-fype and rype semiconductors tend to be very thin, so most of the
absorption occurs within the intrinsic regi An example of the device schematic has presented

in Figure 214. (a).
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Figure 214 (a) device schematic ohaAPDs and currembltage characteristics of avalanche breakddw®]

The avalanche gain (M) for the electrons can be expressg®hs

0 P . | Qown. | | Qw Qw (2- 14)

where W is the depletiod ayer nwisdtthhe @1l ect r onpisittermolez at i on
ionization rate. As for a-pn diode where the ionization coefficients are positiatependent,

the avalanche gain is given [2]:

0 (2- 15)

In terms of equal ionizationy h e e q Wa | pghe avalandhe gain is then given by the

simple form[12]:

0 P o (2- 16)
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while the breakdown voltage of tahequasitodlde cor
The breakdown voltage of the APDs is usually depended on the doping density while
increasing the doping density can reduce the breakdown voltage. An example of a typical

breakdown voltage is presented-igure 214. (b).

A various semiconductor material has been used to fabricate into APDs includingli&\and
compounds all oys. Si APDs are working well
value of quantum efficiendyL2]. Since tle ionization coefficient ratio in the Si depends on the
electric field of the diode, lowering the electric field at the avalanche breakdown can minimise
noise.lll-V alloys based APDs also have many advantages compareAtels, including
changeable wavelength response by adjusting the alloy composition, high absorption
coefficient, high quantum efficiency, higipeed performance of the device. The main
advantage ofll-V heterojunction APs can use higher bandgap structure material in the
multiplication region while keeping the lower bandgap material for light absorption. This type
of structure can effectively prevent edge breakdown. Moreover, the noise effect can be further

reduced if thenultiplication region of thell -V heterojunction APDs is thin enough.
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Chapter 3



3. Fabrication and characterisation technologies

3.1 Introduction

The experimental and analysis methods used throughout this thesis are introduced in this
chapter. This chapter consists of three sections; firstly, the method used to deposit a thin film
has been explained in section 3.2; then, the physical characterigaimiques are discussed

in section 3.3, following up with the electrical and optical characterisation methods in section
3.4.

3.2 Fabrication techniques

Many optoelectronic devices have been studied in this work including; Schottky diodes,
Avalanche Photdiodes and MetabemiconducteMetal Photodetectors. The detailed
fabrication procedures for each of these devices are provided in chapter 4 to 6. The fabrication
of each type of device requires the use of the same equipment to pattern the areas &nd depos

metal and insulator layers. A brief description of each of these techniques is given below
3.2.1 Thermal evaporation

As one of the physical vapour deposition process, thermal evaporation is commonly used in
microfabrication process, since depositing thimé on the substrate via thermal evaporation

is relatively easy to secure the electrical connection of the semiconductor devices. For the work
presented in this thesis, a Moorfield minilab 60 thermal evaporator was used. As the term
ATher mal 0 heihghdtenperdtueesplays ain essential role in this method. Like other
deposition methodologies, the thermal energy is needed to produce the vapoavaptrates
material, the difference of the thermal evaporation method is the techniques usedtite heat
target material. The thermal evaporation process can be described in three steps, including the
formation of the vapour phase, transport of molecules from source to substrate and condense

of the particles on substrate surf@tke

The source material is heated first inside the vacuum chamber and heating dirpetbging
electric current through the supp until the surface atoms generate sufficient energy to leave

the surface.

The heated particles in a vacuum then subsequently condense onto a target substrate. In this

work, the substrate material is placed under the rotation plate above the evagoraterfor
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upward evaporation. A shutter is used between the substrate material and evaporation source
to intercept the vaporised material and prevenvanted particles from reaching the substrate
material. The evaporation process is undertaken in aumachamber, the pressure in the
vacuum chamber is usually kept at or below th€rhBar scale, to minimise the gas particles

in the chamber and avoid the collision between the vapour particle and gas particles. At such
low pressure, the mean free patttlod particles, which is the average distance a particle can

travel, is larger than the distance between the evaporation source and substrate material

As the particles are deposited on the substrate, the vapour particles finally form a nucleus. This
nuclews formation is first generated islands, by constant growth until a continuous film
developed?2]. The film's uniformity is achieved by rotating the substrate uagdample holder

above the evaporation source.
3.2.2 Sputtering

In thermal evaporation, an energy source causes the material to vaporise, and those vaporised
particles are subsequently deposited on the substrate. On the other hand, in sputtering, positive
ions geated by plasma are bombarded towards the source material into the chamber. It is the
process of ejecting the source material by kinetic energy transfer from an ionised patrticle.
Because sputtering is not the result of melting a material, it can berpedat a lower
temperature than thermal evaporation. As a result, typically sputtering vacuum pressure is in

the range op m top 1 torr[3].

Different methods used to achieve the sputtering of a target include direct current (DC)
sputtering, radio frequency (RF) sputtering and reactive sputtering. In DC sputtering, a constant
negative electric potential, serving at target material as a cathode, is used to accelerate positive
ions. As such, the target material should be electyicalhductive and have the ability to emit
electrons (metals). However, if an insulator is used as a cathode, the negative potential cannot
directly apply, and the positive ions that attracted the surface during bombardment cannot be
neutralised. While in R sputtering, the electric potential applied to the target material alternate
from positive to negative at high frequency (13.56MHz), so that electrons can directly ionise
the gas atom, thereby this method can be used for both conductive (metal) -@oddartive

material (insulator). In reactive sputtering a gas that chemically reacts with the target material
is introduced into the system, and the products of reaction create the deposited film. In this
work, a Moorfield NanoPVD RF Sputter system was usetdkeposition insulating passivation

layers.
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A schematic of the RF sputtering system is showFigare 3.1. The vacuum chamber is
pumped to a pressure in the scale of thdr to remove water and other gas molecules, followed

by filling it with argon gas and applying highequency power supply #te target material. A

larger electric field is formed on the target, once the striking voltage is achieved, the gas
ionisation becomes setustaining, and a glow discharge (plasma) is created. During the
negative cycle of sputtering, positively charged ions were attracted the target, which acts

as a cathode. While the positive ions are bombarding on the target's surface, the charge build
up on the target leads to a complete secession of atoms being discharged for coating. By
alternating the eleatal potential, the charge builgph on the target surface can be neutralised

via attracting some electron from plasma while the target becomes the anode during the positive

cycle of sputteringd4].

Rotating holder

Shutter

‘ Argon gas flux
-

| Cathode |

Vacuum:chamber «—— Pump @
w

Figure 3.1 Schematic diagram of the RF sputtering system

3.2.3 Photolithography

Since the beginning of the microelectronics industry, the photolithography process is the

primary technique for fabrication of intergraded circuits. The principle of these techniques is
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to transfer the prelesigned image of patterns on a mask onto a semiconductor wafer coated
with photo sensitively material, smalled photoresist. The diagram of an optical projection
lithography tool is shown ifigure 3.2. It can be seen that the lithography tool consists of a

light source, a mask containing the drawing of the circuit to be made and an optical system
designed for projecting the reduced iraagf that mask onto the photoresist coated on the
semiconductor surface. During the exposure, the photoresist is chemically altered in the area
where the UV light exposure occurs. It then undergoes a baking process that makes the exposed
area sensitive ansensitive to the development s{&p. In the case of positive photoresist, the
exposed part is dissolved, while for those negative photoresists, texposed area is soluble

in the developer solution. Therefore, the resist is structuring the patterns presented on the mask,
whichwilldefne t he deviceds further process. The
the semiconductor material during 4dtf or an etch process step. As for the-dift process,

the photoresist remains after the development step is used as a shadowhitaglx, thie etch

process step, the photoresist remains used as an etch mask, the areas protected by the resit will

not be etched. All the steps are presentddguare 3.3.

] Source

- UV light

»  Mask

Photoresist:&
semiconductor.wafer

Figure 3.2 Schematic diagram of aligner
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Figure 3.3 Process diagram of photolithography

3.3 Physical characterisation

3.3.1 x-ray diffraction

X-ray diffraction is a measurement technique widely used in materials characterisation to
obtain information on the atomic scale structure of various materials in a variety of&jtates
The object of Xray diffraction is that the incident-Kays are completely in phase and reinforce
each other to produce a detectable diffraction beam. If the incidesysXstrike the crystal
where all atoms are placed in a regular periodic array, the diffraction beam with sufficient

intensity can be detected wHhen the condition
€ _ e Q& (3-1)

wheren is the order of reflectiorgis the wavelengthd & the interplanar spacing ards the
Bragg angle. The diffraction of-rays from a set of lattice planbas shown irFigure 3.4.
The geometric relation of the plane normal, incident and diffracteay>beams are always
coplanar. Furthermore, the angle between the diffractesyXeam and transmitted is always

2—this angle called diffraction ang|6]. The diffracionangle2c an be cal cul ated
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law and the plane spacing equation. For example, if the crystal is cubic, the plane spacing
equation can by described[&$,

- (3-2

whered is the interplanar spacingjs the lattice parameter antaK |) is the Miller indices. By

combing withEq. (3- 3), the diffraction angle can be obtained from the following equépn

I Q¢ (3-3)
The average particle size can also be estimated by using the Scherrer g8liation

) lt) = v T 7 -

v T~ OowéH 4

where L is the linear dimension of a particle, K is Scherrer const@éthe incident Xray

wavelength, B is the halfalue breadth of each XRD peak, gnid the Bragg angle.

Plane normal Y

Figure 3.4 Schematic diagram ofpay interaction in XRD measuremdt
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3.3.2 Scanning Electron Microscopy

The electron microscope is a useful tool to investigate thetsteuaf microelectronic devices

in the nanescales. Unlike conventional light microscope, an electron microscope uses electron
beams to produce a magnified image of the san@]e which provides much larger
magnifications and much higher depth. The electron beam is usually generated by a heated
cathode or a field emission gun. Then, an acceleration voltage is applied to provide sufficient
kinetic energy with the electrons. Wher tblectron beam hits on the sample, different types

of physical process are generated. If the samples are thin enough, part of the electron with
sufficient energy will be transmitted, either with or without scattering. The scattering process
can be eitheelastic (without energy losses) or inelastic (with energy losses). Because of the
large difference in mass between the electron and the atomic cores, minimal momentum is
transferred from the incident electron to the atomic nucleus, which leads to anselaséring
process. The incident electron can also lead to secondary electron emission by ionising atoms
in the sample. After the ionisation process, other processes suetags &mission, filling the
vacancy electron shell or emitting Auger electroas all be possible; this would lead to a
consequence with a loss of energy. As for the incident, electrons interact with the atoms'

electron shells, both elastic and inelastic scattering process[@0ur

Scanning electron microscope (SEM) and transmission electron microscope (TEM) are the
most common used electron microscope to investigate the semiconductor application. The
SEM image is acquired by scanning the sampte siocused electron beam and detecting the

secondary and backscattered electrons. In contrast, the image in TEM is obtained by the

electron transmitted through the thin samples.

The SEM is also one of the powerful instruments capable of examining thestructure
morphology and chemical composition characterisafibhs An SEM consists of an electron

gun, lens system, scanning coils, aperture system, an electron detector and a cathode ray display
tube (CRT). A schematic of the scanning electron miapsdas shown iRigure 3.5. The

electrons were generated from an electron gun and pass through a group of lenses to form an
electron beam. With the hebf the aperture system, the electron beam focus and scan across
the sample. The physical process is generated while the incident electron beam is scanning the
samples. The detector collects secondary electrons; the density of collected electrons is

amplified and displayed on the CRT.
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Figure 3.5 Schematic diagram of a scanning electron micros¢bgpe

3.3.3 Transmission Electron Microscopy

The transmission electron microscopy (TEM) was widely used for highly magnified sample
images. The main advantages of TEM lines in its extremely high resolution generally can reach
0.01nm. The shortcoming of TEM is its limited depth resolution, which miieespecimen

used for TEM measurement must prepare extremely thin enough. A schematic diagram of the
transmission electron microscope is showrrigure 3.6. It consists of an electron gun, a
condenser system, an objective system and a projector system. During the process, the electron
generated from the electron gun is accelerated to high voltage, typically from 100 to 400 kV.

Then the electron bears focused on the sample by the condenser lenses. Since the nature of
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transmission that the electron beam needs to travel through the specimen, the sample must be
thin enough to be transparent to the electrons. With the help of an additional lens, this image
projected onto the screen for viewing. The three primary image modes of TEM ardibhiht
darkfield and highresolution microscopif]. The pictres obtained via TEM have a critical

role in semiconductor material analysis, in particular, esessional images through

semiconductor devices have brought many aspects of the material's physical properties.
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Figure 3.6 Schematic diagram of a transmission electron micros§@jpe

3.4 Electrical and optical characterisation
3.4.1 Current-voltage characteristics

Currentvoltage (IV) measurements were performed with an Agilent Technology B1500A
semiconductor device analyser connected to a screened probe station. The voltage sweeps were
taken from zero to positive voltages and zero to negative voltages to investigate devices'
behaviour Semilog plotting of IV was obtained to fit with the thermionic emission (TE)
dominated conducting mechanism of the Schottky junction. The ideality factor, saturation
current, series resistance and the effective barrier height can be determined byeRE cur

voltage expressiofi3, 14]
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O 0OQwR——— p (3-5)
‘Ois the saturation current defined by
‘0 607YQanne Q7Y (36

where g is the electronic charge, V is the applieliageY is the series resistangeis the
ideality factor, k is the Boltzmann constant, T is the absolute temperature, A is the diode contact

area,0°” is the effective Richardson constant and is the effective barrier height.

The currertvoltage characteristics of a typical Si diode has showFigare 3.7. An example

of different conducting process on both forward and reverse bias in the PN junction has been
compared with the ideal diode characteristics. Several aspects affect the-woitegye
characteristics from the ideal situation has been list&ihure 3.7. At the forward bias, both
diffusion current and recombination current are taken into consideration. When the ideality
factor equals to 2he recombination current dominates and when the ideality factor equals to
1, the diffusion current dominates. When both currents are comparable, the ideality factor value
between 1 and 2. Another aspect is the Hmgction condition. When the injectedimority

carrier density is comparable to the majority concentration, both drift and diffusion components
are considered. Under the condition of Rigjection current, the effect associate with serial
resistance will be considered. This resistance abganiof the applied voltage between the
diode terminal§l5]. At the reverse bias, the total reverse current is the sum of difiusignt

in the neutral region and the generation current in the depletion region. When sufficient high
electric field applied on the PN junction, the junction breaks down occurs. The three main
breakdown mechanism include thermal instability, tunnellind avalanche multiplication

[15].
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Figure 3.7 1-V characteristics of a practical Si diode. (a) Gertera-recombination current region. (b) Diffusiesurrent
region. (c) Highinjection region. (d) Seriegesistance effect. (€) Reverse leakage current due to generatiombination
and surface effec{d5].

3.4.2 Transmission line method

The transmission line method (TLM) is a commonly used measurement technique considering
both the semiconductor sheet resistance and contact resigt@hd® schematic diagram of a

TLM measurement structure is showrFigure 3.8. (a). An array of rectangular metal contacts

with different spacing are formed over the semiconductor region. Resistance measurements
between each pair of contact can be used to construct the TLM plot. The measured total
resistance can be expressed as

Y ¢Y <¢Y Y (3-7)
where'Y is the measured total resistanRgis the resistance of metal contd®s,is the contact

resistance, anBsis the semiconductor resistance.

The semiconductor resistance can be represented as
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Y Y — (3-8)

where Y is the sheet resistance,is the length of the metal contact, ands the width of
the metal contact. In most cases, the resistivity of the metal contact is extremely |&{v that

'Y . Therefore, the resistance of metal contact can be ignored.

Substituting forRsin Eq. (39) leads to

Y cY Y — (3-9)

The total resistances are measured for different contact spacing, and the total resistance is
plotted as a function of spacing, as illustrated-igure 3.8. (b). Two parameters can be
extracted from the figure. The slope leads to the sheet resistance and the intercept giving the

contact resistance of the mesaimiconductor contact.

|

L
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. O Measured resistance
A = === Linear fit
P "
- ’ i
P Slope = RSh/W
2Rc|.*
by .-
- d dy  d dy

Figure 3.8. (a) schematic diagram d@iLM measurement structure and (b) plot of total resistance against resistor length

3.4.3 Photocurrent and Spectral Response

Phasesensitive detection is a useful method for observing small signals in the presence of
overwhelming noise. The logk amplifier,first developed in the 196(0%7], is the instrument

which m&es this method possible. The leick amplifier is used to reduce the error by
modulating the input signal by a reference signal such as optical chopper, and upon signal

detection, measuring only the voltage input modulated by the reference signal. The
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monochromator provides a narrow band of wavelength light, divided from a wide range of

wavelength light source.

Figure 3.9 shows the experimental sab of the lockin amplifier system with a
monochromator. A HORIBA iHR320 monochromator showfigure 3.10is used to divide

the spectrum from a lamp source (wide range of wavelengths) into a selectable narrow band of
light or other wavelengths radiation. The fabricated photodiodes were first mounted onto a
custom PCB and wirbonded by hand to enable eleaticontact. The resultant PCB was then
secured onto an appropriate translation stage at the exit port of the monochromator. Both
monochromator and the photodiode were attached securely on the aluminium breadboards,
allowing sufficient room for accessorisgch as lens, optical chopper and filter can be placed

in between. The light beam was centred on the photodiode, and the optical chopper was placed
between the monochromator and photodiode so that blades could obstruct the beam. The
optical chopper was atthed to the lockh amplifier to provide the reference frequency. The
photodiode output was connected to a flexiblegrlifier, and the output of the amplifier

was connected to the input of the laokamplifier. A focus lens was placed in the pathtihaf

beam, which used to focus the beam. During the measurement, a typical time constant of 3

was usedThe typical frequency of the optical chopper is at B3Q.

~
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Figure 3.9 Schematic of the expmental setup to measure optical respond
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Figure 3.10 Schematic diagrams of the HORIBA iHR320 monochrongtantific [18]
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Chapter 4



4. Influence of annealing on GaSh based Schottky diodes

4.1 Introduction

GaSh is dll -V compound semiconductor material with the bandgap of 0.72eV. It is typically
used in optoelectronic devices working in the Aafrared, such as gas and chemical sensing.
[1-3] Introducing small amounts of Bi into GaSb can significantly reduce the bandgap and thus
potentially extend the emission wavelength
a window for extended applications in biological and chemical sgnéihile the reduction in

the bandgap is primarily due to a downward shift in the conduction band, there is also a
concomitant raising of the valence baf#t8] However, successful incorporation of Bi into

the GaSb matrix requires nonstandard growth conditions such as very low growth temperatures,
potentially reducing the quality of the maédr As such, obtaining high Bi incorporation while

still retaining a high crystajudity remains a challenge that has not been fully addressed and
optimized.

Despite significant work over recent years focused on introducing Bi into G&A4) there

has been limited attention paid to Ga&ised alloys. GaAsBi alloys also require a nonstandard
growth parameter space and as such a number of refinements and advances to the growth and
subsequent fabrication have had to be realised to enable funclesengiodes to be obtained.

For instance, Feng et dll2] have investigated the influence of annealing on the optical
properties of GaAsesdBio.032by photoluminescence intensity and HXRD measurements

which were performed to characterize the structural changes during annealing, this showed that
the PL peak intensities remain stable for annealing temperatures of up t€ 0@ then

severely deteriorate at 800 °C.

Comparatively, there are a few articles reported on Bi incorporation in G&Sb3-18]
especially the electrical properties of GaSbBi. Rajpalke di.8].have realized GaSkBix
material by molecular beam epitaxy (MBE) with 9.6% Bi incorporation, with drdpet
smooth surfaces and high daitine quality, resulting in a bandgap of 410 meV. More recently,
even higher Bi contents in the range of 14.5% have been demonstrated by Delorme et al.,
[13] Yue et al.,[19] and Hilska et al[20] To try and achieve better electrical performance,
Dier et al[21] and Rotelli et al[22] have investigated various passivation processes togeduc
oxide layers on the surface of GaSb. Recently, a GaBéfid laser diode has been
demonstratedf23], however the performance was limited by a high level of defects and

leakage current mechanisms which were attributed to the introduction of Bi to the GaSb matrix.
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As such, while lasing devices have been demonstrated, theresgsificant work needed to
optimize and improve the material quality to realize efficient laser sources for device
applications. hiephysical and electrical characteristics of annealed GaSbBi are presented and
discussed.

4.2 Experimental detail

The following GaSbBi films were grown by the Department of Physics at University of
Warwick. A series of thin GaSbBi films were grown using a Mod Gersing a cracker cell

to provide the Sb flux and Vecco Sumo cells to provide the Bi and Ga fluiseasgumed that

the Sb fluxes comprise Sfor the valve temperature of 800 °C. The samples consisted of 400

nm thick nominally undoped GaSbBi layers grown on 100 nm thick GaSb buffer layers grown
directly onto the substrate. Samples with Bi concentratai8.5% and 4% were grown at a
temperature of 325 and 250 AC, respectively,

The Bi content of the GaSbBi films was determined uskngyxdiffraction (XRD) using the

fact that the previous work from Stephensimstitute for Renewable Energy group at
University of Liverpool, who have quantified the dependence of lattice parameter on Bi content

by combining XRD and Rutherford backscatterifit8] The XRD measuremesntn this

chapter used a Rigaku Smartlaloay diffractometer, witha rotating copper anode and a Ge
(220) four bounce monochr omat oiline was nsecewith a mbi e
a wavelength of 1.5406 A. The 004 Bragg reflections were measured. A series of reference
GaSb samples was grown, where a nominallyoped 400 nm layer of GaSb was grown at
temperatures of 250, 300, 325, and 400 °C.

Epitaxial wafers were initially cleaved and then cleaned with acetone and isopropyl alcohol for
10 min each. The samples were annealed with different temperatures anddene, nitrogen

rich background in an annealing furnace. The samples were sandwiched between two dummy
GaSb wafers and placed in a sealed ampoule during the annealing process to prevent out
diffusion of Sh. The Ohmic contact of the backside was made Ippeatang AuZn-Au, before
patterning of the top contact via photolithography. The top Schottky contact consisted of Ti
Au and was deposited via thermal evaporation. Electrical, cevodtaige (FV) measurements

were performed with an Agilent Technology BIDA Semiconductor Device Analysd@ihe
Schottky diode structure used in this chapter is shown bel&wure 41.
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Figure 41 Schematic of (a) cross section and (b) top view of Au/GaShBi Schottky diode

To investigate this more closely, the transmission electron microscopy (TEM) was performed
at the Imaging Centre at University of Liverpool to look for changes in the material as the
anneal temperature is increased. For transmission electron microscadgy rfieasurements,
electron transparent thin lamella specimens were prepared from wafer sections, using the
focused ion beam (FIB) lHibut method[24] using a dal beam FEI Helios 600i FIB instrument.
Trenching and thinning were performed using a 30 kV Ga ion beam before damaged surface
layers were removed with a 5 kV beam. Bright field (BF) and high angle annular dark field
(HAADF) images were recorded using elpe side aberration corrected JEOL 2100FCs
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scanning transmission electron microscope (STEM) operating at 200 keV. HABADrast
images were formed using electrons collected over a semiangle range from 70 to 190 mrad.
Energy dispersive-ray (EDX) spectwscopy was performed, in the TEM, using an EDAX

windowless xray detector.
4.3 Annealing effects on GaSb Schottky diode

As GaShBi films have to be grown at low temperatures in order to incorporgse B3, 18]I

initially measured a series of Schottky diodes fabricated from GaSb thin films grown at
different temperature§anging from 250 °C to 400 °Cjo study the influence of growth
temperature on device performance. This series of samples was growaype @Sb
substrates and consisted of 400 nm thick nominally undoped GaSb layers-VThe |
characteristics of the resultant diodes are showRigare 4.2. As the growth temperature
decreases, there is a significant decrease in the diode rectification, with nondiodgdike |
being observed at growth temperatures below 400 °C. Similar results have been obtained
previously[25] and were attributed to the low surface mobility of elemental antimony at these
growth temperatures, resulting in Sb having an increased probability of beingarated at
antisites.

The postgrowth annealingrocesson all thesamples grown at low temperatul@swver than

400 °C)were performed and to see if improved electrical performance could be obtsined.

the asgrown samples were annealed at 400 °C fom@0. The FV characteristic for the
annealed diode have shown different level improvement on the electrical propertigbewith
diode grown at 32%C demonstratedhe most significant improvement dhe electrical
performance, ashown inFigure 42 (dashed line). This confirms that the electrical properties

of low growth temperature GaSb can be dramatically improved by a subsequeaiingnne
process. The results shown indicate that the annealed low growth temperature sample actually
has better diode characteristics than the corresponding high growth temperature sample.
Similar annealing results have been reported previously on differatatrials, such as GaN

[26] and more recently GaAsHIlL2]
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Figure 42. |-V characteristic of Au/GaSb Schottky diodes for different GaSh growth temperatures and also after postgrowth
annealing.

4.4 X-ray diffraction measurement on annealed GaSbBi samples

The annealing process was then repeated to see if similar annealing could improve the
performance of GaSbBi devices grown; for initial measurements, the sample with a Bi
composition of 3.5% (correspding to a growth temperature of 325 °C) were utilized. Samples
were annealed at temperature of between 400 and 500 °C for duration between 5 and 30 min.
To initially verify that the annealing process has not altered the Bi concentratrag, X

diffraction (XRD) measurements were performed on each of the GaSbBi samples.

The XRD patterns of the GaSbBi for thegaewn reference layer and layers annealed at 400
and 500 °C for 30 min are shownHfigure 43 (symbols), along with corresponding simulations
(line). It can be seen that the peak corresponding to the GaSbBi film is at a lower angle than
the substrate GaSb. This corresponds to the expansion lattibe of the GaSbBi epilayers

with respect to the substrafé] Good simulation were obtained for each of the samples using
the film thickness and Bi content parameters giveidhle 41. It is clear from the XRD that

the main epilayer peak does not shift significantly during the angegpliocess, and the
simulation result indicates that the bismuth incorporation is unaffected by the annealing
procedures. Within the accuracy of the modelling of XRD data, the film thickness is constant
for all annealing treatments apart from 500 °C fom#@. For that one annealing treatment,

the deduced change may be a real change of the GaSbBi layer thickness didiftosort
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of Bi, but the apparent change in film thickness may instead be a manifestation in the XRD

modelling; and this result will beevisited at the end of the chapter.

Annealing Annealing time Film thickness Bi content (% of
temperature (°C) (min) (nm) £ 10nm anion sublattice) =

0.01
As-grown As-grown 308 3.45
400 30 290 3.45
500 5 290 3.15
500 15 290 3-70
500 30 245 3.70

Table 41 The parameters used to model the XRD patterns after different annealing temperatures.
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Figure 43. XRD patterns of the 004 reflections of GaSbBi films containing 3.5% Bi with diffesadirantemperatures.
The experimental data are shown as open circles and the simulations are shown as lines.

4.5 Electrical characteristics of annealed GaSbBi Schottky diode

To investigate potential improvements in the electrical performance, the same sasples
fabricated into Schottky diodes, and room temperatireneasurements were performed, with

the results shown iRigure 44. It can be seen that the diode characteristics are improved upon
annealing, with lower dark currents being observed as a function of both increasing annealing
temperature and time, resulting the device annealed at 500 °C for 30 min showing good
diodelike behaviour. We have fitted the experimental data with the diode equation to enable us
to extract the ideality factor and saturation current for the diodes as a function of annealing the
condtion. Figure 45. (a) gives the values obtained for devices annealed for 15 min,Richite

4.5. (b) gives the values for those annealed for 30 min. for the samples annealed for 15 min,
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the values of saturation current decreased from 2.64*AX@s-grown) to 1.68 x 19A (at

500 °C), and the id#ity factor decreased from 2.57 {@own) to 1.62 (at 500 °C). A similar

trend can be observed krigure 45. (b) for devices annealed for 30 min kvihe saturation
current and the ideality factor decreased to 3.72°%AlAnd 1.3, respectively, after annealing

at a temperature of 500 °C. The extracted values of the ideality factor are relatively high,
particularly for the agrown sample. This sugges that the dominant recombination process

in these diodes is not thermionic emissi{f¥, 28] but rather other current processes are
actively contributing to the diode performance. These additional current paths could come from
a range of potential sources including, but not limited to, surface rouglip@stjnnelling

due to high background dopind,7] impurities, or the presence of native oxide layg36]

The improvement in theV curves observed iRigure 44 suggests that dislocations or point
defects, which are subsequently repaired upon anneg@ihg32]may well be contributing to

these additional current paths. The key result obtainedthatgostgrowth annealing can
significantly i mprove the diode performance
the conduction mechanism of the Schottky diode, an extra temperature dependence
measurement with different size of the devioald be investigated. However, due to the limit
source of the material, this topic of conducting mechanism of annealed GaSbBi Schottky diode
has not been investigated throughout this thesis. These results also indicate longer annealing
times, at least up 30 min results in an improved electrical performance compared to shorter
times. Of course, the optimum annealing conditions will be determined by the thermal does
induced in the sample, which will be a function of temperature and time. These reswlts sho
that postgrowth annealing can result in dramatically improved electrical performance of
GaShBi alloys.
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To investigate the repeaility of this result as well as the influence of higher annealing
temperatures, an additional group of samples with Bi composition of 4% was also annealed
and the measurement were repeated. The resultagharacteristics of Schottky diodes are
presentedh Figure 46. As before, a clear improvement is observed in the diode characteristics
as the annealing temperature increased to 500 °C. However thehannealing temperature
increase further to 550 °C, a resultant deterioration in the electrical performance is noted. From
fitting the experimental data, similar reductions in the ideality factor and saturation current
[presented irFigure 46. (b)] are interesting to note that electrical properties initially degrade
(higher saturation current and ideality factors) as the sample is annealed uppeiatere of

450 °C, which is in contrast to the results noted in the previous sample. The most likely
explanation for this is nonuniformity across the wafer, potentially leading to a higher number
of defects in the sample annealed at 450 °C. This seatisufzly likely as this piece of the

wafer originated much closer to the wafer edge than the other pieces what were annealed.

While this result confirms the previous result and indicates that annealing can help improve the
electrical performance, it alssuggests that a secondary process is also occurring during the
annealing process. Initially, upon annealing, the material quality is improved, leading to
improved electrical performance. However, as the temperature is increased, a second change

in the maerial occurs, which has a detrimental effect on the electrical performance.
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4.6 Transmission electron microscopy measurement on annealed GaSbBi
samples

To investigate the electrical improvement more closely, the transmission electron microscopy
(TEM) was performed on the samples with acBntent of 4% to look for changes in the

material as the anneal temperature is incredsgare 47 to Figure 411 shows TEM images

from the various sample3hree different areas from each sample are also compare with
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different resolutionFrom the aggrown sample Higure 4.7], significant defecis noticed as
shown in the red circlef Figure 47 (a), it is not possible to determine the exact origin of these
defects and faults from this techniqaad are likely to be due sonumber of different causes
including vacancy defects and elemental clustearge number of diagonal dislocations
canalsobe observed at the interface between the substrate and epitaxiahtagbow in the

red circle of Figure 47 (b), these are characteristic of stacking faults occurring due to the strain
mismatch of the layer&Jnder different resolution, different aréareas 1 to 3jrom the same
asgrown sample has also been compared betvrgne 4.7(a), (b) and (c), those results
confirm the existence of the diagonal dislocation across the saRiglee 4.8 shows an
increased magnification image around the defedtis an ultrahigh atomic scale resolution
image in the inset. Unidentified features, which appear as crystallographic faults lying parallel
to the {111} planes, can be observed in the Bi alloyed epilayer. These larger stacking faults

range in size betweetr®0 and 200 nm.

For the sample annealed at 450 F@ire 49], a dramatic reduction can be seen in the density

of these dislocations shown figure 49(a) andFigure 49(b), with them only being apparent

at length scales less than 10 riig{ire 49(c)]. The dislocations appear to have been completely
removed by an annealing temperature of 500 °C acrdesatif resolutionHigure 410]. Fast

Fourier transform (FFT) intensities [shown in the insefFigfire 410(c)] are consistent with

011 zone axis orientation of the cubic Ga$ii structure[33] indicating that a high quality
crystallographic structure has been obtained. It seems likely that these dislocations are one of
the key sources of high leakage currents in the devices and that annealing has allowed them to
be repaired, giving rise to amproved electrical performance. For the sample annealed at
550 °C Figure 411] while again there is no evidence of dislocations, there does appear to be a
further change in the material with some material clusterenghdserved, compaririggure 4.

10(b) andFigure 411(b). Indeed, the lattice parameter obtained from the FFT intensity plot of
6.1180 A corresponds to a local Bi content of 6.6%geothe elastic constants of GaSb are
applied to account for the increased lattice expansion in the growth direction due to
pseudomorphic growth. While the XRD of the material annealed at 500 °C indicates negligible
change in the average Bi content uponeaiing, the TEM suggests that there are regions
locally with much higher Bi content of up to 6.6% Bi.
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Figure 47. TEM image of Au/GaShBchottky diode, agrown sample of different area: (a) area 1, (b) area 2 and (c) area
3

Figure 48. TEM image of Au/GaSbBi Schottky diode, zoomed in imagegodwe sample with atom scale image of crystal
matrix in the nset
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Figure 49. TEM image of Au/GaSbhBi Schottky diode, sample annealed at 450 °C of different area: (a) area 1, (b) area 2 and
(c) area 3.
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Figure 410. TEM image ofAu/GaSbBi Schottky diode, sample annealed at 500 °C of different area: (a) area 1, (b) area 2
and (c) area 3, with inset showing fast Fourier transform (FFT) intensity.
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Figure 411. TEM image of Au/GaShBthottky diode, sample annealed at 550 °C of different area: (a) area 1, (b) area 2
and (c) area 3.

4.7 Energy dispersive Xray measurement on annealed GaSbBi samples

Energy dispersive Xay (EDX) analysis of thisqgure 412) suggests that the clustering is due

to Sb segregation within the epitaxial layer at these higher annealing temperatures. While less
apparent at 500 °C, some small areas of Sb segregation are also observed at this temperature.
While the mechanism rpensible for this apparent movement of Sb within the sample is not
clear, one possible explanation could be the movement of Sb atoms via vacancies, through the
lattice. This change in material composition is likely to account for the subsequent degradation
in the electrical performance of the diodes observekigare 4.6, at the highest annealing
temperature. The EDX data has also been used to furthestigate the previous anomaly
noted in the XRD Kigure 4.3) data, which suggested a potential reduction in the Bi layer
thickness upon annealing. Within the accuracy of the TEM and EDX measurements, the
epitaxial layer thickness does not change after annealing; additionally, the Bi composition
appears to be unifm in each sample, indicating that Bi aliffusion has not occurred. The
movement of the Sb atoms observedigure 412 and the previously discussed Bi clustering
noted from the FFT intensity are likely to be intheeng the observed XRD result figure 4.

3, as after annealing at the highest temperature, compositional nonuniformity has been
introduced to the sammlwhich will influence the experimental data and has invalidated some

of the assumptions used in the modelling.
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From the TEM and EDX analysis, it appears that upon annealing, the stacking faults are
repaired within the sample. However, at higher tempegat subsequent Sb clustering is
observed, indicating that the optimum annealing temperature for GaSbBi is between 450 and
500 °C.

In the previous worf17], researchers have performed capacitance voltage measurements to
extract the doping density in GaSbBi Schottky diodes, observindativedy high ptype

doping, which was, in part, attributed to acceptor type defects. In this report,-¥he C
measurement were performed at room temperature over a range of AC frequencies, and the

doping density is extracted from the slope of the pIGt using the MotSchottky relationship:

p (14 - d) - (b (4-1)

0]
whereAis the area of the device, is the permittivity of free space, is the dielectric constant
of the semiconductot,  is the doping densityp is the buildin potential of the junctiory
is the applied potentiakds the Boltzmann constarf,is the temperature anfis the charge

of the electron.

Utilizing the same approach here for GaShBi, the halsitles for the agrown samples were
observed as 3.7 + 1.5 x ¥@m? (for the 3.5% Bi sample) and 7.6 + 2.4 ¥&6m? (for the

4% Bi sample), which are in broad agreement with the previous (@tk After annealing
process, the &/ measurement were repeated, no significant chandeeaddping density of

the annealed sample was observed, within the uncertainty of the measurement. This appears
to suggest that the annealing process has not significantly altered the number of acceptor type
defects present; however, this result shouldrbated with some caution for two reasons.
Firstly, the relatively large uncertainty in the extracted values may be hiding a small change in
the doping density, while, secondly, there may be more than one process taking place during
the annealing processitty each having a different effect on the overall doping density. For
example, some of the acceptmsed defects may be repaired during the annealing process,
leading to a lowering of the doping density, while the annealing temperature may provide
sufficient thermal energy to enable other dopants to become active and hence increasing the

effective density.
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4.8 Conclusion

In this chapter, the influence of postgrowth thermal annealing of GaSbBi Schottky barrier
diodes has been investigated. The effects of the annealing tempendttireeaon the material
quality and electrical characteristics of the diodes has been studied-VTblearacteristics
indicated a better ideality factor and less leakage current at the reverse bias, resulting in an
improvement of the ideality factor froh6 to 1.3, as the annealing temperature increased up

to 500 °C for a duration of 30 min.-pay diffraction measurements was performed to verify
that the bismuth composition was unaffected during the annealing process. Transmission
electron microscopy angdis indicates that this improvement is due to the repair of crystalline
dislocations when the sample is annealed. Transmission electron microscopy and energy
dispersive Xray have also indicated a secondary material change associated with Sb
movement/clutering that occurs at higher annealing temperatures, causing a degradation in the
electrical performance. This chapter indicates that the optimum annealing temperature for
GaSbBi alloys is in the range of 48D0 °C. These results provide a route for imprg the
electrical performance of GaSbBi epitaxial layers, which has potential benefits in realizing high

performance optoelectronic devices.
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5. GaSbBi metal semiconductor metal detectors for mid

infrared sensing

5.1 Introduction

The Midinfrared (MIR) spectral range has been widely employed in many sciences and
technical fields, optoelectronic devices wor
potential in areas such as night vision imagitglecommunications and molecular
spectroscopy. Night vision imaging is obtained as objects emit radiation in the MIR regimes,
which applied in the condition without additional light souftk Gas sensing with a high
resolution can also be developed because lots of polluting gas, such @849, CO

(4.24¢ mand CH( 3 . 4lawe)strong absorption lines in the MIR donj2in MIR radiation

can also travel through the atmosphere without significant losses. Due to this high transparency,
MIR radiation can find many application in frgpace communicatiori8]. Military vision
enhancement, industrial leakage detection and missile tracking are among important usages of
MIR detection.

In order to fulfil the increasing demand, highrformance MIR detectors with high
responsivity and low dark current are eagerly pursued. One of the most widely used
semiconductor materials for fabricating MIR detectors is Mercury Cadmium Telluride
(HgCdTe. The specific advantages of HQCdTe are the direct energy gap, ability to obtain both
low and high carrier concentrations, high mobility of electrons and low dielectric constant. The
minimal change of lattice constant with composition makes it possilgeote highquality

layers and heterostructurggd. However, the primary motivation for replacing HgCdTe is the

price and the technological disadvantage to fabricate the mdtriahich makes it less
completive in some area. Others material such as InGaAs have also been used to explore the
infrared area due to the similar band structure with HgCdTe. Commercial InGaAs photodiodes
mainlyoperate in the wavelength range around 2
shown high device performance close to the theoretical limits which can get extended to 2.5
um, but the performance decreases rapidly due to large lattice mig6jatch

Over the past few years, researchers have begun to investigate on the band structure of GaSbBi
and GaSbN. Das et §¥] have investigated the band structure of GaSbBi as functions of Bi
mole fraction and along with different symmetirections of the crystal by using a 14 band
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k.p anticrossing model. Sharma et |] have used a twoscillator model to investigate the
relevant parameters that explain teeperature dependence of the bandgap energy for GaSbBi.
The effect of two different phonon modes, due to GaSb and GaBi, on the temperature
dependent bandgap is interpreted. The result indicates that the phonon dispeesimmead

(the relationship beteen phonon frequency and wave vector is known as the phonon
dispersion) is reduced with the increase of Bi content in the material, which is due to the
decrease in the contribution of low energy acoustical phonon with the increas&\iarig.et

al. [9] have studied the band structure of dilute nitride GaSbN bulk materials by
photoluminescenceand optical absorption measurements, demonstrating a bandgap reduction
up to 300 meV with increasing nitrogen incorporation. Comparatively, there are few journals
reported realizing band structure and optical properties of GaSbBi and GaSbN via a complex
optoelectronic device such as quantum well laser digti@s11] quantum dotg12] and
nanowire structurfl3]. As such, thee is still significant work that can be achieved to simplify

the fabrication process for a proof of concept.

In this chapter, the viability of using GaSbBi and GaSbN as active layers in photodetector is
investigated. The epitaxial growth of a full Ga$pBotodetector structure is complicated, due

to the need to grow thick layers and possible strain issues, additionally the fabrication process
will need extensive development of appropriate etching and passivation procedures. To
simplify the research press, the thin film GaSbBi and GaSbN grown on GaSb substrates are
used to assess the material property as a photoconductive detector. The spectral response
characteristics are compared to study the quality of the device and the effect of Bi incorporation

onthe photo responses.

5.2 Experimental detail

5.2.1 GaSbBi and GaSbN growth

The following thin film GaSbBi and GaSbN wafers were grown by the Department of Physics
at the University of Warwick. The thin film&&bBi were grown by soliource MBE on GaSb
(001) undopd substratewith an initial GaSb 100nm buffer layer. The Bi incorporations in the
GaSbBi epilayers were characterised using Rutherford backscattgitjg The Bi
concentration in the GaSbBi samples used in this work varying from 2.9% to 4.5%, are listed
in Table 51. The thin film GaSbN used in this work were grown by plasissisted MBE semi

insulating GaAs (001) substrates. The N contents of the relaxed films were determined from x
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ray diffraction[15]. The N concentration in the GlalS sample used in this work is listed in
Table 51.

Table 51 Content details of GaSh, GaSbBi and GaSbN samples

Material Bi% N%
Sample 1 GaSh GaSb control GaSb control
Sample 2 GaShBi 2.9
Sample 3 GaShBi 3.8
Sample 4 GaShBi 4.5
Sample 5 GaSbN 1.5

5.2.2 Device fabrication

Group of thin film GaSbBi, GaSbN and Ga®afers as shown irnrable 5.1, are used and
fabricated into metatemiconductemetal photodetectors (MSMDs). The wafers were first

cleaved into the size of 1 x 1 émnd then cleaned with acetone and isopropy! alcohol for 10

min each. The samples were dried by nitrogen gun before patterned with different geometry
contacts via a standard photolithography process, using the positiverpbistdShipley 1813.

The interdgit top electrode was patterned, and Al was deposited by thermal evaporation to a
thickness of 50 nm. The unwanted Al was lifted off using acetone then the sample was dried
under N. Sx different types of geometry with interdigit gaps varying from20®0 e m wer e
compared to study the effect on spectral responses, as sh@&igar?51. The shape of bar

and zigzag are both common electrode sb#pE many otheresearcherbBaveused to study

the different opticatharacteristics of MSMPDs. The main advantagesaigzaggeometry

compare to barelectrods is the increased surface area givingraatefi e d ge 0 b et ween
electrodes for carriets be extractedlso, the gap distance is the standard distance used in the
research. In my design, | have also managed to keep metal contact ratio at same level, as to
keep the reflection over absorption ratio same. The detail of different geometgdsrigable

5.2.

Currentvoltage (IV) measurerants under dark conditions and under illumination from a
Thorlabs SLS202L/M infrared light source were performed by an Agilent Technology B1500A
Semiconductor Device Analyzer. The MSRDs were directly probed via a probe station at
room temperature. Thefrared light source is directed at the centre of the device using a single
mode fibre.
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In order to investigate the photo responses upon illumination, the fabricateeRdSdample

is placed into a calibrated Horiba iIHR320 monochromator system. A St&deshrch SR570
low-noise current pramplifier and a Stanford research SR850 DSP-lockmplifier with an

optical chopper are used to recover the photocurrent and minimise the effect of noise. The
optical chopper rotates at 330 Hz is placed in betweenotitputlight source of the
monochromator system and the fixed samplee Lock-in amplifier utilises phaseensitive
detection to enable weak signals to be extracted from noisy signals. The-lciplifier uses

the frequency of the optical chopper agf@rence signal to detect input signals that vary with

the same frequency and hence suppresses other sources of noise.réasdhihe chopping
frequency was selected to be away from an integer multiple of 50 Hz, to ensure no mains related
noise wagicked up.

Figure 51 Top view of different interdigit electrode.

Table 52 Detail of different geometry of the interdigit electrode.

Active area Device Gap (um) Finger Metal Finger type
(AO ) number numbers contact
ratio

1 100 5 0.66 Bar

2 50 10 0.67 Bar

3 25 20 0.67 Bar
1000*1600 4 100 3 0.71 Zigzag

5 50 5 0.66 Zigzag

6 50 8 0.61 Zigzag

5.3 Result and discussion
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5.3.1 Cut-off wavelength comparison of GaSb, GaSbBi and GaSbN MSMDs

To better understand the spectral responsivity of different material, a group of GaSb and
GaSbBi MSMPDs device with different Bi content were compareédure 5.2 shows the
normalised intensity responses of GaSh and GaSbBi MBMlievice with the Bi content of
2.9% and 3.8%. A clear extension in the-cfitwavelength (defined as 10% of the maximum
intensity in this chapter) can be observed for GaSbBipszsn The cubff wavelength has
extended from a reference GaSbh M$D device at 1720 nm, to 1990 nm for the GaSbBi
MSM-PD device with 3.8%. The cuiff wavelength extension has also been observed
depending on Bi incorporation, which the GaSkBmplewith the Bi content of 2.9% has a
cutoff wavelength length at 1950 nm. This extendedatlitvavelength is caused by the
incorporation of Bi into the active layer of the MSRDs, indicating a direct bandgap reduction.
The bismuth content of the sample usadthis work has been confirmed by Rutherford
backscattering experiment in previous wk#]. As such, the 23270 nm cuioff wavelength
extension observed in the spectral response measurement. Fofé wavelength shift on
GaSbBi MSMPDs suggest a corresponding bulk bandgap reduction in the range26f 26
meV/%Bi.

Most previous studies on Sh hae indicated a bandgap at room temperature of about 720
meV [16, 17] which corresponds to a eoff wavelength at around 1722 nm. While
incorporated Bi atom into GaSb host material can modify both conduction and valence band,
and thus significantly reduce the bagag. for the GaSbBi, several literatures have shown that
the bandgap reduction is about-28 meV/%Bi at room temperatufd8-22]. The key
parameters for the MSIN®Ds GaSb and GaSbBi spectral responses measurements are listed in
Table 53. It can be seen that good agreement with these previous studies have suggested the

viability of using Bi to extend the operation wavelength of GaSb photodetectors.

99



GaSb
GaSbBi (2.9%)
GaSbBi (3.8%)| |

0.6 \

0.4- \ \
0.2 \ \

LAWY 10%
0.0 | Mf .

1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

Normalised Intensity (a.u.)

Figure 52 Spectral responses of GaSb and GaSbBi-FIS8Awith different Bi incorporation at room temperature

Table 53 Key parameters for the GaSb and GaShBi M8 with different Bi incorporation

M aterial Device type A bias voltage Cut-off Estimate
V) wavelength bandgap
(nm) reduction
(meV/Bi%)
GaSb 3 0.1 1720 N/A
GaSbBi (2.9%) 3 0.2 1950 29
GaSbBi (3.8%) 3 0.01 1990 26

To better understand the enff wavelength extension on the Bi incorporation and also study
the effect of dilute nitride on GaSb photodetector, another group of thin film GaSbBi and
GaSbN MSMPDs have been used to investigate theotinmvavelength by comparing with a
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reference GaSb MSMRDs.All the device is measured under photoconductive mieidere 5.

3 show the spectral response of GaSb, GaSbBi (4.5%) and GaSbN (1.8%)RNISM
Significant wavelength extension has also been observed for the GaSbBi device with 4.5% Bi
incorporation. The cubff wavelength has extended from 1720 nm (reference GaSb device) to
2080 nm, as shown inable 5.4. The estimated bandgap reduction is around 28 meV/%Bi,
which has good agreement with previous stuffi@as well as the results above.

Meanwhile, the GaSbN device with 1.5% N incorporation has pegend 70 nm wavelength
extension compared to the GaSb device. It is noticed that the estimated bandgap reduction for
the GaSbN device has indicated a 103 meV/%N. However, previous studies on the band
structure of GaSbN has suggested the bandgap redwdtidnis in a rang of 168 to 300
meV/%N [9, 23, 24] the estimated result obtained in this work indicating some of the
difficulties in achieving accurate lolevel N incorporation. Thesmaller than expected
bandgap reduction could due to the GaSbN ldsng too thin to generate appreciable
absorptionthe film wasgrown to a thickness in 350 nm on GaSb (Gubstrate. Asuch light

at wavelengths up to thaut off wavelength of GaSb have a significant thickness in which to

be absorbed, however at the longer wavelengths only absorbed by GaSbN thegra ithionl

layer in which to generate carriers. This may have caused the longer wavelength tail of the
spectra to be obscured and maskeducing the mobility of the carrier leading to a reduced
shift of the absorption edd8], therefore getting the effect of noisknother possibility for

this discrepancy may come from any agmformity in the N content of the GaSbN layer, the
previous RBS measurements, provide an average content for a relatively large area on the wafer
(in the order of 1m#), as such this may form areas of higher and lower concentration.
However, to the best of my knowledge, this is the first observation of an extended wavelength
response in an actual photodetector device. While the wavelength extension indicates that both
Bi and N can indeed be used to extend the operation wavelengidSti Bhotodetectors, it

does not provide any information regarding any change in efficiency upon Bi and N

incorporation.

101



\
1.0 GaSb L

_ X/\"\\J GaSbBi (4.5%)
l\\ GaSbN (1.5%)

0.8 \\ \

0.6 \ \

0.4 | \:\\_ \

AN

\ N\ o

Normalised Intensity (a.u.)

0.0

1400 1600 1800 2000 2200 2400
Wavelength (nm)

Figure 53 Spectral responses of GaSb, GaShBi and GaSbNPHSkEL room temperature

Table 54 Key parameters for the spectral responses of GaSb, GaShBi and GaS{?DMSM

Material Device type A bias voltage Cut-off Estimate
V) wavelength bandgap
(nm) reduction
(meV/Bi%)
GaSb 2 0.1 1720 N/A
GaSbBi (4.5%) 2 0.1 2080 28
GaSbN (1.5%) 2 -0.02 2190 103

5.3.2 Responsivity
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Figure 55 Spectral photo response of GaSbBi and GaSbN-RI3keasured at room temperature

To better understand the wavelengttiension and resulting material quality, two groups of
MSM-PDs devices have also been measured and used to calculate the spectrsivityspon
The output power of the monochromator system is quantified by using a Thorlabs FDO5D
InGaAs photodiode. The measured photocurrent is used in conjunction with the known
responsivity of the commercial diode to calculate the output power from thechronwator

as a function of wavelength. The calculated incident light power is then used to calculate the
spectral responsivity of the MSIMDs devicesDifferent bias is applied for each devjeeth

the response generating the maximum response being @sedAm improvement of
responsivity for the device is expected as the bias voltage increhsetb the external field
improving the extraction of the photo generated carriers, however this comes at a cost of higher
dark currents.

In this work, multiple @vices werefabricatel under the same condition were measured
(minimum of six per wafer)The typical results obtained from each device were used to
compare the spectral photo response of different mat€igalre 5.4 illustrate the spectral

responsivity for the GaSb and GaSbhBi M$NDs with different Bi incorporation. It can be
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seen that the responsivity of the device decreases with an increase in the wavelength. A similar
trend of the responsivity has been observed for different devices, with the GaSb device
exhibited the highest value of the peak responsivity of 1.7%AI®/ at 1570 nm, and the
GaShBi device with 3.8% Bi content has the lowest value of the peak responsivity of 4.0 x 10

> A/W at 1700 nm. The obtained result seems to suggest that the wavelength extension is
achieved with a slight reduction in the responsivityneOpossible explanation for the
differences between the measured responsivity is the misalignment of the light beam on the
device during each measurement. The magnitude of which could be due to experimental
uncertainties. This result seems to suggested ttme device quality is not significantly
degraded by the addition of Bi.

Repeated measurement on the second group GaSbBi and GaSbN devices, Siymen5a,

illustrate that the peak responsivity for the GaSbBi and GaSbN device, which were shown to
be 8.3 x 16 A/W at 1860 nm and 3.8 x PG\/W at 1900 nm, respectively. These results are
confirming that the wavelength extension of the devices havédagraded the optical quality.

While it should be noted that these values of responsivity are very low, the key oé it

work arein confirming the predicted wavelength extension in a photodetector dexide
exhibiting minimal degradation in thresponsivitycompared to the reference GaSb device.
The photocurrent generated in the devices is influenced by both the absorption coefficient of
the material and the extraction efficiency of the device (i.e. dasily the photo generated
carriers can move to the contacts), as such it is not possible to directly calculate the absorption
coefficient of GaSbBi samples from this worndowever previous study [21] has used
transmittance measurementstbm layers ofasgrown GaSbBi samplesiilar thickness to

those used heyewith Bi content ranging from 1.6 to 9.6%. Tlsebsequentbsorption
coefficient, calculated from the transmittance data,diasn values for th@eakabsorption
coefficient forGaSbBisampleds up to 1.7 x 16cnit. Based on these values we would only
expect around 20% of the light incident on our samples to be absorbed at the peak wavelength.
This indicates the scope and need for enhanced device designs (thicker layers) to help improve
the lesponsivity values calculated here.

Commercially available photodetectors typically utilise either a pn-ien gonfiguration,
enabling much thicker layers to be used, allowing more absorption of the incident signal, such
configurations also exhibit stnger internal electric fields to enhance carrier extracBassed

on thepreviouswork [21], it is estimated that only around 10% of the incident light will be
absorbed in these devices, indicating there is considerable room for forgitevementin

terms of device design.
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Additionally, commercial detectors are made from much more mature materials (i.e. Ge,
InGaAs, etc.)whereas the GaSbBi here, is very much in its infancy, with considerable room
for further improvement in material growth and developpiemtexample perhaps by utilising

post growth annealing techniques to enhance the material quality as shown in chapter 4
such comparison between these results and commercial devices is not appropriaiédere.
calculation used in this work has alsaderestimated the responsivity. It is assumed that all of
the light outputted from the monochromator at each wavelength is incident on the active area
of the device, however as noteddigure 52, only around a third of the device area is exposed
semiconductor, with the rest being metal which will reflect the incident Igbtondly a
typical semiconductor surface has a reflectivity of around 0.35 in air, further reducing the light
entering the devicekinally, the device i1.6x10°1  while the incident light is focused to a
spot size of 2x1®1 ,as such only approximateR/6% of the outputted light is incident on

the device. Combining these factors means that the real responsivity is 20dumes higher

than the estimates given here. As the key result here is the demonstration of an extended
wavelength with minimal degradation to the responsivity rattem the absolute values, the
omission of these factors in calculating the responsigityalid as they will have the same
effect on all devices and samples measufée. overall comparison of the responsivity and

external quantum efficiendfQE) has listed irrable 55.

Sample Responsivity (A/W) External quantum efficiency
1000 nm 1500 nm 2000 nm 1000 nm 1500 nm 2000 nm
GaSb 154 x100 1.64x100 154x16F 1.91x10* 1.36x10* 9.55x 10°
GaShBi (2.9%) 6.98x1¢F 1.24x10 4.47x10° 8.66x10° 1.03x 10* 2.77x 10°
GaShBi (3.8%) 6.98x 10 3.69x 1 8.53x10° 8.66x10° 3.05x 10° 5.29x 10°
GaSbBi (4.5%) 661x10° 6.14x 10 4.83x10 820x10° 5.08x10° 2.99x 10°
GaSbN (1.5%) 1.04 x1¢ 1.56 x10°> 3.24x106 1.29x10° 1.29x10° 2.01x 10°

Table 55 Comparison of devices responsivity and external quantum efficiency at different wavelength

5.3.3 Same material different geometry comparison

In order to study theffectof different geometry on the spectral photo responses, a comparison
between the bar and zigzag interdigit fingers have been investigajee 56 show spectral

photo response of MSN@Ds devices with different types of geometry. It can be seen that a
good agreement of the responsivity measured from different types of the electrode has been
obtained. Agrigure 56 (a) show the bar and zigzag (frdtigure 51) fabricated from the same

GaSb wafer, vih the same interdigit gap of 100 nm. The 50 nm interdigit gap of bar and zigzag
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devices have also been compared for GaSbBi with 3.8% Bi content and GaSbN wafer, as show

in Figure 56 (b) andFigure 56 (c), respectively. Small changes of the measured responsivity,
indcat i ng that in this work, the effect of the
is not significant. However, some other research on M348 structure have suggested the

effect of interelectrode gap distance on the device performf2ge26]

(a) (b)
GaSb Bar, 100 nm ax10° | GaSbBi 3.8% Bar, 50 nm
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Figure 56 The spectral response of (a) GaSb, (b) GasloBic) GaSbN MSKDs with different geometry of the top
electrode
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Figure 57 Spectral photo responses of the Interdigit distance dependence of the peak responsivity of bar electroede MSM
PDs

To better understand the effect of the gap distance on spectral photo responses and also to
explore the effect of Bi on the optical response of the device, GaSb and GaSbhBPBISM
fabricated from bar type electrode with differgap distance has been coanpd. As shown in

Figure 57, the peak responsivity decreases with the gap distance increase. The GaSb MSM
PDs have a relatively constant responsiasythe gap distance is increased, showing a slight
reduction from 1.7 x TOA/W at 25 nm gap distance to 1.2 x“&/W at 100 nm gap distance.
However, for the Bi containing samples, a more pronounced decrease can be obségues in

5.7. The GaSbBi devices with Bi incorporation of 2.9% shows a responsivity decrease from
1.3 x 10* A/W at 25 nm gap distance to 1.0 x*1&W at 100 nm gap distance. A similar trend

has also been observed for the GaSbBi devices with Bi incorporation at 3.8%, shows an even
more significant decrease from 2.8 x&W at 25 nm gap distance to 4.2 x1&/W at 100

nm gap distancés mentioned peviously the generated photocurrent (and hence responsivity)

is affected by both the absorptioaefficientand subsequent extraction of the photo generated
carriers. For each sample the absorption coefficient will be independent of the gap size used,

assuch the reduction in responsivity as the gap size increases for the Bi containing samples
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indicates that the extraction efficiency of the generated carriers decreases as the gap siz

increases.

These results seem to suggested thatdhduding propertis of GaSbBi MSMPDs depended
strongly on the gap distance and Bi incorporation. Small gap distance, for the same Bi content
devices, is found to exhibit much more responsivity than long gap distance. Meanwhile, the Bi
incorporation seems also contributethe peak responsivity, as the 3.8% Bi device exhibit
greater responsivity at all gap distance than the 2.9% Bi devices. This uneven conducting
characteristics on GaSbBi devices could due to the extension of lattice constant. Since previous
studies on thiriilm GaSbBi sample, grown via MBE, have suggested that the lattice constant
increase while more Bi incorporated into G43B]. The minimum carrier concentration on
GaSbBi device may be caused by a relative maximum of lattice constant, which decrease the
conducting characteristics. Similar resiiitive also been found in othenaterials such a$-

Ga0Os [28].

Another potentiafactor that may reduce the surface fglronductivity include the distribution

of Bi droples on the surfac§29]. To better understand this process, extra measurement such
as using Ellipsometry to measure the surface states induced by absorption on the semiconductor
surface[30] or usingsurface photovoltage spectroscof3l], Raman scattering spectroscopy

[32] for characterizing metademiconductor interface could be applied. However, further
studies on the sample is not carried out throughout this thesis the gbortage resource of

wafers and the impact of the COI® restrictions.

It is noticed by the fact fronfigure 5.7 that the responsivity depends the bandgap and
effective masses as a wider bandgap semiconductor material is expected to have smaller
responsivity compared to the narrow bandgap semiconductor material. Some of the peak
responsivity value itfrigure 57 seem does not have good agreement with the fact. While due

to the experiment circumstance, the position of the device holder may change for the different
measurement. This could lead & slight difference in power illuminated on the sample.
However, the changes seem not to affect the trending of peak responsivity against gap distance
and Bi incorporation.

5.4 Conclusion
In this chapter, the viability of incorpomag) Bi and N into GaShayersfor use as practical

photo detectors has been investigaite cutoff wavelength andesponsivityof MSM-PDs
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have been investigated. Clear wavelength exteadiane been observed for GaSbBi and
GaSbN sampke with the cutoff wavelength extendetd 1950 nm (2.9% Bi), 1990 nm (3.8%

Bi), 2080 nm (4.5% Bi) and 2190 nm (1.5% ispectively demonstrating the viability of
using Bi and N for midnfrared sensing. The bandgap reduction for GaSbBi and GaSbN
samples, obtained from wavelength extensias,suggested in a range 0f2® meV/%Bi for
GaSbBi and 103 meV/%N for GaSbN devig¢hile the responsivity and subsequent EQE
values extracted for the devices are quite, ltvese are not directly comparablectarent
commercial devices due to differesc@ device design and material maturldowever,the
responsivity results indicate that the introduction in Bi or N only results in a modest decrease
in the peal responsivity @3%. As such these materials show great promise for potential future

use asnfrared photodectors

Comparisonf devices withdiffering gap size between the electrodes indicates that for Bi
containing samples the carrier extraction efficiency decreases with increasing gap size. The
most likely cause for this is the presence of an increased density of surface defects and traps
due to thenclusion ofbismuth. As the gap size then increasiesre is an increased probability

that the carriers encounter one of these traps before arriving at the electrode, reducing the
subsequent photocurrent. While the origin of these defects/traps isarptiodework presented

in chapter 4 showed the presemaocewnfo &GarsbmBh er
results in chapter 4 also showed that subsequent annesdurdted in these being repaired and

as such may be a possible route to enharecedtrier extraction in these devices.
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Chapter 6



6. Suppression of surface leakageurrents in InAs avalanche

photodiodes via sputtering of highk dielectric layers

6.1 Introduction

The ability to detect miahfrared light efficiently is increasingly important for a range of
applications, such as communications, security, medicine and agtfpi4]. Currently, most
applications operating in this wavelength region utilize Cadmium Mercury Telluride (CMT)
[5, 6]. However, CMT is an expensive and challenging semiconductor to grow and fabricate,
limiting both the price amh quantity of devices, that are available. The other semiconductor
based materials, which have successfully demonstrated as photodetectors operating in the 2
3 um range, include GaAsSh/InGaAs Typesuperlatticed7, 8]. Photodiodes utilizing the

bulk semiconductor mati@l InGaAsSb have also been realized over wavelength fange].

However, the growth ahfabrication of this material are still at a very early stage.

Over recent years, InAs has been demonstrated to operate as an excellent avalanche
photodiodes (APDs) over this spectral range with single carrier multiplication and low excess
noise[11, 13. This has more recently led to the demonstration of a linear array of InAs APDs
[13], as well as single diodes demonstrating room temperature gains in exces§ldf B0l

APDs capable of detecting down to near single photon IgvglsHowever, despite these
achievements, the commercial uptake and development of InAs based APDs have not yet
ocaurred. One of the primary reasons for this is that the surface passivation of these devices is
a nontrivial matterMesa etched diodes, fabricated from narrow bandgap semiconductors, are
particularly susceptible to surface leakage currents. For InAssiblan reported that the
etched surface of InAs results in electron accumulation which leads to the fermi level being
pinned above the conduction band minimum and providing an efficient conductiofipath

16]. In other compound semiconductor systems (e.g., GaAs and InGaAs), surface passivation
techniques applied to block parasitic current paths are typically realized by depositing a layer
of dielectric such as silicon nitride over the semiconductor suffatel8] However, such
techniques have proved unsuccessful when applied to InAs, most likely due to the small
bandgap and the relatively high depasititemperatures required to achieve a {gjghlity
dielectric layer.

This has led to polymdrased dielectrics being utilized in the best performing InAs devices

reported to date. However, these polymers are highly sensitive to their deposition conditions
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(temperature, relative moisture), making repeatable and reliable manufacture difficult, and
these layers can also degrade over time. A further disadvantage of making use of these polymer
layers is that while they suppress surface leakage currents ateogparature in moderate

sized diodes (i .e. me s a 0 shasedictirlentsdemaimeesentras >
low temperatures and in smaller devi¢&3], limiting the potential size of pixel elements in
arraybased systems. A final issue with such passivation layers is that they can be difficult to

obtain good adhesion for etecal bond pads.

A potential alternative passivation route may be to utilize sol | edk of Wii gh ect ri cs
as the surface passivation layidigh-k dielectric material i® material with a high dielectric
constant(relative permittivity)whichisa number referri natasane mat e
insulator and hence a higher value may be expected to lead to improved passivasheen

widely used in semiconductor manufacturing process where it acts as gate dielectric material

for devices. Th capacitance created by hilgimaterial is relative to the dielectric constant of

the materialThis class of dielectrics possess a high dielectric constant, which could provide
much greater surface passivation, particularly on narrow bandgap matedasbl®

dielectrics such as aluminium oxide £¢8k) and hafnium oxide (Hfg) are now utilized in the

production of CMOS circuits and as such are a-wldiracterized and understood class of
materials[20, 21} They can also be deposited using a low temperature and high throughput
techniques such as atomic layer deposition (ALD) and radio frequency (RF) sputtering. A
recent exampl¢22] investigated tb passivation of surface contamination on InAs(100) by
removing the native oxide using annealing in uhtiigh vacuum (UHV) under a flux of atomic

hydrogen and growing a stoichiometrically controlled oxide (thermal oxide) in UHV, prior to

ALD of an AlOs high-k layer. Capacitaneeoltage measurements confirmed a reduction of

the interface trap density compared with an untreated sample, however such work is yet to

progress beyond analysing the material interface layer into device applications.

These higkk dielectrics and, in particular, ADs have been investigated in recent years for the
potential suppression of leakage currents in varioil/ lHemiconductebased deviceR3-

27]. For example, Het al.[27] have investigated the effect of 28 passivation layer on the
interface electrical properties of MOS capacitors fabricated using HfTiO as the dielectric on
InGaAs. This work resulting in the low leakage current.@7%10° A/cm? at an applied gate
voltage of 1 V. There have also been a Halnof studies on utilizing these passivation layers

on other narrow bandgap photodetectors, such aslityguperlatticed28, 29} however, to

date, there are no reports of hikvased dielectrics beingsed in the passivation of InAs
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photodetectors. In thishaptey a systematic investigation of the use of sputtering different
dielectric layers as potential passivation layers for InAs APDs has been investigated. By
utilizing the same device structure ateposition technique for the passivation layer, the direct
comparisons in terms of the effect of different dielectric layers on suppressing surface leakage

currents has been presented.
6.2 Experimental detalil

The epitaxial wafer was growby the National Epitay Facility at University of Sheffield via

met al organic chemical v a p edoped ImAs pubstratet Then ( M
epitaxial structure consisted of a-.5m *-doped InAs (1 x 18 cmof Si) layer followed by

4 em of nomi naand thenwa 38 onpdpred layer Avdth a linearly graded

doping profile extending from 1 x 100 1 x 138 cmv® of Zn), which was then capped with a

0.5¢ m* -doped layer (1 x 28 cn of Zn).

The wafer was then fabricated into circular
using a standard mask lithography process, same photo lithography mask as shown in Figure
4.1 has been used in this chapter. The wafer was then etched usamgedrefiemical etching
procedures for InAs of a 1:1:1 (phosphoric acid: hydrogen peroxide: deionized water) etch,
followed by a finishing etch of 1:8:80 (sulfuric acid: hydrogen peroxide: deionized \Weter)

12]. The crosssection schematic of INnAsPDs is shown inFigure 6.1. The wafer was then
cleaved into a series of approximately 2 cm x 2 cm pieces for passivation. For the deposition
of high-k layers, the samples were placed into a Moorfield NanoPVD RF Sputter system, and

in total, four different dielectric layers were deposited: zirconium oxide AZ&nc oxide

(Zn0), aluminium oxide (AOs), and magnesium oxide (MgO).

118
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Ti/Au back contact

Figure 61. Crosssection schematic gfassivatednAsAPDs

To determine the optimum deposition conditions for each dielectric, a series of initial layers
were deposited for each material on planar InAs substrates and cleaned glaskff@nelet
deposition conditions (RF power, argon flow rate, and deposition temperature). The sheet
resistivity was measured for each layer using a transmission line measurement technique, and

the conditions resulting in the highest resistance were detrtorbe optimum.

The selected optimum conditions were then utilized to deposit the dielectric passivation layers
onto the etched mesa diodes, and the sheet resistance was measured via the transmission line
method. The details of the deposited conditiores shown inTable 6.2. After dielectric
deposition, the samples were patterned utilizing standard lithography, and an appropriate wet
etch was used t@move the dielectric from the electrical contacts and optical window of the
device. A reference sample was also realized by passivating one of the samples with SU8, using
standard literaturbased procedurgs2].
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Currentvoltage (IV) measurements were performed by an Agilent Technology B1500A
Semiconductobevice Analyzer with a current compliance limit of 5 mA. At room temperature,

the devices were directly probed via a probe station, whereas, for tempedeteraent
measurements, the samples were mounted onto proper headers and gold wire bonded, before

being placed into a liquid nitrogerooled cryostat.
6.3 Sheetresistance

To understand the passivation properties of different-kidrelectric materials, a group of

metal oxide were deposited first on both glass and planar InAs wafer with a thicknesshof 25n
and 50nm via RF sputtering under the same condition. The sheet resistance was measured by
the transmission line method and listedrable 61. It can be seen from the table that 50 nm

MgO and ZrQ has the most and secondary resistive characteristics when deposited on InAs
with8.77+0.4> 1 q A and1.77+0.2 > 1 q A, respectively, whereas, the 50nm@{
deposited on InAs have the lowestethrsistance 6f.47 + 0.5 % 11 q A, similar resistance
trending can also be found in the sheet resistance value on the glass. Indicating from the table
that MgO has the most resistive characteristics whi®Ahas the lowest when depositing on

the glas substratdt is noticed that the sheet resistance value for the-kiglaterial deposited

on the glass is generally greater than those resistance values on the InAs substrate. The sheet
resistance value vary on the different substrate could indicateé#nt of the current passes
through the higkk dielectric layer and conducting on the surface of the InAs since these high

k dielectric materials were conductive under the particular circumstheeontact spreads

have not beembserved as most sheet resistance value for each material are in the same
magnitude It seems like the sheet resistance is not depend on the thickness of tisimdgm

most sheet resistance value is cldg®yever, the resistivity of the film will plagn important

role in supresag leakage currentherefore50 nm thin filmwill be applied and discussed in

the following contentln this chapter, the research is focusing on the resistive properties of

different highk dielectric materials on InAs photiodies under the same condition.

Table 61. The overall sheet resistance of different Higtielectric materials on glass and planar InAs substrate

Deposited on glass Deposited on InAs

25nmAYc 50nmAY ¢ 25nmA)] ¢ 50nm( dA)

‘AT'E 8.14+ 1.8 x 473+ 04 x 6.18+ 0.6 % 7.47+05 %
p T p T p T p T
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-E ’i‘HnE

'Hi "E

Zr'E

2.94+ 0.6x
p

6.14+ 05 x
pm

1.5+04x
p

3.69+ 03 x

pT
9.89+ 1.6 x

p T
191+ 02x

p T

4.04+ 08 x

pT
2.69+ 0.5 x

pm
2.26: 0.7 x

p T

8.77+1.4x

pT
2.8+ 0.4x

pT
1.77+02x%

p T

Most studies have done by many different groups indicated various resistance values, Nowicki

et al.[30] had studied the 190 nm &)s on Si substrate with the film resistivity value around
Ixpmg L (3l randi Aaadow et a[32] have deposited ZnO thiilrh via RF

sputtering and DC sputtering with the resistivity values between 6.850x 1& ¢ m and 9
10°q S |33] lgakie depbsited ultrathin films of MgO on Si substrate using dual

ion beam sputtering in different partial pressures of oxygen. The result indicates a ig5 x 10

cm.

Lcm.

resistance value with a thickness of 6 nm Mgfese values make it very difficult to compare

how effective different passivation methods are since different fabrication recipes are used. In
this chapter, the result of the RF sputtering passivation techniques which processed under the
same conditions ahthe same fabrication process have been compared. The optimised
conditions used to deposit the highmaterials on etched mesa diodes are listeichinte 62.

Similar trending of the sheet resistance has also been observed compare to the result on planar
InAs substrate (as shownTiable 61). It can be seen from thHable 62 that MgO has the most

sheet resistance value at around 6.3 + 0.6 %l@\ among the group of materials, while

Al,Os at bottom of the list has 3.5 + 0.7 x*4q A .

Table 62. Deposited high dielectric layers and their associated deposition conditions on etched InAs mesa diode

Dielectric Layer Deposition RF Power  Argon Flow Sheet
Material Thickness Temperature (W) (sccm) Resistance
(nm) (eC) ( )
ZnO 50 25 45 3 3.2+0.6 x
10t
Al203 50 25 45 0.5 3.5+0.7 x
104
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MgO 50 25 45 0.5 6.3+0.6 x
102
Zr02 50 25 60 3 1.6+04 x

102

6.4 Scanning electron microscope

To further investigate the uniformity of the passivation layer, the extra SEM and EDX map
measurements were performed on the group of the passivated samples by using a JEOL JSM
6610 scanning electron microscope.

Figure 62 shows the50° top angle image of InAs APDs with different dielectric layers. It can

be seen from

Figure 6.2 (a) that the uniformity layers are founded far.0Oz and ZrQ deposited on InAs

APDs, the layers are cover all the tiny undulation on the mesa sidewall. However, some
apparent bubble dilatiotean be observed from MgO deposited InAs AP&sshown in

Figure 62 (b), which indicate that an inhomogeneous MgO layer is formed during the sputtering.
A similar result has also been found for ZnO layer, that some apparent cracks can be observed
at the edge of the mesa diode. This thin film cracking could be due to thé thetraal
mismatch between the ZnO film and substfatg.

To look into these high layers, energy dispersiveray (EDX) maps analysis of the InAs
APDs passivated by higkdielectric méerial has presented Figure 63. It revealed distinct
patterns in element distributing across the surface of the saRiglee 6.3. (a) show the
elements map of the sample passivated by ZnO. The localization of Zn and O on the surface of
the sample is evenly distributed, leaving a window for the @kectrical contact without
passivation. A similar result has also been found for the other sanfitpuia 63.(b), Figure

6.3.(c) andFigure 63.(d), that O element is evenly distributed on the surface. However, some
distinct element, Mg and Zr has been identified on top of the gold electrical corfagtra6.

3.(c) andFigure 63.(d). This element disturbing could imply that the etchingcpss used in

this experiment has not sufficiently removed the passivation layer. However, the O element in
Figure 63.(c) andFigure 63.(d) has suggested a distinct window for top electrical contact.
Meanwhile, the higik materials target used for the sputtering processhalsonore than 98%

purity. It is less likely that the etching process can largely break the chemical bond between
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metal and oxygen. The possible explanations for the distribution of Mg and Zr are the EDX
measurement error because of the similar elementhivg§]. EDX is undoubtedly not a
sufficiently surface chemical analysis technique. However, the result in this experiment is
enough to support that etching process has removed thé& mgiterial ondp of the electrode
and the electrical characteristics will not be affected by thekiglaterial on top of electrical

contact.
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Figure 63. SEM & EDX elements map of InAs APDs passwitte@) ZnO, (b) Al203, (c) MgO and (d) ZrO2.
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