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Abstract

Aluminium Nitride based devices are currcntly the hotbed of R&D for UV based detectors and

genemtors. The direct wide band gap of Aluminum Nitide makes it best bet for IJV dwices.

The lattice match of l9o/o and the dislocation densrty normally malces the junction of the

Aluminium Niride and Silicon problunatic. Aluminium Nitide over Silicon (AlN/Si) basd

heterogeneou junction is investigded. herein. for photonic 4plications. A hyperfine layer

of AIN onto the n-tlrye Silicon substr*e is frbricated. and a detailed analysis of subject stack

has been crried out b,v vfiiety of techniques such as Scanning Elctron Microscopy (SEtvfI

Cunent-VolAge G-V). Capacitance-Voltage (C-V), Charge Deep Level Transient

Specrroscopy (Q-DLTS). Transient of Phoo-voltages (TPV) and Kinetics of Dark and

Luminous Currents. The occurrence of SiNl lxyer d, the interface of AIN and Si has been

rvitnessed and e,rtensively studied by the electrical diagrostic approaches to iderntiff a crucial

role of the clrarges, which may directly affect the properties and operation of whole AIN/Si

stack. Optical measuEments been performed to evaluate the performance of SilN+ layer

formation at the AIN and Silicon interface. Furthermore. the defect levels and their respective

qualiative as well as quantitative analysis nearthe valence and conduction band edges of AIN

is also r€port€d. Multi-bias and switched voltage (positive/negative) routines at different active

areas of subject AIN device matix for their potentid usage in Deep ulfa-violet (DUD and

related photonic application. Anotlrer hierarchy of Metal-serniconductor-Mdal (MSM)

metrics onto the previorsly fabricat€d AIN stnrcture is deployed ard adopted five different

circuit schemes. Among all circuit sequences. one has provided best optimum circuit window

for,proper UV detection circuitry. Finally. the subject AIN lattice is implanted with silicon

doms of energr and fluence of 800keV and -10*l{cm-2 respectively. A responsivity of ligttt

gain of more than unity was observed for W as well as ttre visible light spectrum. Hence the

resulting device was found good for both UV and visible light sp*trum.
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Chapter I

Intrcduction

l.l lntrtduction

uv radiation covetB only 107o of the total solar radition spectrum howwer it is regarded as

most important compon€nt of solar raditions. It has played a vital role in the survival and

dwelopment of mankind. UV light prwides many benefiB to human health in the form of

synthesis of Vitamin D. killing germs, teating or preventing rickCs etc' Howwer' there arc

health risks as well due b excessive exposur of uv radiation which can caNcs diseases such

as catamcE and skin cancer md it cm also ptomote aging process. Figurel.l shows the solar

radiaion spectum [l].

2gr----

:.

500 750 '000 t25s t500 l75r
t'ilavelcngth (nml

Figura l.l: Solr Radidiqr Spestun [U

Apart fronr effects o,n human health, UV radiations also affects crops and buildingS'

Stratospheme ozone absorbs alpost all of the UV radiation, however due to man induced

environmental pollution the concenhation of stratospheric oane is decreasing and currently

there is a hole in ozone layer as huge as Anurctica Most alarming is the fact that for evety

loZ decrease in volume of ozone layer, will increase ZYo in UV radiations d ground level.

1.5 I



leading to an increase of .,3yoin the incideirt r& of skin cancer" . Thts, recurtly UV photo-

detection has received increased attention of research conrmrmity [2 3]'

UltEviolent systems are rapidly taking over ottrer technologies spocially in wafier treatment

applications, as these radiatiors harre the abihty b rcnrove broad specfium microbial agenB

with reduced disinfection fiom by-product formdion. In this scenario, they provide an

altemdive to chemrical disinfectants which arc also harmful for human healttL W light in

prop€r intensity can rcrnove miuo-organisms by drnaging their DNA molecules and rpstrict

them from reprroducing [4].

Solid state LIV LEDs have number of uses in biomedical industry such as purifying air and

uater. t€ding skin diseases, disinfcting surfrces, for indusnial curing pnntfut& folprsic

investigdions ard forgery detection [5]. Pictorial npreseirtation of UV applicdion in Health

Cme sector is shown in Figue 1.2:

l'igurc. l2: PoEntial ApPlicatims of DW LEDs and LIX [51
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UV LEDs play an important role particularly in water purifring'applications by providing

benefib such as:

- W LEDS ate e,nvircnment friendly as they do not contain any harmful material

- W LEDS atE morc tolerant to disturbances during trmsit and handling



- No start-uP time needed, since W LEDs tunr on instantly

- w LEDS utilize lowo voltages resulting in lower power consumption

- Lower power consumption woutd provide higher enerry efficiency

- W LEDS can be utilired in applications wherc there is a need to switch lighE d high

frequcncy

Due to above featgres, UV LEDS have lo,nger service life md need less replace,rnent and better

advantages over other technologies counErPsrts.

1.2 lry Basics

gry light rcpresen6 the electrorragretic radiAion having a wavelength range of 10-400 nm

[6]. A pictorial view of it is prcserted in Figure 1.3. W radiations can be classified in to

following wavelength re gimes:

I. *UVA (tt0G3l5 run)"

II. "UVB (31ts280 nm]'

m. "IJVC (28f200nm)'

ff. *VUV (20f10 nm)"

Figurc. l3: Spec{nrm of UV light [6]



f3W Generation and detection

wide bmdgap semiconductors extribit properties like low pennittivity, high breah dotm

elestric fields. good thermal conductivlty, high electnon saturation rates and radidion

rcsistance, which makes them higfrly suiable to op€rate in high tempeldures. at a high

freque,ncy and power withstanding highly radiation active envirorrnents. As an examplg ltr-

Nitides provides a coverage from infrarcd to ultraviolet band since their energt band gp can

vay frorn 0.77 ey (lnN) to 6.28 eV (AIN). Mostty blue, gleen and other short wavelcngth light

e6ittingdiodes, semiconductorlasers and Wdetec'tordevices are fabricAedrsing Wideband

g4 semiconductors in the fields of optoelectnonics and microeleclronics [7 t 9].

1.3.1 IIY lbtcctorr

The classificdion of UV detectors is best highlighted by Figure 1.4:

Figurc. 1.4: Classific*ion of W detec'tors [9]

W detectors are divided into two categuies with respect to its special modes of opertion i.e.

photoconductive UV detectors and photovoltaic W detectom [9]. Sctrenratic description of

them is give,n in Figure 1.5.

l-1
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Figurc.l.5:ScherrrathstructueofdifErenttypesofUvdetecton[9]

1.3.2 Photooonductive Detectorr

Photoconductive detecto6 work on the principle of photoconductivity whue in the

conductiyity of the material varies with incidence of ligttt tlo]. Photoconductive UV detec'tors

harre the advantage of having simple structure. easy process control and high internal gain

however their disadvantagps arc slow rcsponse speed and large dark cun€Nrt [10]' A

photoconductive detector and ib equivalent circuit is shown in Figure 1.6.
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l3J SdotflrYlhtcc'brs

schottky detector is simply a metal-semiconductor interface'The metavsemicondtrctor

junctions behave as rectifier. Schottky ddector behave much better than detestors in terms of

high quanturn efficiency, higfr response speed. low dark culent high UV/visible contrasi and

possible zerobias operdion. schottlcy detectolB ue mostly suitable for broadbmd photo-

detestiorr since their photo response is flat [12]. Figur€ l'7 shows a schottky diode detector

ad iB symbol.

I

- -'ij . -'?y

Figurc 1.7: Schottky Diode Dercctor [l2l

1.3.4 pn and pi-n Junc{ion Detec'tors

In p-n junction photo detector, incident phoon crcdes an elecnon'hole pair if the incident ligttt

energF is greater than bandgap. carriers which are under diffrrsion length would be swept to

other side under the action of field. In pi-n photodetectors normal operation occurs at zero bias

or rcveme bias. so that sensitivity of detector is improved [lp]'

1.3.5 ItffilM Detectorr

The main fean'es of MSM photdetectors arc low dark currents, the high r€sistivity. a single

dopant active layer. high speed. linear optical pow€r. an extemely low parasitic capacitance

and low noise. MSM detectors are mostty suited for military and space applications [12]



15.6Non.IEvMrtcrirlltfletrixfortlV/DIIlYApplicetbns

IJV detectors are notmally desclibed in terms of high performance quatrtum efftciency'

rcspollse sped and signal-to-noise raio. The inh€rent ctraracteristics of the serniconductor

mterial play an important role in describing the performance of a UV detector. The process of

fiansformation of optical signals into electrical signals involves electron-hole pair generation

transportmion and rccombintion in the semiconductor material. A summaty of subject

mderials is presented as under:

1.3.6.1 llfictrl Oridcl

Drc to easy availability of Metal oxide marcrials. all the cunent rcsearch efbrB are direcEd

towrds their developmert. Nanoscale photodetectors have been ortensively fabricated and

utilizing lD metal oxides [3]. ZnO belongs to II-VI gtoup of semiconductors. properties like

stnong radiation hardness, high chemical stability and its abundance make it an attractive

materiat. ZnO has a band gap of Fg=i.365+0.M5eY under normal room tempeldrue and

dnospheric ptslsure. ZnO is an excellent material for fabricdion of photoelectic [14] and

photonics dwices working in the UV range [5]. Chemical stability, non-toxicity and thermal

stability of fitarium dioxide (TiO) makes it an attractive material for applicdion in W

detection tl6]. It also demonstrates a wide band gap of '3.0 to 3.2 e\P'. Tio2films [16], TiCI

nmorods. and TiOz nanowires have been utilized for development of UV detectors and shown

orcellent results [7]. Tin(IV) dioxide (SnO) is a compound semiconductor having wide

bfldgap of around 3.6 eV [ 7]. SnO2 due to optical properties and chemical stability is another

usefrrl m4erial that can be ued for UV photodetectors I I 7] . Nanosmucnres of SnOz have been

dweloped as.n4o-whiskers [18], nano-belts [19], nmo-rods [20]urd nano-wircs U3-2U.

1.3.6.2 Graphene

Graphene has shown great potential in optoelectnonic devices of its unique elecEical and

mechanical properties. Many rcsearch goups have devel@ UV photodetectors based on



graph€ne, which showed excellent properties as desired in optical ryplicaiors ln8l'

1.3.5.3 Siltcon Cerbide (SiC)

SiC demonstrates a high breakdown eleclric fiel4 high thermal conductivity and excellent

chemical stability. Oming to these physical and electical properties it can be utilized in

orhemely frarsh environment applicdions for visible-blind W photodetcctors. SiC nanowires

hal,e been utilized as Schottky contac6, p-n junctions and ohmic contact They have

denronstrded excellent photocunent I-V ctraracteristics, photo r€sponse and time rcsponse

1241.

13.7 III-Nitide Scmicmducton: Metir Choiae for Proficient OptoelectroniB

III-V compound semiconductors ae formed from two, temary and quabrnary alloys of these

compounds such as GaI{, AIN, AIGaI{, AlGaAsP etu. III-V serniconductors arc direc't band

g4 materials with a wutzitc crysAl structur€. III-V materials band gap can be co,ntinuously

changed B varyrng the chenrical composition of alloy. This featurc provides a unique

advantage to these materials over others in o,ptical applicdions. Howwer major hurdle in their

ue in UV electronics is poor crystal growth which results in high density of dislocations md

other stnrctural ddects t2526nl.

13.7.1 Gallium Nitride (GrN)

Gal.[ is the most promising material of III-V family. Ga].[ nanowirp'based UV photodetectors

have shown considerable imprwernents in darh curcnt and response time [27]. The results of

optoelec{rical charaderizatio,n clearly reflects better response to inadiation with W light.

Gal.l nanowire based MSM Schottky contact device demonstrated excellent perfomrance in

tenns of better sensitivity and external quantum effrciency 128291'

1.3.1 2 Aluminum Nitride (AlN)

AN provides the most widest opporhrnities among ilI-V semiconductor materials due to its



promising bardgap. It's an ideal mahrial for new generation of Deep LJV and uv photo-

electnonic devices. AIN nanowitEs w€rE grown trilizing ctrcrnical vapor deposition shown fast

r€sporuig speed and high photocunurt lEtryonse . Also Uilizing physical vapor deposition hig[t

quality AIN micrdnmowires have been grown. The AIN micrdnanowire vw photodaectors

have much better photo cunent and response spoed characteristics p0 31321'

1.4 Problem Stetement

.AlN electronics,'originating from lll-nitide semiconductor system is an uea of emerging

interest for future generation of high-porver electronics and optoelecnonics devices including

the RF assisted filters, IIEMTs and NEMS ryplications. This becomes partiorlarly important

when ryplicatiors ale targeted fo,r"Deep UltrrViolet" regime of petformance. Wittt literatur€

survcy and gap analysis in hand; it has been leamt ttrd the quality and compositio'n of substrate

in making such devices and systems play a significant role. firus, several variations bottt in

terrrs of subsfiarc selection and fabrication strategies arc hlng researctred. Si-based AIN

subshates for *Deep Ultra-violef'dwice manufacturing has stard garning attention with an

effort to understand the underlying physical phenomenon to address the substrde effects.

junction dynamics ard interface. Our problem is focused to provide a "technologr-rrady" lwel

AIMSi zubstrate maEix for Deep UV derrices and systems with a detailed assessment made to

optimize the "output performance" characteristics. This would require dtending the problems

of formation of parasitic channel conduction pathway at the nitide/Si interfrce affecting the

efficiemcy urd output potil€r, and little-knovm physical dynanics of defects at the interfaces

responsible for subsfiate losses, which may othenuise be undesirable for proficient Deep UV

applicdions.

As discussed in tire inmoduction part of this proposals Deep Ultraviolet dwices have rumeK)utl

applic4ions in the fields of optoelectnonics, photonics, wder purificatiorU chemicd detection

etc. but the mafor challenge is its ouput efficiency. The UV output power for many



applicdions like fingerprint identification, medical light thempy' water sterilization and

polymer curing at less than 365 nm is only about 5% ta 8o/o of input pow€r' The efficiency

increases 6 lflo/oat wavelengttr of 385nm md lower' If the output efficiency is improved

marimum w band will be utiliad. This challenge is being addressed in the cuneirt researth

by addressing various bottlenecks currently present om substde level' Ttre work is significant

in order to support providing a technolory ready solution to the DUV manufacturing industy

with adetailed assessmert of substrde eftects on the outputperformance cycle of such dwices'

1.5 Significrnce of Relcarch

As discussed in the intoduction part of this proposals Deep ultraviolet dcvices have numerous

applic$ions in the fields of optoelechonic+ photonics, wder purificdion chernical detection

etc. but the major challenge is its output efftciency. The uv output pow€r for many

applicdions like fingerprint identification medical ligtrt therapy, rvater sterilization and

polymer curing at less than 365 nm is only about 5% to 8o/o of input Power' The efficiency

inqeases to l5o/o at wavelength of 385nm and lower. If the output efficiency is improved

maximum W band will be utilired. This challenge is being addressed in the current rc.search

by addressing vuiors bottlenecks cunently present on substrde level. The work is significant

in order to support providing a technolory ready solution to the DW manufrctgring industry

with a detailed assessnrent of substrde effects on the output performance cycle of such devices'

l.6lhesis outline

Chryterl describes intoductory oveliew of the global paradiam of the AluminiumNitide

based Photo f,letection.

Chaffer 2 describes the background theory.

Ctufler3 provides the recent findings published in the literature with an assessment on the

key results and gaps. on the Aluminium Nitride (AlN'



chapter4 describes ttre experimental techniques l|sed in our work in terms of the desigE

frbrication and characrcriztion'

c@er Sdccribes each aspect ofour work comprising of expeimeng' results and discussion

on the findings of the sMY.

Ct@er6 describes the $mlmary of the findingS as well as in siglrt about the firturc work'

tl



Chapter 2

Background TheorY

2.l Electro Megnetic (EM) SPectrum

The rurge of all types of elechomagrretic (EM) radiCion is called elechomagnetic specmm'

The anergl that travels and spreads out along the way is called radimion' The EM radidions or

the EM spectrum is a part of our everyday life, The visible light A'o'm our household lamps or

the radio wa\res caugtrt and tursmited by our transistor or FM radio. all belong to $c EM

sp€ctrum. Micnowave, infrare4 ultrarriolet, X-rays and gamma rays arc other forms of EM

radiuioms that malre up the EM spectrum [33].

otr knowledge abor.f the EM speclrtrm is in fact morc than we realize' Figure 2'l sho*s the

difrercnt types and the range of the EM spectrum.
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Figurc 2.1: conparison of wavelengh. frequcncy ard energy for thc electomagnaic sp€druE [34]

There is a range of frequencies of different rayg that are characterised in the electrorragretic

spectrum, starting from the radio wavel with lowest frequencies in the spectrum and the highest

wavelengths to the gflnma rays with the lowest wavelengths and highest conesponding

frequencies. Alt the electromagretic tays arc same in the sense that they are made of same kind

.J
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of vibrtions varylng in their fieqtrencies and wave lerEths [34]' Let's discuss different

c*egOrisations of rays in descending order with rcspoct to their t'equencies'

2.1.1 GemmrRlYr

Giarnma rays have the highest frequencies and the lowest conrsponding wwelengths' Due to

the ultrahigh frequencies, these rays carry high amount of anerry and can pass through most

of the mderials with a relative ease. Orly the materials like lead and concrerte can stop these

rays. stan and some of the radioactive materials give offgamma rays [35].

Cramma rays hsve the property ttrat they can kill living cells. Thd is the reason they are used

to kill the cmcerou cells. Sometime doctors can put sligtrtly radioactive particles inside the

body of the patient and scan the'm afterwads b get a picture of what is going on inside the

body. The injected radioactive particles are called facers. The same technique is used in

indrstry when the fiacers are intloduc€d to pipes and machineries to know wherre the substances

are golng. Ganma rays can kill gemrs, so they are also sometimes used sterilize medical

equipment holonged and heavy exposur€ to garnma rays can cause vriety of cancers like

skin carrcer etc [35]. A schematic ofthe SAS-2 gamma mys, an experiment that was performed

backin gn-B isstrowninFigue 2.2.

Figure a2: A schcrnAic of SA92 ganma rrys, 8n cxperimcnt which was flovm in 1972'73 1361
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2.12 X-RrYr

X-rays {€ hlgh frequencie+ that pass througtr mostof the bodies t37l' MaIry stars and

nebulas arc the souue of x-rays. x-rays are especially useful in the field of medicine [34' X-

Iays arc produced artificially by firing hig[r enerry electron on atarget [37]' For medical

pupsrcs, x-rays re focused on a human body, these rEys pass ttroug[r the soft tissues easily

but can not pass through the bones, consequerntly the image is tansfened on the film [37]'

Sometimes lou energr X-rays are passed through the body to the get the image of soft tissues

like brain t37]. Airport security also rses X-rays to see inside the bags full of luggpge' ollt the

dovmside, X-rays can cause sg'verE cancers' If the exposure is for longerperio4 or the doee is

too high t34. Thd is why radiographers are required to sand behind a shield while x-raylng

their patients [37]. A ptient underthe X-ray tube is shown in Figure 2.3.

Figurt 23: furterior PosEtior zupirrc abdominal x-ray [38]

2.13 Ultreviotet

Like the Gammarays and the x-rays, ultraviolet rays also lie in the invisible bsrd and have

very high frequencies p9l. They are firther cdegorized into W-A' B' and C according to their

increasing frequencies and decreasing wavelengths [39]' Sun is the basic soulEe of the

ultraviolet light although mrry of the rays arc bloc*ed by the ozone layer' but it can also be

received from the mercury UV lamps made for this purpose t39]' W LEDs have also made it

in 1o the markc t391. TtE benefits of UV include sm tanning, killing harmful bac'teria It has

T
;
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m abilityto desfioythe DNA,therefore its applicationas asterilizingagent has gained otnency

lately [39]. tt can also be used for checking the cunurcy notes ard identising the forged ones

[39]. If o,ne marks any of one's possession with ttp security muker pen' then it would be only

visible when the w light is shown on it p9l. w light is also rsed for hadening of some of

the dental filling [39]. A timeline of IJV generation for a range of purposes is shown in Figtre

2.4.
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Figurc 2.4: Milcstone Gverts in the development of W light sourcer in wdq and surfacc disinfcction ['10]

Ultraviolet ligtrt can also case skin cancer ifthe exposure is for longer durdion or ifthe ozone

layer is depleted from the area where the exposure (rccurs t4U. tJV lighb can also damage the

retinaof the eye [41].

2.1.4 Visible Light

Visible light is the spectrum of light visible to the nalced eyel42l.Anything hot enough to glow

podgces this light. Sun, fire, differ€nt bulb, and LEDs are the source ofthis light [a2]. When

wtrite ligtrt prses through the spectum, it disperses in to a specrum of different colours [42].
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Each colour hr a fteqre,lrcy of its own [42]. fire spectrum of the visible ligtrt in terms of

wavelengh is 380nm to 750nm as shown in Figure 2'5l43l'

.@il-'

-
Figutr.25: Visible light spoctrum [43]

Laser is a form of the visible liglq which has been used in diffEr€nt ways in the daily life [44].

Fmm the use of laser liglrt for medical pgrposes to the laser jet prfuf€rs [44]'

2.15 Infnrcd
Infrar€d are the rays jut below the visible spectrum tasl. Ttrey have frequencies below the red

light in the spectrum t451. hfrared are given offby many bodies like animal urd humaru who

have warmth in their bodies [a5]. Infrared has many uses and benefiS in the daily like rcmote

contols, nig[rt time vision googles. burglar alamrs, attro on otrligtrs on tlre detection of any

passer-by, all are the exanrples of the infimed applicdions [a5]. Infrarred can be trsed very

efficienfly for night time vision as shown in Figue 2.6.

Figure 2.6: A lardscape sen at niglrtJirue in thc infrared specrun [zt6]
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2.15 Microwlvel

Microwarres ar€ very high fi€quency waves given by some of the stars' the miqowave oven

ad the mobile phones [4fl. Their warrelength is normally a couple of centimetnes. Microwaves

cause vibrtions in thc water and fat molecules making thern hot, hencc they me used in

microwave oven for cooking and food wrming purposes [47]. Microwaves are also given off

by the cell phorres, thd's wtry it is advised to keep them away especially while sleeping [47].

Mioowave oven has a special application for cooking and warming of food as shown in Figue

2.7.

F@ra 2.7: Inside a microruave oven ['lE]

2.1.7 Redio TYeves

Radio waves are used in radio transrnission. Variou kinds of radio waves de,pending on their

frequencies are given by the diffelpnt radio transmitters. They also co,me from some ofthe

stas and during the thunderstorm carsing noise in the radio transmission [49]. Radio waves

are categorised as Medium waves (MW), Short waves (S$D. Very High Frequency(VHF),

ard LJltra High Frequency (UHF) t49]. A scherndic of the radio tansmission transceiver is

shov,rn in Figure 2.8.

t7
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Figura 2.t: Radio Transmission [49]

22 PhotaVoltric Efiect w Photo-Electrlc Efiect

Photovoltaic Effect A process thd results in the geneldion of voltage and the rpsulting cun€nt

in a ptrotovoltaic cell on exposure to the sunlig[rt is called photovoltaic effect [50]' It is this

phenomenon tha malces a sotar panel useful [50]. Edmond Becquerel first discovered the

photovoltaic effect in 1839 t501. While dorng ur experiment on wet cells he observed th* the

voltage of the cell inmeased in the durdion during which it silver plates are exposed to the

sunlig[tt [50].

The photovoltaic effect is normally observed in the solar cells [50]. The solar cell is composed

of a pn jrmction that is created by the rcspective combinatio'n of p-type and N-type mafierial

[50]. When the p-n junction is forme4 an electric field is generated in the junction rrgion as

the elecfons move to the positive p-side and the holes move towards the negdive N-side [50]'

Ligtrt is composed of packets of energr called photons [50]. If the incident light is of suitable

enerry the photon trrrsfers the energt to an atom of the semiconducting mderial in the pn

junction t50]. The electrons in the material gets the enerS/, and get excited and jump into the

conduction band, leaving behind a,hole [50]. Hence an elecfon-hole pair is formed' A

schematic ofthe photovoltaic effect inside a solar cell is shown in Figure 2'9'
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Figura 2.9: Phmovohaic efrect [5ll

Normally the elecfions are bonded wittlin the lattice of the senriconducrtor and cannot movg

butwhenthey are intheirexcited state, they moveto theconduction band andare freeto move'

md after the initial diffirsion of electrons towa:ds the P-side and the holes towards N-side a

potential barrier is formed and electrons tend to stay towards the N-side [52]. The vacancy of

elecuons creale a hole and these holes move towrds the P-side [52]. All this happens due o

the electomagrretic eftct inside the cell or the P-N Junction [53]. This is how the currcnt is

formed inside the cell [54]. This abovementioned procedure is shown with the help of a

diagram in the figure.

photoelectic Effecfl In case of Photoelec'lxic effect an actual emission of elechons take place

tom the surface of the mderial on the surface of which the light is incident [55]. The

phenomeno,n occurs when the incident photons provide enough en@/ to the electrons to brcak

the bonds and emit from the surface [55]. In this case no flow of elechic curent takes place.

The principle of photoelectric effect is shown in Figure 2.10.
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Figurc 2.10: Phobelectsic etrEct [56]



The electnons hence enritted are called Photo elecfions [54. Energr of the emitted elechon is

not a firnction of the energr of the incident light t54. Electron is ejected if the enerry of the

incident ligttt is e,nough to brEak free from the electron binding encrgf [57]' The nrmber of

ejected electrons depend on the number of photons with enough €nelgr to brcak ttle biltdfutg

enerry of the electron and set it free to emit [54. The enerry of the inciderfr photon in excess

of this ttgeshold is usod to sgpply the ernitted eleclron with the required kinetic eneqt [5fl'

23 Photodetectot! and Photo Diodes

The incident light is curverted into voltage or curerft in a photodetector. Photodiodes and

phototrarsistors are the o nrples of photodetectors [58]. Photodetectors wor* in a similar way

to the solar cell, wtpre the incident light in the form of solar energy is converted into elcctrical

enerry t5g]. Metat halide perovskite marcrials atE one of the choicest materials for

photodaectors [58].

The devices that arp used for the deection of ligtrt are called photodeectors [58]. It would be

more appropriate to say ttrat they re photon detectors. they utilize the photoorcitation of

electric caniers [5t]. Photodebc'tors gives an elechonic output signal - for example, the output

might be delivered in the form of a voltage or elecilric pro,portional to the incidmt op'hcal

po!\,er t58]. They ar,e thus cdegorized as optoelectnonics dwices [58].

photodiodes are devices made of semiconduc'tors, tttd come in trvo configrrations p-n and p-

i-n (iintinsic), depletion region absorbs the light and a photocurrent is generated [58]. These

devices have high quantum efficiorcy. orhibit highly linear betraviou and are fast and compact

tsE]. Ttrcy need be oper*ed in combination with suitable electronics to tap all the above

mentioned benefits [58]. Avalanche p:trotodiodes are a particularly sensitive type of

photodiodes that are sometimes used to couttthe photons [58]'
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2.4 Principle of Photodetection

There arc two basic principles for photodetection., photovoltaic detection and photoconductive

detection. Bottrof them are briefly discussd as follows'

2.41 Photovoltric lletection

In this type of detection, therp is a junction between the regro,n whelp the conductivity is due

to electnons namely N-typg and a region whelp conductivity is due to the holes, namely P'type

t591. Thd is to say a p-N junction is formed and when the ligtrt photons are incident upon the

suctr detocmnavoltage is generatedacross thejunction [59]. Thebasic principle ofphotovoltaic

detection is shown Figue 2.1l.
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Figurc. 2.11: Basic principle of Photovoltaic detection [60]
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2.42 Photoconductive Detcction

In this kird of detectioq the detector is made of some kind of semiconductor like Silicon and

when the ligtrt photons arp incident upon the detector sutface, free elecfion are gencarcd'

which has an impact upon the conductivity of the detector [51]' The conductivity of the detector

ctrangps with the intensity of the incident light t6U' A simple photoconductive detective

ddecor is shown in Figure 2.12'

Figuru 2.12: Phomonductine ModE [62]

2.5 llpes of Photo-Dctectorl

Therc are many types of photo detectors. A brief discussion about a few of them is done in this

section.

o PN PhoteDiode

o PIN Photo-Diode

o Avalanche Photo-Dode

o MSM Photo-Diode '

During the 1940,s photodiode technolory came to the view as an application ofthe PNjunction

diode. When scientis6 came to know about the applications of the junction diode other than

the rectification [63]. Phoonic applications like photodiodes, solar crlls, and liglrt emission

jt 'i



were discorrered [63]. More refnement was made in the field during the 1950's and during the

latt€r pat ofthat decade PIN diode was developed t63]. In 1959 Gartrer wrote a research paPer

explaining the absorption of tigtrt by the wide depletion region [63]' Mostly silicon and

Germanium arc used for making Photodiod€s [63]'

2.5.1 PN Photo'Dlode

This type of photodiode is the most basic [64]. It is simply a semiconductor with a P-N junction

thd converts light photo,n into electrical en€rE/ t64]. The P type layer has an abundance of

holes while the N-type layer hre an abundance of electnons t64]. Photodiodes are manuftcfirred

using variors materials, sonre of the6 being SilicorU Gannanium, and Indium Gallium

Arscnide t64]. Each malerial has ditreMtt advantagss in terms of cost benefit rcsponse time'

sensitivity, wavelength rurgp and low noise lwel [64]. The PN junction diodes comes in

vrious varieties like pIN and ApD diodes [64]. Fewer free charge caniers arc contained in the

depletion rcgon, ard its widttr can be manipulated by changing the applied bias [64]. Therc is

only one direcion for the flow of the curent based on the position of the P al N type material

[6a]. In case of rpverse bias, no cutreirt flows as long as the incident light creates the photo

cunpnt [64]. A cross section of a basic PN Junction photodiode along with the symbol is shown

in Figure 2.13.
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Figurt 2.13: Cross sction of a P'N Jrmction Photodiodc [65]
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2.5.2 PlNPhoblliodc

There is only one major differurce in the PN and PIN photodiodes t65l' In PIN photodiode at

intrinsic mderial is placed betrrcn the P m N tJrpe materiat as shown in the FigUre' The

intinsic layer infoduced in the stnrcture is highly resistive urd increases the shength ofelectric

field in the diode [67]. The intinsic layer increases the depletion r€gon whictr is an added

benefit t64. The intmduction of thc intrinsic layer reduces the capacitance of the junction

thereby increasing the speed of the diode t67]. Ttte incr€ased layer resuls in larger volume of

conversiqr from photon to electron hole pair, causing an increase in the quantunr efficiency

t67]. A cross sestion of a PIN diode is shown in Figure 2'14'

Iltlilehut laYr:l

InUinolc layer

' nladhpUge.

Figutt 2.14: Cross sction of a PIN Diode [6tl

pN photodiode has no gain t69]. It can be of disadvautage for many applicaions, still it finds

mury applications lilce ardio CD players DVD drives and many optical conrmunicdion

equip,ment [69]. One ofthe application of the PIN diode is that it is able to detect the nuclear

radiations [69].

2.5-3 Avalanetre Photo-Iliode

Avalanche photodiodes (APD) uses the phenomenon called impact ioniztion or the avalanche

effect in order to qpate an inrcrnal gain in the material t701. High rEverse bias operation near

p'ar:lwe area



to the rwerse brealcdovm voltage is required for the APD [70]. More electron hole pairs are

crpated by each photo-generated canier and so is multiplied by avalanche breakdorm F0]. An

intenral gain in the photodiode is qeated by this, rcsulting in an increase in the efrective

responsivity ofthe diod3, that is to say th* largu cunent is generated per photott pOl. A cross

section of tre APD is shown in the figure. 300 - I100 nm is the typical response range [3fl. A

higher valrrc of crment noise is observed in APD EO]. The increased signal gain is high enough

to achieve high signal to noise ratio [70]. The responsetime of APD is much frst ard it shows

a higher capability to detect and merure light at lower levels [70]. Bric working principle of

an Avalarrche Photodiode is shown in Figure 2.15.

Flurt 2.l5: Cross Scction of an Avalsrche Photodercor [7ll

A relatively high reverce voltagg which ranges fronr tens to hundreds of volb, to the lwel of

just below the breakdown voltage is required to operate an avalanche photodiode U2l- The

elechons and holes excited by the photons are sto,ngly accelerated by the strong electric field

p2l. These accelerded elechons and holes generate secondary carriers [72]. All this avalanche

process may take place over a few micrometres cause a significani amplificdion in the

photocurrent Vzl. lt is thereforc mostly usd in the sensitive detectors where a sfrong

amplification is roquired t721. Tpical applications of the avalanche photodiodes include the

E



fibrc commuoication receivers, high speed laser scanners, laser microscopy, and optical time

domain reflectometer (OTDR) [72].

2.5.4 nilSM Phobdetectors

A couple of metal electrodes on semicmductor, malce two Schottky contacts in a Metal-

Senriconductor-Mdal (MSM) photodctector E3]. This is contrry to a P-N junction as fourd

in aphotodiode [73]. MSM detectors have two Schottky junctions and can be cdegorised c a

Schottky banier dctector [73]. Electrodes arc subject to some aprplied voltage during the

operation, when the light phobns are incident upon the semiconducbr in bcnveen the

elechodes. Electnors and holes re gencrded [73]. A photo current is formed under the

influence of electric field from these clrarged caniers (Electrons ad holes) [73].

The fingpr sprcing can be as small as lpm can be observed in the interdigited configuration of

electrode structur€ [73]. Ring sha@ strucErc of electrode,s can also be found that coves

approximailely a circular area [73]. The quantum efficiency is reduced due to the fact that

electrodes partially block the light tlnt hit the dwice from the side of the electrodes [73]. This

drawback is renrorred by intnoduction of so called back illuminated dwices [73]. In these

devices the light avoids the blocking by electnodes by impinging from the other side [73]. A

partially transparcnt gold contact with extrmely thin dimensions can be used in combination

with top illumindion can also be used as a possible solution for the above stated problem of

electrrodes blocking the light t73]. The detection bandwidttr achieved in case of top

illumination is usually much higher [73]. Ttrc lEason for this high achiwement level is that the

electrons and holes arc generdod in close vicinity to the contacts t73]. Optical waveguide are

used for sending input fight in haveling wave configuration [38]. This configuration is utilized

fur achieving highest level of speeds because optical waveguide contains absorbing layer [73].

To form a coplanar waveguide line for the gsnerAed micrcwarre signals. the elecffodes ale

mountod on top of the waveguidc [73]. The performarrce of the MSM detertors can even be



frster than the photodiodes [73]. Their detection can range up to hundreds of Gigahertz [38].

This malces them fit for utilization in ultra high s@ fib,rc communication [73]. A very

p€rtine4 and important to the modenr day tectrnolory and research needs, characEristic of the

MSM photodetstos is ttrt it has a compadively simple planar strustur€' which makes it

befitting for the monolithic integration with ottrer phobnic and electrical componenb in a

photonic integrded cfuruit t73]. A typicd MSM detector with comb stnrctuE is shovm in

Figure 2.16.
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Fig. 2.15: Typical MSM dector F4I

2.5 Summaly

This chapter rcviews the backgrcund theory ofthe problenr and introduces the rcaderthe basic

information required to grasp the complexities to be tackled during the oourse of this thesis. It

intoduces the basic conceprts of the electromagnetics lilce Electromagtetic sp€ctrum and its

constitueit compone,!ils like ganma rays which are at the top of the spectrurn in terms of the

highest frequency. With itr capability to kill germs it can play r.rseful role in many ways. This

is followed by a description of X-rays and its eihty to penetrate in to the human body. This

followed by a description ofulttaviolet, Visible light, infrared, miqowaYe and radiowave parts
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of the electomagtetic spectrum. Ttre benefib as well as the relded hazads of each one is

discrssod. Ultraviolet being the focrs of the reseanch is discrssed in some detail with its

ditrercnt componmts like W-A UV-B ad UV-C and the @uencies which are described as

Deep W. In the next sestion Photovoltaic and photooonductive e,ffect and their difercnces are

discussed. [n case of the former the incident light generates the voltage while in later case

electrons re ejected as a rcsult of the incident photons, in tlre presence of extenral bias. This

is followed by the description of Photodetectors and Photodiodes. whele photodetrctors detest

light o,n the basis of ctrangps observed as a result of incident light in voltagg current ard

conductivity, Photodiode are kind of Ptrototransistors. Photodetection is based on two

pnnciples, one is called the Photovolaic detection and photoconductive detectioru in case of

the formerthe incident light produces suffrcient voltage to be detecte4 md in the case of laer

the incident light €nhances conductivity. Atthe end sometypes of photodetectors arp discttss4

a summary of which is given in the table 2. l.

Tebb 2.1: Surnmary of the different devics discussd in tlrc chapter

Sr.
no

Dwice Type Working
Princiole

Mqior
Advanta.se

Dra\uback(If
anv)

I PNPhotodiode PN Junction
diodc

Simple,
Unidircctional

Limited scope

2 PIN Photodiode lntirsic
material placed

between P-type
ad N-Upe

material

Reduced
capacitance,
Fast speed.

No gain

3 Avalanche Photodiode Avalarrche
effect

krcreased
rcsmnsivitv

HigherNoise

4 MSM Piptodiode Two Sctrottky
contacts

Better
integratio,n in

photo integnted
circuits

Reduced
quantum

effeciency
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Chapter3

Literaturc Review

Literature regpldhg the Ultaviolet band and the ue of Aluminium Nitride and relarcd

materials is thoroughly searched, understood, and rwised during this research' A large amount

of literature is available online regarding the use of Aluminium Nitide and variors other

Nitides for UV detection and generation. Boron Nitide srd Aluminium Gallium Nitide have

been widely used for these puposes. A new rcsearch interest in the Aluminium Nifide due 19

its widc direct band gap has swept the academia ldely. A few of the publicdion read have been

rwiewed in this chaPter

Ababneh et al. investigdedthe piezoelectic chracteristics of Aluminium Nifide. Aluminium

Niride is known for it,s piezoelectric charac"tedstics and high Complernentary Metal Oxide

Semiconductor (cMos) conrPatibility p5l. It is also known for its high acoustic wave velocity,

ctremical inertness. gOod electrical isolrtion and awide bandgry E5]' Many sersors' actuatorst

LED's exploit these properties of Aluminium Nitride for the efficiency and effectiveness of

their function. In optoelectronics. its functions are especially well pronounced due to the wide

bsrdgap and the consequential utilization in the fields of UV and deep UV Esl'

This study focuses on the optical properties of the rcactively sputtered AN' investigded in

relation to the physical properties namely the c-axis orientation using the specfioscopic

ellipsometry E5]. The rcsults establish a direct relationship betrueen the optical ploperties of

the sample, like refractive indoL in relation to its c-aris orientation. keeping the thickness of

the sa4ple constant t75]. That is to say that sample with high c*xis orienation yielded higher

values ofthe refractive index compared with those with lowerc-axis orientration or amorphots

stnrctups t75]. A comparmive relafiorship betrnreen (002), pealc intensity measured with x-ray

diftactometry and refractive index showedthd atawave tengthof 546nm.the refractive index



showed a fall ftronr 2.15 to2.1l for films having tnlf peak intensity p5l' For films with out

preferred orienmion it further plungpd to 1.9. The study also showed thd' if the sputtuing

conditions are rcnraincd constant than refractive irdex is not a fuirction of the thickne'ss of the

sanple rI5]. It is also seen that the resuls rerrained consistent for Aluminium Nitride thin

films uing the X-ray reflectivity measuprnenB, and the refractive index measurements E5]'

Mss density for those high c-uris orientatio,ru Aluminium Nitide thin films, which r€port€d

higlrer values of rcfractive index was obsenred tobe2.9!crr'3, while it was observed to be

3.23glcm't, arf, 2.82g!cm-3 for epitorially grown and poor c-axis orientation samples

respectively P5l.

This study can be helpful in rerching an estimde regading the piezoelectric coefficient of a

Algminium Nifide thin film sample t75]. It can rcduce the burden of pre-processing of

samples for an experiment t75]. The sputtering technique, the c-axis orientatioru and the

rerfractive indexofthe sample can give arcasonably goodestime it'spiezoelectic coefficient

t751. This procedgre can save cost both in terms of time and monery and can be to the benefit

of R&D as well as the indusfiy F5]. A schematic representation of optical model for

ellipsometry analysis is strown in Figwe 3.1.
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Figura 3.1: Sclreindic representatiur of optical model for SE analysis [75t

Mondal et al. take a dip in to the ue of AIN and AlGal.I in manufacturing of the LJV LED.

I

LED industry is an ever growing with its low power consumption and environment friendly

properties t76]. Rec€ntly the demand for the UV LED has seen a spike due to the numerou

benefits of the UV light in sterilization t761. The mercury basd UV lamps. that are being

cunently used to exhactthe UV light arc not environment friendly, and many counties in the



dorel@ world have signed convemions banning the wage of me'rcuty for its anti-

environmelrtal prcpertics p6l. Ttris dile,nrma can only be resolved by replactng the mercury-

based W lamps with the environment friendly UV based LEDs [76]' But the problem faced

here is the lower effrciency of the uv LED's. Difrerent cdegories of tIV along with their

pot€ntial benefis arc shown in Figrre 3.2.
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F@rc 32: Diftrent cmgofts of LJV and trcir benefits [76]

The efficiency of a W LED can be measured in nr.rmerous ways. Among them the most critical

is the extemal quantum efficie'ncy of the (EQE) t76]. It is the rtio of incident photon to

converted photons. Ntrnercu studies show ahuge decline in this figure in case ofthe W LED

as compared to the blge LED t761. The possible r€asons me, Higher threading dislocation

densrty for hig[r Al composition AlGa].{ epilayer. Low hole conc.entratio,n due to higher

activation €mergy of Mg in high Al concentrdion AlGatI alloy [761. It also suffers from low

light extraction efficiency (LEE) due to TM-mode dominant ernission from Al alloy E6l.
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This paper concludes that there is a huge poentid in Ul-nitrides based LIV LED's for medical,

defence and sanitation ptrrposes t7q. A lot of focrssed research is required to bridge the

erfficiency gap between the blue LED and the W LED t76]. A lot of researph work still needs

to be done to tap ttrc potential of the LIV LED on commercial level p6l.

Porcela et al. aim to integrde a complor phorto integfded circuit over a monolithic suhtmte

with variors b€nefit$ lilce volgme reduc'tion incrcase in scalability factor, and physical

stability F7]. Now thr the IC frbrication tecturologr has advanced many folds, many of these

techniqges are being applied to the photo inrcgrated circuis [77]. Photo Int€ratd Circuits

@IC) have just matured enough to be arrailable for the comme,l,cial use F7l. A lot of research

on Silicon on Imuldo(SOt) technolory during the tast decade has focused basically on the

Prc E7l.

Silicon Nitide has been of late the mUerial of clroice for the PIC F7]. It has a lower refractive

index and is amorphors and CMOS compatible, whictr makes it tolerant to fabrication

imperfection and waveguide side wall rcugtrness, resulting in propagtion losses p7l. These

dorc mentioned properties of the Silicon Nitide also make it a fit case fm mo,nolithic co-

integration with Silicon diodes and C-MOS based electnonic circuity p7l. For biochemical

md medical sensing, the properties of intercst for Silicon Nitride are chemical and thermal

stability, as well as tansparcncy range which sovers from 4O0nm(UV) to mid infrarcd E7].

The review paper has discussed the role of Silicon Nitride in building Photonic waveguides

and circui6 with all its potential benefig and with a clear focus of visible light bmd and bio-

photonic applications UTl. AnSiN based gas sensor PIC manufactured by Lionix lntl is shown

in Figure 3.3.
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Figurc 33: A SiNbasedgEs scnsr PIC. mmufrcnrrcd byLionklntl p7l

Ma ct al. studied in de!ft the point defects in the AlGaI.{ based DUV LED basd on ths fact

thd, AlCral.I based deep ultraviolet LEDS. with higtrer Al composition have many lucrative

applic6ions like, wder purificatiorrU md fluorescence sensing E8l. It is worth it to focus the

rcsearch in to studying the impact of point defects in such LED's. For this publication a 265nm

Deep Ultraviolet LED is obsenred using variou analytical techniques like.

Cattrodoluminescencg Dep Level Transient Spectroscopy, and Transmission Elechon

Miooscope, for point defecB before and after degradation E8]. The results show thd point

defecb increase after degadation F8]. Generated defects lead to carrier redistribution in the

active region. Induced point defecb were found to be located inside the Multi Quantum Well

(MQW), especially the first quartum well near the P-side ofthe LED. Dislocdion lines were

also observed in MQW region after degpddion t781. Which consequenfly can lead to Mg

diffsion along dislocdion lines p8l. These finding are important in understandingthe role of

Point defects in AlGal.[ Quantum Well, bottr before and after the degnddion p8]. This

information can be of great importurce for improving the performance of AlGal'[ based Deep

Ultraviolet LED t7E]. Cross sectional aberration-conect'ed stem image of the ftresh UVC-LED

chip is shown in Figure 3.4.
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Figurc. 3.4: Closs sectional abenation{E€cd sEm imagp of he frcah UVC'LED chip [7tl

Taniyasuetal. worked withAfi.ruriniumNitride and doped itwithN-typewithSilicon (Si) ad

p-type with Magnesitrm (Mg) t791. The doping pattem arp then studied A variou temp€ratur€s

t791. Aft€r the remorral of the dislocation density, avalue of 426 cmWS was achiwed p9l.

Elechon mobility with respect to the variation of temperatue and the doping concentrdion was

studied t79]. It was observed. for N-type doping of Si, ttrat betrveen the doping concenfidion

of lOls and Txlolecm-3, tre N-type conductivity of the and the catrier concentrdion increased

with the increase in doping concenfiation p9l. Increasing the value of doping concentation

from this threshold value the elechon mobility decreases and the conductivity drops E9]. A

schematic of vertical 4d l4eral Aluminir.rm Nitride grown on Silimn Cubide substate is

shown in Figure 3.5.
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Conductivity and electron mobility was also studied for P-type doping with Mg ion p9l. It utas

found ogt ttrt at a doplng conccnfation 2 x lOle, as the temperaturc wre increased the hole

concentdion increased exponentially and did not satuate Even d a temperatur€ as high as

1000K. Finally the lateral and vertical AIN UV LED were fabricated p9l. Electnoluminiscence

(EL) was obserrred t-791. A deep UV light enrissim of 209.8nm was observed for the vertical

LED while thd of 2OE.9nm was observed forthe lateral LED [79l. The EL was atributed to

the near band edge emission of AlN. The tempermure coefficiemt of EL was dound out o 0.67

meV/C t791. The vertical LED ws found out to be better than the larcral LED because of the

lower operating voltage and hence a lesser chance of self heating t79].

lrgesse et al. in this pryer expuiment with Al concentration in the Boron Nitride. The result

found ws a significant fall in the value of Bard gap [80]. Boron Ninide is a prcmising material

for possible usage in optoelecfronics devices. multifunction composites, and biological

materials tt0]. It was found out that d the concentation of l2.5Yo of Al. the band pp of Boron

Nitide falls from 5.95eV to 4.leV. which is a major fall in the value [80]. This engineering of

the bandgap is desirable forthe possible usage in optoelectnonics devices [80]. Moreover it was

found that distance between the substitutional Al atoms lrad an effect on the defect related

intermediated bands which in tumed effecb the bandgep ofthe stnrcture overall [E0]. Another

significant finding is thd increasing the Al concenration will make the nvo-dimensional BN



stnrctu€ thermodynamically stable tEo]. All ttrcse ftrding can have a desirable effect on the

usage of BN in optoelectuonics indrstry ard for uv and deep

uv optoelectronics applicdions [80]. Asthe band gap engineedng is important for efficiency

enlrance,urent and power ratings of the derrice which is the area of interest in the laest researctt'

A higher ttrgrmal stability means, sfiong €nduranoe of longpr life ofthe device [80]. The honey

comb structure of 2D h'BN supercell is strown in Figure 3'6

. ?, - I

Eigura 3.G: (a) The hone/comb stucture of the 2D h-B.l supercll B ouns sho.wn in geen N in gny (b)
' 

CalqiiaEdelccfronic band stnrcnueof thc 2D lt.Bn supcrcell [t0l

Naderi et al. designed a high perbrmance UV detector using a porous Silicon Caftide (SiC)

ttrinfilm onan-type(100) SiliconSubstrarc ttt]. Athinfilmof Silicon Carbidewas epita.rially

grcwn on the Silicon substate [tU. In order make the thin film porous, a two+lectrode photo

assisted electnochernical etching process was cmied out using an integrated circuit [81]. It was

fognd out thd tuning of anodization cunEnt densrty resulted in the improverne,nt of the optlcal

properties tBU. It was also found out that cun€nt densrty is an important parameter for

corntrolling the morphologr of the porons SiC sample tBU. Opticd Prcperties were studied

using photoluminescence [8 1 ] . It was established that optimizing the amount of etching cunent

d*rity, rpsults in the lessening of the liglrt reflectivity t8U. Which is because of the specific

elevated areas.of porous regoru which capturcs the light in short term by intemal reflection

and reduces overall reflectivity t8U. The UV sensingcapability ofthe MSMshrctue was also

investigated. and it was found out thd. W sensitivity was enhanced in opimized porous

sanple [81]. This enhancernent was found out to be the rcsult of enhanced photogenerated



cunEnt [81]. Entrmced photosensitivity means an entrancrment in the performance in photo

detection [81]. Utra-frst dAection ofthe UV lig[rt was also observed in the samplg which also

points ort toward a better performarrce of the device [81]. Surhce morpholory of the porow

Silicon Crbide on Silicon Substrate uing UV assisted elechochemical anodization technique

for syntlresis is shown in Figure 3.7 [81].

Figurc.3.7: Surfac morpholory of porcus silion carbi& on Si subctrab rynthesired using W ,..itt{-
U."ftn*riot anoairmon-ecfurfrw ',i,iUr aimffifficunent dpnsities (a) 5 (b) l0 and (c) 15 A/cm2 tur

711ang d al. resolve a standing technical ploblem, that of environmerf friendly synthesis of

nanostnrctural Aluminum Nitride that is both pure uptogTo/oard has good disparity [82]. A

arc dischrge with assistance of direct NiEidation has been used and suggested in this research

article [82]. An average particle size of 99.lnm has been achieve4 while the specific area of

wasforrndorrttobe60.Em2/gt82].TtEproposedp,rocedurecanavoidagglorrer*ionand

coalescence of Aluminium Nitride for the next Nitridation cycle [82]. The direct Nitidation

process r€quird avery hightenrpenture of 600 C, fur a longertime Perid of two hours [82].

The nitridation ternperature can be r€duc€d uslng arc dischargp [82]. This rcsearch pnrvides a

new opening in tchnological advancements towards creating metal nifides with high lwels

ofprnity and disparity [82]. The diagran for pooess of AIN synttresis wing arc discharge with

the assistance of dircct ninidation is shovm in Figure 3.8 t821. The synthesis mechanism of

high puriry AIN by arc discharge with the assist&rce of direct nitriddion is shown in Figure

3.e [r2].
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Asghar et al. conducted deep level tansient spectoscopy on boron-nitnogen co-doped 6H-SiC,

exhibiting p-type characteristics and conductivity having hole concentration 3x107 cm-3 1031.

6H-SiC doped with Al is an area of deep intercst for the LED industry. ipp indutry is

lucrative due its possible benefib in the form of low powe,r consumptiorL environment

friendliness [83]. Although the LED industry has grown pretty rapidly since its inception in the

l9'80's, and SiC based LED's harre the capability to cover the entirp visible light spectrum,

Whit€ LED still suffers in terms of the quantum efficiency [83]. Al doping of SiC firther

enhances the performance [83]. It was found in the literature that one of major contibutor to

the degradation of the efficiency is the thermally induced emission of carriers frorn donor or



acceptorto the rcspoctive bfid tE3l. The DLTS resuls rweal the presence of majority carriers

holes(Hr) and minority caniers electrons (Er) at tap level of +0.ZeV and {.42eV [83].

Accordingto the literature these defects were found out to be Al-rceptor and Ndonor defects

[83]. Representative spectnrm for DLTS of 6H-SiC extribiting majority and minmity carriers

is shown in Figure 3.10 [E3].

' 
,.r,** at

Figurc 3.10: Rcprps€ntatire DLTS spoclnrn of 6H-SiC exhibis thc mimrity urd rrajority cmiers [E3]

L€e et al. dweloped a new sort of phmodiode by combining a commelcially available

photodiode with layer of Qrantum Dots (QD) [M]. Normally the Silicon based photodiodes

are mostly prefened in the indrstry due to the abudance of the Silicon and the commercially

viable but lately SiliconCartide based devices with Aluminium and ottrer rse,firl dopants harre

been in business tM]. A layer thickness of the Quantum Dot layer was managed between 0.3

and 2.7um uing simple spraying and dryrng pnrcess, for a better UV detection [84]. The results

shorryed a 2.2 to 5.9 times better photocureffi than the normal photodiodes [Ea]. The

responsivity of the QD deposited photodiodes was found out to be 3007o as compared to the

normal Si based photodiode and 150/o as compared to the Galium Phosphide based photodiode

[8a]. The effwt of thickness of the QD layer, and the wavelength of the incident ligttt for

detection were also investigated in accordance with the surface morpholory and optical and

photoluminescence chracteristics of the d€posit€d QD layer [&A]. The resetch can go a long

way in dealing with challenges in the visible and UV photonic devices industry [84]. A
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sctre,nrdic of fabricdion of the qgarfrrn dot coatd silicon photodiode, and the photograph of

the quantunr dot layer depositeq is shown in Figure 3.1 I and 3.12 respectively [&4].

\El,

FiErrc 3.ll: Fabricatiqr sctsn*ic of tb quantumdot (QD)-oaed silicon(Si) photodiodcs (SIPDs). ftaturing
-spraying 

and &ying of nanouystats QD* and phffigFaph of spray oating using m airtnrsh nmzle[E4l
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Figurc 3.12: Phdogrryhs of QD lel,crs deposied qr SIPD (a) qurz subsrme (b) by ryrayrng the drawtng
process wfi numbc of ryreY *ePs[t4l

Ahmad et al. proposed a combined Boron Nitide/Gr4hene Oxide composite photodetecton,

using a drcp cast method for photodetection both in visible and UV ranges [E5]. Morphology

of the Graphene Odde and the distribution of the BN nanoparticles and the alignment of B, N

ard O particles were confirmed using field emission scanning electnon microscope (FSEM)

and the "Enerry dispersive X-Ray [85]. Excellent conduction of UV in the rrrge of 380nm to

405n1, was seen and tha of red light d 650nm [E5]. These results show independericy of

conduction from wavelengttl and dependency on the power of the laser [85]. The device

sensitivity was found out to be a direct function of the DC bias voltage [85]. By incrcasing or

decreasing the DC bias voltage we can fine tune the sensitivity of the device [85]. Ome of the



most important findings of this rcsearch the self-powering caPability of the device. Powering

up the device uing extemal bias involves variow drawbacks including the heating up of the

device and the consequent depreciation of iB performance, and lesser life time [85]. Device in

this research shows m enhancement of 34507o d.zoto bias. Which can be set as abaseline for

futgre in the research for self-powered devices [t5]. Sctrematic diagram of prtpaldion of

BN/GO composite layu on Silicon dioxide or Silicon substrate and their experimental setup

for I-V and temporal measutilnents is shown in Figure 3.13 [85].
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Figurc 3.13: Schelnuic diagran showing (a) prcparatiur of BN/GO ccnpoeib lqrcr on SiolSi zubsffi and

orperimental shrp(b) I-V ard (c) Emporal measurcment [E5]

7-relory et al. investigded acceptor dopd ZnO for defects. Investigaion ws carried out for

ZnO:AsN-Gal.[ hefojunction for variors electrical characteristics using procedures for

Cunent-Voltage I-V and Capacitance-Voltage C-V analysis [86]. Deep level tansient

spechoscopy was also ap,plied to study deep level defects. In addition to thd

Photoluminescenoe and secondary ion mass spectroscopy was also applied to pther

information bout the physical attributes of the hetrcjunction [86]. The I-V analysis conlirmed

the formation of trap centem in the heterojunction [86]. C-V analysis gave us the information

tha the depletion region of ZnO is formed in the heterojunction rcgion [86]. The DLTS analysis
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told gs about the presence of three hole trap relabd signals in the junction [86]. Their respective

activation energies wse also found oU [36]. All this data gave a good insight about the variow

electrical and morphological dynamics of the said hefo-junctioru which could corilribute to

better understanding of one of the most useful maerial of modern times i.e. ZnO [86].

Measurpd and simulded DLTS spocha of the ZnO at differcnt lock frequencies is shown in

Figure 3.14.

Figulc 3.14: IUeasurEd and sinulaed DLTS sp€ctsa of hc ZnO: Adn-Cntl diodc (a) fur lock in frequency of
20Hz(b) 50Hzlt6l

Jiang et al. developed a two step sintering process for AIN s with Yb2O3 and YbF3, which

yields a sample ttr* rchieves full density and limited grain size in comprison with the one

step sintering pnrcess [87]. Aluminirm Nitride with ib unique properties like, higher

insuluion higher thermal conductivity, low€tr thermal expansion coefficients. chemical

stability and low dielectric constant, has become afocrs of researph for high pou'er integrated
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circuits [tfl. The above mertioned properties make Aluminium Nitride more durable a suitable

fur the devices with hig[rer power ratinp [t7]. In this research in addition o the higho density

and lower grain size, as mefrioned aboye, higha flqrural strensh ard higher thermal

conductivity werc also observed [E7]. Ttre electrochenrical impedarrce spechoscopy revealed,

lower concenfiation ofaluminium vrancy in the two steps sinteled AIN ceramics, as cornpared

to the onc step sintered ong which rcsultod in higher thermal conductivity [84. The rcsearch

proved that the two steps sintering pnrcErs has a desirable effect on the electical mechanical

and therrral properties of the proessed AIN, which could be used to ou advantage [E7]. Figue

3.15 shorrs the SEM results of the flacture surftes of AIN ce,ramics.

Eigurc 3.15: SEII{ ofthe fr4cftrc sur&ces fa AIN qmtics [t7]

Fahad et al. probed in to Cadmium Telluride (CdTe) based solar cell. which has lately created

some rip,ples in the reseach world by reporting an efficiency as high as 22P/o,thandically this

can further be enhanced to 25o/o and above [88]. Device fa$ricdion md cleaning process is

shown in Figure 3.16. orre of the limiting factor of the effrciency of the solar cell is the open

circuit voltage V*. The highest value ofthe open circuit voltage rcported until now is 60OmV

t8E]. During this research the value orternal voltage was exceeded from this valrrc to 700mV,

800rnv, 900mV and l000mV. QDLTS was also applied to at differeflt ternpcrature rcgimes

ad in dark and luminous conditions [88]. QDLTS charging and discharging cycle is shown in



Figrse 3.17. IfiEh recombindion trap c€mtres were found at 0.448w. 0.3t3eV,0.366eV md

0.341eV. These trry centrcs arc an impediment enhancing the value of open circuit volhge

t881.
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Figurc 3.15: Devicc Fahication urd cleadng Eocees [tt]
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Figurt 3.17: +DLTS appruch of charge and discharge events fm localired trrys of CdTc lattice [ttl

We aim to detect visible as well as the UV light spectrum by doping AIN with N-type Silicon

The resultant derrice has bmd gap r€duced to such a level that a detectable anount of cutent

is produced by the incident light in visible as well as UV light spectra. Bandgap eggineering of

- the Aluminium Nitide is a very crucial area in UV and DUV research and development.

Furttrer rcsearch in this area will refine the detection and the amount of doptng required to

optimize the daection prrcess. The detailed analysis has been given in Chaptn 5 at length.

tirnr
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3.2 Summary

Difrerent rcsearch articles were rwiewed from the rclated available litsature, with a focu on

Aluminium Nitide for UV and DW ryplicdions. Some literaturc r€gilding the enperimenal

techniques used in this specific research was also rwienred. Ababneh et al. established adirect

rclationship behreen optical properties and c-axis orienttion by focrssing on optical properties

of rcactively sputered AIN [75]. Madal et al. rcviewed the usc of Aluminium Niride and

Aluminium Galium Nitride in the manufrcturing of UV LED. A higher value of threading

dislocation densrry and lowa light emission efficiency ws found with TM mode dominant

emission of Al alloy being the possible rcason [76]. Porcela et al. achieved volume rcduction,

incrpased scalability and physical stability by integraing a complor photo-intcgrated circuit

over monolithic substrate [77]. Ma et al. rylied cdlrodoluminescence and QDLTS on 255 nm

deep UV LED ard studied point defecB before and after degradation inside the quantum well.

An incrcase in the number of defects was obs€ryed after the degndation [78]. Taniyasu et al.

doped Aluminium Nitide with N-ffi Silicon and P-type Magnesium [79]. Increasing the

value of doping from a certain ttreshold resulted in decrcase in electron mobility and

conductivity [79]. kgesse et al. engineered the bandgry of Borcn Nihide with vri*ion in Al

c{rncentrdion in it(BN) t80]. Naded et al designed a high performarce IJV detector using

porous Silicon Carbide [81]. Zrang et al. recommended arc dischrge synthesis of

nanostnrctural Aluminium Nitide for eco-friendly purposes t82]. Asghm et al. applied QDLTS

tehnique on Borcn- Mtogen co-doped 6H-SiC. and observed ttul Aluminium and Nitrogen

provide acceptor and Donor defects respectively [S3]. Lee et al. dareloped a new photodiode

by combining a commercially available photodiode with qurrtum dots [E4]. Ahmada a d.

proposes a combined Boron Nitride/ Graphene oxide photo detectors using a drop cast method

for photodetection both in visible and UV mnges [E5]. Zielony et al. invesfigated ZnO:AsN'

GatI hehojunction for various IV and CV ctraracteristics dweloping a good insight about

electrical and morphological dynamics of the said hetrojunction [E6]. Jiangra et al. detreloped

truo lerrel sintering prccess for A lN with YbF3 and Yb2O3 yielding a sample with better densrty

and limited grain size in comparison to the on step sintering process [87]. Fattad et al. reported

an efficiency enhanced to 25o/o$idrlr$&lng md fixing trqs impeding the efficiency [88].
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Chapter 4

X'ab rication and C haracterization Techniques

In this Chapter, differcnt frbrication and clraracterization techniques used during ttrc course of

this research will be identified and discused in some d€tail.

4.1 Fabrication Teehniques

The thin film Aluminium Nitide was grcwn on the Silicon subsffie uing vriou fabrication

tmhniques like. Epiturial gorvth and physical vapor deposition @VD) [E9]. A brief account

ofthese tecturiques is given as follows.

4.2 Epitaxial Growth

Epitaxial growth is basically a condensaion pnocess, of the liquid state q v4or form gas to

form a thin film on a substrate [89]. Molecular beam is also sometimes used in the process.

Several Eprtaxy techniques are available, likg Molecular Beam Epitaxy (MBE), and Atomic

Iayer Epitaxy (ALE), It is importart to ensure that the deposition prcoess is slow enough to let

the deposited layer doms to adjust to the lattice sfiucture ofthe substrate t89]. Ttrc layer gown

through eprtaxy is called the epitaxial layer [89].

4.3Ilpes of Epitaxy

There are variou ffis of Epita:rial gnrwths or epitaxie+ tlut ae currenfly in use in the

indutry, some of the names were mentioned above [89]. Followlng fie the mqior types of

epitarial growth. They are described in some detail below.

o Molecular Beam Epitary [t9]
o Microctnnnel Epiuxy [89]

o Hydride Vapor Phase Epitary [89]

tt6



{.3.lltlotcculrr Belm Epitrry (MBE)

This tectmique is suihble for the profile having compoeition and doping dimensions in

Nanometre scale. MBE gtowth has two dominant haiB [89]. orrc being tltt, their inrcrfaces

ae smooth intrro dimensional sfincturcs ad the othertha, in three dimension therc will be

found nano islmds which completely confine the carriers [89]. A schematic drawing of geireric

MBE spem md ic typical effision cell is shown in Figurc 4.1 and 4.2 rcspectively.
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F@rr 42: Sctremaic drawing of atlpical MBE effision ell [90]

The underlyurg principle of MBE growttr is quite simple: it essentially consists of doms or

cluters of atoms. that re produced by heating up a solid souce t90]. Ttrey then migrate in an

Lntra High Viscosity (UHV) environment and stick on the surface of hot substrate, where
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diftrsion takes place and wentually incorporAe into the gowing film [90]. Despite the

conceptual simplicity, a grcat amount of technolory is required to produce systenrs thd

prodgces the desired quality of material purity, uniformity and interface co'ntnol. [90].

43.2 MictochennelEPlterY

Epitodal Ldcral Overgrowth (ELO) and Selective Area Eprtaxy (SAE) are combined in

Microchannel Epitaxy (MCE) t9ll. ELO is an old school technique in semiconduc'tor epitaxy

[9U. Jastzebski proposed the name for ELO t4]. Both ELO and MCE use mask manufactured

accordingto a set templde t9U. Tfrcse masks csr be amorphous or ofmdal films [91]. Tsaur

et al in the year 1982 first reported the dislocmion density of lO4 cm2 in the layer grown thrcugh

epitaxy by heroepitaxy of Galium Arsenide on Germanium or Silicon subshde [91]. I l0

In case ofMCE, the propagation of dislocation netrvorks is deliberately stopped in the epitaxial

layer at the time of hansference of lattice information [9U. This is achieved because of the

property of amorphors films to stop the p,ropagdion of information regarding lattice defects

and deliver the inforndion regalding lattice structure [9U. Nishinaga et al ard Ujiie et al

reported that a disloction free area of significant widttr can be formed using MCE. over the

seed outside of dislocdion arca [91].

TWo mettrods csr be used for doing MCE [91]. Horizontal MCE & Vertical MCE [9U. There

oocun a simultaneous transmission of ddect related information and lattice information on the

epita:rial layer in case of conventional epitar(y [91]. This can be seen in the figure[] below.

MCE accorrplishes the main purpose of tarsferring the complete information regarding the

ldtice stucture through small openings while blocking the defect related information from

being transferred to the epitaxial layer [91]. In horizontal MCE, amorphots layer blocks the

prorpagdion of defect information to the epitaxial layer, while lattice rclated information is

transferred through small openings [9U. That's why a defect frree layer is realized using ELO
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t9U. In case of vertical MCE epitarial layer is constnrcted vertically as shown in the figure

below. This mettrod not only stops the propagation of dislocAions, but also move such

dislocaions ortr of the side surfrce by choosing proper orientation of the subshafie [9U. Ttte

type of the MCEthat is vertical reldes to using Selective Arca Growth (SAG) for shaping up

ttre gfowth t9l]. In the process flow of MCE an amorphots mask is deposited on the epitaxial

subs6de with small openings and small openings called microctrannels are formed in the mask

[91]. Then the epita:rial growttr takes place in the opaninp in the form of seeds and in the

direction of the lderal grourttr [91]. The region over the seed resficE the area dislocdion and

an atEa ftee of dislocation is formed t9ll. Stepwisc pnrcess of epitaxy is shown in Figure 4.3.
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Figurc 43: Epitaxy Stepwisc [9ll

4.33. HydrideVepor Phrse Epitery

orre ofthemostuedmettrods ofepitaxial growttris Hydride VapourPhaseEpitaxyorsocalled

HVPE lnl. lt is frequently applied in production of semiconducton lilce Galium Nitide,

krdium Phosphide, Galium Arsenide or in making of their relded compounds [92]. In the afore

mentioned compomd making prcoe$r. a reaction between hydrogen chloride and group III

metals occur d a high temperatur, whidr resulB in the formation of metal chlorides, which

are in gaseous form [92]. These gaseous metal chlorides then react with ammonia to fotm

nitides belonging to goup III [92]. Various types of hydrogen and ammonia are some types

of carrier gases that are ued in the process [92].
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Hydride VaporPtraseEpitaxy can limitthe production cost in comparisonwiththe mettrodthd

is commonly gsed for organometallic cornpounds (MOCVD) [92]. Reduction in ttrc

consumption of Amonia is the major factor in cost rcduction [92]. The rse of a cheaper mderial

as soupe mderial in comparison with the MOCVD reduces the capital cost on equiprment due

to ttrc higher rate of growttr [92]. This technique is the very first tectmique used for the epitaxial

growttr and was first adopted in 1960's 1421. Asingle crystal of GatI was fabricated then using

this technique [92].

Hydride Vapour Phase Epita:ry (HVPE) woks only in close equilib,rium with two groups

nanrely III-Vand III-N se,miconductorduringthe process ofcrystal growttt [92]. Ttnt is to say

tht condensdion is a reaction with fast kinetics. One observes a reactivity that is almost

immediab. and an entuncd level of supemduration of the vryor ptusc during the

condensation prooess [92]. This is a unique property and the rcason behind it is the use of

Cralium Chloride and Indium Chloride as chloride vapour precursor [92]. The dichlorindion

tequency of the vapour pr€cursor is high enough to avoid the kinetics delay [92]. Cnowth can

then be set rangfuE from I micron to 100 miqons per hour. dependhg upon the vapour phase

supssaturdion [92]. Surface kinAics govern the HVPE gtowth [92]. fitis goveming kindics

include gaseous precursor adsorption, decomposition of the ad-spocie+ decomposition

producs adsorption, and the surfrce diffirsion towards so called kink sib [92]. This is a

beneficial property in the context of selective grourth on substrates that are pattemed to

synthesize the objects and structurcs having 3D morphologies [92]. Variation in differ€nt

growttr parameters e.g, tenrperature and vapour phase composition can be done to control the

Anisotnopy [92]. These varidions can be pretty large in magnitude as growth rate can be varied

[92]. Hence the structures are formed with novel aspect ratio [92]. The conceptual framework

ofvertical HVPE rcrctor is shown in Figure 4.4.
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4.4 Physical Vepor Deposition (PVD)

physical Vapour deposition (PVD) is a layer deposition tecturique on a subsfrafie surhoe [93,

941. Normally Thin films re deposited using ttris technique. Vacuum cmdition is used in this

procednre lg3,g4l.Tlrcre arc many types ofPVD, namely sput@ring magnehon sputtering, iott

plrfing and electnon beanr sputtering [93, 94]. The deposited layer can vary in thickness fr'om

aferr angshomsto millimetnes [93, 94].

Ellingthe steponeofthe PVD, atoms are rcrnoved fromthetargetmaferial using ahighenerry

ion soure in vacuum. along with an inert gas that is wually Argon is usod to knock offthe

atoms frm the trget mderial [93, %]. A high energr soupe is provided to the targst material

[93, %]. Ttris source p,rovided vaporize the doms from the target surface l93,94l.The substde

surface is placed in the chamber, and the vaporired doms move towards it [93, 94]. If the

de,posited layer is metal oxide. carbide or Nitide, the reaction occus 193,941. The vaporired

atoms reach the substrate are deposited there as athin film [93, 94].

The layer ge,nerated by PVD is uniform [93, 94]. The layer generated by tttis technique mry

range from a few nanometnes to the visible range [93,94]. Layers for all inorguric materials

and some organic mderials can be generated using this technique [93. 94]. Resishnce of a low

dime,nsion is induced in PVD [93, aa]. Through a nucleation process that is hetei'ogenous. layer



formdion 6pcomes tight [43, %]. Cnrxequently, it exftibits better mechanical properties e.9,

hardness and wear resistance [93, 94]. The Fig. below shows the general mechanism and

chamber of the PVD. The process of PVD is shown with help of a diagram in Figurc 4.5 md

4.6.
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Figurc 45: Pltysicat v4a dcposition [95]

Figurc 45: Gcn€rat M*hanism of PVD [961

4.5 Spin Coating .

Uniform coating is done for organic mderials on surfaces that are flU using spin coating [97].

Spin coaing is accomplistred in four steps, first one of thern being deposition, the second one

is spin up, spin off, and evapoldion are third and fourth stcps respectively, as shown in Fig.
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First of all, dcposition of the material on the tumtable takes place, and then is subjected o the

su@uent spin up and spin off procedures in sequence while the weordion stage (rcctls

concurrcntly [94. The applied solution is disributed on the turntable by ttp centrifugal force.

Thinning ofthe layer is helped by the high spinning speed [97]. The drying ofthe applied layer

follorre. Rapid rotation makes possible the waporation of the solvent uniformly [9fl.

Evaporation nernovqr the highly volatile components fi:om the substrate [97]. Coating

solution's viscosity and the rotation s@ contols deposited layer's thickness [97]. D[fferent

stages of spin coation are shown in Figure 4.7.
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Figutt 47: DiffEI€nt stagps of spin coating [9]

The size of the subshate is one of the main disadvantages of spin coating. Ttre high-speed

spinning becomes difficult with the increase in the size of the substr*e the spinning at high

s@ becomes difficult [97]. The spin coaing suffen with low efficiency of the mderialtgTl.

\pin lll t r:tprrrlirrrt
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In general, 95o/€8o/o ofmaterial is wasted offduring the process and only 2YrlYoof materid

is used onto the substrate [97].

4.6 Characterizetion Techniques

The chalar"terization techniques used in this work have bee,n discussed in this sestion.

4.61 Current-Yoltrge Anrlyrir

In this mettro4 a voltage V is applied acrrsn the sample, the resulting curent which can tmre

as small value as pico amperc is sensed [9t]. Actirraion Energies can be estimated by

incorporting the effect of tenrperture [98]. Displacemerft emission or leakage could the

possible rcason forthe rcsulting curent [98].

The curent voltage ctraracrcristics at varying temperatures rweals the activation energr, which

is the enelgr d which is the energr d which the elechons are emitted [98]. The equdion for

Arrhenius [,aw for conductivity of ttrc dielectric is as follows.

o = oo"*p(- ?r) Eq4.r tesl

og is the prre-orponential factor. E" is the activdion ener$/. Kr is the BolEnrann constant and

T is the t€,mperatur€.

a)
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b)

Figurt 4J: a) A typical IV cituiry b) A rypical IV ctrre

46.2 CaprcitaneVoltrge Anetpir

kr CV analysis, the capacibnce is checked at variors voltages and at varying temp€rdurEs. the

results give an idea about thc diftleff traps pr€sent in the sample and the energf required to

overpome those haps [99]. A diagrf,n explaining the basic CV analysis is givern inFigure 4.8a

and b. The equation for CV is as follows.

cno= ffi F44.2

Where C6 is the gde to drain capacitance, Qr is the total charge and Vga is gate to drain voltage.

According to this equaion if g4e to drain voltage Vga is increase( more charge will overpome

fiap enerry to bocome free canien and the capacitance will decrease. On the other hfld it will

also give an idea of the trap €n€rg5/ or the voltage required to overcome a trap.

I

J.
a,

i.

a)



b)

Figurc 4.9: a) A CV crrve b) A t,"ical circuity for CV [100]

4.5.3 Tnnrient of Photo-Voltrge (TP\I)

Transient photovoltage (TPV) is a technique used to detemine charge canier lifetimes in thin-

film. and solr cells [01]. As this lifetime is often incident light intensity-d€pendent ib

rclevance to understanding the intrinsic properties of a photoactive marcrial system as a

material or device figure of merit has been questioned [0U. To exfiact complete information

on recombindion dynamics. TPV measurcilrents are often performed in combination with

charge qilnaction (CE) measuremert& to find out the photogenerded chargs carrier density

and hence the recombination mte constant [01]. Figure 4.9 shows TPV and CE regimes.
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ToV and CE regimes

l0 '''

l0*

lo il6 r)ffc3
Open-circuit vcltage

Figurc 4.10: TPV and CE qimes [01]

.1.5.4 Kineticr of Phdo (Ultrevtotet) end Drrk Cuntntr

In dark conditions, there is no ligtt being shown on the sample, under these conditions. there

is no light or so+alled photo ge,nerded cuncnt [02]. The curent will flow only when the

extemal bias is provided [02]. This is called the dark cunent [02]. tilhen the light or UV

light as in our case is shown on the sample mary electons become free under the influence of

incident photons and contributc towards the photo cunEnt [02]. This cutlent may be large or

smafl depurding upon the band gap of the sample matedal [102]. When the light shines upon

the sample, it causes some of the electrons to surmourt their bandgap and jump into the

conduction band [02]. If the cunpnt only floun under the influence of the incident light, it is

called the photovolaic mode [02]. Btr if ttrc extemal bias is also provided and the incident

ligh only contibutes towards the beefing up the resultant curcnl then iS photo-conductive

mode [02]. Vacuum Ulrcrriolet photon detection is shown in Figure 4.10.
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Figurc 4.ll: Vacuum-Ultavblet Ptplon Deec{ion [Its]

4.65 Rectificetion Ratio (Responsivtty)

The responsivity in case of a photodetrctor is defined as a rdio between the cunpnt generaEd

by the light and the incident or the absorbed optlcal pow€r, neglecting the noise [l0a]. The

responsivity is deterrrined in the linear region of response. In photodiodes, wh€n the photon

e,nerry is above the bandgp energf, the rcsponsivity is typically highest in that wavelength

rcgon tlOa]. The responsivity sharply declines in the region of bandgap due to decrease in

absorptio,n. The matlrerndical equdion for the calculation of responsivity is given below I lO4].

4.5.5 Spoctrmcopic Elliprometry (SE)

Spechoscopic Ellipsometry (SE) is a technique that is neither destnrctive nor interfering or

invasive [05]. ft bases its reading on the change in polarization state of the ligftt obliquely

rcflected from a thin film [l05]. Ellipsometry uses mathemaical models and equdions to

qdract the parameters like surface thickness. roughness, md many other optical parametcs,

like refractive indef for a thin film, ftom a few Angstrom to tens of microns [ 105]. SE can

performed intwo modes in-situand ex-situ, or in salatic or dynamic mode depemding upon the

ned ofthe application [05].

orre of the most powerfrrl tml forcharrcterising the thin film systems is called specfoscopic

ellipso,nrehy (SE) [ I 05]. SE has the capability to determine thickness of the thin film more than



any otherknowntechnique underappropriae circumstances. SE can also provide informdion

regarding the optlcal paramcrcrs like surface roughness, and film's interface layer [105]. SE is

resoupeful tool in the investigatiom of optical functions of the bulk mafierials [ 105]. It performs

the best for the measurElnent of bulk opticd functions whcn the photott energies arc gleat.er

thm the bmd edgg of the semiconductor or the insuldor [05]. The useful infonnation does

not come fiom the measured data from SE [05]. One has to model the near surfre rcgion of

the sample ard then model and then fit the SE data in to the mdhemdical model to know the

critical prameters like film thickness and optical functions[05]. The data analysis part is of

great importurce as if it is not performd propcrly, enoneous srd worttrless results can surface

[05]. The principle of SE is shown in Figure 4.1l.

i:..11,1., x

Figurc 4.12: Spcrosoopic Ellipsqnetry [ 106]

45.7 Scanning Electnon Micruacopy (SEM)

A sharply focussed beam having high level of energr of elecfions is usod by Scmning Electon

Miooscope (SEM), consequently getting a spectrum of signals d the surface ofthe specimerl

which is solid [07]. fire signals hence reflected from the sample contains information about

erfternal morphologr (texture), ctrernical textur€" stnrctur€ of the crystal and orientation of

mderials making up the sample [104. The data is collected frrom a selec"ted part of the sample



for most of the applicdions [04. An imap intwedimemsion is generated for the sample that

conains information about the spdial dimensions of the sample. The SEM technique in

conventional mode can image areas in the range of lcnr to 5 microns in widttr [107]. A

magrification in the range of20X to anapproximate estimde of30,000x canbe achievedwith

spdial resolution rmging frrom 50 to 100 nm [107]. Selected poittts of the sample can also be

aralysed uing the SEM t52]. The SEM machine works on the incident elecfiron's emergl that

dircctly interart with the sarnple which ranges from 0-30keV. However the @uency

componeff is zerobecause only DCvoltages are qplied trom thecalrodete'nninal withrespect

to anode ones. Chernical composition can be analysed quantitatively or semi qr.rantitatively

usingthis tectrniqrrc (using EDS) [07]. Crystalline Stnrtup, md crysal orientations can also

be fotrnd out (using EBSD) [07]. T]pical process of SEM is shown in Figure 4.12.
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Figurc 413: Scmnhg Elechon Mictoscopc [0tl

4.5.t Electron-Dlspenive X-Rey Anelyri! (EI)X)

The SEM-EDX and EDXRF techniques get together with erch other well, for a non-destnrctive

analysis but not all the elements that are useful can be detected [09]. Most recent

dwelopnrents in the field of EDXRF spechometry, that lncluding the capability to dter the



gometric propertiedof ttre instrument in accordance withthe need ofthe excitation source and

the properties ofthe sample, have opened up a noy horizon of growttr in power of this technique

tloel.

The standard mettrod for the identification and quantification of elernental composition in case

of very small material sample rsually in the mnge of a few cubic micrometr€s. In the proper

working of SEM an electnon beam excites the surface atoms such thd they emit X-rays

characteristic ofthe stuctur€ of tom ofthat specific element [ 109]. A device thd discriminates

among different X-ray energies or the so called enerry dispersive d€tector is then used to

aralyse and discriminre between the different X-ray enrissions [109]. Elements re identified

from their ctraracteristic X-rays emission md the eleme'ffal compositio,n of the sample is

known. The procedure is knorvn as the dispersive X-ray spectroscopy or the EDS [09]. The

block diagram of EDX is shovm in Figure 4.13.

Figurc 4.14: Electson Disposive X-Ray spccmoscopy [09]

4.6.9 Ctarge Deep Lwel Tnnrient Spedrorcopy (Q'DLTS)

Q'DLTS technique, which is a charge rela:ration technique based on the measutnrents of

charge trusients to analyze the quantlty and qualrty ofthe traps. The quantity ofthe ffaps may

be of two athibutes i.e. the number of trap centers (either the rpcombination or the genodion



one) and the density of traps. The quality of the traps can be attdbtttd bwards the ability of

physical dfactiglr of the frEe crriqs towards the said enqry level energt. In Q-DLTS,

initially the voltage is suAined at Vo for a partiorlar interval to just synchonize the power

supply with the device under test tl l0]. After this time span (clrarying time) the voltage bias is

b€en drifted d some specific magritude andthis particulr time span is more enough in oder

to perfecfly ctrarge the intemal deep lwels [l I l].

4.7 Summery

h this chapter different fabriction and charrcterizdion techniques have been reviewed thd

ue mostly used in this work. Starting trom epitiaxial grorvthmd its diff€rent types. PVD and

spin coating. Variow chracterization techniques are then rwiewed such as Cunent voltage

analysis, and ttre capacitance voltage analysis, Trursients of photovoltage, Kinetics of photo

and dark cunent and various ottrertechniques includingthe QDLTS

Epitaxial growth basically involves a condensatiur of liquid gas to vapor form gas to form thin

layer on a subshate. Molecular beam epitaxy is suitable for profiles having composition and

doping dimension in nano-meter scale. Micrcchannel epitory involves the use of a mask to

stop the propagdion of dislocations in the epitaxial layer d the time of tansfenence of ldtice

informaion. Hydride vapor epitury is used in the production of semiconductors like Gallium

Nifiide krdium Phosphide, Gallium Arsenide or relared compounds. Physical vryor deposition

has many types like magnetron spnttering ion plating etc. It dqosits a few Angstoms to a few

mm of layer under a vacuum condition. Spin coating is a four step process for uniform coaing

of organic material om flat surfaces.

Charactedzation techniques include the current voltage analysis, which involves the

introduction of a bias voltage and observing the resulting cunent at different temperdues to

calcularc difrerent activation emergies. In capacitance voltage analysis capacitance is checked



d differcnt voltagps to have an idea about the different trap cenhes and the ener5/ required to

ovqpome them. Transient ofptrotorroltages is used to determine the clrargs caniers lifetime in

thin films and solar cells. In kinetics of photo and dark curEnt, cutrent produced under zero

extenral bias and solely under the effest of incident photors is observed under the darlc and

luminou conditions and when the exrcmal bias is provided the effec"t of dark condition and

lgminescent condition is observed- Rectification ratio is the ruio of cunpnt generated by

incident lig[rt and incident or absorbed optical pow€r. Spectnoscopic Ellipsometry estimates

morpholory of a surface by analysing the change in polariz*ion of ligltt obliquely reflec'ted

from a thin film. In SEM a high ener5t electnon beam rcflecB back from a target surface to

estimate its morphology. h EDX elernental composition of asample is estimated by obsewfury

the X-Rry emission QDLTS is a charge relanation tectrnique to know about different trap

centres.
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Chapter 5

Result and Discussion

In this chapto we will discuss the details about the fabricdion and chamcterizdion of the

viability of atorristic scaled AIN thin films deposited over Silicon substtde. This study may

pmvide an insight for the detection of nanow lengttr photorns for sensing purposes. The subjed

chaptcr detailed with AIN/Si matrix for photon senslng with multi-wavelength photott-

detection specifically in ultra-violet regimes. The main hierarchy of this chapter has been

highligtrted in Figrnt 5.1.

FiErrc 5.1: Main hieralchy of Aluminum Nitide grcwth and c,luracterization fur uV sensing

The Semiconductor devices operde under the influence of ligttt as phototansistor, photo-

sensor. photo diode, photo detector and solar cell which plays a major role in the

Nano/microelectuonics and optoelectnonic ap,plications [ 13]. firey have properties that can be

fine-tuned forthe fast-optical rcsponse, switching speed,low level of leakags cunent, stability

and durability during the physical operation [114]. Therefore photonically oriented devices

have become one of the major focrs areaof the scientific communrty. Aluminum nitide (AlN)

is a direct-bmdgap serniconducto,r with a bandgap enerry of approximately - 6 eV, the largest

among semiconductors I I l5]. Hence, the promise ofAlN for Deep Ultra Violet (DUV) sensing

applicdions is formidable on such level application domain I 16]. AIN can also be merited for

the most suitable dielectric prroperties. a desirable thermal expansion coefficient and for being

non-reactive with the normal serniconductors I l7]. Typical uses of AIN includes i6 use as a

substrde for electronic packages, beca"qe of its good thermal conductivity, it is also used as a

heat sink. Ottrer applications include its rsage as power tansistor base, use in IC prckages. It

l- Fabnicatron and Charactqizanou of AL\ trter Sllicou Ilhfer
2- Detcloprnent of lvletal-seurrcouductor-Metal (IISID Stnrcture on .{lN'Sr for tIV Sensurg

3- Ion lurpluatatrou of Srlicon on .{lN regrou and Development of }fetal-Seuucorductor-lletal
rlIS\D Stnnrurt ou nnflanted AIN Sr for mulrrrrarelength cletecttou



is also rsed in microwave device packages, brtr the area of intercst in our study would be the

optrcal and the optoelec"tnonic usage of the AN I l8]. As stahd earlier high band gap atd the

high reflective index ofthe Aluminum Nitide makes it a suitable candidste for the optical ad

the optoelectronics sensing applications, with a special emphasis on ttre ultraviole and the deep

ultaviolet spectra [1 t9]. In our study, a thin fitn of AIN was deposiEd on a silicon subshate.

This can be done using various methods nanrely, pulsed laset deposition reactive molecular

beam epitury, vacuurn arc or cahodic arc depositiom. DC/RF rpactive sputEring, ion beant

sputering Metal orgmic chemical vapor deposition (MOC\tr)), and miscellaneous other

techniques. Magnefion sputering [120] and epitaxial based techniques [121] arc the most

commonly used techniques due to reprroducibility, simplicity, ease of scaling up and low cost.

The properties of the de,posited AIN are a function of crystal orientation crystal structure,

micrrostnrcture and clremical composition [22] which in tum is a function of deposition

condition such as sputbring power, frequency ofthe pulse, iE duty cycle, temperdure a which

the growth was undertake,n [23]. For applicdions in integrd photonics especially in Dee'p

UV sensing modes, the AIN/Si interface plays a unique role. Thus, there is a need to offavagde

this Heterogeneors junction in amore systematic manner. Thus, inthis wodr, positiv+negaive

potentials has been employed at AIN ard Si boundaries to evaluate the polarif de,pendence of

the subject shck. In order to do so; a series of elec"lrical characterization experime,ns have been

performeG to evalu,ate and analyze the exEnt ofjunction forrration and its direct device lerrel

utilizing in terms of physical performance.

5.1Fabrication and Characterization of AIN over Silicon lVefer

ln this section AIIVSi based heterogenors junction will be investigded for photonic

ryplicatiors. A hyperfine layer of AIN onto the n-type Silicon substratc has to be fabricded.

and a detailed analysis ofsubject stack has been carried out by variety oftechniques such as

Scanning Elechon Microscope (SEM), Cunent-Voltage (I-V), Capaciance-Voltage (C-D,



Clprge Deeplrvel Trarsient Spectoscopy (QDLTS), Transient ofPhoto-vol@es (TPV) and

Kin6ics of Dulc srd Luminous Cunpnts. The occunence of SirNl lryer at the interfrce of AIN

ard Si has been exrcnsively studied bythe electical diagrostic approaches O identiry acnrcial

role of the trapd charges, which may directly affect ttre properties and opcmtion of whole

AIMSi stack The optlcal meulurErnents have also b€en performed and evidence of SilNl layer

formationdthe AINand Silicon interface whichplays pivotalrole tothe overallAlN/Si stack

Fgrttrermorp, the defect levels and their respective qualitative as well as quantitative analysis

near the valance and conduction band edges of AIN has also been reporrcd. The givern stack

tps been investigated by multi-bias and switched voltage (positive/negdive) routines at

differmt dive arcas of subject AIN dwice mdrix for their pote'ntial usage in Deep ultra-viola

(DUV) and ottrer photonic application

5.1.1 Erbriceffon of AIN over n-Silicon

In this section we will dwelop a hyperfine layer onto the pre-frbricated n-type Silicon

subshde. Initially the silicon wafa <l l l> orientdion was cleaned by the standard cleaning

protocols i.e., the splash of Acetone and Iso-hopyl Alcohol (IPA) followed by the deionized

nater. After the standard cherrrical cleaninp, the silicon wafer was heated with the Nitogen

gx (9.99/o) splash and placed into the deposition chamber rsing the Epitaxial technique of

hydride v4or phase epitaxy (HVPE). HVPE was equipped with a horizontal open-flow hot

wall reac.tor and rcsistively heated furnace as atwo-ane heating system. Substrdetemperature

was limited to a narrow range frorn 800"C to 1200'C with Argon as carrier gas. The AIN was

deposited d the thickness set point of about 200 nm usmg a reaction between aluminun

ctrloride (formed by the rerction between Aluminrun metal and HCI gas) and mmonia The

film thickness and the deposition rde w€re ,*iti.A (about ^O.6nrr/seconds) ry the QuarE

crystal thickness monitor. Ttrc surface rcughness of AIN rvar - <lnm RMS and the crystal

orientation was 002 confirmed by XRD. Step wise schematic and qoss-sectional view of



AllVSi device is shown inFigrle 5.2. This shorvsthe complete hierarctry ofthe fabrication of

AIN over Silicon substrate.
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Figrrr 52: Fahication pffics of AlNlSiliwr nrbstab: (a) Silion lvaftr. (bl Cleaning prmcols-for Silicut
lVrer. (cl Ocpouitlon of AIN on Silisr lVafer, (d) Cleaving of AlNlSilicon Wafer. (e) 2D-view of cleaved

smple (D 3l).view of clcaved sample

After the deposition, the portion of the device is cleaved and is first imagpd thrcugh SEM to

see the cross-smtion of the sample. The sanrple is mourted vertically on to the chuck wing

carbon tape and the images were taken using KYKY-ENrI6900 SEM machine as shown in

Figure 5.3.
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Figurt 53: SEM image ofthe AIN lalut on Siliam zubstre
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Figrse 5.3 clearly shows the formation of AIN over Silicon substrate. This has also been

clarified frrom Figure 5.3 that the fine multi-layers of AIN has been de'posited on subject

surface.

Existing of Sith loyer at AN/Si inttfrce: When the AIN was deposited on silicon waftr.

diffirsion of Silicon occurs into the thin AIN layer formod and new type of intufacial layer

called the SilNl is likely to be formed with sornc thennodynamical instabilities due to the

pr315€nce of defecb at the AIN/Si interfrce [24]. Also, the lattice mismatch is about 19%

beffircen Si and AIN which is much different fi:onr each ottrer which as a rcsult wually ptodrces

a misfit rray of dangling bonds at the interface of SirNr md Si substrde [124, 125]. These

dangling bonds act as a point defects captring most of free carriers either photonically ittduced

or produced through drift pump mechanism by applying inprt bias.

5.12 Ctanctcrlzedon of depodted AIN

After the stack fabricatiorl morphological and electical techniques such as Scaming Electnon

Miooscopy (SEM), Current-Voltage (l-9. Capacitance-Voltage (CV), Chargp Deep Level

Transient Spectnosoopy (Q-DLTS), Transient of Photo-voltagps (TPV) and Kinetics of Dark

ard Luminous Cur€n6 re ernployed. These expoimental techniques are wed to study the

physical dynamics of the AIN/Si junction and the role of clrargeVdefects with within the

sfucture for their potential utiliztion and exfoliaion in photonic devices & systems and their

subsequemt perfonnance. The electrical characterizations such as I-V, C-V, Q-DLTS, TPVand

Kinetics of Dark and Luminou curents have been measured using the Ar.rtomatic System for

Materid Electro-physical Characterization (ASMEC) system. The spectoscopic ellipsomfi

of the devices was performed with SgitreCrLg00.

orre of the cleavod samples from the parent wafer as shown in Figrre 5.2(f) has been fuither

treated for the detailed examindion of overall AIN stack. The subject device has been
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investigatedby multi-bias routines atdifferentactiveareadpositions ofAlNdevicemafix. The

possible variants of differcnt ptrysical layen of dwice's mffiix which werc investigded are

summarized in Figure 5.4.
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Figure 5.4 showsthe overall chargs based dimensional analysis finom which charge is crytured

and sensed. Two special ryproaches i.e. as shown in Figure 3b and 3c, art considered to study

the interface analysis of so called SilNr layer produced duing AIN and Silicon interaction. The

surface area of erch contact shown in Figure 5.4 was lmm2 whercas the distance between silver

contacts of Figure 5.4u 4.4c and 5.4d was ^O.25cm and for Figrre 5.4b is 350.2pm.

fire main origin of "charge" and "incoming phobns" interaction with the AIN is mainly tnaced

with thrce possible routes, as pointed out in Figure 5.4 (q b and c). Thrs, all these possible

routes have to be examinod in amore practical way to ascertain the device behavior at charge

level. Also, the defecb inside the AlN, Si subsnme ard the interface i.e. SilN+ U24-l25lmay

also play a crucial mle and directly affect the properties and operation of whole stack.

5.L2.1 Cu rrrcnt-Yoltege Characterization

The current-voltage (I-V) characteristics of all the five given physical schemes (shown in

Figrre 5.4) are presented in Figurc 5.5.
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Figrle 5.5 shows the overall rtsponse of cuntnt magnitudes as a function of applied voltage

bias. This is wident ftom this voltage driven cunent technique that the maximum charges are

puent within the higfrly doped silicon side of the matix, which is also confirmed by the Ha[

measuements. On contary; only ferr carriers are available for all otlrer schernes under

considemion. The fr,ont window of AIN is far less conductive and povides vety mirurte

amount of free elrarges when sensed (strovm within the inset of Figure 5.5 i.e. - 50pA). For the

etched case (as highlighted in Figure 5.,tc), the free carriers are translded from the apptied bias

potential and drive sligtrfly higher cunent when compued with pure AIN case (Top side). From

the Hall Efu analysis (Initially the silicon subshate was characterized tsittg standf,d Hall

Effect technique and electrical parameters r€quircd for the funCionality of the derrice were

evduded The sh€et resistance. canier concentdion and mobility has around ll.l f,Uo. -

l.39xl0l7 crn-3 md l.14 x102 cm2lVs, respectively), this has been wifressed thd the Silicon is

of n-type and doped with hilh concenfiation. Thus, to properly examine the stack one needs to

apply the negdive and positive potentials atthe Op AIN layer in order to envisags the path of

the clrrge transldions, which is responsible to provide different amount of curents. Figure 5.5

shows that AIN with negative potential with respect to the bottom Silicon subsfiate provides



relatively largsr currcnt magnihrdes possibly due to drift mechanism. The positive voltage of

AIN drives relatively lesser amormt of charge wtren compared with negatively biased approach-

Althougtu the Silicon is heavily n-type doped; when this rcgion is sudected to the negative

voltags (positive voltage of AtN) then the so called forward bias considerdion becomes

dominated and may provide larga cuntnt when compared with positively charge Silicon

(negative voltage of AIN). For negative polarity of Silicon (and positive voltage of AIN). lesser

cunrnt is measured when conrpared with other counterpart. This unrsual behavior is mainly

due to the formation of an qrtra sandwich layer betrreen the AIN and Silicon interface add the

earlier shrdies have predicted this layer as SisN+ 1124-1251. This special boudary layer is

responsible for an additional clrarge transldion between AN and Silicon boundaries.

This bdravim is furttrer examined d the energr level scales to underctand as to how much

eners/ is needed to transferthe electuonic chage within the cycle i.e. migration of charge fr,0,m

positive voltage to the negative voltage of drift bias source. This behavior depends on the

funnation ofthe physical junction For the pupose ofthis worh this behavior has been studied

uing Anhenius malysis using Equation 5.1 below [126]:

O, = 6rgEr/KT 4.s.I

Where. 'a.' is the conductivity at given ternperature '7, 'oo' is the conductivtff at absolute

temperaturq 'Eo' is activdion energl, 'rf is the BolEnrann constant and '? is the temperatu€

in Kelvin. The Eq. 5.2 is the more daailed approach of Eq. 5.1 and from the linear

approximation of Eq. 5.2 one can actually examine the activation energy 'Ea'.

t n(or) = (f* ,.rJ # + Ln(oo) F4. 5.2 .

To properly evaluate the 'Ea' magnitudg one needs to calculde the condr.rctivity magftudes

d multiple temperatures. To do lior one has chosen 300K-350K tempemtur€s and performed
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cunent-voltage technique on all subject cases. The current-voltage g-V) at diff€refi

temp€ratue wirdow of Silicon side (as represented in Figrre 5.4d) is shown in Figure 5.6a
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Figurc 5.6: Terrperature wise cunent-voltage analysis; (a) Siliut sidc Temperature wis IV analysis, (b)

Arrh€nius analysis ofall said cases

Figure 5.6b rweals tht the frighest magritude of activation eners/ is of Etched surface which

is - -0.37eV whereas the lower value is of Silicon side ^O.02eV. Higher the activation enerry

magrritude higher will be the energf needed for the conduction thrcugh st$ject probed points.
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5.1.2 2 CapecitrneYoltege (C-D Chen c{ertzetion

In order to sort out the reason behind the higha magritude ofcutrent flow in positively chargsd

Silicon side, anottrer electical diagrostic ryproach is utilize4 namely the Capacitance Voltage

for all the cases as shown in Figure 5.7. The voltage nnge of -5V to +5V have bean afiixed for

all said cases.
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Figurc 5.7: Cryaciturcc voltage andysis ofAIN stack

One can clearly observe Aom Figure 5.7 ldnfrttre larger value of capaciance is observed ft,om

Top-Bottorn cases that may be because of largsr ocent of physical area of subject stack. More

specifically, the largu capacitance magnitude is observed for negative biased AlN. When the

AIN is directd to operate more negatively bias, lrge nurnber of minority carriers (positive)

are subjected to move at the AlNlsilicqr interface and originate a depletion rqion which tend

to act like an insulator between negatively clrargsd AIN and the n-type Silicon and hence large

value of capacitance is observed. firis is the reason with which the higher rralue of cunent was

observed when silicon is operated under positive bias. Thus, the interface that has ben formed

d AIN and Silicon is very rmique and becomes cnrcial for the inconring charge dnd photon

interaction which subsequently affecr the device performance.
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xi et al. have fabric&d the AIN on psi glown by low prttssur€ MGcvD Ecturique and

studied the interfrce of AIN/p-Si rsing same CapacitanceVoltage (C'V) technique. During

their analysis the thickness of AIN was just l5nm and the contact diameEr wc ^O.25mm,

under the frequency and voltage range of 50Hz'1MI{z and -3V/+3V, rcspoctively. The

manimum capacitance magnitude was - 403pF @S0llzfiequency Unl. hour scenrio one

has chosen an intennediate frequency of -2lWzand the contact arca was -lmm2 and the

capacitance wc monitorcd to see the columbic interaction of charge caniers at AIN/n-Si

krterfrce and the maximum cryacitance has been observed for rwe polarity i.e. -72pF . fite less

value of capacitance has ben oherved due to thicker AIN layer compared to just l5nm AIN

as rcported by Xi €t alll27l, i.e. thicker insulator boundries provide lesser capaciance

magnitude" As per ideal cryacitance-voltage technique of Metal Insulator Senriconductor

(MIS) stucture therc arc three fundamental rcgions that would be related to the chrge state

i.e. AccgmulatiorL De,pletion and Inversion. Howev€tr these states are merely possible for the

pmp€r impulsion of charges whcn they are aparted by sonre physical distance. For our

prticular cases. the silver contact acted as a metal layer, AIN rcted as m insulator layer and

the silicon acted like a semiconductor, thus, the structulE is confined in the MIS goometry.

Howerretr [lroper Accumulation Depletion and Inversion modes didn't clarified from said

range of voltage. orre could only examine the depletion state because for proper examination

of all said charges stsrcs, the insuldor (AlN) layu should be totally sunounded by the metal

(Ag;). Topolory in our case ofminiaturized contact aea is limit€d becarse one needs photonic

detectivity frrom the AIN layer, thus, one needs lrger barc AIN layer instead of total covemge

by metal layer (because in that sc€nario, no light would interact with AIN region and photonic

detectivity would not be possible). '
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S.l.zsGterge Dcep Level TrrnsientSpectroacopy (QDLTS) of AIMSi

The inert behavior at AIN/Si irterfrce has keenly been envisaged under avery powerful charge

based tcchniqge named Clrarge-Deep Level Transicnt Spectnoscopy (QDLTS). In order to map

the defects at the inErface, Q.DLTS tecturique has been utilize4, which is a chrge relaxation

techniqge based on the measurements of charge transients to analyze the quantity and quality

ofthe traps. The quantity of the traps may be of two dfribuEs i.e. the number of trap centers

(either the recombinmion or the generdion one) and the density of traps. The quality of the

maps car be anribued towads the ability of physical athaction ofthe free crriers towrds the

said energr lwel e,nergr. h QDLTS, initiatly the voltage is sustained at Vo for a particular

intsval in order to just synctuonize the power supply with the device under test [128]. After

this time spm (ctrarging time) the voltage bias is becn drifiEd at some specific magitude ad

this particular time spur is more enough in order to p€rfectly charge the intenral deep lwels.

For all said cases ilre ctrrgingtime and voltage ae - 100ms and 2500mV, rcspectively which

is aligned with the device operational rcquirements generally used in DUV and other photonic

ryplicdions. After passing thrcugh the charging window, the bias was suddenly removed and

disctrarge e\rents were monitored frrom the powerfirl integrator circurty which recorded each

disctrarge intervd. The time based Voltags-Clurgp (V-Q) [29] diagan is shown in Figure

5.8.
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Figurc 5J: Time based voltagedtarge (V-Q) diagran for Q-DLTS
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During these discharge intervals time tl and h ae the initial and final dischargs intervals. The

time between these discharge intervals arp kept fxed and mapped overthe rate window 't' and

can be related as ry q. 5.3 U2E, 129,1307.

tm = (tz - tryln(t2lfi) Eq. 5.3 ll28.l29l

The change in these clrarge intervals would be relded as;

AQ = Qz- Qr Eq.5.4 ll28,l29l

tuid.

/Q = Q6[exp(-entz) - qrp(-e"h)] Eq. 5.5 ll28,l29l

Where 'er' is the emission rate would be related as:

en= otnTz t*(-#) Eq'5'6 lt28,t2sl

Where 'o' is the capturc qosssection 'T' is the ternperature in Kelvirl 'Er' is the trap enerry,

'k' is the Boltzrrann constant and 'I"r' is defined as:

tn = z({g)(bkzm. F4.5.7ll2E.1297

Where, 'f is the Planck's constant and 'm.' is the effective mass of elechon.

The surface trap concentrdion may evaluded from the highest magritude of chmge in chqgs

magnitude and can be derived frrom the relation below [6]:

Nr=ff Eq.5.8 ll28,l29l

Where, ' AQ*,' is the marimum change in charge, 'qr' is the universal charge constant ( I .6r I 0-

le C) and 'l' is the surface rea upon which charge carriers have to be accumulaed. Figrre 5.9

shons the Q-DLTS speciraof eacfr subject case.
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Fnnn this analysis, it beco,mes obviors ttrat the Top Side of AIN has lass rap densities and can

be categorized as less defective due to its hyperfine crystalline nature. Whereas the Eap

concentrdion ue almost double for bottr top-bottonr stach on which AIN and Silicon malces m

interface. Likewise cunent-voltage and capacitarrce-voltage malysis the Q-DLTS investigdion

provides an insigtn abou the enistence of depletion layer d AIN ard Silicon interface (and

Si3Nt) and the prccess of trap lwel energt scales. For the quantitative perspectives of the

defects as described earlier. for higher magdtudes of lQ peaks higher will be the defects

densities available for the said region AIN with positive voltage shows rather higher defect

densities when corrpared with negdive voltage schemes. This is exac'tly in confirmatiom with

the results obtained frrom I-V (section 5.1.2.1) and C-V (section5.l.2.2) analysis.

In order to map both of the quantitative and qualitative ryproaches of overall defect state. there

is a dire need to characterize the subject stack rmder different ambient tenrperatures in relation

to Eq. 5.6. Thereforc; all crees of this stack are measured while subjectd to 300K-350K

ternperatures. Figure 5.10 showsthe QDLTS spectraof Top AIN surface.
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Figurc 5.10: QDLTS uralysis, (a) Q-DLTS of Top AIN surfrce undcr diff€rent tempcratur€s. (b) Arhenius

aralysis of AINISi staclrs

From the linear approximation of Eq. 5.6 the trap energies and caphrc qoss-section may be

evaluated tom the slope and interrepB. Figure 5.10b shows the Anhenius analysis of each

AIN stack ard the slopes of linearly fitted lines proyides the tap energies. The band picture of

each aforermertioned AIN stack is shown in Figure 5.1l.
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Figurc 5.11: Band pictre of AIN strck

Figrue 5.1I provides an insight of the spread of tap energies alongpide the overall band gap of

AlN. This has clearly been identifid that Top Surface ofAlN provides the gsneration cent€rs

beause the trap location in near the conduction band edge. Thw, the top surhce may play a

vital role for the clmrge pumped to the device for a photonic activity. Whertas. all ofter cases

are mainly rccombindion in nature i.e. their trap centen are locded ner the valance band edge.

Table 5.1 provide an overall insight of each defect parameter associatd with the dwice stack.

Tablc 5.1: Trap unlysis of AIN-Si Stack

Condition Temp (K) Nr (cma) Ea/Er (meY) o(cm-z)

Top Side

300 1.33 xl0rr

k-il.15 1.1x Id6
310 l.4l xlOrt

320 1.65 xl0rl
330 l.9l xlOrt
340 1.90 xl0tl
350 2.l2xlDtl

Etehed Side

300 l.16 xlOe

Ev+ 126.315 1 7 x 10-21
3r0 1.34 xlOe

320 1.73 xl0e
330 2.27 xl0e
3m 2.54x10e
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350 2.5E xlO'

TopBottom All\t'c

300 2.30 xlOe

Ev+17.629 2.9 x t|il
310 239 xl0e

320 3.01 xl0e

330 3.78 xtOe

3N 4.lt xl0e

350 4.50 xl0e

Top-Bottom AINC

300 2.16 xl0'

Ev+14.343 2.8E x tP
310 2.33 x10e

320 2.90 x10e

330 3.55 xl0e

340 3.9E x10e

350 4.18 xlOe

It is clearly reflected frorr the Table 5.1, th* for AIN+ case; there is comparatively lesser

captur€ qoss section -2.8E x l0-5 cm-2, s,hich means there is lesser tendency available to

captnre the free canier for its respective trap lwel i.e. Ev+44.343meY. Thts, incorning clnrgp

carriers can directly be collec.ted d the nearby anode (+ve) and cathode (-ve) terminals rather

than their own firy eners/ levels. Utilizing this appoach, the catlrode terminal (ve) has already

been connected with AIN surfrce, thus, AN layer may also contibrne into the entire band

picture i.e. the trap paramet€rs associated with AIN may also be considered for device

operalion. From this baclqfound one can visualize that instead of only rccombirurtion c€nter,

the generdion center i.e. k-|1.15 mel7mxy also been consider€d when the derrice stack may

get biased in top-bottorn scheme.

5.L2.4 Tnnsient of Photovoltege (TPV) of AlNlSi strck

To properly envisage the impact for photonic activity of the AIN/Si staclq trfltsient of photo-

voltages (TPV) analysis is performed. In this analysis, a very sharp pulse of light is inciderfi on

the dwice for a very short time interval [ 1 3 U and the decay of charge carriers arc observed as

function oftime. During this time the transiernt in voltage scale occuts and rises to sorne steady

state value and then decay of the carriers arc observed- In TPV ryproach, the photo voltage

transient at the end of light pulse consists of rapid drop followed by the slower decay. The
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initial drop is due to electron hole pair rcconrbination and the slower decay is due to canier

emission t13ll. Thu+ both of the senters i.e. reombin*ion and generation are activated and

contribute to their respective impact in the device operation Figurc 5.12 shows the TPV

analysis of each AIN based stack.
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Figurc 5.12: TPV nreasurcurents of AIN stack

Figure 5.12 shows the TPV uralysis which also adhere ttnt AIN+ shoun largsr photo voltage

transimB ^80mV b€cause of higher available canier t the AIN's associded trp cent€r. When

the decay of carriers produces the sigificant potential, a shift may be seen i.e. the positive

voltages may get shifted to negative ones and then sustain after they fully rwombine at the

gound lwel.

For our case, the en€r5/ of the ligtrt pulse is far below the band gap of AlN, thus, only few

caniers that are pr€sent only d the generdion center would be activated because only

I I .l 5meV energ/ is needed for their conduction Upon conduction; recombination center may

also be activated in order to nulfiry the impact of generated caniers iom AlN. Thts, in order

to nulliff the impact of generation @nter's associated trap carriers (NrI there mwt be an equal

mlount of carrierc which would recombine at other end of the probe. To do so. Nr for
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guremtion cqfter is -l.33xl0ll crn'2 and neaut recombindion cent€,r's trap denst$ is about

-2. I 6x I d crr-2 at 300K. This means thd. more trap densities arc required to nulli$ this impact

lvhictl may be shared by the next available trap center. Jrm B. Rothenberger et al. hilre

worked on the surface termination of AIN under Helium Atmosphere and perbrmed the Q-

DLTS to evaluafte the tap levels and caphrc qoss sections. Tttey have observed ttnt Helium

afnosphere localizedthe trap centers d 0.31 eV, 0.61 eV. 0.52 eV, 0.19 eV, and 0.40 eV and

capturcc1rsssectionl54.9 x 10-21, 1.3 x 10-16,2.9 x lQ-le.3.l x l0-le, and4.7 x lQ-lecm2.

respectively tl32]. Y. Taniyasu et al. have been frbricded the AIN based p-n junction Deep

WLEDs(2l0nm),then- ardp-tlryerqion was dwelopedby silicon and magnesiutdopittg

respectively. Ttre ionizaion energr was estimated ^630meV thd was acceptor in nature [133].

In another study B. Neuschl et al. have reported the donor ionization enerry of silicon into the

AIN lattice ofthe magritude of 63.5 * 1.5 meV U34]. The ionizationeneryies arc reported in

the suggested literdrrr€ [34] which were inspected by the temperdure variant Photo-

Luminisense (PL) spectnoscopf. Whereas a charge based technique, has been applie4 to

waluah the deep level donor and acceptor taps on different geometical planes and the bias

polarities (positions within the bandgp). Furtlrer; Q-DLTS in our case has utilized the

ternp€rdur€ window ranging from 300K-350K; whereas they used Emperaturc dependent PL

in the ranges from 4K b2l8K.

*l'2.5 Kinetics of llark and Photo Currcnt on AIN/Si rtrck

The final approach to map the cariers for their utilization in photonic activity is the

investigdion of kinetics of cunent tmder two modes of operation i.e. only light is used as

pumping source to the caniers and the other is the external drift voltages, respectively. This is

an important featurc for the photonic application particularly for the devices utilizing the UV

to DWphenomena
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Figrre 5.13 shows two operational windows i.e. Drk ard Light in the Drk mode the AIN

stack is oovered by an opaque object whereas in Ligtr mode the Ulna Violet (UV) filtaed

Halogen's Lanp is shone onto the derrice stack for -10 seconds. However the energt of the

trursmitted light has been filtered by an optical filter of W ligttt Thu, the output light is

completely fr€e frorn UV wavelerngths. The highest energy thd can transmit thrcugh optical

source is 380nm which poirts out to the maximum band gap of -3.26eY wtrere the Silicon

bard gap is jrst -l.l2eV. Thns. these enerry profiles could easily bc detectd by the silicon

material. The W optical filter is deliberately utilizd in order to see the impact of low €ner5/

photon quanta thd may only interact with the respective deep levels. This is obsen ed thd when

there is a fansition behveen Dark to the luminou mode and the vice versa the abrupt pealc in

an electronic current is recorded. This is the signature that when ligttt of sufficient €nerry

stikes to the AIN ldtice, the electon-hole pair gets genaaEd but this pair diminishes because

ofthe powerful recombination centers that recombine the'free carriers. This is why o,nly abrupt

pealc is observed rattrerthan continuous emission of carriers from the prcbed rqgion.

83



While in a Photoconductive mode of opertioq the subject AIN stack is influencrd by an

erfternal elecfiic field and subjected to Dark and Light modes as mentionod in prctriou case.

The kinetics of cunent uder photoconductive mode is shown in Figurc 5.14.
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Figurc 5.14: Kinetics of Cunrnt under photovoltaic Dark urd lumimus oonditim of AIN stack

Likewise the photovolaic mode. Figrre 5.14 shoun the photoconductive mode oftop surfaced

AlN. For all of these cases l-5V orfro the subject AIN stack are applied and cunent kinetics arc

observed As soon as the external bias is applie4 the subject stack is accumulated by the

caniers at a certain lwel which is due to the capacitive nature of the stack by which the charge

has been sensed. When the Light shines and turns it ino the OFF state, the same pealc is

obseived and during this mode the magnihrde is much lesser when comparod with the

photovoltaic part and can be shown within the inset of Figure 5.14. The kineics of cunent

under Dark and Light mode are reported casawise in Table 5.2.
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Condition Top Surhce Etched Surfice
TopBotbm-AlN

(.lryevoltrm)
Top Bottom-AlN

(-ve voltece)

Voltrge
Dark

Cunent
(nA)

Light
Cunent

(nA)

Ihd(
Curent

(nA)

Light
CunEnt

(DA)

Dark
Currnt

(nA)

Ligtrt
Curcnt

(nA)

Dtrk
CunEnt

(nA)

Ligtf
Cunent

(nA)

0 3.41 4.06 2.9 3.99 2.Vt 14.46 2.59 -13.72

I 5.109 5.78 3.97 6.47 5.n 2t.23 6.42 -7.11

2 5.52 6.27 6.12 6.s4 6.16 28.07 8.40 -10.01

3 6.12 6.74 6.91 7.15 9.41 25.Xi 10.27 -t.01
4 6.36 7.t4 7.6 8.21 n.4 29.6t 12.05 -5.20

5 5.58 7.53 8.42 9.52 11.72 28.06 14.UI 0.88

Teblc 52: Kinctics of M, and Phfficuneirt of AIN strclt

5.L2.6 Spec{roccopic Elllpcomctry (SE) on AIN/SI stock

The o,ptical tectrnique of Spectnoscopic Ellipsometry (SE) has been utilired for DUT as

depicted in Figure 5.2(e). In this ttris technique, the sample under examinmion has first been

modeled in adistinct way (as-fabricated) and shovm in Figure 5.15.
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Figurc 5.15: La1,er wisc modcl of the laycn associaEd b_the device undcr cst

Numerical models associaed with each respective layer provides the optical properties of said

layer. For AIN SilNr md Si (11 l) one has chosen Afromovitz III-V layer, Tarc-[orentz layer

and standard file models, respecively. Upon choosingthese standardmodels, it was found thd

the thickness of AIN SirNr and Si (l I l) is 200.53nm, 0.76run and 68.39nm respectively. The

thickness of AIN is cross-verified with SE as less than lnm, whictr achieved in growth process.

Although the thickness of Silicon (lll) is mapped as ^68.39nm, however, the physical

thickness of Silicm was -350pm. The reason behind this abn6rmal reportfug is the penetation

of ligtrt to the actual physical layer which is limited by the larger mass of silicon i.e. the ligltt

has only peneraed at just few atomic layers of the silicon dming these measupments. The

S1tt4_1L
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dielecfiic constant of each laycr in a given ranp of wavelength has also been shown in Figure

5.16.
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Figurc 5.15: Dielectric constans of AIN. SirNr ad Si strk

tuioth€r optrcal constult, which is calculated by SE is the Extindion Coefficient (k) i.e. it is

the measure of ligtrt lost in a given layer. Figurc 5.17 shows the extinctionprcfile of DUT in a

given warrelength range. This has been observed that the qrtent of light lost in an AIN layer is

mgctr lesser as compared to the other layers. The in-set graph of Figrue 5.17 shows that the

AIN extinction_ coefficient linearly decrpases with the incrcase in wavelength. Further; the

manimum peak is far away (much lesser) from our given wavelength range. Within the given

wavelength range utilired in thes€ measuttnqrtl imprct of the light with the mdter intsaction

contibutes to the electron-hole pair absorption in the SilNr duly formed by AIN/Si intemction

d atomic level.
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['igurc 5.17: Extinctiqr reffrcient of AIN' Si3N4 and Si *ac]

Cotpfuisive ReDr@16,: ln section 5..1, a fine layer of AIN has been dwelorped onto the pre-

frbricat€d n-type Silicon substrate and characterized this marix extersively by SEM and

diverse advanced electrical charac'terization techniques such as Hall Etrect Currcnt-Voltage

(I-9, Capacitance-Voltage (C-V), Charge Deep Lwel Transient Specfrrosco,py (Q-DLTS)'

Transient of Photo-voltage (TPV) and Photovoltaic/Photoconductive based kinetics of

photocurrent. The optical measr.nemenb have also beenperformed and evidence of SirNl layer

formation atthe AIN and Silicon interfacq which plays pivotal role to the overall AIN/Si stack.

Four possible physical sclrcmes have beur dweloped through which the chargs is pumped into

the AIN stack subsequenfly mappod- Irrspection of four trap lwel within the mergt band

picture is also presented. Effect of these traps have also been mapped on the compratively low

energf photon quanta in order to map the leakage and their physical dynamics caused by the

incoming photons. The transient of photo voltage analysis shows thd the AIN with negdive

potemtial is able to detect more charge carriers when compared with otlrer clrarge assisted

physically drift sctremes. It is also concluded that photovoltaic basod current kinetics are molt

responsive than photoconductive patEms. Whereas in photoconductive mode. the chtges are

first accumulated for a specific duration due to the cryacitive natur€ of all said physical

2

I

0



schemes and their low energr photonic r€sponse is limited compared with photovoltaic

operation. The results are impoftant md have ramification for the potential uage of this stack

for the device engineering in DUV and other photonic 4plication.

5.2 llwelopment of Metel-semiconductor-Metel (MSM) on AIN/Si for IIV

Sensing

h this section we will detail the effect of 200 nm thick AIN layer frbricad by the hyperfine

epitaxial growttr tecturique of Hydride Vapor Ptrase Epita:rial (HVPE) onto the n-type Silicott

<lll> wder. After epita:rial growttt the AIN is masked and 100 nm thick interdigitat€d

electlodcs of Silver me deposited W the domistic scale Physical Vapor Deposition (PVD)

system. These interdigitated electrodes are further qramined with five possible cfucuit

permutationrs with the base silicon substrate at different electric potentials. For all such cases,

ttre Ultra-Violet (UV) light has been sensed and the extent of dCection inspected by various

physical parameters. Transport and Curf€nt-Voltage measusnents, Arrhenius and activation

enerry analysis, Chargp Deep Level Transient Spectnoscopy (Q-DLTS) and kinetics of photo

(UV) cunent measurcmenB have been extensively performed to assess the suitability of the

device mdrix for light detection. Among all ttrc cases; the mar<imum UV detection with a

numerical gain of >lOk has been achieved for the stuctllrc where silicon region rernains at

morc positive potential and the respective interdigitated electnodes are placed at 0V condition.

Devices subjectedto a 330Kterrperature condition, only hterdigitated configuration provides

ma:rimum UV detection with the numerical pin of ^6Ox at an operating potential of 60 mV.

The QDLTS based Arrheniu analysis provides a systematic study for all device-circuit

coffigurations under dark and illuminaed conditions. Ddect levels and associated cetur€

closs sectioms are also identified for cases which follow the standrd Arrheniw equation to

map their role in the possible ligtrt detection in the dcvice matrfut
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AIN thin films can be deposited on the silicon subsmrc rsing variors techniqueq like CVI)

U35-136], molecular beam epitaxy [37], ion beam enhanced nitridation [l3E], laser ablation

[139], and rerctive sputtering [40,141, 142]. Hydride Vryor Ptrase Epitaxy (FME) has also

ben used for growing AIN thin films on Silicon Carbide substrae [a3]. Teclmique rsed for

such deposition has an impact on the properties urd the utility of the device thu produced. The

lircratgre testifies that defects are produced to yarymg degrees using these techniques [144].

These defecb can be furttrer studied and possibly ttiliz€d. In this researctU a layer of Silicon

Nitide (Si3N1) was formed at the junction layer of Silicon subshate and Aluminum Nitride

thin film, and confirmed by the literture as well as the experimentation cffiid out on the

device t 145]. Ttrc device was studied uing the QDLTS techniquc, with a special e'nrphasis on

the junction layer between the Silicon substrate and the AIN thin film. There werc a few

instances found in the litercure of the applicdion ofthe said technique (Q,DLTS) qr the AIN

thin fitns [46].

This study especially focuses on the possible utilization of the dwice for W detection with a

special emphasis on the junction layer. The device was also tested for IV analysis rsing

differerf biasing configurdions. Activdion energies and capturt cmss sections welp calculated

br these configurations d different tenrperdurcs. This rwealed the eff*b of temperdure on

differpnt electical prcperties of the device under test. The rpsuls may prove to be useful for

the AIN basd UV ddection ap,plictions

kr section 5.2, we will detail the fabrication of interdigitded elecnodes by Physical Vapor

Deposition (P\D) on AlN/Silicon substrate. After succcsfirl dwelopment of electrodes the

said derrice matrix has been furttrer investigated t rq 
" 

special focus of UV light detection.

Cunent-Volt4ge measurernents, Artlrcnius analysis, activation €nerg/ analysis, charge based

transient specfioscopy and kinetics of photo cument measurc,menB have been extensively

performedto assess the utility of device undertest for possible UV detection.



5.2.1 [lrbrtcation of Metrl-scmiconductor'Itfctrl (MSM) m AIN/Si

The interdigitarcd eleclrodes wer€ grown using domistic scale Physical Vapor Deposition

(P\D) systqn (Nano Master-NTE) and used silver as a mdal layer. The thinness of silver

@ntact was fi:red arormd -l00nm. The boat mderial used for corntact formation was Tungsen.

The eleclric cuneirt duing depositionwas -l l0-l l5A withthe ramp rate of0.57q whercas the

pressure of the deposition cftamber was - I 0{ ton. The interdigitated electrodes were dweloped

by the masking process and after successful deposition the masks welt removed. The distance

betu/een two ide,ntical fringes of silver int€rdigitated electnodes was fixed to be ^O.Smm and

the length of each fringe was abort -1.33cm. Thc final geometr.y of inHigitated electnode

along with physical boundaries have been shown in Figrre 5.18. After the development of

silver interdigitated electnodes, the 'silver paste' was painted as the rare contact which would

be used as a norninal coffact for mapping the overall device stnrsturc.

(arE
IrlealrllElRd

$fl6ar<lI>
,,1n

rltrl hilr /

Figurc 5.lE: Gosssctiond view of AlNlsilicon and irnerdigitaEd electodc stsucutE

5.2.2 Ctanrcterizetion of ll[SlM Stttc{utc

In order to investigate and semse the Ultra Violet ruU fight using said structure. multiple bias

configurdions have been developed to assess as to which configuration provides better charge

collection upon the incidence of UV photons. The overall instrumental approach assodiatd

with each case has bcen summarized in Table 5.3.
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Casc Ihlcriotion Arsocirtcd Gcomehical Asscmbly

CI

Intcrdigiffi electrcdcs atE

conneded with positive and

negative mnnection, respectivcly.
Howwer, thc mrt contact has b€en

conne@d with negdive supply.

I

t
I

c2

Inrcrdigitued elechodcs att
connected with positive and
negative connection, respectively.
Howwcr, the rarc oontact has been

conne@d with positive supply.

c3

One end of intcrdigitiled elecrode
has been conned with positive
supp[, and anotlrer end is open i.e.

not been conncctd with any

supply. However, the rarc contad
hr been connectd with negdive
supply.

ot

orre end of interdigitated electodc
has been connesd with negativc
supply, md another end is open i.e.
not becn connected with any
supply. How€ver, the mre contact
has bcen onnected with positive
supply.

I

c5

Interdigitatcd electrodes ar€
conne@d with positive and
negative connectiorL rcspcctively.
However, the rare ontact has been
op€n.

t.,rt

Tebh 53: GcomGtical md iEttIIIEIttal appmch csocimd against each bias ondition

The initial Silicon subsffie was subjected to Hdl Effect mea$r€,nrents and the values of sheet

resistance, canierconcentrdiomandmobitity were foundto be I l.l ohm/o, l.37xl0l7cnr-3and

114 crn2/Vs, respectively. During the deposition of AlN, Silicon diffised in to the Ah.rminium

Nitride layer and SirNr was formed [47]. There is about l9/o laf,lice mismatrh beween the

silicon and the Aluminium Nitride thin films resulting in a misfit rray of dangling bonds, right

d the interfrce betrveen the SirNr ad Si substrde as peviously reporrcd while utilizing the



same grcwth technique U47-l4t]. Ttrcse dangling bonds world act as point defects, which

may captur€ free charges during the device opertion.

5.2.2.1 Chtrrent-Voltage Chrncterlzedon of MSM Structure

Figure 5.19 shows the I-V analysis for the five distinct configurations d rcom temperdue i.e.,

300K. One of the most salient featnrcs of this plot is the higher magritude of the cunent in

top/bottom case. with the polarity of silicon being positive (C4). In this particular case, UV

ligttt hinders the cunent flow which can be explained on the basis of polarity of the potential

applied and the type of the semiconductor.

Q60
Voltrge(mVf

Figurc 5.19: Otrrent-Vol$E analysis of AlNlSiliur structure under dark and W-Modc

If we compale the case discussed above with the case when the Silicon's polarity is switched

to negative (which constitutes a forward bias arrangement), the results are quite the contnast.

In this case, namely C3, the cunsrt slightly picks up when the UV source is shone over the

dwice. Therefore; it can be reasonably deduced that the UV light incidert on the device

provides additional free and mobile elechons to add additional carriers to contibute to the

overall cunent magritude. Orrc of the rcasons forthis strange behaviournoticed in C4 and C3'

is the extem of diffirsion of charge caniers at the junction of Silicon and AIN as alrcady

reported in literture i.e. SirM formation at the interface [a7-148]. To observe the extelrt of
conduction on enerry level scales. the activation energ/ measuEments have been done using
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Trbh A4: Activation Encrgies associ*d with each case

Sr.No CarcNumber
Activetion

Ilncnor{drrk)eV
Actiurtion Energr

(tIVlcV

I cl -0.14t 0.lt
2. c2 0.45 0.072

3. c3 -0.65 -o.67

4. c4 -0.585 -0.023

5. c5 -0.213 -0.064

Table 5.4 shorrys the activation energies of different cases, under the dark and UV light modes.

Activation energr is actually €,n€rry requirod to pwh an electron in to the conduction band. A

higher value of activdion encrry shonrs that eitherthere arcfraps pEsent inthe band 9p and

morc enetg/ is rcquired to oyerpome those traps or the electnon mobility is compromised due

to the possible damage in the lattice. Lower values of activation energies in the ligh mode

show that the incident photons have already energrzed elecfrons, and now lesser amount of

elrersr will be required to ptsh these elecfrons in to the conduction band. A positive sign of

the activatim energf shows a dirpct relationship betrreen the increasing tempfiatuc and the

resistance. while a negative sign shows an inverse relationship between the two. The most

significant fall in the value of the Activation energ/ is witnessed in C4, where the value drops

from -0.5t5eV to {.023eV. by switching from dark to UV light mode. It mems that the

incident photons have considerably energized the elechons, but if drcady enough current is

flowing in the dark mode, then additional free elechons energized by the photons might found

it difficult to increase the amount of total cursnt flow in the device. kr this case, the free

electnons might suffer in terms of mobility because of collisions among each ottrer and with

the host lttice. h C5. there is also a significant decrease in the valrrc of activation energl and

this specific trpnd shows that the sample could be rseful in UV and DUV detection In Cl and



C3, therc is a nominal inqease in the value of activation energ/ in the light modc, but that

increase is negligible in comparison to the other cases.

5;2.22 Kineticr of lhrk rnd Photo{rrrrent of ll[SlM Stmcturc

To further examine the possible qtent of ptrysical det€ction of the UV liglg there is need to

obserrre the said sensing meclranism under Dark and W-Ligttt mode of operation" In order to

pursue this, one has chrrcterized the kinetics of cunpnb under dark ud ligtt mode of

operdion. The cunent kinetics in each case summadzed in Table-5.3 have been investigated

under 0-l00mv at 300K-330K ternperatures. In this analysis the extmt of UV{aection is

evaluded W the obsenrdion of cunent magitudas under the specific physical condition

(variation of electic potential and the ambiernt temperaturc with the calculation of the

numerical gain in each cre). The kinetics of dark and UV cunents under 300-340K

t€rnp€ratures; for all said cases have been plotted and er<pressed in Figurcs 5.21-5.25 below.
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The most important kinetics of dark and W characteristics are the 0-V conditions because in

this specific case sensing circuitry needs less noise margins and said specific mode is knovm

as 'Photovolaic Mode'. To ensure this phenomena one have dedicatodly plotted each case

ag3inst each ambient temperature. Figrre 5.26 shows all said characteristics.
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d 0..Volts underonly Rmt hperaturc(3OK)

This could be analyzed from 5.26 that the room temperfrurEs r€sults are in morc favorable

pattems. For this sake o,ne has deliberarcly plotted all said cases for 300K temperature md
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shown in Figrse 5.26(D.From this analysis one could analyzed thc Cte 5 (C5) is more usable

bcause in this mode only from AIN is monitored via MSMtopolory. Howwer, other cases

ae also showing acceptable detection for their entire prernises.

Numerical gain is the ratio of the maximum aurount of cuntnt achieved in ligttt mode to the

same valrrc in the dark mode as mentioned in Eq. 5.9.

UVIJoltt Anratuann=ffi Eq.5.9

Numerical gain is checked under 0V, whaeby no exErnal voltage is ap,plied to the sample c

the time when only W-ligh was shone" While in photoconductive mode the device under test

is exposed to the W-light under the influence of some extemal bias.

r 0V€00K
e 2lXnV.3OK

^ 40mV€00K
v 60mV.300K
o E0mY€00K
< l0(tmY-300K

ct

Caseo

Figurc 5J7: Numerical Gain of undcr 300K Enperuue

Figrre 5.27 shows the value of numerical gain for all the five cases at rcom temperdure. The

value of numerical gain is much higher in C2 in the 0V condition where no erftemal potential

has been applied. The other significant gain has been obeerved in C5 in the same 0V mode. It

can be argued that only a negligible amount of cunent flows at the zero bias drk condition.
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Fgrttrer; if a significant amount of cuneirt flows rmder the influence of UV-light a significatr

value of curent gain is observed" If we rcvert back to the values of the electrical activ*ion

energies i.e., E"" we would observe th* the values re the lowest in the cases discussed above

i.a C1and C5 in the Uv-ligtrt mode. fire valrrc of E. for C2 in lig[rt mode is about 10.072eV1,

while it is 10.06,[evl in case of light mode of C5. This may be concluded from this malysis that

the lower values of activtion energies caused more elec{rons to be excited in the conduction

band in bottr ofthese cases under UV-lig[rt source, which resulrcd in the higher value ofcunent

and hence higher numerical gain . It can also be observed that the value of gain r€iltains

significantly appreciable in all ottrer cases both in the photocondwtive and the 0V cottditions.

c8

Gase

Figurc !L2t: Numerical Cnin of under 3l0K Enperaturc

Figure 5.28 shows the rcsponse of the device under the dark and UV-light mode in 0V and

photoconductive modes at a temperatu€ of 310K. At this temperdure. the highest value of

numerical gain was obtained in et at 0V potentid. The cases denoted as C3 and C5 also show

large value of numerical garn in the same mode (0D. This shows that an incrcase in

temperature has an impact on the conrparuive values of cun.ent in the dark and UV-light modes
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in different configurtions. Increce in temperatrne normally has an effest of increase in the

cunent maglitude as it orcites morc electons to move up to produce better conductiott" but

sometimes it creates damage in the lattice which could impede the flow of cunent. At EOmV

bias potential for case C2, a significant increase in the valrc of numerical gain has been

observed.

I
. 20nV{201(
A 

'l0nV{20Kt tornv-t2oK
O t0tnV{20X

c3

Gase

Figurc 529: Numcricat Gain of udcr 320K EnpGratur€

As the temperature firthq increases to 320K. the more damage is produed in the lanice and

thus less electrons are excited. The behaviour in Figure 5.29 is almost the same as w6

observed in the case of 3 lOK with the highest valtre of numerical garn found in C4 d the 0V

while C3 and C5 showing considerable value of numerical gain in the sarne mode. C2 also

shorrys a significant numerical gain in this mode. These results atp somehow similar in frerd

with those of 310K, how'wer, the er<tent of numerical gains are much lesser.
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Figurc AI): Numerical Gain of uder 330K Epcrafut

Figure 5.30 shows that the C4 ag3in shows the largest garn in the 0V mode in comparison to

other modes. We can conclude with reasonable assurance thd dwice configurdion denoted as

C4 can act as an effective photo detector at temp€ratu€s above the rcom temperatutE and thd

too in the 0V mode. C2 eanalso perform the same function at the room temperature.

*2.23 QTDLTS anelyrb of IlIllM Stmdurt

kro,rdertomapthedefectlwelsproduced andtheir (rccurelloewould be limitedtothe physical

condition i.e. Drk mode. UV-Light Mode, electical potential and the charge's physical

boundry ; the Clrrge Dee,p Level Transient Spectnoscopy (Q-DLTS) is performed. The said

technique is a charge relax*ion tectrrique that is based on the measurements of charge

transients to probe the quality and the quatity of the traps. By quantity we mean the number

of tryq bottr the recombindion and the generdion centnes whereas the qualrty of traps mean+

its ability to attract a free carrier i.e., capture crcss section. In this technique, a voltage Vo is

initially sustaine4 for a certain time called the charging time, to acclimatize the device under

test with the power supply. After the lapse of that specific timg the voltage bias is set to a
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certain lwel for an amount of time suffrcient to fully charge the internal deep levels. In our

case, the charging time is 100 ms, and the voltages art varied ftom l0 mV to 100 mV. After

the application of orrcmal bias. the chargsd pulse will suddenly be removed to measure the

discharge wen6. The Voltage-Chrge (V-Q) diagram against time is shown in the Figure 5.31-

Figurr 531: Tinc based roltage-drarge (VQ) diagran for QDLTS

The Q-DLTS analysis of each respective case at 100 mV is shown in Figue 5.3 l.

log (t, ;rs)

figr." SSZ, q,DLfil analpis of AIN-Si stack agpinst €ach boundry condition/configuratim

Figure 5.32 shows the QDLTS spectra at 100 mV applied potential. This has been wihessed

tht each boundary condition/configuration projects different discharge ctmracteristics. C5,

however, is the most favorable case which affecb least in change in the charge magitude. Cl
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and C4 cas€s project maximum change in the dark and UV modes whictr direcfly poinB to the

significant change tlrd provides maldmum UV ddection under said conditions.

For Anhenius based analysis each case would be discrcetly scaflid at a given temp€rdu€s

ard bias potential as mentioned in VQ curve Figrre 5.31. The case wise Q'DLTS analysis has

been plotted in Figrue 5.33-5.37 for Case-l'CreeJ, respectively.
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For quick analysis; the Anhenius analysis of C2 casc under dark mode at 40mV condition is

the most rpliable center with minimum tolerrrce in try's locdion. The corrcsponding Q'DLTS

specta and aforqnertioned Arrtenius slopes are indicAed in FigUre 5.3t.
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Figurc 53E: QDLTS malysi+ (a) Q-DLfil of,l0mY-DrkQ. (b) Arhenius malysis of all deEctablc cases

For all cases; one has experimented each cases d all particular drift potentids. Howwer, only

C2, Caand C4 cases (for particular potentials) shows linear Anhenius charact€ristics, thus,

one have discarded other respective cases and mentioned only those whose responses are in

good agreonent with the linear region and their r€spective trap parameters ae mentioned in

Table 5.5 at le,ngth.



Tabh 55: qDLTS basod Arrhenius analysis of succcssfirlly obsrved trap pararcE l

Crsc
Electric
Foilenthl

Luminour
llfiode

Trrp Locrtlon (Er) Cepture Ctosr scc{ion (o)

ol lOmV Dark Ev t O-I5E eY 4.9tF,22

c4 20mV UV-Liefit F-v*O-l26eY l.fiF,..z2
c4 30mV IJV-Lioilrt Ev + 0.091eY 4.93Fr23

clt 40mV w-Lidlt Ev + 0-(M3 eY r.5tE-23

an 50mV I.JV-Lidrt Ev + 0.069 eY r.9tE23
an 70mV uv-Lifit Ft+OO50eV 1.388
e2 l0mV Dark Ev + 0.083 eY 2.198,21

c2 20 mV Ihrk Et + 0-016 eY l-77F.t2
a 40 mV Dark Ev + 0-259 eV l_35F-18

cil 80mV W-Lisht Ft-O111el 1.55Ft29

cI 90 mV I'IV-Lidrt Fn-O727c0 r.t3E-29

It is clear from Table 5.5 that most ofthe trap oentruI observed for the respective cas€s arc ttrc

rccombindion in ndure because the taps are localired thernselves near the valarrce band edge

as rcported lrr.123-241. For example, ed40 mV (C2-Drk) the trap's location is - Ev + 0.259

elt *ich is recombination oe,nter i.e., whenever the W light is impinged onto the device,

rcspective trap lwel capfircs the free caniem with the effective captur€ crcss section of

-1.35x10r8 at that prticular location and reduces the numerical gain as highlightd in Figure

5. Howwer, the numerical gaiq inthis case, is still in an acceptable limit This indicates tha

these trap oenErs are favorable for UV rcsponse and may provide betrcr detection capability to

thedwice.

In this section 5.2, AIN layer of -200 nm onto the Silicon <l I l> substrde (n-Upe), has been

grow& using Hydride Vapor Ptrase Epita,rial growttl syst€m urd dweloped the intadigitated

elechodes by the atomistic scale Ptrysical Vapour Deposition PVD technique. After successful

dwelopment of interdigitted electrodes, the said dwice matrix has been subjected to a range

of eleclrical, transport and charge-based techniques with a special rcfercnce of charge-based

UV light detection. Among the variety of circuit configurations, the maximum UV detection

has be€n enperienced in the case wherc the silicon is connected to morc positive potential and

the respective interdigitated electnodes arc d 0V condition i.e., no electric potential has ben



externally applied at 300K tempcratur€ (with the numerical gain of >l0h). At 330K

temp€raturc conditiorq only interdigitated case provides maximum UV detection at the

numqical gain of ^60x at an operding pote,(tial of 60 mV. tn this case the bottom surface of

Silicon has not been conneded with any of the refercnce potentid i.e.. no physical connection

of either positive or negative terminal of the drift sourpe is available. The QDLTS based

Arrhenigs analysis performed under each bias po,tential @ark ard UV), howerrer, rweals ttut

only fewer cases follow the standard Arrhenius equationr and fewer cases readily point to the

conesponding defect levels ard associded capturc closs sections. Among all these detected

trap centers, the favourable configuration zupporting the light detection is the one where silicon

was connected with more positive potential and the respective interdigitat€d elecfrodes were

placed at 40 mV. Q,DLTS measutnren6 also reveal that most of the measued fiap centers

in AlNlSi haeroge'nors junction-bced derrice are the recombindion ones and may likely to

act frvorably under UV detestion.

5.3 Ion Implantation of Silicon and Dorelopment of Metal-Semiconductor-

Metal (Ilf,SM) on AlNlSi

The Ion implantation of already dweloped AIN sEucture needs some ion-implantation

soquences so that the range as well as potential of the photon detection would be optimized. As

the bandgap of AIN is ^6eV. thus, only the photons equal to or greater than that of this enerry

would be detec.ted. The lesser eners/ photon would have capability to be detectd either if

sufficient tap centers are prcsented within the bardgap for furttrer exploitdion. Using ion

implantation one would be able in determining the impact to perform the detection mechanism

for variety of photon energies. Tlrc ion implantmion sequence of silicon ions has been depicted

in Table 5.6.
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Trblc 55: Silionlon Implurtatimon AlNlSilicm slruc'turc

SampleStructtttc Implent Ilmc (cm4) Energr(keY)

AIMSilicott Silicon -10 800

The domic and disorder profile of silicon aloms within the AIN derrice stnrcture have been

simulded wing SUSPRE and shown in Figurc 5.39.

u:'

['igurc 539: Atomic md disordcr pmfile of silicon atoms within the AlNlSilicm struGturc

Figrre 5.39 reveals ttrrf the top surface is sunounded by the silicon atoms in the carrier

concentdion in orders i.e. -l0l7cm'3. The disorder profile at the top layers is about negligible

which means that the top surface has not been damagpd to provide the sufticient defect lwels

in the silicon implanted region.

53.1 Ilevelopmcnt of llfflM stnrcturc on the silicon implentod rcgion

Lr this section, we will develop a Metal-semriconductor-Metal device structure onto thi silicon

implanted r€gron by utilizing Physical Vryor Deposition (PVD) technique. The silicon ion

implantations are perbrmed t the discr€te parameters mentioned in Table 5.6. The ion

implantation of silicon was performed onto the hlperfine layers of AIN fabricded onto the pre-
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frbricaied n-type Silicon substrde. Initially the AIN wafer was cleured by the standrd

cleangrg protocols i.e., the splash of Acetone and Iso-Propyl Alcohol (IPA) followed by the

deionized wder. After the standard chernical cleanings, the AIN wafer was tned with the

Nitqsn gas (99.99%) splash and placed into the deposition clramber using the resistive

heating PVD. PVD lvas equipped with a close loop nitrogen gas splash systern in oder to

prevent the freely avaitable particulates into the bare atmosphere. In this operiment the

Aluminum (AD metal was chosen as a metal contact for MSM structutEt howeva the pre-

photolithogrphy steps wer€ taken into account for the deposition d desired locdion as

mentioned in Figure 5.37. The thickness of -l00nm ryas fixed during deposition step and the

thiclmess value was continuorsly monitored using gold plated quartz crystal oscillator. For

melting Aluminum (Al) metal, one has usd hmgsten boa md rsed ^90A for meltittg

aluminr.m tarypt. The step wise dwelopment of aluminum based MSM stnrctut has been

mentioned in Figure 5.'10.
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532 Cterectcnizetion of Silicon implentcd AIN/Siliem sfuctute

After carefully fabricated MSM stnrctur€, one neds to ctraracErize subject denrice structurc on

veiety of techniques for the erraludion of photon daection. Current-voltage (I-V), Charge-

Deep Level TransientSpectroscopy(Q-DLTS), kineticsofdarlcand luminowcurrents (I-t)and

Trarsient of Photo-Voltage (nt$ are performed for the test and waludion of device outpttt

performance.

5.3.2.1 Current-Yoltege Chencterization of Silicon Implrnted AIN/Sithon Structurc

This is the initial clraracterization step usd to walude cur€nt-magnitude under increme,ntal

bias conditions. In this Gase one has vried ttre potentid from zero to five volB and measured

the cunent magnitude. At room tempffature 300K the electric cunent was about 6.7pA and as

sfi)n as the tempaaturc increases the cunent magnitude also varied becarse the carrier gained

higher ene(g/ and became active for conduction. Arrhernius charactedstics

(1000/T vs Ln(o)) shours thil,82.44meV energr is needed to pttysically conduct at this part

specific implanted rcgon. The cunent-voltage and its respective Arrhiniu analysis is shown

in Figure 5.41.
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5.322 Chrrge Dcep Lwel Trrnrlent Spcctnompy (Q'ITLTS) of Sllhon Imphnted

AlMSilirnn Structurc

The inert behsvior at AlNlSi irilerface has keenly been envisaged under a very powerfrrl charge

brced technique named Charge-Deep Lerrel Transient Spectroscopy (Q-DLTS). This bcomes

particularly important when the ion implantatim has been performed on to the subject dwice.

In order to map the defeds at the interface/implarted regiorr, Q,DLTS technique is rtrilized'

whictr is a charge rclaxation tecturique based on the measurernents of charge transients to

udyzattre quantity and quality of the haps. Ttrc quantity of the traps may be oftwo attibutes

i.e. the nrmber of tap certErs (either the recombinction or the generation one) md the deruity

of faps. The quality of the haps can be atEibutrxl towards the ability of physical dhaction of

the frree caniers towards the said eners/ lwel energt. In Q-DLTS. initially the voltage is

susuined at Vo for a prticular int€n d in order to jrst synchronize the power sup,ply with the

dwice under test. After this time span (charging time) the voltage bias is been drifted at some

specific magnitude ard this particular time span is more enough in order to perfectly charye

the internal deep lwels. For all said cases the charging time and the discrete voltages are -

lQOnrs and l, 2, 3 and 4V, respectively which is aligned with the device operational

requinenrenb gsnerally used in the ligtfi ditection md other photonic applications. After

passing throqh the charging window, the bias was suddenly removed and discharge wertts

we,rc monitored from the powerfirl integrator circuitry which r€corded each disclmrge interval.

The time based Voltage-Chmge (V-Q) diagrf,n is shown in Figure 5.42 below.
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Figurt 5.,f2: Clmfit-Vol4p ard Arrhenius aralysis of Silicon implanEd AlNlSilico structwc

The brid inMuction of the technique is given in section 5.1.2.3. The QDLTS meastuemenB

ae canied out at variety of applied voltage sequcnces as mertioned in Figure 5.39. From this

analysis one could dete,rmine the quantity of traps formed. The churge in the surhce trap

concenffiion may waluated from the highest magnitude of change in ctrarge magitude and

can be derived from Equation 5.8.

+ tVr =ry 8q.5.8 [7, 19]

Where" '/Q,,*,' is the maximum change in charge 'q' is the universal charge constant (l.611(I

le C; and 7' is the surfrce arca upon which charge crriers have to be accumul*ed. This could

be aralysed that as the application of drift bias portential increases the change in charge

magritude would also be increased which consequently increases the trapVdefects magnitude

as per relation 5.E. The QDLTS analysis ofsilicon implanted AIN stnrctre is shown in Figue

s.43.
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The enerry band picttne is an essential notation that may provide the internal insight about the

carrier dynmrics as provided in Figure 5.43 (D. In this figut one has deliberarcly not depicted

(dt

Er+ltr$ til\'
Er+{l.t?rf /u.1,1'

Et{l{tt"ii{1'
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the bandgp of the semiconductor because the subject region is heavily bombadd by the

silicon doms and it is not exactly known as to wtrat is the real qrtent of band gap at a given

rcgott" This is hause the Aluminium, Nitogen and Silicon have been incorporated into a

single lttice structurc. This has been noticed that the highest gencrdion centcr of Ec{.38eV

as erraluded been monitored by this chargp basd technique, which may play a vital role during

photon sensing mechanism.

53.23 Tnrnrient of Photoyottege (TFtr) of Silicon Implantod NNlSilicon Structutt

To p,roperly envisage the impact for photonic activrty of the AIN/Si strck; Transient of Photo'

Voltages CIPU analysis is performed. In this analysis, av€y sharp pulse of visible light is

incident on the device for a very short time intervd [4] and the decay of charge carriets arc

observed as function of time. During this time the tansient in voltage scale oocurs and rises to

some steady state value and then decay ofthe crriers are also obswed. In TPV approach, the

photo voltage transierfi at the end of light pulse consists of rapid drorp followed by the slower

decay. The initial drop is due to elechon hole pair rpcombination and the slower decay is due

to canier ernission [4]. Thrs, bottr of the cenrcrs i.e. recombination and generation are

rctivated and contribute to their respective impact in the device opotion. Figure 5.44 shows

the TPV analysis of silicon implanted AllVSilicon stnrcture.
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Figurc 5.41: Transient of Phffi-voltagp (TPU of Silicon Implaned AlNlSiliwt Stnrcnue

Figure 5.rt4 shows the TPV spectra d differefi drift voltages rangfuE from 0-1000mV. As

me,ntioned earlier the visible ligtrt is incident on the subject region. This provided substantial

amount of ctrarge caniers providing the detection in form of voltage trursients. This is anotlrcr

benchmark achieved i.e. silicon implantation within the AIN could prurride phoon sensing in

several forms of IJV as well as low energl photons in visible regions. This phenomena may

also be investigaEd in a larger paradigm in kinetics of dark and photo currcnts at visible as

well as UV frmily of ligtrt s€qu€no$. The subject detection is only possible when the silicon

doms may produce their defects level within the near prenrises of valance bad of AIN

structurE as already been mentioned in Figure 5.43 (D. This would indicate that subject rcgion

is also ready for the detection of low exrerry photons wen when the bandg4 is very high of

the order of ^6eV. Arpttrer advantages of TPV specta is thd the trarient of voltages has also

ben available wen d rdlrer higher drift biases, however the diminish time of voltages

hansients are larger for larger extent'of voltages which could limit the overall bandwidth of the

device.
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532A Kineds of Drrk rnd Lig[t (Vilible and IIY) cuncnt of Silicon Implented

AlN/Sitlcon Stntcturt

The final approach to map the crriers for their utilization in photonic activity in the fabricated

device stnrchrc is the investig*ion of kinetics of cuneft under two modes of operation i.e.

only ligtrt is used as pumping soure to the caniers and the other is the extemal drift volages,

respectively. This is m important featur€ for the photonic applicdion particularly for the

dwices utilizing the UV to DW phenomena TPV and Q-DLTS studies have provided an

insigh thatthe visible light could also be detected fiom said implanted rcgion Kinetics of drk

and light cur€ffs art shown in Figure 5.45.

Figrre 5.45 shows two operdional windows i.e. Drk and Light (visible and UV ftmily): tn

the Dark mode, the AIN stack is covemed by an opaque object whereas in Light mode two types

of ligtrt soucs are utilized i.e. Normal visible lig[rt rarging from 380-780nm under Ulta Violet

(UD filtcrcd ftralogsn's Lamp is shone onto the derrice stack for -5 seconds. Houiever the

enerry ofthe fransmitted light has been filtered by an optical filter of W light Thrs, the output

ligtrt is conrpletely free frorn W family of wavelengths. The highest enerry that can hansmit

thmugh optical soure is 3E0nm which points outto the ma,rimum band gap of -3.26eV whrc

the Silicon band gap is just -l.l2eV. Thus, these energr profiles could easily be detected by

the Silicon implanted rcglon. The UV optlcal filter is deliberately used in order to see the

impact of low ener5/ photon quanta that may only interact with the respective deep lwels. On

another hand the Ultra Violet GfD nght has also been exposed for the detection purpose ov€r

the same dad(-light sequenoes. For UV hmily of light daection this is observed that when

thrc is atansition between Drk to the luminous mode and the vice vqsa, the abrupt pealc in

an electnonic cunent is recorded. This is the signature that when light of sufficient eners/

(Mthin the W to DUV regime) stikes to the AIN lattice, the electnon-hole pair gets generated

but this pair diminishes because of the powerful recombination centers that recombine the free



caniers. This is why only abrupt peak is observed rAtrer than the mntinuow ernission of

caniers ftom the probed region. Horywer when the low enerry visible ligttt is incident orto

the subject implanted region, there is no enhancemenUdepletiott of the caniers wttich would be

observed d this specific zero potential. This may be owing to the frct thd the enerry of the

ligtn is too low to hmsit the caniers to its corduction levels.

While in a Photoconductive mode of operdion (when exErnal drift potential has been applied

md the light of visible or UV would be incident onto the sanple), the suQiect AIN stack is

influenced by ar extemal electic field and su[iected to Dark and Light modes as mentioned

earlier. Likewise the photovolaic mode (at only zero potential), Figure 5.45 sttows the

photoconductive mode of silicon implanted structutE of AIN (ptobd ry MSM topolory). Fm

all of ttrese cases. lG.l000mV are ap,plied and visible as well as UV lights arc subjected onto

the silicon implurted AN structure and sensed the electric cun€nt behavior for optimum

detection of incoming photons. As soon as the extemal bias is applie( the subject stack is

accuurulabd by the carries d a certain level which is due to the capacitive naturc of the saclc

by which the charge is sensed. When the Liglrt shines the carrier multiplies themselves

whenever the light is prcsent presented over the perid and when the soute turns to the OFF

state, the carrier diminishes themselves in a detrimental fashion. A detailed observ*ion of

visible and UV light behavior onto the said implant region has been shown in Figure 5.45.

Under Omv and 10-1fi)mv applied drift potential (each case is reptsented se,parately)
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From Figure 5.45 it is observedttrt the silicon implarted region would be able to detect bottl

low energr photon quanta as well as the high emerry photon qumta of WDW rcgimc.

Howerrer, this has been noticed that the dar* cunent at same potentials for both visible md UV

cassr ap differeilt which could limit the performarrce of the phoodctector. This may be

becagse of the capacitive ndurc of the senso,r i.e. s per trasient analysis of the capacitor the

electic curent continuorsly decreases becarse of clrarging phenomena Anothervariable thd

could be measured for the calibration of such type of photo s€,llsos is the'Gain' calculdion. It

is the measure of extert with which the ligtrt impinges into the elecfic curent magnitude and

could be related by the following reldion 5.10.

LlahtCz,r:entuoin=ffi (s.10)

The Darh visible light and UV/DW cunrnB for Gain are measured and presurted in Table

5.6.

Tebh 5.7: Drk visible ligfu utd W cuncnr for Gain rpasureurenB

Voltrgt
(mY)

Ihrk
Currcnt

(pA)

Viribh
Ught

Curcnt
InAl

Gein

-Yiribb

Ih*
Cument

(pA)

W Llght
Clrrrcnt

(pA)
Geln_IIY

0 7.368 18.17 2.466,069

l0 85.n E8.2 l_034596 131.313 194.52 1.4il346
20 185.49 [90..79 1.028573 309.25 423.35 1.368957

30 28/..9 293.5 1.030186 #5.6 651.57 1.3942
.10 385.97 396.5 r.o2t282 684.69 919.4 L3A7n
50 4t9.62 502.64 LA26592 897.5 r 190.9 1.326908

60 591.43 ffi.4 1.025312 l r23.38 14u.9 1.321815

70 693.7 712.79 1.027519 1251.53 174H. 1.3t248
80 7vt 8lt_47 1.026939 I 561 2073-5 1.328315

90 901.46 925 t.o26tt3 1818.8 240r) 1.319551

r00 t0l1.5 to37-6 1.025803 2006.4 2712-8 1.352073

200 2037-26 2087.12 1.024474 4t02.4 55lm 1.3s0429

300 3035 3084 1.016145 6391 8504 1.330521

400 4063.2 4t3t-2 1.016736 8846 11555-7 L3fl44
s00 sogt,2 5lm t.otgffiz ttzzt.57 14866-76 t-324t3t
600 6129.4 62fi-t 1.021323 13382.39 t7vt3 1.343034

700 t6189 21456.32 1.325364

800 8300 8@.r 1.020458 18957.59 24988 1.3181

900 9333.3 954{0-4 1.022t89 21735.9 28s92.79 t.31546,4
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Forbetterclarificdion ard visualizdionone hasplotEdstatistical approach ofpin magnitudes

and arp depicted in Figure 5.46. This could be noticed that both the visible md the W lighb

have greder than one 'Gain'. This declared that bottl lighS shows detcction and contiburc

photonic cunslB at this specific implant scheme. Horrever, the entent of 'Gain' performmce

for WDUV light is muctr greaterthan that of visible light.

*Vlrlble Ught
+

o too zn 300 lo0 t00 800 700 m 900 looollm

Volbge (mV)

['igurr 5.45: Cnin rnagnihrdcs br visiblc and LIV light on silion implmrcd AIN stuchrc

5.4 Comparison with Rcported Literature

D.J. Xi et al. have fabricated the AIN on p-Si grorm W low pressure MG'CVD techniqr.re and

studied the interface of AIN/pSi using same Capacitance-Voltage (C-V) tectrnique. During

their analysis the thickness of AIN was just 15nm and the contact diameter was ^O.25mm,

under the fr,equency and voltage range of SOHalMtlz and -3V/+3V, respectively. The

maximum ceacitance magnitude was -,t03pF @s0H2{rre4rvrlrrcy llz7l.In our scenario we an
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intennediate frequency of -21kJlzhas been chosen and the contact arEa was -lmm2 ard the

capacitance ws monitored to see the columbic inEretion of charge carriers at AIN/n-Si

interface md the morimum cryacitzrce has been observed for trre polari$ i.e.-7?pF. fire less

valge of capacitance has b€n observed due to thicker AIN layer comparod to just l5nm AIN

as reported by D.J. Xi UzT, i.e. thicker insutilor boundaries p,rovide lesser capacitance

magrritude" As per ideal capacitance-voltage tectrriqtre of MAal lnsuldor Serniconduc'tor

(MIS) structure, therE are three fimdamental regions whictr would be rel*ed to the charge state

i.e. Accumulation Depletion and Inversion. Horrever, these states are merely possible for the

proper impulsion of charges wtren they arc separded by some physical distance. In our

particular cases, the silver contact acted as a metal layer, AIN acted as an insulator layer and

the silicon is a semiconductor, thus, the stnrcture is confined in the MIS geometry. One could

only examine the depletion stttE hause for proper examindion of all said charge stdes, the

insuldor (AlN) layer should be totally sunounded by the metal (Ag). Topologr in our case of

miniaturizdcontactareais limitedbecarse we rcquire photonicdetectivityfrom theAlNlayer,

thns, one needs largu bar€ AIN layer instead of total coverage by metal layer (because in that

scenariq no light would interact with AIN region and photonic detectivity would not be

possible).

Jason B. Rothenberger et al. have worked on the surfrce termination of AIN under Helium

Atmosphere and performed the Q'DLTS to erraluAe ttre trap levels and capture cross sctions.

They have observed ttrat Helium atmosphere localized the trap cemters at 0.31 eV, 0.61 eV,

0.52 eV. 0.19 eV, and 0.40 eV and capture ctoss sections 4.9 x 10-21, 1.3 x 10-16, 2.9 x l}-re.

3. l x l0-t1 nd 4.7 x lO-re cm2, rcspoctively [32]. Y. Tariyasu et al. have fabricded the AlN

basedp-njunctionDep UVLEDs (2lhm). The n- andp-type r€ron was dwelopedby silicon

and magnesium doprng respectively. The ionization energt was estimated -630meV, whictt

was acceptor in ndure [133]. In another study B. Neuschl et al. have rcported the donor



ionization cnergt of siliconintothe AlNlattice ofthe magritude of63.5 + 1.5 meV [134]. The

ioniation energies arc re,portcd in the suggested literatur€ [35] which were inspected by the

tqnp€ratur€ variant Photo-Luminisense (PL) spechoscopy. Whercas charge basod hchnique'

hs been applied to evaluate the deep level donor and acceptor faps on difter€nt geomefical

planes and the bias polarities (positions within ttre bandpp). Further; Q-DLTS in our case has

utilized the tunpcratr.ue window rrghg from 300K-350K for practical device operation;

wtre,rpas ttrey used temperature dependent PL in the ranges fiom 4K to 278K-

Thns, the natur€ of our experimert and the device schemes alt relerrant and ap,propriate with

verifiable detectivity/securing perforrrance of the stackfupgradeable subsfiate for UV/DUV

4plications. The elechooptical behaviour of the dorice fabdcatd in our work is promising

for a vuiety of advarrced derrice smrctu€s to be utilized in manufacturable detectorVphoto

seruNrnB.
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Chapter 6

Conclusion and X'uture Work

A summry of the work performed and outcomes, and an outlook to the daails in the

following sections. The main hierarchy of the work is detailed in three distinct cases:

& Fahication and Ctrararteridmof AIN over Silicqr Wafer

b. Development of Metal-Seiniconductor-Mcal (MSM) shrcture on AlNlSi for UV

sensing

c. Ion-lnplantation of Silicon on AIN rqion and Dwelopmernt of Metal-Serniconductor-

Metal (MSM) structurc on implanted AlNlSi for multi-uravelength detection

6.1Conclusion

In this shrdy we will discuss the daails about the fabrication and characteridon of the

viability of aomistic scaled AIN thin fitns deposited over Silicon substrde. This study may

provide ar insight for the detection of namow length photons for sensing applications. AIN/Si

mmix for photon sensing with multi-wavelength photon-detection specifically in UV regime

are studied and-analysed in thre specific cases as mentioned above.

. A H)ryerfine layer onto the pre-frbricated n-type Silicon substrde, has been

successfully developed. Initially the silicon wafer with <l I l> orientdion was cleaned
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by the standard cleaning protocols i.e., the splash of Acetone and Iso'Propyl Alcohol

(lPA) followed by the deioniad water. After the standard chemical cleaning, the silicon

rryafer was treated with the Nitnogen gas (99.9*/o) splash and placed into the deposition

chamber using the epitarial technique of Hyddde V4or Ptrase Epitatry (HVPE). HVPE

uras equipped with a horizontal open-flow hot uall rcactor and resistively heated

furnace as a tweane heating systern. Substrate bmperature was limited to a nmw

range from 800"C to l200oC with Aryon as canier gas. The AIN was deposited at the

thickness set point of about 200 nm uing a reaction benveen aluminum chloride

(formed by thc reaction between Aluminum metal ard HCI gas) and anrmonia The film

thickness and ttre deposition rde were monitored (about ^O.6nm/seconds) by the Quartz

crystal thickness monitor.

After the depositioq the portion of the device is cleaved and is first imaged through

SEM to sep the ooss+ection of the sample. SEM imaps clearly shows the formation

multi-layers of AIN over Silicon substume.

When the AIN was deposited on silicon wafetr diffusion of Silicon occurc into the thin

AIN layer formed md a new ffi of interfacial layer called the SilNr was likely to be

formed with some thermedynanical hstabilities due to the presurce of defects * the

AIN/Si interface. These dangling bonds act as a point defecE capturing most of free

carrierrs either photonically induced or produced ttrorryh drift pump mechanism by

applying input bias.

After the stack fabrication, morphological and electical techniques such as Curnent-

Voltage (I-V), C4acitance-Voltage (CVI thrrg. Deep Level Transient Spectrcscopy

(Q-DLTS), Transient of Photo-voltages (TPV) and Kinetics of Dark and Luminous

Curr€nts ad Spectoscopic Ellipsometry (SE) are employed. These experimerfral

techniques arc used to study the ptrysical dynamics of the AIN/Si junction and the role
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of chargeddefects with within the structue for their potential utilization and exfoliation

in phobnic devices & systems and their subsequent performarrce.

Frorn Hall Effect Analysis of base Silicon (subsfate); sheet rcsistance, carier

concentration and mobility has been found to be aroud I l.l fUo. -1.39x1017 cm-3 and

l.14 xld cm2Ay's, respectively.

For multiple active region, the viability of AlNEilicon has beem tested and emulated

forphotom sensing. Fourpossiblephysical schernes have beendwelo@throughwhich

the charge is pumped into the AIN stack subsequantly mappod. The optical

measuements have also been performed md evidence of SilNl laycr formation at the

AIN and Silicon interface. which plays pivotal role to the overall AlNlSi stack.

Inspection of four trap level within the energr bond picture is also prcsented. Effect of

ttrese traps have also been mapped on the comparatively low enerry photon quanta in

order to map the leakage and their physical dynamics carsed by the incoming photons.

The transient of photo voltage analysis shows thc the AIN with negative potential is

able to detect morc chargs carriers when compared with other charge assisted

physically drift schernes.

It is also concluded that photovoltaic based cunent kinetics are morc responsive than

photoconductive part. Whercas in photocondurctive mode. the charges alp first

accumulated for a specific duration due to the capacitive naturc of all said physical

schemes andtheir low energr photonic response is limircd compared to the photovoltaic

operation.

For UV sensing, Mcal-Semiconductor-Metal (MSM) structur€ has ben frbricated

using Physical Vapor Deposition (PVD) technique on prwiously grcwn AIN layer of

-200 nm onto the Silicon <l I l> substrde. Interdigiffied electnodes were dweloped as

test device structurEs. After successful dwelopment of interdigitatd electrodes, the
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said derrice matrix has been subjected to a range of electrical. transport and ctrarge-

based techniques with a spocial rcftrence of ctrarge-based w light deEction.

Five different cilcuit level approaches for bettq UV detection Among these variety of

cirurit configuratiotts, the maximun UVdetestion is orperienced inthe case where the

silicon is connected to more positive potentid and the rcspective inrcrdigitaed

electrodes ar€ at 0V condition i.e., no electric potential has been orEmally applied at

300K temperature (with the numerical gain of >100x). Howwer, each case has been

further verified at five differcnt temp€ratuEs rangng fiorn 300-340K

At 330K temperaturt conditio,n, only interdigitated case provides ma:rimurn UV

detection at the numerical garn of^60x at an operating potential of 60 mV. In this case

the bottom surfrce of Silicon has not been connected with any of the reference potential

i.e., no physical connection of either positive or negative terminal of the drift souce is

available.

The QDLTS based Anheniu analysis performed under each bias potential (Dark and

(JV), howerrer. reveals that only fewer cases follow the standard Arrhenirs equation

and fewer cases readily point to the contsponding defect levels and associated captur€

cross sections. Among all these detected tap centers, the farrourable configuration

suppottingthe lightdetection is the onewhere siliconwas connected with more positive

potential and the rcspective intelrdigitated electnodes wele placed at 40 mV . Q-DLTS

measurEments also reveal that most of the measured tap centeE in AIN/Si

hetercgenow junction-based device are the recombindion ones and may likely to act

favorably under UV detection.

For multi-enerry photon detection an ion impftmt enerry of 800keV has been chosen

for silicon implant, with dosage of -10*la crn{ over AlN. This scheme has been tested

again by variety oftechniques i.e. Cunent-Voltege, Q'DLTS, TPVand kinetics of dark.
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visible and W light sequences. Frorn kinetics analysis, it is observed that said

implanted structutE provides frbulors resulB rgeinst both the visible light detection as

well as the UV ligttt. For better clarificdion and visualization satistical approach of

gain magnitudes has beenutilized. Forbottrthevisible andthe UV lights. gainvalrrc of

>l is achieved. This signifies ttrd bottr lights (visible and UV) show detection and

conribute photonic curenB at this specific implant scenario. Howarcr. the extent of

'Gain' performarce for W light is much $eder than that ofvisible light necessary to

contribute towad DUV application.

6.2 Fututp Work

DUV-LEDs and ottrer UV/DW photonics arc expected to have a wide range of

applicaions besides being the alternative to the conventional mercury lamps. There are

number of ideas which may be talcn forward to realize the full potential of this research:

r Multiple substrates like sapphirc and other combinations of III-V

metrics lAlGat[; for instance) may be tried for optimum efficacy

of the AIN ternplte.

o A vriety of UV to DUV ligh$ with multiple light intensities may dso be tried

for the full spectrum of dcection in terms of raising the potentid of mass-

manrfactured device.

. f,ruring the growth of AIN; the substrarc temperatulp may be incrcased

to maximire the uniformity of the fabricated films. There is a likelihood tht the

pnrcess would yield lesser defects at the Silicon ond Alumimun Nitride

hterface which would be helpful during level and edge sensitive detection.

o In order to detect wen larger range of photon energies; the multi enelH/ implant

sequenoes on the selected device architectur€ can also be fiied. For futuristic approactu bne

can frbricate test devices with low energ/ implantation uing He*, P*. Au* and C* ions to

only damage the surface/near-surface regions rctaining the bulk properties intact.

o Internal quantum efficiency, cument injection efficiency, and ligtrt extraction

efficiency are very much dependent ofthe crysalline quality ofthe substrde template, and



thw further research and process engineering is required to reduce the density of crystalline

defects inchding the Threading Dslocaions (TDs) and Point Defects (PDs). These

defects, in most of the photonic ICs and device applicaions, tend to act as Shockley-Read-

Ha[ (SRH) type non-radiative recombination centerc.

o It will also be interesting to see the behavior of variors kinds of doping smrcgies in

AIN template and their subsequent effect on the device's outpnt performance. Furttrer; it

will be important to find out as to how to fabricde the optical devices requinng the high

iqiection efficiencies of the carriers (both n- ild p-type) simultaneouly.

o Detailed investigation on the new ellipsomefiy models for the AIN tanplate may be

rcquired to best fit the new optical applicdions. This is important to address in the wake of

the importance ofthe optical constanB. For insance; the refractive index con6t bctween

ttrc AIN/Si and the air is mther large ard therc may be a probable formation of toal

reflection. kr such a carc. an incrcase in the liglrt exfiaction efficiency is suggested. This

rrculd requirc robust optical modeling to choose the opimized prameters for the device

frbrication.

The energl efficient deep ultra-violet optoelectronic dwices suffer from critical

issues associaed with poor quallty and large shain ofnitide mderial systern caused

by the inherent mismatch of hetercepituy. A snain fiee AIN film with low

disloc*ion densrty by graphene (Gr)-driving strain-pre-store engineering urd a

unique mechanism of strain-relaxation in quasi-rrur der waals epitaxy cm be

presented.

Growing III-V semiconduc"tor materials on Si substrdes for optoelechonics

application is challenging hause of their high lattice mismatch and different

thennal coefficients, which caue the epitaxial layer to have a lower quallty. A high

qualrty AIN ternplate can be grown on a micro-channel-pattemed Si substr*e using

NHI pulsed flow multiluy., hru growth and epitalrial lateral overgrowth

techniques.
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. The eftect of the quallty of the Si substrate and the AIN layer can be s€Pardely

researched urd reported for the key aspoct of DUV device efficiency, reliability,

and longwity.
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