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CHAPTER T 1

Background Study

1.1Motivation:

Semiconductor gantum dotgQDs) are highly regarded nanomaterials because of timgue
opticalelectronid¢structuralpropertiesthat havegreat potential for optoelectronic dewcand
biological imaging applicationsAlthough inorganic quantum dotsuch as CdSe (cadmium
selenide), PbS (lead sulfide), CdS (cadmium sulfide) possess excellent /elgttainic
propertiesincluding tunable bright emission invisible/NIR-I/1l region, high extinction co
efficient, longer lifetimes considering the complexigh cost synthesis processntrinsic
cytotoxicity of some inorganic materials up to becomjmgfential environmental hazarthe
majority of the inorganic QDs arensuitable for household optoelectronior biological
applications. On the other hand graphene quantum dot$GQDs) offer comparable
opticalelectronicpropertiesanecofrierdly/costeffectivefacile/scalable synthesis process along
with low cytotoxicity and no patential harmful impact orthe environment This combination
makes GQDshighly desirable materidhat can be utilizeth solutionprocessable optoelectronic
and biotechnology industry applicatior@ur goal was talevelopsimple, straightforward and
costeffectivesynthesisoutes to produce novel GQDs withveloptical and electronic properties
that can be used as an active material to fabricate electroluminescence devices, solar cells,
photodetectors, and a bioimaging prefoe in-vitro/in-vivo/ex-vivo imaging Bottomup and top

down synthetic approacks implemented in this workallow synthesing heteroatoms



(OxygeriNitrogen/Sulfuy doped GQDs exhibiting fluorescence with high quantum yield in visible

and neatinfrared (NIR)suitable forapplicationan optoelectronics and biomedtie.

1.2Questions that will be answered by this study
i.  Can we synthesize graphene quantum dots (GQDs) with superior optical properties using

a simple/scalable/eebiendly bottomup approach?

ii.  Can we utilize thesentution-processable GQDs for optoelectronic device applications?

iii.  Can we utilize these GQDs for biological imaging applications?

iv.  Can we modify the optical properties of these GQDs for specific applications?

v. Can we produce GQDs exhibiting visible/néBr fluorescence using a simple/cost
effective topdown approach?

vi. Can these GQDs (prepared frantop-down approach) be used for biological imaging

applications?



1.3 Literature review:

1.3.1 Graphene

Graphene is &awo-dimensionalcarbon allotrope which isonsidered as thiuilding block of
graphite, reduced graphene oxide, graphene oxide, carbon nanodiulesnes, graphene
guantum dots, graphene nanoribharaphene nanowiregraphene nanoplateleetc It hasone
atomic layer thick sp? hybridizelsdexagonal/honeycorméhaped crystdhttice structurgFigure-
1.1) havinga bondlength of 0.12 nf. In graphendayers,2s, 2R, and 2p orbitals hybridize in
a way that eaclearbonis covalently bondedvith three neighboring carbortsy sigma bonds
whereasthe 2p, orbital formsa p-bondthat is shared btyhe neighboring carbondorming a p
electron systeran the graphene surfadgsually, for metals andemiconductorghevalenceband
either overlaps with the conductionband (metals)or it is separated by small gap from the
conductionband (semiconductols Graphene on the other hands knownas azerobandyap
semiconductor or a sesmietal. By usingdensity functional theory (DFT)he electronic band
structure ofsinglelayer graphenecan be calculatedrevealingits unique character(Figure 1.2)
having conical structuredormed by its energy bandsalled Dirac cones(Figure 1.3). DFT
indicates thatue to the formation afuchunique conical band structurdelocalized electrons
from 2p orbitaiin graphene&anactasmasslesselativistic particls with, howeverglectronspeeds
300 timesbelow the speed dight!. Gr apheneds physi cal fremrkalole r oni ¢
electrical/thermal conductivity, high transparency, superior tensile streagthhigh thermal/
chemical stabilit{}® which has a great potential faide variety of electronic applicatioriBhose
includegas and biosensdts field emission display¥), transparent electrod&s *? field-effect

transistorg® andlithium-ion batterie84. Graphenehasbeen synthesized utilizing bothottom
3



up andtop-downapproacks The bottomup methodsriclude thermal chemical vapor deposition
(CVD) using camphor as the precursor on nickel #8ljsplasmaenhanced chemical vapor
deposition requiring lowelemperature than thermal CW*#) within a plasma dischargaltra-high
vacuum thermal decomposition on SiC surfdgeand arc discharge methd8s On the other
hand, the topdown methods includemechanical exfoliationof graphite*®, exfoliatiori re-
intercalatioii expansion of graphit€!, or graphite exfoliation bjrigh-shear mixing®. A plethora
of synthetic approachegeld graphene with different quality, scalability and production yield.
There is always a traddf between the scale and quality of graphene producti@chanical
exfoliation/epitaxial growth methogsovidehigh quality graphenat thesmaller scale@mpared
to the graphenproducedoy chemical exfoliation methoahich is hampered by low uniformity
of the resulting graphene material

There are other graphetike materialghatcan be synthesizeda avariety ofchemical methos
showing similar structure/properties as graphene with a fowar cost such aseduced graphene
oxide (RGO) produceby thereduction ofgraphene oxide (GO) that is in turn synthesized from

graphene via chemical oxidation.



54 -~ i L
— P \ _
o4————— —— )
_-\\ )/;;. .
> o
: ~_| 4
10 4 S i | e i
T~ * o % P
=20 .| y
G K M G
Figure 1.2 Band structure of single graphene layer showintgands wi th solid red

ne

Pl In the x axis G represents thiegin of the firstbrillouin zone; K and M represents tbaner and border points of the firs

brillouin zone, respectively.



Figure 1.3 Electronic dispersion in the honeycomb graphene ldttice

1.3.2 Reducedgrapheneoxide

Reduced graphene oxidRGO) is a graphenederived materiathat shows comparable
mechanical, electrical and chemical propertesgraphenelUsually, graphene oxiddGO) is
utilized asa precursor to produicg RGO via thermalreduction?*! or chemical reduction with
hydrazin&? 23 or sodiumborohydrat&* 2%, GO has a number of oxyg@ontaining functional
groups on its surfacavhich are reducedvia these processes makiiigmore hydrophbic and
resulting inunstabledispersbn in water. However, the stability can be improved by further
chemical processing such as pH variations along with aqueous ammonia dthditionreass
the stability of hydrazin¢reated RGO iraqueous suspensid?i!. Although reductionprocess
yields the removabf functional groups on RGO graphitic shemime residal defects maygstill
exist (Figure 1.4) in the place of removed functionalitidscreasinghe quality ofthe reduction

produced graphen®GO can still be produced with very high condwityi (6300 Scrrt), and



mobility (320 cnmiV-1s?) synthesized via Joule heating reduction at 3dt0ihich shows great
promise forelectronicsapplications However,due tothe absence of substantial bandgaytical
inertnes} it can notbe used as an active material for optoelectronic groéiner fluorescence

based applications

Figure 1.4 Single layer reduced graphene oxide (RGO) sheet. The red marked regions represent some defects



1.3.3 Graphene quantum dots

Graphene quantum dots aadéragment of graphengheetwith small enougl{on the order of
several nanometergjot-like shape(Figure 1.5a,b to exhibit quantum confinemesihduced
properties Sizedependent quantum confinement takes place wihersize of a semiconducting
nanomaterial is comparable to the excitonic Bohr radius of the bulk m&ter@ince bulk
graphene is a zetbandgap semiconductor amkklocalized electrons in graphene behage
masslesselativistic particle®' 7], the excitonic Bohr radius of bulk graphene becomes infinite
indicating any size of graphene sheet may experience quardnfimamen?®. GQDs are
nanometessized GD (zerodimensional) structures where excitons remain confined in all three
spatial dimensions thatinlike graphenemay exhibit bandgap induced by quantum confinement
effect®?. On thecontrary, due to the zergap semiconductor bandstructure, graphene is optically
inert, which hampers its use as an emissive material for optoelectronic or bioimaging applications.
Compared to graphengerivatives such as graphene oxide (GO), graphesetgon dots (GQDs),
and graphene nanoribbons exhibit fluorescencel{¥) due to the presence of band gagpsch
makes them highly desirable for a diverse range of emidsiead optical applicationalthough
GO has the advantages of a large heduihctionalized platform for further modificationit
exhibitsa very broad emission with a lower quantum yield the order of 19" 2 Graphene
nanoribbons are complex production and can not be modified while retaining their properties.
On the other hand;QDs are known to have a more ordetteah GOuniform structure with size
confined band gap$“?, can bemassproducedand generally exhibifluorescence with high

quantum yieldé€® *4required for optical emissive devices and biological fluorescence probes.



(b)

Figure 1.5 (a) TEM (transmission electron microscopy) image of numeroubkaographene fragmesheet, (b) Proposec
single layer graphene quantum dot with oxygen and nitrogen containing functional groups. The carbon, oxygen, nitrc
hydrogen atoms are assigned with black, red, blue, and white color, respectively.



Thesezerodimensional carboallotropes arevell-known to have stable fluorescence (i)
remarkable photostabilit{y 46! low cytotoxcity™” 48] goodgeneralbiocompatibility*” 4! high
water solubility*®!, substantiapH sensitivity*® 511, and low aggregation affinitydavingall these
advantageous properties, GQIB3kow great potential to advance critical areas of modern
technology includind_EDS?%4, photovoltaic8®°7, fluorescent bioimaging *!, biosensin§®
61 pH sensin§® I photoelectrocatalys?é 6% photodynamic therafiy: 67! therapeutics
delivery®®7% and fluorescencebasedmetal ion detectofs 72l There are mainly two different
approaches to synthesigraphene quantum dots: (1) the -w@w~vn approach, which involves
scission of largesized (micrometer) structures into smakézed (nanometer) graphitic sheet
yielding quantum dots, (2) the botteup method, that includes stepse fabrication of GQDsia
solution chemist®y®!, or the synthesis of GQDs by pyrolysis/carbonization of small organic
molecules (carbon precursors) via a hydrothermal m&thédl The topdown approacitan be
performedeithervia strong acidic oxidation using carbon nanotubes, graphite, or carbof black
" as precursors, or electrochemical exfoliation using graphite rods or graphené: fiffrss
carbon sources. Usualljpese methods are tire®nsuming, complexand provide no/little control
over the optical/structural propertiesf the end products. On the other hand, GQDs synthesized
via bottomup approaches provide superior optical properties ovedd@mapproachbut existing
processes may involve complicated experimestlp long reaction times, various starting
materials little/no control over GQD properties, and thus do not necessarily yield GQDs with

optimal characteristics.

Compared taheir inorganic counterparts, however, GQDs offer a simple/scalable/eco

friendly/costeffective alternativethat shows sizedependent bandgap which is inversely
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proportionalt o t he size of <conj ugat e dandthepartelensize n s
in 11-VI materids?. Given the mostly surface GQD morpholotye edge/surface also p&y

an important rolen the originof their emissionThis allows for a broader size range for the
emissive GQDs as opposed to their counterpauth as SiQDgsilicon-based QDs)hat
exhibit quantum confinemesimduced sizedependent photoluminescencely below 5 nm
diameter which is amparable to theexcitonic Bohr radius of bulk silicon (~5nnij &
whereas for GQDghe limit is up ta20 nm® due to the emission originating frasarfacéedge
states and their arrangement on GQDspending on theynthetic approachnd sizetuning

of GQDs, the fluorescence can be either strongly excitatiavelengthdependent over a
broad range (35800 nm) 284 or showsa slightnegligible dependencever a shorter
wavelength (308470 nm) rangé®™ 85l Excitation dependence arises from the presence of a
variety of quantum dot sizes in the sample, each emitting at their particular wavelength.
Excitation wavelengthndependent emissiocan be obtained in more size unifoBQDs
sampleduned insizeand showingsingle transitiorwith moderate quantum yiel§&°°.

It is highly desiade to developGQDsthat can be synthesized usiagimple, scalable,
ecofriendly, and coseffectiveprocessCurrently the production of GQDs is limited as their
synthesis is generally quite complex ayidld GQDs withpoor solubilitylow production
yield®Y.  Additionally for the field of optoelectronicst is critical to develomg a
multifunctional GQD materiaWith propertiesallowing utilization asan optically active layer
to fabricate solutionprocessed optoelectronic devices such as LEDs, solar cells,
photodetectorwith outstandinglevicecharacteristicsAlso, the opticapropertiesespecially

the NIR emission capabilities of these biocompatible GQ@Bs be explored further fon-
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vitro/in-vivo/exvivo bioimaging applications. Most GQDs exhibit emission in visible which
only allowsperformingin-vitro imaging. Thereforebiocompatible GQDs with unique NIR
emission properties at NIR excitation will enable-vivo imaging with reduced
autofluorescence background, less scatteand high penetration depth.this work we have
developed new synthetic procedures gmduce several types d&QDs meeting the
aforementioned needshich have not been developed sa fanrther chapters will describe
their characterization and utilization in optoelectronic and bioimaging applications.

1.3.4 Fluorescence

Upon photoexcitationof nanomaterials/molecules, tggoundstateelectrons absorb the
photon energy andet excited leadng to an electronidransitionof these electronsom ground
state to exciteetlectronicstate(Figure 1.6) After reaching the excitedtate the electrons will
undergoa nonradiative relaxatiorprocessvia internal conversiomnd reach the lowest excited
state.The electrons may release the gained enkeogy the lowest excited staggher in a radiative
or nonradiative fashiorand come back to the ground stétke release cd photon via radiative
relaxation is known as fluorescenée. a resulbf this processthe emitted photon is less energetic

than the absorbed one.
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Excited State —,———
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\? Lowest Excited State
Absorption Fluorescence
Ground State —@ ®

Figure 1.6 A schematic of fluorescenceachanism.

The nonradiative relaxation of the excited electron to the ground state does not result in photon
emission leading to the lowered quantum yield for that particular mat@hel fluorescence
guantum yield can be defined as the ratio of number of photons emitted to the number of photons
absorbed, mainly describing the efficiency of the fluorescence process for a specific fluorophore.
The fluorescence quantum yield can be soeed either using a comparative method wheécidlers
arelative quantum yield or special instrumentation can be utilized to measure the absaolute qua
yield. This can be accomplished via tBgperiment involving an integrating sphere allowing to

measureabsolute quantum yiel@enerally absolute quantum yield is expressed as

Number of photons emitted

tum Yield =
Quantum Yie Number of photons absorbed

The measurement of relative quantum yield of fluorophores astognparative method was first

introduced by Parker and Rees in 188@vhich can balescribedising the following equation.
13
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In the above expressiolgi ‘Qdénotes the quantum yield of the reference mateFhlgepresents
the experimentally measured integrated fluorescence intensity, Abs indicates the absorbance of

materials at thexcitation waelength and- is denotedas the refractive index of the solvents.

Fluorescence haa plethora of practicalapplicationsincluding fluorescent lampsfluorescent
labelling with dyesn biomedicinea variety otbiologicalassayapplications (e.g. flow cytometry,
plate readers)biological and physicaFluorescence microscopy, fluorescence spectroscopy
characterization of materials, fluorescence resonagwergy transfer (FRET), and other

technological applicationis the area of gemology, mineralogy, optoelectronicS%té
1.3.5 Electroluminescence

Electroluminescenceas a combined (electrical/optical) process in which electrical energy can
be converted to lightnergyideally without the generation of thermal energy. If a strong electric
field or electrical current is applied across eactroluminescent material, the electramghe
conduction banavill recombine with holesn the valence bandeleasing the energy via radiative
(emission of light) or nomadiative (heat dissipation) recombinatidine radiative recombination
of electons/holess regarded adectroluminescence. Electroluminescence can be obtained either
intrinsically (highfield electroluminescencender the influence of the electric figldr via the
injection of charge in a semiconductingaterial®®. In order to achieve the higteld

electroluminescence, biasvoltage is applied to develop a higlkectricfield within the phosphor

14



material(could be either fluorescent or phosphorescesich excites the luminescence species
resulting in EL enission upon the relaxation of the excited state of the emissive cehers
injection of carrierscan be performedavithin the semiconductor materialssing a small bias
voltageresulting inthe injection of electrons frorine cathode terminal and holes frahe anode
terminalrecombining an@xhibiting electroluminescenae®thin the semiconducting layerksike
fluorescence, lectroluminescencalso has many important applications such as LEDs {light
emitting devices), backlightfor LCDs (liquid crystal displays), electroluminescent lighting,

optical logic circuitsetc
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CHAPTER T 2

Photo- and Electroluminescence from Nitrogerdoped and NitrogenSulfur co-
doped Graphene Quantum Dot&®!

2.10verview:

In this work,abottomup approach with single glucosamine hydrochloride (glucosahki@ie
precursoris used for the first timé& produce nitrogedoped graphene quantum dots@QDs)
and a separathioureadriven reactiorto synthesizanitrogen/sulfur cedoped graphenquantum
dots (NSGQDs) via a microwaveassistedsinglestep hydrothermal methodtructural and
optical characterization was performed by THWransmission electron microscopyAFM
(Atomic force microscopy)SEM (Scanning electron microscopyTIR (Fourier-transformed
infrared spectroscopyEDX (Energy dispersive -xay spectroscopy)Raman, fluorescencand
absorbance spectcopy GQDsappear to b&vell-dispersed and distributed &60+£0.20 nm (N-
GQDs) and3.90+0.10 nm (NS-GQDs) average sizes with distinct crystalline structure detected
by HRTEM (high-resolution transmission electron microscop&he composition of QDs is
assessed via FTIR and EDX indicating a variety of oxygamaining functional groups with
nitrogen (N-GQDs) and nitrogensulfur (NSGQDs) doping of the graphene structufiene
syntheic procedure of NGQDs/NSGQDs isstraightforward,scalable, reproducibldess time
consumingand requiresewerresources thaatherbottontup or top-downapproachesallowing
for massGQD production for deviceand biomedicahpplicationsAlso, the source of precursor

materialused in this works widely available and inexpensive.
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What makes this material novel in additionatsimple/scalable/cogtffectivesynthesigs the
excitationdependenfluorescencemissiorthat GQDs exhibibothin thevisible and neamfrared
regiors of the electromagnetic spectrynwhich is unique ascomparedto their existing
counterpart8®1°l Althougha number of researchers hastediedGQD photoluminescencesit
origins arestill debatable. Some of the we#garded mechanisniscludeit is recombination of
electronhole pais originatng from localized sp graphitic carbon platform surrounded by
functionalized sp carbon*%?, sizedependent quantum confinement effé€is®¥ emissive
defect statd® 193 105 or selectivesurface passivati®® 8%, We propose that d6QD/ NSGQD
emission originates from the combination of quantum confem effects(sizedependent band
gap and potentiallyas in graphene oxig€eue tothe types/arrangementsf emissive trap states
associated with functional groupBhis also includestates originating frorsurface passivation
of the GQD surfacey amino/thiol groups originatedlring the hydrothermal reaction

The structuratomposition of these GQDs manifests in unique optical properties withXigh (
to 60%) quantum vyield, blue/green excitatidependent fluorescence in the visible attributed t
sizedependent band gaps, and a second emission feature in th& me&00900nm potentially
arising from theedgediefect stateand their arrangementi the present workve have utilized
these remarkable optoelectronic properties of GQDs in deyipkcations Electroluminescence
deviceswere fabricatedvith these GQDs in a simple solutipnocessednethod involving spin
coating of materials on ITQndium-doped tin oxideglectrodes with silver paste anode@QDs
serve as a recombination layer diween PEDOT:PSS (poly(3,4ethylene
dioxythiophene):poly(styrene sulfonateand silver. These devices show observably bright

electroluminescence emission in grgetiow for N-GQDs both at cryogenic and room
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temperatureN-GQDs and NSGQDs haveexcellent aqueousolution stability as well as tunable
electronic structure, which allowfsr inexpensive fasproduced LEDglight-emitting devices)
providing potentialadvantage over inorganic Gabdévice&%, Additionally, the use of highly
fluorescent nitrogen ansulfur-dopedGQDs in organic electroluminescence a@eg may avoid
the use of rare earth elemeyased Iridium complex as a dopant mat&fidl In this chapterwe
will describe these devices from fabrication to testing.

2.2 Experimental methods and procedures:

2.2.1 Synthesis/purification/characterization of®QDs and NSGQDs

A commerciallyavailable microwavgHamilton Beach, model: HP90D23ARST) was
utilized to synthesizBl-GQDs and NSGQDsvia a hydrothermal methodh a standargrocedure,
a 0.14 M aqueous sdlan of glucosamindHCl wasplaced in a microwave for 40 min at 450 W
(Power level 3) Additionally, for the synthesi®f NS-GQDs, thioureavas useds a source of
sulfur, with al:1ratio ofthioureato glucosamineHCI. As prepared graphene quantum do&sev
collected and purified utilizing bag dialysis withsi 1 kDa MWCO (moleculaweightcutoff)
membrane for seven days as the DI water dialyzed against was replacedAfiarysuch
purification, a synthesis yield of (1) % was achieved To verify the efficiency of this
purification processB e n e d i &% B%wasutitized to detect the presence gfucosamine
precursoin GQDs For asprepared GQDghe concentration of glucosamine asseséathepre-
guantified deteabn rangeof this testwas observed to lever 0.15 mg/m(Figure2.3a) showing
the presence of glucosamine precurstowever,a negative result was observied the purified
GQDssuggestingninimalnegligible presence of unreacted materials in the suspensibagf

dialyzed GQDgFigure2.3b).
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Transmission Electron Microscopyodel: TEM JEOL JEM2100) was utilized for the
morphological characterization dFGQDs and NS5QDs. Samples for TEMere preparedn
the carboncoated200-mesh copper grid under ambient conditions. Optical characterizagisn
performedvia absorptionand fluorescencespectroscopy Fluorescence spectra were measured
using SPEX NanoLog, Horiba Scientipectrofluorometein the regions of 308m to 1000 nm
with the excitation varied from 280 800 nm Absorbancevas recorded in the range of 200 to
800 nm with Agilent Technologies (Cary 60 UVis) absorption spectrometeChemical
compositionof N-GQDs aad NSGQDswas assessed vihe ATR (attenuated total reflection)
mode of the Thermo Nicolet Nexus 670 FTIRhe sampledor FTIR were freezedried using a
Labconco, FreeZone 4.fophilizer to reduce the water backgroun®aman spectrometer
(DeltaNu) wasised to characterize the GQDs with 785 nm excitation at 100 mW peak power.
solutionbasedGQDs Samples for Raman spectroscopic measurementsspiereoatedon a
siliconwafer at 1000 rpm for 30 secondinally, in order to assess the thickngssfile of both
GQDs, aapping mode AFMAtomic Force Microscope: NMDT nanosolverwas utilized.For
AFM measurement&QDs from suspensionvere spincoatedthree times at 3000 rpm for 30

seconds (each time) ors#dicon substrate

222 Preparation of Benedictds Solution

Benedi ctwasprapaa gyemixingodium carbonate, sodium citraded copper
Il sulfate in DI water. A known amount of glucosamMetQDswas mixedn1lnLof Benedi ct ¢
reagent followed by heating the final solution at 90°C for 20 minutes. Any change of

color/precipitation indicategshe presence of reduced sugars (free aldehyde grfvap)
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glucosamine precursors (positnesult). Different concentratigof glucosaminaveretestedwith
Benedict 6s r e ag e nprecigtétionstartingfrons 50 mg'ml dogvinta 1§ mg/mi
indicating positive results (Figur23a). Any concentration of glucosamine below 0.15 mg/ml
showed neither color change nor precipitation (Figlrga). After testing only glucosamine,
unpurified quantum dotwere testedvi t h B e n e d andshdwed arslgla go®onchange
along withprecipitationindicating the presence of noeactedylucosanine with aconcentration

of  0.15 mg/ml.The purified quantum dottestedwith the same reagents show no color
change/precipitation suggesting either the absence efeamtant glucosamine the presencef
only alow amountof impurity (Figure2.3b). In order toavoid afalsepositive result, three samples

of the sameoncentratiorwere teste@t the same timgielding similar results

2.2.3 Calculation of Quantum Yield (QY)

A comparative approach was followed to calculate the tyuaryield of NGQDs/NSGQDs
choosing Coumar#i53 in ethanol (47% QY at 400 nm excitation) and Fluorescein in 0.1 M
NaOH (92% QY at 360 nm excitation) as reference materials. We use the following formula

to find the QY of both GQDs.

2
PN (FLIGQDS) (1= 10405 y (ncqns)
GQDs ref FLIL.of 1 — 104556005 Nref

In the above expre®n, Bi Q d&notes the quantum vyield tie respectivematerials, FLI
represents the experimentally measured integrated fluorescence intensity, Abs indicates the
absorbance of materials at #vecitation waelength and- is denotedhs the refractive index of the

solvents. The refractive indexes of water, Coum&ta, and Fluoresceiare considereds 1.33,
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1.36, and 1.33, respectivelin order to verify the quantum yield of-8QDs assessed vi
comparative metho@dnabsolute quantum yield of-8QDs was also measured using a Newport

819GSL (with spectralon coatinghtegrating sphere at 405 nm laser excitation.
2.2.4 Device fabrication

Indium dopedtin oxide-coatedglass (ITQ was used as a substréde device fabrication
due to its excellent transparency and substantial condulti¥itiTO substrates were submerged
in 10% HCI for1 hourwhich wasfollowed by cleaning in acetone for 1 hour usiritrasonic
treatmenin preparation for further layer depositiandblow-dried by N> gas.Prior todeposition
on the ITO glassubstratePEDOT. PSSat a concentrationf 1.1 wt % in water with a ratio of
1:1 PEDOT to PSS was filtered using a 0.45 um pore size syringe filter, and dispersed in an
ultrasonic bath for 30 mirAfter that,200 pl of PEDOT PSSsolutionwasspin-coated orreated
ITO glass at 3000 rpm f&0 secondsvhichwasfurtherovenbaked é6r one houat 120 °C This
wasfollowed by the deposition df-GQDs on the ITEPEDOT.PSSvia spin-coating(300 pl of
5 mgiL aqueous suspension of®QDs at 300 rpm for 20 $. The spiacoated sample was
further anneat¢d at120 °C foronehour. Finally,a conductivesilver paste was deposited on the
top of the device to make the electrical contaBesfore testing the devigceéhe morphologal
characterizatiorof the LEDs was performedvia Scanning Electron Microscopy (JEQSM
7100F).In device testing experimenis15V (Harrison 6205B DC power suppligias voltage was
used or the electroluminescenaxperimentsproviding electron and hole curren®e further
utilized theKeithley 2420 Source Meter Unit (SMU) instrument to measure tiredn voltage of
both devicesFinally, in order to record electroluminesce under the application of DC bias

voltage, thedeviceswereplaced inside &loriba Spex Nanolog fluorescence spectromaterthe
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spectra were recorded continuously as a funai@pplied biasin order to confirm the electronic
nature of the emission this experiment was repeated under liquid nitrogen temperatures and the
photoluminescence of the devices wE®measured usinidne OcearOptics (S2000) spectrometer

at 365 nm excitation wavelength.

2.3Results and Discussion

AqueousglucosamineHCI or glucosamineHCl with thioureawas used as lowcost
starting materialfor the synthesis dfi-GQDsor NS-GQDs These precursor materials undergo a
microwaveassistedhydrothermalprocess in the presence of continuous uniform microwave
treatment for 40 min yielding wetlistributed GQDs in a stable aqueous suspenguanutilized
glucosamineHCl asa single precwor forthe source of carbon and wiyen dopants teynthesize
N-GQDs and both glucosaminihiourea as a source of carlyitrogen and only thiourea as a
source of sulfur to produce NSQDs In addition to that, thiourea works as a catalyst for the
dehydation process and provides nitrogen and sulfur for doping. @dtitinuousmicrowave
treatmentjnter-moleculardehydration takes placeesulting in apolymeric chain to produce-N
GQDs(Figure 2.1) After this polymerizationprocessat a supersaturatiocondition, a burst of
nucleation takes place followed bye doping of nitrogen/nitrogesulfur to form NGQDs/NS
GQDs.This growth mechanism of GQDs illustratedin figure 2.1 via a schematic diagrarihe
formation/growth of carbon nuclé verified by the crystallindattice structure images of GQDs
captured byHRTEM indicating the presence of graphene structure and thus characterizing the
product as graphene quantum dots as opposed to just carbon dotseprby a variety of similar
hydrothermal methoddt is expected that higher powers 450W) of microwave radiation may

significantly increase theeaction rate to produce GQDidowever,a power level greater than 3
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(over 450W is not consideredto avoid the possibility of rapid water evaporation and

spill/overflow of the precursor containing aqueosslution
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Figure 2.1 Schematic of the growth mechanism of (aERDS and (b) N&QDs.
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Figure 2.2: TEM images showing the distribution of (a}®QDS, (d) NSGQDs. HRTEM images of (b) 4&QDs, (e)
NS-GQDs. Inset: separation between lattice fringes and FFT images of selected area. Size distributicGQis) (f)
NS-GQDs. Inset: As prepared respect¥®D samples. AFM height profile for (g)-8QDs and (h) N&QDs.
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A dramatic change of physical color frostartingwaterlike transparensolution to yellow(N-

GQDs) and pink/orangeg(NS-GQDs) (Inset of Figire 2.2d) is observed féer the 40 min
microwave treatmentsuggesting the formation of new materials including a change in the
structural/optical properties compared to the starting divés. to further characterizatioQDs

are dialyzed in a 0:3 kDa MWCO (mdecularweightcutoff) dialysis bagfor a weekto remove

the wnreacted precursor materiaBialyzed GQDs are further tested to verify the purification
process via Benedictds test showing a mini ma
(Figure 2.3).

The morphological characterization/distribution of@QDs/NSGQDs is assesseda
HRTEM in order to characterize the form, structlaed composition of this novel materidlhe
TEM study indicates that the GQDs are individualjasdll-dispersed (Figre 2.2a,d)as well as
well-distributed which isshown bythe histogram plotlescribing GQDsize distribution analysis
(Figure 2.2c,f). We consider ~100 of GQDs to calculate the average size (diameter) of each type
yielding an average sizef 5.50+0.20 nm with a range of 1.61 nm to 9 nm for®QDs and a
3.90+0.10nm average size within a range of 1.91 to 6.22 nm foeQ@Ps.Both N-GQDs (Figire
2.2b) and NSGQDs (Figire 2.2e) showdistinguishablelattice fringes with dattice spacing of
0.21 nm {nsetof Figure 2.2b,e) corresponding to (100) plane of grapHéheA high crystalline
lattice structurés apparent in the fagtouriertransform (FFT) images of the chosen araadt of
Figure2.2b, 2.2e) captured by HRTEMA qualitative assessment of GQDs atomic percentage is
performed using EDX (eneregispersve X-ray spectroscopy), showing tipeesence of11%
nitrogen in NGQDs(Figure 2.4a,cand~8% nitrogen/~2.5% sulfur INS-GQDs(Figure2.4b,q.

Additionally, AFM (atomic force microscopy) is used to measurdhiokness of GQDshowing
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on averageaip to~2.5 nm for NGQDs (Figure 2.2gand ~1.75 nm for N&QDs (Figure 2.2h

which suggestthe multilayeredand potentially spherical structure of GQDs.

R
"

Control 0.05 0.15 0.3mg/ml 0.5 mg/ml 1 mg/ml 2 mg/ml 20mg/ml 50
mg/ml mg/ml mg/ml

(b)

Control l 0.05 mg/ml X 0.5 mg/ml 20 mg/ml 50 mg/ml
Purified Un-purified
Quantum dots Quantum dots

Figure 23:Benedi ct 6 s s diffesentcoocentrdtien)of glwdodarhine grecursor starting from 50 mgighit(nos)

down to 0.15 mg/ml showing ahangeof color/precipitation compared to the control solutideftnos) but no color
change/precipitation for 0.05 mg/ml concentrated solution. (b) with a different concentration of only glucosamine anedunpurif
guantum dots showing color change(cipitation (except 0.05 mg/ml glucosamine sampléereas purified quantum dots/low
concentrated glucosamine (0.05 mg/ml) exhibiting no color change/precipitation.
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The functional groups present on the GQD surface are ssmts@d via Fourier Traiosm
Infrared Spetroscopy (FTIR)FTIR spectra oN-GQDs/ NSGQDsshow the presence of well
pronounced stretching vibrations off@and NH groups at3275 and 3090 cm**Yl (Figure
2.53,b) The peaks centereat 2935, 1602, 1530, and 1412 tmorrespond to the vibrational
transitions of GH, C=0 of COOH, C=C, €O-C. Additionally, stretching vibrations of-OH, G
N/ N-H/ C-H, and GO aredetected at 1330, 1240, and 1021'cnespectivel{f> 11l These peaks
aretypical for both types of GQDs except&, S-H stretching peaks/shouldersldis9, 2557 cm
1 1121149 NS-GQDsthat are vey weak in intensitypecause of the low sulfur content detected
gualitatively bythe EDX. The presence of these transitiosigpportsthe proposed structural
schematic containing oxygen/nitrogbased addends in FiguPel. Raman spectroscopy is
utilized to characterize the graphitic structure within the Ggd@formshowing a sharp ®and
at ~1537 cm corresponding to the $iybridized carbonsral a weak shoulder at ~1330¢ifD

band)suggesting theresence of sondisordered structusgFigure 26a,b).
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Figure 2.4 EDX measurement of (a)-8QDs and (b) N&QDs (c) Table shows the percentage of elementsGQs and NS
GQDs
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UV-vis and fluorescence spectcopy techniques are utilized to characterize the optical
properties of NGQDs/NSGQDs whichcan be dictatetly the synthesis conditismlong with the
structural properties anthe types of functional groups present on GQDs surfédesorbance
measurementsf aqueousNGQD showfour major featurepeakingat ~215 239, 283, ~317 nm
(Figure 2.7e)hat are attributed tthe -~ * e | etansitios0fiC=C'4, n-" * el ect r oni
transitions of C=C, C=0*, a+id 't r aof CENP, aaspectively NS-GQDs show
absorption band (Figuz7e ) at 236 nm-"congiantsd n tilandtwdak C=C b
shoulders at 276, 300, 370 nm as the potential signaturedfn t r ansi t i ons in C=0
The shifts in absorptiopeaks between NGQDs and X&&Dsare likelydueto the presence of
sulfur dopants in NSGQDsindicatingthe interaction of thenajor absorbing species on the?sp
platform with the dopants. Such interaction mechanisms govern the fluorescence emission in these
QDs as the fluorescing species appear not to beadle absorbersbright fluorescencén visible

is observed with aexcitationfar frommajorabsorption transitions.

We observe fluorescence in visible and considerable emission featthies@arinfrared
(NIR) region from both NGQDs/NSGQDs measured via fluorescenspectroflorimeter. In
order toconsider the emission contributbdy -~ * and absor pt 19 excithtonans i t i
wawelengthsranghg from280 to 340 nmare utilized, showing multiple emission peaks (Figure
29a,b. As the excitation wavelength increases, these additional pestkseaker/disappear
indicatinglessf | uor escence comntamnt uthi a mkallyirstatmy 8om
330/340 nm excitatiowavelengthone mainbroad fluorescence featuremainswhich isfurther
explored in this workThis broademissionfeature shows direct excitation dependence: scanning

excitation from 350 to 475 nm allows to tune the emissin the visible from 425 to 531 nm for
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N-GQDs (Figure2.7a) and 448 to 539 nm for NSQDs (Figure2.7c). Similar behavioris
observedor NIR emission (Figur@.7b,d) with excitation wavelengths rangirigpm 700 to 800
nm, inducing fluorescenceranging fom ~800 to 890 nm (Figur@.7b,d). Such excitation
dependent emission aimtensityvariationfor bothGQDs inthe visible and neatR regionwith

the excitation wavelengthindicates apresence of multiple sizes/types of emissive featares
structuresObserved lue/green emission occurring witt830nm excitation is usually attributed
to the confinemenrinduced band gap dictated by the size of the quantumid8tand thusthe
emission band igxpected to vary witlisQDs size. As excitation is shifted, different sizes are
excited in resonance, theredoproviding shifted emission with thgossibility of exciting more
species at higher excitation energids.seen fronthe GQD sizehistogramthe sizedistribution

is limited to the GQD diameteypotentially contributing to the emission inethisible. Larger
structures would be expected to result in confinermelated NIR emissidht®. Thusit can be
assumed thathe excitatiordependent nedR emission could potentially arise from different
distribution/arrangements of emissive trap stBtés?! Such defect trap states can be associated
with functional groups present in both®GQDs/ NSGQDs'2% 21 Althoughin the process of
thioureadriven NSGQDs synthesjsamino/thiol groups are expected to passivate ribe
emissive trap state$?? on the surface to diminish the excitation dependemission
characeristics, the potential high local temperature produced by high power microwave treatment
may prevent the surface passivatisame functional groupsmay get unstable at higher
temperatures leaving the surface of G&t3awith defects in their placd he distribution of these
defects may therefore result @xcitationdependenemission observed fdroth NGQDs/NS

GQDsin NIR. In both spectral region&QDs showexcellent photostabilitfor several hours
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without any signf photobleachingunder 365 m 100 W UV illumination, ayanlike, and blue
fluorescence are also observed visually (Figui#) for N-GQDs and NSGQDs respectively,

suggesting a high fluorescence efficiency.

Fluorescence quantum yield (QY) ofGIQDs/NSGQDsis calculatedising acomparative
method*?®l choosing Coumar#153 and Fluorescein as two standard materials with excitation and

emisson wavelengths similar tthe GQDs by using the following formula.

2
boone = o x [[Hoeos) (12104550 - magps
QDs ref FLI, 1 — 104bs60ps Nref

In the above expressiolgl ‘Qd@notes the quantum yield of théarencematerialsfFLI represents
integrated fluorescence intensitgeasured experimentallyAbs indicates the absorbance of
materials at thexcitation waelength and- is denoteds the refractive index of the solvents. The
refractive indexes of water, Coumatib3, and Fluoresceare considereds 1.33, 1.36, and 1.33,
respectivelyBoth sandards showimilar results with estimated QY ranging from 50 to 60% for
N-GQDs and froml0 to 22% for NSGQDs (Table2.1a,l). The lower quantum yield of NS
GQDs,comparedo N-GQDs,can be potentially caused by the additiamatradiative pathways
introduced by sulfur dopants. Therefoed,the sameoncentration of both types of GQDs, NS
GQDs exhibit fluorescencewith less peak intensitylong with no significant difference in
absorbance compared te®QDs resulting in lower quantum yiel@ihe absolute quantum yield
of N-GQDs was measured astd%6 at 405 nm laser excitation showmgod agreement with the

values assessed \aa&omparative method.
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Table2.1: Quantum vyield of NGODs and NSGQDs

(a) Using Coumarirl53 as a reference material which has 47% quantum yield in ethanol at

400 nm excitation

Types of GQDs

Quantum Yield (%)

N-GQDs

60%

NS-GQDs

22%

(b) UsingFluorescein as a reference material which has 92% quantum yield in 0.1M NaOH at

360 nm excitation:

Types of GQDs Quantum Yield (%)
N-GQDs 50%
NS-GQDs 10%

TheabsoluteQY of N-GQDs measured further utilizing antegrating sphere at 405 nm excitation

providing 57+4% absoluteQY (Figure 2.8which was calculated by using the following formula.

)

u

Intensity (a

Quantum Yield =

80001 pegk-A
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Figure 2.8 Utilizing an integrating spherég) Signal measured with reference (water only);Jtattered signal from aqueot
NGQDs sample{c) Enhanced fluorescence emission with NGQ@D405nm laser excitation.
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Substantl quantum yield and waiticolor emissior(green, blugand neafinfrared)observed from

these QDssuggest greaipromise for optoelectronic and biomeditimaging applications

We have also explorethe routes to adjughe optical (photoluminescence) and structural
(size) properties of these GQDs with a variation in microwave treatment tH@@QDENS-GQDs
synthesizedvith 20, 40, and 80 minutes of microwave treatntgné showanincrease in average
NGQDs sizefrom 3.6Q:0.13 to 9.780.40 nm (Figure 2.0) andNS-GQDs size from 2.380.07
to 5.02+0.14 nm(Figure 2.1). This size increase is complemented ayed-shift in visible
emission bandwith more prolongedmicrowave treatment. The fluorescence intensity also
increases with treatment time suggesting an increase iootleentrationof GQDs confirmed

qualitatively with TEM.
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Although the fluorescence peak maxinshow considerableed-shift ~30 nm for NGQDs
(Figure 2.2a) and~24 nm for NSGQDs (Figure 2.2c) in the visible no significant shift is
detectedn the NIR region (Figure.12b,d) for both GQDs.As GQDs exhibit sizelependent
emission in the visible part of the electromagnetic spectrunrettghifed peak maxima can be
attributed to the increase GQDs size with microwave treatment tinfde insignificantchange
of NIR responsesuggests thaNIR emissiondoes not originate fronguantumconfinement
induced bandgajnsteadas suggested aboytentially arising from the localizealectronic
environments ifluenced by the defect states at the functional graéb@isare unaffected by GQD

size increase
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Besides changing microwave treatment time, the concentratibaioitial dopantcontaining
precursor is also varied to firid potential effect on th&QD optical propertiesAs the synthesis
of N-GQDs require a single glucosamine precursor and nigmogtoms get setfoped in the
synthesis procest# is observed that with the increase of glucosamine precursor concentration,
only the concentration ofN-GQDs increasesvhich leadsto a higher emission intensitiy
visible/NIR without any significant sfti in fluorescence maxima (Figu13a,b). On the other
hand, for the production diIS-GQDs the initial concentration of thiourea precursor can be
changed showing decrease in visiblemission intensity (Figur2.13c), and on the contraryn
enhancement dIR emissiorup to glucosamine/thiourea molar ratio of {Flgure2.13d), while
furtherit diminishesHowever,with suchvariation of the precursor/dopant concentratgiil no
significant shifts in the emission maxima (visible anl&Nare observedrhe decrease in emission
intensity (visible) withtheincreaseof sulfur dopant concentrati@an be potentially caused by the
creation of morelefect siteswhich mayintroduce additional neradiative pathways NS-GQDs
(Figure2.13c) leading tolower quantum yieldrom NS-GQDs compared to #f6QDs. However,
ahighernumber of defect states could lead to an increase in NIR emission potentially arising from

those states (Figuia13d) competing with nomadiative quenching.
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We fabricate lightemitting devices to explore the optoelectronic applicatioM@D usingl50

nm Indium tin oxide (ITO)oated glasssaanodegopped by aole injection layer of poly(3:4
ethylene dioxythiophene):poly(styrene sulfonate) (abbreviated as PEDOT:PSS) with a thickness
of 200 nm On top of this the active emissive dopant layer ofGIQDsis depositedsia spin

coating. Finallya silverbased cathode is used to complete the device geometry (Figdagas1

a top layer The multilayered structure of this device is verified dgrosssection of theLED
captured with theScanning Electron MicroscepSEM) (Figure2.15). The schematic of the
energybanddiagramof N-GQDs(Figure2.14b) shows thdeasibility of transportingelectron and

hole from one electrode to the other through ¢neissiveNGQD layers.With the application of a
particular bias voltageholescan beinjectedfrom the PEDOT: PSS and electrons from the silver

into the recombination layer consistiogN-GQDs.

As a result of this process in the experimemghi electroluminescence emissi¢inset of
Figure 2.Hc) is observedrom the N-GQD-based devicéhroughtransparent ITO electrodeBhe
electroluminescence spectra (Figure 42)1 are measured by placing the device
(ITO/PEDOT.PSSN-GQD<SAQ) inside the spectrofluorometer at a fixed bias of 12V under
ambient conditionsThe sme peak positiorasre obsered in the EL spectrander liquid nitrogen
(LN) at a fixedbiasof 12V (Figure2.14d) confirming that thenature of the observed transitions
is electronic rather than thermAldditionally, a separate measurement is performed to observe the
photoluminescece emission from this device showiaghumber opeak maxima irPL spectra

resemble those iBL spectraFigure2.14f) with minor to no spectral shifts between the two
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In this EL process, the holes in the HOMRgher occupied molecular orbitalecombire
with electrons in the LUM@lower unoccupied molecular orbitaj the quantum dot3.here are
O, N, and Sstatesn the LUMO thatarer el at ed to ~ * orbitals of
HOMO are localizedin the n orbitals of C=0, C=M n dorbitals in C=&*3. The observed
electroluminescenceherefore,originates from the lectronic transitions between these states.
Consistent with this mechanisiL spectra of ITO/PEDOT: PSS/8QDsshow fourmainpeaks
(Figure2.14c) at 400 nm (3.09 eV), 441 nm (2.81 eV), 524 nm (2.37 eV) and 600 nm (2.07 eV).
The peaksaround 3 eV for ITO/PEDOT: PSS/BQDs correspondo the bandgap of PEDOT:
PSS, while the other thremain peaks at 2.BeV, 2.37 eV, and 2.07 e¥re then expected to

correspond tohe O and N statég?],
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Here we consided.74 eV ashe Fermi level of the GQDs based on the Kelvin Prafalysis
reported bykwon et al®® shown to be indegndent of QDs size for similarktructured graphene
guantum dots. Values of HOMO and LUMf(e assessetth respect tahemid-gap Fermi energy
andthe bandgap sizes calculated directly from fluorescence peak maxima of GQDs produced in
this work.The devicesre testedt differentbiasvoltagesshowing amoderatedurn-on voltage of

~ 7V (Figure2.14e) with a variation inthe EL peakintensitybut noapparent spectrahifts. This

work offers a new onestepgscalable/coseffective synthesis of N-GQDINS-GQDs with
visible/NIR emissiorfor a variety of fluorescencapplicationsand also presentsvarsatile,low-

cost alternative for the fabrication effectiveEL devices.

-

'PEDOT:PSS/QDs

e |

Figure 2.15: Crosssection SEM at 30° tibf Glass/ITO/PEDT:PSIGQDs
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2.4 Summary of chapter-2:

In this part of thework, we have for the first timesynthesizedhovel nitrogerdoped
graphene quantum dots {GlQDs: averageliameter sizé&.5+0.19 nm) and nitrogessulfur co
doped graphene quantum dots (SQDs: averagediametersize ~3.20.09 nm) using an
inexpensive single glucosamine precursor feGRDs and glucosaminéiburea for NSGQDs
via a singlestep microwavdacilitated hydrothermal method. Thesevel quantum dotsare
capable oforming stable watesuspensionand exhibiing bright/stablefluorescence in the visible
and neatinfrared with high visible quantum yelds of up to 60% It has been proposed that
excitationdependent visible emissiongevernedoy the QDssizedependenband gapsnduced
by quantum confinement effectghereas theearlR emissioncanbe potentiallyattributedto the
functionalgroupsrelatedrap states and their arrangememsQDs surfacel hese quantum dots
are further utilized as an active emissive layer due to their suitable energy level stroicture
successfully fabricate lighgmitting devices showing bright electroluregstence in the visible
Considering their high quantum yielthe ability to emitphoto andelectroluminescence and lew
cost onestep preparatio\-GQDINS-GQDsproduced in this workan be potentially used for
biological imagingprobes or, as shown inhis work, as a basis for novel optoelectronic devices

suitable for loweicost production.
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CHAPTER- 3

Nitrogen-doped Graphene Quantum DotsModification of Optical Properties

and Photovoltaic Applicationg*?4

3.10verview

In this chapter we focusfurther onthe photovoltaic applications of-8QDs. Solar cells
fabricated withasprepared NGQDs as a photoactive layer show power conversion efficiency of
~0.41%along with moderate current density, opmrcuit voltage and fill factor. Althoughthere
are reports of devices prepared with other graphene quantum gistaactive layét>>129 it is
expected thawlteration of the optical properties odspreparedN-GQDs developed in our
laboratorymay significantlyenhancetheir photovoltaic performancé& number of methods are
utilized to date tomodify the optical properties of GQDs including dopimgh potassiurft® or
other heteroatoms (nitrogen, sulfur, boron, phosphorus)drazinemediated reduction of
graphene oxide quantum d6t¥, bandgapmodulation ofGQDsvia functionalization with amine
groups™®? application of an external electric fiéft¥, surfacefunctionalzationwith carboxylic
moietie$'34, nitric acidinducedoxidation of graphene oxiélé®, variation of temperatuté®,
redox processintf”! or photochemical fluorinatidt?®. However, all these method®quire
complicateddesign/setup along withmulti-stepreactionphasesin our previous work, the optical
propertieof reduced graphene oxide (RGO) amndphene oxide (GO) wecentrollably modified
in aqueous suspensiasingasimple insitu ozone treatmeft: 18 Herethesamestraightforward

techniqueis utilized to alter the optical properties ofspreparednitrogendoped graphene
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guantum dots in aqueous suspensidns is the first report omnodifying optical propertiesf N-
GQDsvia ozone treatmertb enhance thphotovoltaic characteristicd GQDsbased solar cells
Additionally, thermal treatmeatareappliedto provide the means fdurther adjustment oGQD

optical properties.

With controlled ozone treatmernthe amount obxygencontainingfunctional groupsn N-
GQD surface increased in an efficient way which rmatentially enhance charge transfer between
TiO2 and GQDs in a device stat€his favorable mechanism is utilized solar cell devices
fabricated using the ozotteeated NGQDs (ORGQDs) as a photoactive laygrovidingthe best
performance reported for this type GQD solar cell configurationBesides thata onestep
simple/scalable/costffective/ecefriendly synthesis process and orgasituctureof N-GQDs

maketheman advantageous alternative to exisoginterpartsitilized insolar cek.

3.2Experimental Methods and procedures:

3.2.1 Synthesis/Characterization ofGBQDs and ONGQDs:

The hydrothermal method which has been described in chaptass used to prepare the
N-GQDs utilizing acommercially available microwave (Hamilton Beach, model:PEDD23AR
ST) from an aqueous suspension of glucosantif@l (purchased from SigmaAldrich) at
concentration 0D.14 Mtreated in themicrowave for 60 min at 1350 W (Power level B%-
preparedN-GQDs were purified utilizing MWCO (moleculaveightcutoff) 0.51 kDa bag
dialysis for 24h against DI water that was changed every afteft@hpurified NGQDs were
further processed using &maly (Model: 5000BFL) ozone generator fed by ygen producing

ozone ata concentration 0d.3 gL (10% of maximum ozone leveB gL™?). The N-GQDs were
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subjected to ozone treatmantaqueous suspension ovbe periods of 0 to 65 min to produce
ozoneoxidized NGQDs. The morphological characterization oftteated NGQDs and Oz
NGQDs was completedby Transmission Electron Microscopy (TEM JEOL JE2W00). The
samples for TEMcharacterizatiorwere preparesn the carboncoated200-mesh copper grid
under ambient conditions. Thaptical characterization oN-GQDJOz-NGQDs samplesvas
performed utilizing Horiba Scientific SPEX NanoLodgSpectrofluorometerfor measuring
fluorescencevith 400 nm excitation used previousH for visible emissionas well as730/800
nm excitation for NIR emissiomnd aCary 60 U\Vis (Agilent Technologies)absorption
spectrometer for measuring the absorptithin the range of 200 to 1000m. In order to
eliminate the water contentfrom the sampledor the FTIR (Fourier transformed infrared
spectroscopymeasuremest a Labconco, FreeZone 4.5 freedeyer was utilizedto lyophilize
purified NNGQDs/OzNGQDs The functional groups on the untreat&tGQDIOz-NGQDs
surface werdurther detected using th&TR (Attenuatedtotal reflection)mode of the Thermo
Nicolet Nexus 670 FTIRThe graphitic structure of untreattdGQDIOzNGQDswasfurther
analyzedusing a Raman spectrometer (DeltaNu) with 785 nm excitation at 100 mW maximum
power and their topology by tapping mode Atomic Force MicroscopdMT-MDT nanosolver
AFM). Thesamples for Raman measuremeagsvell as for AFMverepreparedria spin-coating

of aqueous suspension ofBQDs/OzNGQDs on a silicon wafer at 1000 rpm.
3.2.2 Device fabication:

The solar cellsvere fabricated usindg-luorine dopedin oxide (FH'O)-coatedglass as a

substrateBefore depositingthermaterials on the substrateniscleanedoy 10% HCI for 1 hour
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followed by an additional ultrasonication cleaningdetone for 1 hour. After that, the FTO glass
wasblow-dried bynitrogengas In order to deposit a layer of TiQtitanium dioxide) orthe FTO
glass substrafdiO, wasprepared from a solutiocontainng titaniumisopropoxide at 0.4 M in
ethanoland0.3 M of acetic acidvhich wasspin-coaedat 3000 rpm followed bpakingat 500°C
for two hours We deposite00 pul volume of 5 mg/mhqueoussuspensiomf NGQD by spin
coating at 3000 rpm fdzOsfollowed byannealing at 120°@r one houornto the FTOTIO: film.

To make electrical contagta conductivesilver paste was deposited on top of the dev{gach
contact area is5mn¥). The morphological characterizatiaof the devicesvascarried outusing

a Field Emission Scanning Electron Microscope (JE@M7100F) and the
electricalphotovoltaic characterization of thdevices wasperformed under one full sun

illumination (solar simulatoat one sunising aKeithley 2420 Source Meter unitstrument

33Resul ts and discussi on:

In this work, we develop ittogen selfdoped GQDs(N-GQDs) using a straightforward
synthetic route isidea commerciallyavailable microwave oven froan aqueous glucosamine
HCI precursor Glucosamine moleculeslehydrate due to the hydrothermal reaction with
continuous microwave treatmefdarming a chain ofpolymers and aromatic clusterds the
reaction timencreasescondensation followed by carbonizat@longwith selfdoping ofnitrogen
takes placdorming a limitedrange of weHdistributed NGQO(Figure3.1a). Thesizedistribution
of untreated NGQRssessed by the TEShowsan average diameter @01+0.22nmconsidering
over a hundredndividual NGQD (Figure 3.1c). The HRTEM (highresolution transmission
electron microscopejmagesindicate the formation of carbon nuclei and crystalline lattice

structure which wasverified bythe FFT (fast Fouriertransform) imagesirise of Figure 3.1b) of
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selected areas showing cisniblelattice fringes witha lattice spacing d¥.21 nm {nset of Figire

3.1b) corresponding to the (100) plane of grapHéne

Thesepurified quantum dotsre furtherprocessedy solutiorprocessingbzone and thermal
treatmentto develop a technique faaichieving optimizedoptical properties for photovoltaic
applicationsThe aqueouBlGQDs are subjected tthe controlled ozone treatmefuar the periods
of 0 to 65 minexhibit a substantialsuspensiorcolor change from dark to light yellow with

prolongedozoneexposure

The crystallinity, size distributiorand morphology of ozondéreated NGQDs (ONGQDs)
characterizedy HRTEM (Figure 3.1d) show significant changes including a decreased average
size 0f5.53+0.35nm (Fig. 1(f)) for 16 minbzonetreatedsample along with #ss pronounced
crystalline lattice structureir(se¢ of Fig. 1(e)).This morphological change continues with the
increase of ozone treatment timp to 65 min (Maximum ozone treatmensed in this study)
whichshows(Figure 31g,h,i) furthersubstantiatiecrease in avera@QD size down to 5.2+0.14

nm along witha higher degree adisorder in the graphitic structure.
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Figure 3.1: (a) TEM images showing the distribution of BGQDS. (b) HRTEM images of UNGQDS. Inset: separatior
between lattice fringes (left side) and FFT images of the selected area (right side). (c) Size distributibGeDin (d)
TEM images showing the didbttion of 16 min ONGQDS. (e) HRTEM images of 16 min dGQDS. Inset: separatior
between lattice fringes (left side) and FFT images of the selected area (right side). (f) Size distribution of 18&@D3z
(g) TEM images showing the distribution 66 min OzNGQDS. f) HRTEM images 065 min OzNGQDS. InsetFFT
images of the selected ardeft(side). () Size distribution 065 min OzNGQDs.
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(b)

Figure 3.2 AFM height profiles for § Un-NGQDs andlf) O~NGQDs

The decrease in average GQD size along wigitirower size distribution rangauiggest the
scission of NGQDs anda change incrystallinity/'shape of GQDsompared to the untreated
NGQDs indicatesthe introduction of defectmduced by prolongedzoneoxidation Although
ozone treatment introduces a change in lgteral dmensionof N-GQDs, the height profile
analysis performedia AFM shows similar thicknessip to ~3 nmpfor bothNGQDs (Figure 3.29
andOz-NGQDs (Figure 3.2D indicatingthat quantum dots still possassilti-layered (potentially
sphericalshaped) structure. ASRTEM images show change in average size, lateral dimension,
lattice structure with timed ozone treatment, it is expected to observe potential dhapgesnd
abundance of particular functional groupghich is later verified byFTIR (Fouriertransform

infrared spectrscopy measurements
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treated and 65 min ozongeatedNGQDs
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Ozone treatment introducadistinctincrease in absorbance for the vibrational transitions-Bif O
groups centered at 3275 er(Figure 3.3a), suggesting the introduction of hydroxyl groufptie
stretching vibrations o€-H,C=0 of COOH, C=C, €D-C peakingat 2935, 1602, 1530, and 1412
cm? (Figure 3.3), alsasshowa slightincrease of intensitipr O~NGQDs However no significant
intensity clangeis observedor the bands at 1240 cheorresponding to the stretching vibrations
of C-N/N-H andwith only amoderate variation of © transitionat 1021 cmt (Figure 3.33)(8% 1111
Thesefunctional group-dependentcharacteristicchange of vibrational transitionsare further
supported b¥EDX (Energy dispersive-kay spectroscopyjpeasurements which shassignificant
increasein oxygenand avery moderatedecreasen carbornitrogenatoms(atomic percentage)
(Figure 3.3b,c,d,e) verifyinghe addition of oxygenrcontaining functional groupsin NGQD
surfacedetected by FTIRA change in thantensitiesof D and G bansl observedvia Raman
measurementand a much higherd/lg ratio (0.99)for OzNGQDs (Figire 3.4 than for Un
NGQDs (b/1c=0.7) (Figure 3.4& suggestshe introduction of defects during ozeoridation. It

is evident fronthe FTIR, EDX, andRaman datéhat timed ozone treatment introduces/trars
oxygen/nitrogercontaining functional groups Based on tis concept,a qualitative schematic
(Figure 3.5) is envisionedreflecting ozoneinduced structural and functional group changes

observed at 16 min treatment followedthg next step 065 mindeteriorative ovepxidation.
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Untreated N-GQDs

Figure 3.5: A schematic of untreated NGQDs chemical structure and their change due tinozaien and oveoxidization.
Green circles denote the introduction of new functional groups during the-oxiatization step whereas purple colored circl
highlight functonal groups transformed due to cwedidation.

It is also apparenhatthe color oNGQD suspension changes fratarkto light yellow (more
transparentwith prolongedozone treatment (Fige 3.6b) due tatheconsiderable variationa its
UV-visible absorptionWe observetwo asorption peaks at 238nd 283 nm (Figire 3.6
correspondingo the”-" *andn” * el ectroni ¢ t r aWh¥and dbouldsr ato f
~317 nm(Figure 3.6 ascribelt o t he t'r an s il%ifay untreatéd NGOD¥With
timed ozone treatmerthe absorption peaks at 239, 283 and 317 nm decsabstantiallyby the
factorsof ~9.9, ~2.5, and ~10 respectively after 65 min ozone treatrsegijesting aignificant
alterationin dominantabsorbing specieglongwith the disappearance @bsorption features for
239 nm pealndicatingmodificatiorideterioration of th&sQDsgraphitic structure Additionally,
prolonged ozonexidation induces ~8 nm blue shift of th@3 nm peakpectral featursuggesng
the increased electronegativitfom additional oxygen atoms with thentroduction of new
functionalities.No significant absorptioiis observedor untreatedNGQDsor Oz-NGQDs within

the range of 35@50nm (Figure 3.7 at the same concentrations.
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Although a change in color is observed upon ozone treatment under daylight condition, no
apparent color change is seen wita naked eyander UV illuminatioras bothuntreatedGQDs
andOz-NGQDsretaintheirusual cyan like emissiqirigure 3.®). Similarly toabsorption spectral
features, we observe a significant change in the fluoresagrme ozonolysisAn excitation
dependent visiblandNIR emission is observed froontreatedNGQDs which has beestudied
thoroughly inthe previous chapté?!. With timed ozone treatment for the persaaf 0-16 min at
an ozoneconcentration 00.3 g I'*, thefluorescence intensity increasaleng witha slight blue
shift of ~6 nm (Figire 3.6c,d) suggestingpotentid transformation/rearrangementsafmeoxygen
containing functional groups into the emissive spedreicaded by the FTIRabsorbance
measurement#lso, the slight blue shift can be poteififiariginatedfromthe decrease of average
GQD diameter with prolonged ozone exposassietected by TEM, since GQ@ptical bandgap
is inversely proportionato their siz€'8. However,with furtherozoneprocessingmore than 16
min ozone treatment}he fluorescenceemissionstars to show irreversiblequenching(Figure
3.6c,d) potentiallydue tothe introductiorof charge trapsvhich is considered agestructive over
oxidatiort®?, It is observed that alight increasén ozoneconcentration otreatmenttime may
overoxidize the NGQDsresulting in a significant change in optical/structural properties.
Therefore, it is imperatived havecontrolover ozone concentratioto obtainoptimized visible
emission intensityUnlike the decreased emission intensity in the visible region exhibitesdry
16 mintreated Oz-NGQDs, the NIR emission intensity continues to increageto 45 min

treatmenfollowed byintensitydropfor over 45 min teatmenfiFigure 3.6e,f)
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Figure 3.6 (a) Absorbance of 0 to 65 min ozetreated NGQDs over the scanning range of 200 to 352 nm. (b) Physical
of untreated and 16 min ozotreated NGQDs under the daylight and irradiation of a 365 nm UV lamp. Emission of 0
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Figure 3.7 Absorbance of 0 to 65 min ozotreated NGQDs over the scanning range5#f ® 950 nm.

Since the NIR emission was thougdh be defect stateelated as described in Chaptéf2the
increase of NIR emission intensity caneey the creation of additiohdefects in GQDs surface
through oxygen functionalities with prolonged ozamedation which is verified by he
FTIR/EDX/Ramanstudes. We can further suggest thaitivover 45 minozonetreatment over
oxidationmay takeplace, whichcan transfornihe NIR-emissive defect stat@sto nonemissive

speciesvhich may result in the observed further decrease in the emission intensitygBiff).

The optical properties oNGQDs can also beontrollably alteredising stepwisethermal
treatmenteading toirreversible monotonic fluorescence quenching in the visible andwitiRa
variation of temperature frord7 to 90°C (Figre 3.8a,b). Similarly to graphene oxid&!, this
fluorescencejuenchingcan be caused kifie thermalreduction ofoxygencontaining functional

groups The ability to controllably enhance or diminish fluoresceintensity either by ozone or
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thermal treatment ensures thajustmenbf NGQD optical response for potential optoelectronic

applications.
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Figure 3.8 Emission of RT (room temperature) to 90°C temperaa@ted NGQDs in (a) visible region at 400 nm exicitat
(b) NIR region at 800 nm excitation.

The N-GQDs with optical propertieooptimizedvia controlled ozone treatmenéare further
utilized as a photoactive lay&or the fabrication ofsolar cells As maximum visible emission
intensity is observedor 16 min Oz-NGQDs followed by overoxidation resultingin structural
deteriorationfor more than 16 min ozorteeated NGQDs we considerl6 mintreaed material
asmostsuitable foran optimal emissioentanementfor NGQDs-based devices. Less oxidized
and thermally reduced NGQDs are also utilizsdan active laydo produce solar cellgelding
lower photovoltaic performancesmilar to those ofintreated NGQDsS hus here we compatke

devices developed with optimally (16 min) ozetneated GQDs and untreatBiéQDs.

Untreated and ozorteeated NGQDs are utilized further as a photoactive material to fabricate

several prototypes of solar cekvices. In order to fabricate the devicee usea glass substrate
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coated witHluorine-doped tin oxide (FTOas an anodmppedwith TiO> (Titanium dioxide)ayer
and a layer otintreateeNGQDs or OzZNGQDsdepositedbnto FTO/TIO, via spincoating, and,
finally, aconductivesilver (Ag) pastecontact as aathodgFigure3.9a). A multi-layered structure
of the device is observed by thesssectionalimage (Figire 3.%0) capturecby FESEM f(ield-
emissiorscanning electron microscomjowingl50 nm FTGcoating, 100 nnathick layerof TiO-
followed by 45 nm of NGQDs or GRGQDs, and a silver electrode. gchematic of the
corresponding energy band diagrahthe solar cell is shown fRigure 3.9c by taking into account
theknown value for the wdk function ofFTO(anode)/Ag(cathodend thepredictedFermi level
of the GQDY®! of similar type The Fermi level of the GQDassessed gwon et all®® via Kelvin
probeanalysisas4.74 eVirrespective ofGQDssizesis utilized as a reference, while thalues of
HOMO and LUMOarecalculatedrom the emissionpeak maximaAs a slight blue shift £5 nnj

in emission peak maxima is observed with prolonged ozone treatneesignificant changes in
theoptical band gapre expectedn this deviceNGQDs absorb photons in the visilpégionunder
AM (air mass) 1.5 G (globaht one full sun illuminatiomeneratng photoinduced electrons and
holesleading toelectronmigrationto the TiQ film and then transfer to FTO, while theles move

toward the cathode.

Solar cells fabricated with untreated NGQ&sa photoactive laygrovide Jc (short circuit
current densitypf ~1.3 mA/cn3, Voc(open circuit voltagedf ~0.56 V, FH(ill factor) of 27.8 %,
and PCE (power conversion efficiencypf 0.41 % (Figire 3.9e) which is comparable tthe
photovoltaic performances of the solar cells fabricated with GQDsacaéive layer reported
previously*3*141. However,solar cells made witlozonetreated NGQDsxhibit a significant

boost in photovoltaic parametereluding average 2 ~2.0 mA/cnd, Voc ~ 0.83 V, FF ~86.40%
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and PCE ~1.44 % (Fige 3.9). This enhancement in photovoltaic performance witiN®&QDs
based devicesanbe correlated witlhigher intensity andrbader range of visible absorption of
the device with ONGQDs as compared 8uch withuntreated NGQDs (Fige 3.2l). Also, it is
apparent that there is additionalabsorptiorfeature at 431 nrand ashoulder at 537 nrfor the
0Oz-NGQD device,which could be either attributed to the relifted 407 and 485 nm peaks of
TiO2, or new absorbance features appearing due to the charge transfer bexygem

functionalitiesintroduced to NGQDs by ozone treatment and.TiO
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A box and whisker plot (Figure 3.10a,b) is used to describeatige of PCEpower conversion
efficiency) parameter distributioof multiple solar cellsfabricated with untreated and ozene
treatedN-GQDs Among all the fabricated devices maximumpower conversiorfficiency of
2.64% and a short circuit current density of 4.8 mA/eneobtained(Figure 3.10cwith a lower
opencircuit voltage of ~0.65V and a fill factor of ~83.4%om the same solar celvhile the

averagePCErecordecconsideringall O~NGQDsbased devicess 1.36%

Althoughmuch higher PCE can be achieved wdile-sensitized solar cells (DSCs) containing
trarsition metal (utheniumbased dyes) as sensitiZ&8, or Pb$*¥/CdS/CdSE*! (Lead
Sulfide/CadmiunsSulfide/CadmiurdSeknide) coreshell QDbased solar cells, thetoxicity
leading topotentialenvironmental hazardétrimental effects on the climé&t® *6land complex
fabrication processhamper the longerm practical use of these materials. On the other hand,
organicstructureand simpldscalablesynthesis process of-8QDs from a single loveost bio-
safestarting materiabhownin this work provide aecofriendly alternativefor the fabrication of
solar cellsUnquestionably, the state of the art siliédhand GaAsbase#*® solar cells can also
provide higher efficiencieshowever this work suggests that the photovoltaic performances of
suchand/orother solar cell models can be enhanced usaogetreated NGQDsis a photoactive

layer.
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34Su mmaorfy chapter

Nitrogen seldoped graphene quantum dots exhibiting bright/stalsile/NIR emission are
synthesizedia a simple, scalablepsteffective and ecefriendly methodrom a widely available
single glucosamine precursadks-prepared NGQDs 6.01+0.22nm average size) amodified
further by controlled ozone/thermal treatment showing a significant alteration of their optical and
structural properties suitabier solar cell applicationdN-GQD emission increases with prolonged
ozone treatment due to the introduction/rearrangenfemtygencontaining functional groups in
N-GQDson theirsurface whereas thermal treatmerat reverse processervesasa controllable
avenue to decreaseQD emission via anticipated reductiar those functionalitiesOxidative
ozone treatment results the decrease @QD averagesizedown t05.23+0.14nm and amore
disordered structure due to the introduction of the new functional groups detected bgfeTIR
ultimately leading t@slight deterioration afhecarbon platformThe EDX measurements support
the FTIR results by showing a significant increas¢he atomic and the weight percentage of
oxygen atomsBesides tIs alteration ofstructural characteristicezone treatment also induces
significant modification to NGQDptical propertieshowing agradual decrease tife absorption
peakintensity with treatment timandenhancement dhevisible fluorescence intensity up to 16
min treatmentfollowed by furtherintensity drop-off due tothe overoxidationinduced non
radiaive defectcentes. On thecontrary the NIR emissiopotentiallyassociated with defect states
increasesoticeablyup to 45 minandonly after extensive overoxidatiatecreasesrhese ozone
treatmentinduced variationsallow fabricaion of multiple OzNGQDsbasedsolar cellswith
superior photovoltaic performances compared to the untreated NGQDAe achievePCE

~2.64%,Voc ~0.83V, J:~4.8 mA/cni, and86.4% fill factorfrom OzNGQDs deviceproviding
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>6 times enhancement in PCE aw@ltimesincreaein fill factor/current densityith respect to
the devicedabricatedwith untreated NGQDsand other GQD devicashnder AM 1.5 G one full
sun illumination. This worlsuggestshat ozone treatmens a simpleyet versatiletechnique to
modify the optoelectronic properties of scalallynthesizedN-GQDsthat can be successfully

utilized to boost the photovoltaic performance of solar cells.
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CHAPTER- 4

Variation of Optical Properties of Nitrogen-doped Graphene Quantum Dots
with Short/Mid/Long -wave Ultraviolet for the Development of the UV

Photodetecta 4!

4.10verview:

In this work, we have utilized an edgendly microwaveassisted hydrothermal method
for the synthesis of nitrogethoped graphene quantum dots@QDs) from a single glucosamine
precursor yielding N>QDswith an average sizef 4.7Gt0.05nm exhibiting visble and neatR
fluorescence with high quantum yiele have further studied the optical/structural properties of
N-GQDs under short (254 nm)/mid (302 nm)/long wave (365 nm) timed UV exposure showing a
significant reduction of absorption up to 320 nm and appearance of new absorption peak/shoulder
afterward. The fluorescence signal was also significantly affected hyMhexposure exhibiting
gradual quenching of blue/nelR® emissionintensity along with a exceptionalincrease of
green/yellow fluorescence. The quenching of ARarfluorescence can be attributed to the
reduction of oxygen/nitrogecontaining functional ups detecteds observed usingTIR,
whereas the quenching of the blue and the increase of the green/yellow fluorescence can be
potentially ascribed to the increase of@QD average size from 4.#0.05 to 11.20+0.35 nm
captured by HRTEMhigh-resolutiontransmission electron microscop&ith 0 to 60 min UV
exposure. The size tuning ofGIQDs takes place due to the fieglical polymerization induced

by controlled UV irradiation yielding lateral size increase eGRDsto thatoptimal for 500 nm
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excitation and yellow emission, while concomitantly decreasing the number -&FQRs
responsible for blue emission with 350 nm excitation.

The significant change in the optical and structural properties -@QWs due to
short/mid/longwave UV illumination discoveredh this work lead to further development and
fabrication of a UV photodetector devices based on €BQID photesensing layerThe UV
photodetector device fabricated from®QDs showed fast phowwitching characteristics with
96, 87, and 38 mgising time and 73, 11%nd 74 ms decay time under 365, 3@ 254 nm UV
illumination respectively. It convenientlxhibits no signal under room light condition whereas
strong responsivity (up to B A/W) and excellent detectivity (up td.03X10'" Jones)were
observed and calculated under short/mid/long wave UV exposure at 2V bias voltage. These
calculated parameters are comparable and/or improved with respeaseprtviously reported
for quantum dot devices which in combination with-égendly simple and scalable fabrication
makes NGQD-based UV photodetectors developed in this work a promising optoelectronic
solution.

4.2 Experimental methods and procedures

4.2.1 Synthesis/Characterization ofGQDs and UV treated &QDs

A 0.14Maqueous suspension of glucosariit@l (purchased from Sigmaldrich) was processed
in a commercially available microwave (Hamilton Beach, modekR#BD23ARST) for 60 min
at 450W(power level 3) to produce nitrogeloped graphene quantum ddis-prepard N-GQDs
were purifiedusing a dialysis bag@(5' 1 kDa MWCQ for sevendayswith DI waterwhich was
changedseveratimes during the purification procedse purified NGQDs are further processed

under UV irradiatiorwith abenchtop 3UV transilluminator (LM30, 8W)as UV light sourcdor
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the period of 0 to 60 min with a-B0 min interval High-resolution Transmission Electron
Microscope (TEM JEOL JEN2100)was used for thenorphological characterizatiarf untreated
NGQDs ad UV treated NGQDsSamples for TEMvere prepared on@arboncoated200-mesh
copper grid underoom temperature environmeMisible/NIR fluorescence spectra of untreated
N-GQD and UV treated N6QD samplesvas measured withkdoriba Scientific SPEXNanoLog
Spectrofluorometeat 350, 400, 500, 730 nm excitatify and theabsorbace spectra of these
sampleswithin the range of 200 to 800 nmas measured witl Cary 60 UWVis (Agilent
Technologies) absorption spectrometeNirtis (Freezemobile 25 ES) lyophilizeras employed

to freezedry the untreated NGQD andUV treated NGQD. These freezelried samples were used
to measure the FTIR spectra the attenuated total reflection (ATR) mode of a Thermo Nicolet
Nexus 670 FTIR.In order to trace the 3phybridized carbon structurand defectsinduced
disorders iruntreated NGQDand UV treated NGQDs a DeltaNu Raman spectrometer with 785
nm excitation at 100 mW maximum powsasused Solution-processedintreateeNGQDsand
UV-treatedNGQDswere depositedn a silicorwafer via spiacoating atl000and 3000 rpnfior

30s to prepare e samples for Ramamand tapping mode AFM (NIMDT nanosolver

measurementsespectivelythat providedatopological characterization of the materials
4.2.2 Device fabrication

A 24x12 (LxW) mm Silicon substratwas usedo fabricate UVphotodetector devices
which wascleanedby submerging intd 0% aqueoudHClI for 1 hour with further ultrasonic bath
in Acetone for 1 hour followed byrying with compressed nitrogerGold electrodes ere

depositedon the silicon substrate using an Anatech Humawdl (SL No: 2807002) gold
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sputtering deposition systeran for 50 min (each min yields 1 nm thick gold coatinghe
thickness of the deposited gold electrode was verified further wgithraning electron microscope
(SEM, JEOL-JSM-7100F)by capturing therosssectionimageof the deviceshowinga 160 nm
layer of SiQ and a 50 nm thick gold electrodeA. devicechannelwith alengthof 2 mmanda
width of 12 mmwas builtin the middle of the substrate deposit NGQDsvia a drop-coating
method After drop-casting the solutioprocessedNGQDs onto the device channed, was
annealedat 80°C for 20 minto evaporate the wateBEM was used to assess the layese
elementadistribution andmorphologicakharacterization of the devicehereasa Keithley 2420
sourcemeterinstrument was utilized to record th&ctrical responsef UV photodetectors under

three different wavelengths of UV irradiation.

4.3 Results anddiscussion

In order to synthesize ti¢GQDs a single glucosaminEICl precursor is used as a source
of carbon/nitrogen and processed furtlera commercially available microwave overrhe
intermolecular and intramolecular dehydration takes place due toyirothermal reactiowith
prolongedmicrowave treatmerdreating polymers/aromatic clustéoiowed by the condensation
andcarbonizatiorat asupersaturationondition along with the doping of nitrogen, resulting into
subsequenformation ofwell-distributed NGQDsAs we successfully synthesized these materials
before and performed extensive morphological characteriz&tiom the previous chapter
therefore, in thishapter we prioritizeourfocus on the UMnduced alteration of optical properties
followed by the characterization of modified structural properties due to UV irradiBtienious

studies show that UV treatment can be utilized as a reduction pathway to preduced
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graphene ale (RGO) from graphene oxide (G6%1%2 concomitantlytuningGO band structure
and optical properties. Enefore it is expected that UV irradiation mightduce a characteristic

variationin the optical/structural properties of graphdrasedjuantum dotsis well.

Agueous suspensions of pristine NGQDs are irradiated with short (254 nm), mid (302 nm),
and longwave (365 nm) ultraviolet light for a period of O to 30 with 5 min incrementand 30
to 60 min with 10 min increments to modityeir optical propertiesUV treated sample shows a
dramatic change in color from transparent to dark yel{gwure 4.1), indicatingsignificant
variations of the visible absorption and potentakerationsof NGQDs electronicstructure
Absorbance measurementis254 nm UV treateé NGQDs shovaslightc hang-e* i el éctr oni
transition of C=C peaking at ~215 r{ffigure4.2a) whereas a significant variation is obserwed
theintensity of three lasorption peaks at 239, 283, ~317 nm (by the factor of ~3.25, ~1.22, ~1.8
respectively) that are attributed toen-" * el ectronic t rE%siatiidons of
transition of C=NH8l, respectively(Figure 4.2a). Additionally, new absorbancteatures appear
within the range of 330 to 380 namowing amonotonous increasin intensity(by a factor of
~4.65 at 60 minalong with redshiftedabsorbancevith prolongedshortwave UV exposure. The
new pealposition suggestthe formaion of shortwave UVinducedn- * el ect roni c tr a
oxygen/nitrogercontaining functional groups(Figuré.2a). The variation of NGQD optical
propertiesis monitored further by fluorescencemeasurementsat four different excitation
wavelengths (350400, 500, 730 nmINGQD sampleexcited at 3530 nm exhibits a gradual
decreasdFigure 4.20,f) in visible/NIR emission intensity alongith a redblue shift inpeak

maximarfor visible/NIR emission respectively
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60 min

UV treated NGQDs
Under 365 nm

UV illumination

Untreated NGQDs 60 min UV treated NGQDs

Under 365 nm
UV illumination

Untreated NGQDs Under
365 nm UV illumination

Untreated NGQDs 60 min UV treated NGQDs

Figure 4.1: Sample color of untreated NGQDs (BIGQDs) and 60 min UV treated NGQDs (60 min UNMGQDs) under
day light and 365 nm UV illumination.

However for 50/60 min U\ftreated sampteat400 nm excitationtheemissionintensitydecreases

up to 40 min UVillumination and then increases slightlifigure4.2c,d). Interestingly we also
observea significantincreasen emission intensity in the yellowegionwith 500 nm excitation
(Figure 1(e)) Since the origin o66QD visible emisgon is attributed to the quantum confinement
effect, these excitatiomlependent variations in fluorescence features may arise due to the UV
induced changeis the GQD structures and size distributiohbe decrease of emission intensity

with 350, 400 nm excitationand thecorresponding increase &fGQD emission at 500 nm
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excitation suggests two possible scenariosNGEQDs size gets altered in a way thaximum
emissive species can be excited mostieffitly with 500 nmdepleting or quenching adither
structuredeading to localization dfiGQD fluorescence the yellow, (2)similarly to si§ regions
in GO'8, the sizetuning of GQD graphitic clustersdo the diameter resonant with 500 nm
excitationvia selective functionalizatioof those(Figure4.10, 4.11) potentiallyshowing graphitic
substructuresn a single quantum doMoreover the decrease in NIR emission intensity along
with blue-shifted peak maximaan berelatedto potential passivation of defect stasegpporting

the hypothesis otlefectsassociaed*®! origin of NIR emissiorof GQDs described in Chapter 2
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Figure 4.2: (a) Absorbance spectra of 0 to 60 min shvaave (254 nm) UV treated NGQDs. Fluorescence spectra of 0 t
min shortwave (254 nm) UV treated NGQDs excited at (b) 350 nm, (c) 400 nm, (d) 400 nm (correspeRdita)3 (e) 500

nm, and (f) 730 nm.
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Although thdreatment with 254 nm UV lighti{ghest energy treatmefar this work)is supposed

to induce themaximum structural changes &QD structure we observe thenost significant
optical changes witB02 nmuUV illumination Compared to th54 nm UV treatmentNGQDs
treated witi302 nm UV lightexhibit much higher reduction of absorptipeals at 239, 283, 317
nm (bya factor of ~3.65, ~1.57, ~2.00 respectively) and increase of absorbance shoulder ranging
from 325 to 390 nm (pa factor of ~5.62)(Figure 4.3a). The similar fuorescence changese
observedfor 302 nmUYV treated NGQDsas for 254 nmUV treatedones:with 350730 nm
excitation a gradual decrease of fluorescence intensity along avshght redshifted (Figure
4.3p)/blue-shifted (Figure 4.3f) peak maximaare respectivelyobserved Unlike with 254 nm
treatmentan initial decrease in fluorescence intenaitd00 nm excitationp to 20 min treatment
followed byan intensity increaserédm 20 to 60 min UV irradiation along with the appearance of
ashoulderat ~578 nm(Figure4.3c,d) is observedMoreover a staggering (~90 fold) increase in
fluorescence intensity showing peak maximast8 nm with 500 nm excitatiqirigure4.3e,4.4)
occurs suggesting that confinemeinduced fluorescence emission localizes in the yellow region

due tosubstantiakizetuning of NGQDsor their emissive clusrswith 302 nmUV treatment.
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Figure 4.3: (a) Absorbance spectra of 0 to 60 min midve (302 nm) UV treated NGQDs. Fluorescence spectra of O t
min midwave (302 nm) UV treated NGQDs excited at (b) 350 nm, (c) 400 nm, (d) 400 nm (correspebDdihgf)3 (e) 500

nm, and (f) 730 nm.
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Figure 4.4 Corresponding -® plot of the fluorescence spectra of 0 to 60 min-méye (302 nm) UVINGQDs excited at
500 nm.

Finally, a365 nm UV light is used to tre#e pristine NGQDsthroughoutO to 60 min
showingno significant change in abrbance intensitfFigure4.5a) along with no new absorption
peaks/shouldsiindicatingno UV-induced alterationf majorabsorbing specie$he fluorescence
intensity decreases gradually wib0, 400 and 730 nm excitatiofFigure 4.5b,c,d,f) with no
significantvariationat 500 nm excitatioifFigure4.5e), indicating onlyaminorchangeof NGQDs
physicalelectronic configuration. Téseslight variations suggeghat 365 nmlong-wave UV
(lowest energyused in this work)nay trigger the depletion or reduction of less stable emissive

species withoutny change to th8uorescingspecies responsible for the dramatic increase of

yellow photoluminescence
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The UV-induced changes in NGQ&re studied furthethroughtheir morphological and
structural characterization with timed UV irradiati@®@ncemost pronounced changesNGQDs
physical/opticafeaturesare observed witB02 nm(mid-wave) UV treatmentthe midwave UV

treated NGQDs are further utilized to investigdtegotentialstructural modification.

High-resolution transmission electron microscqpyRTEM) is employedo analyze the
change in size distribution potentially responsible for excitadigpendent quantum confinement
induced emission and to assessaghality of the crystalline lattice structutteat mayelucidate the
changes inthe internal structuref GQDs affecting theiemissionwith prolonged UV exposure.

We considemore than 27MGQDsfor the size distributiomanalysis providindNGQD diameters
ranging from 1 to 7.5 nm with an average size of 4.70+0.05 nm and a median of 4.61 nm (Figure

4.6a,b).
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Figure 4.5: (a) Absorbance spectra of 0 to 60 min levave (365 nm) UV treated NGQDs. Fluorescence spectra of O t
min longwave (365 nm) UV treated NGQDs excited at (b) 350 nm, (c) 400 nm, (d) 400 nm (correspebdita)3 (e) 500

nm, and (f) 730 nm.
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