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ABSTRACT
SYNTHESIS AND CHARACTERIZATION OF COLLOIDAL INDIUMNITRIDE
NANOCRYSTALS AND STUDY OF THEIR ELECTRONIC STRUCTURAND SIZE
AND SHAPE DEPENDENT OPTICAL PROPERTIES
By
Basudeb Chakraborty

In this work the synthesize colloidal Indium NiidInN) nanoparticles and characterization
techniques to explain their morphology and différ@noperties have been presented. The
efficiency of previously reported synthetic methdusve been tested and modifications have
been attempted to enhance the quality of the ngstads. A novel approach has been
successfully developed to synthesize 4-12 nm diemeturtzite phase InN nanoparticles with
high crystallinity and quantitative photoluminescerguantum yield. This new synthetic method
is based on then-situ chemical reduction of indium(lll) bidentate aminemplexes in high-
boiling point solvents. We demonstrate that thetedaic structure of these material is strongly
dependant on the size and shape of the nanopartRles to quantum confinement playing a
significant role the optical band gap of InN cantiweed to be up to 0.4 eV higher than the bulk
material. The size of the nanoparticles can berotbetl by the varying the precursor ratio, rate

of addition of reactant whereas the shape can bdified by adjusting the nature and

stoichiometry of the surfactants used during thelsssis.
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CHAPTER 1: INTRODUCTION
GROUP IlI-V SEMICONDUCTOR NANOMATERIALS

Quantum dots(QDs) are semiconductor nanocrystals typical dimensions in the range of
1-100 nm that exhibit size-dependent optical aedtednic properties? With the absorption of

a photon of energy equal or larger to the band(ggp the excitation of an electron leaves an
orbital hole in the valence band. The negativelgrgbd electron and positively charged hole
constitute an electro-statically bound electronehmdir, known as the exciton. Recombination of
the electron and hole annihilates the exciton amghtrbe accompanied by the emission of a
photon, a process known as radiative recombinafitve. exciton has a finite size within the
crystal characterized by the excitonic Bohr radfas), which can vary from one to few
hundreds of nanometers depending on the type ofceaductor material. If the size of a
semiconductor nanocrystal is comparable or smdfilan the size of the exciton, the charge
carriers become spatially confined giving rise ipeslependent optical properties (quantum
confinement) QDs are constrained in all three dimensidhss the exciton size that delineates
the transition between the bulk and confined regiiftee electronic properties of QDs are
intermediate between those of bulk semiconductord af discrete molecules and show
absorption features corresponding to discrete relleict transitions. These discrete transitions are
reminiscent of atomic spectra and have led to QBs being known as artificial atomsThe
electronic properties of QDs are dependent on iteeand shape of the individual crystals. The
main advantage of QDs is the ability to obtainefi#int electronic properties by tuning the size of
the dots which make them so important for many iappbns. Owing to their nanoscale
dimensions, they have very sharp density of stelsexcellent transport and optical properties.
QDs have been applied in photodetectdesers, sensors, displays and amplifiérs.
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Semiconductor materials composed of elements frmaplll and group V (or, group 13 & 15)
of the periodic table are termed as IlI-V semicartdts and include materials aluminium nitride
(AIN), indium nitride (InN), gallium nitride (GaN)gallium arsenide (GaAs) and indium
phosphide (InP). These have advantages over o#meicenductor materials such as enhanced
carrier mobility and ability to create ternary aqdaternary materials that have fine-tunable
electronic and optical properties based on the cmtipn of material. IlI-V materials can also
be utilized for specialized growth phenomena sigchaarificial layers or strained layers in novel
nanostructures such as semiconductor nanofubasowires? and self assembled QBsAs far

as semiconductor physics is concerned, propertiels as high electron mobility in some 1lI-V
semiconductors give them edge over elemental sewhimbors for utilization in high speed

devices'?

Many IlI-V semiconductors have direct energy gafN( GaN, GaAs, GaSb, InN, InP, InSb,
InAs) making them useful for optoelectronithe feature that distinguishes these IlI-V matsrial
from other traditional semiconductors is their dirband gap. In semiconductors like Si or Ge,
the conduction band minima and valence band maxionaot share the same point in k-space.
Consequently, a conduction band electron can adjatively recombine with a valence band
holethrough the involvement of a phonon, where the phomomentum equals the difference
between the conduction band and valence band momenthe involvement of the phonon
makes this process much less probable, leadindoteesradiative recombination in indirect
band gap materials than direct band gap ones.résists in radiative recombinations being only
a small proportion of total recombinations, with shof them being non-radiative in nature. A
great amount of light conversion efficiency is lastindirect band gap materials due to these

non-radiative recombination such as the Auger effegphonon emissioft. This is not the case



with direct band gap semiconductors since theyataequire intermediate phonon involvement
step and hence have much higher light conversiticiegfcies, making them the choice materials

for optical devices.

GROUP 1lI-NITRIDE SEMICONDUCTORS

AIN, InN, GaN and their alloys are main componeotshe lll-nitride semiconductor series.
These prove to be very promising materials for ipldt electronic and optoelectronic
applications. Using these materials, a wide ranfgbamd gaps can be accessed (Fig. 1). For
instance AIN has a band gap of 6.2 eV, whereas &EN3.4 eV (ultra violet (UV) region) and
InN 0.7 eV (near infrared (NIR) band gap). llI-V teaals also possess very high decomposition
temperatures; making them suitable for applicatiohigh-temperature electronitsThese are
usually resistant to traditional fabrication tecfue but on the other hand these materials offer
appreciable chemical stability, one of the mostirdbte properties for fabrication in devices.
GaN has a very large breakdown field (electricdfiglat a pure material can withstand) of
~3x 16 V/icm®™ and InN is known to have quite high electron migbi4400 cnf/Vs).*® These
exceptional properties make these IlI-V materiasihble in high-frequency and high-power
applications. Alloys of these materials can be tutee have possible combination of both the

aforementioned properties.
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Figure 1: Plot of the solapectrum. The range between the dotted lines itelitee portion o

the spectrum that can be achieved by In*’

SIGNIFICANCE AND APPLICATION OF II-V MATERIALS AND INDIUM NITRIDE

(InN)

llI-V semiconductor materials habeen utilized in many devices and instruments Haate
huge contribution in transforming our everyday.lifdhhese materig are largely responsible fi
groundbreaking advancements such as the internet, wéralesxmunications, mobile phon
and data stage media like CD, DVD etc. The also have been utilized iimportant
technological applications, such as solar celight emiting devices (LED) for display:
significant improvements in healthcare sector w-imaging and also anterrorist activiies (by

IR-laser detection of explosives and weapo

Some very distinct propertiesake thes Ill-V semiconductors effective tow:s these particular
applications These materials posses high carrier mobilityy thee mostlydirect band gap

materials and some ofdém have very narrow band gap ring them versatile for use ovet



huge range of energies. With efficient synthetetimds they can be highly crystalline and are

expected to exhibit striking optoelectronic propest

Figure 2:Schematic image of a InN-based field-effect transidnN was epitaxially grown on
YSZ (Yttria-stabilized zirconia) substrates. Thisaswv performed using conventional
photolithography and dry etching. The cubic InNrola layers were covered with Au (source

and drain electrodes) and amorphous Higate insulatory®

InN is a direct band gap IlI-V semiconductor. Thregpect of InN having a band gap ~0.7 eV
has caused a great deal of excitement becausesddtit can utilize the entire visible spectrum
and parts of the infrared spectrum have been emasi based on the,[Ba N system. Such a
material system would hold great promise for agpians in solar cells and optoelectronitén
Fig. 2 we see the demonstration of filisld effect transistor (FET) device which uses I
this device ultrathin InN is epitaxially deposited insulating oxide yttria-stabilized zirconia
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substrates. With various other applications, InMams a potential material for applications in

high electron mobility transistors (HEMT), and alsié magnetic semiconductors.

DIRECT AND INDIRECT BAND GAP

The band gap depicts the energy difference betwbenvalence band maxima and the
conduction band minima. However, these do not atwagcur at the same value of electron
momentum and this has massive impact on propedfesrystal. In a direct band gap
semiconductor, the top of the valence band antd¢ttem of the conduction band have the same
momentum as shown in Fig. 3 (left). On the otherdhan an indirect band gap semiconductor,
the valence band maxima and the conduction bandhrainilo not align (they have different

values of electron momentum) as shown in Fig.gh(ji

For a transition between the valence band anddhduction band to occur the energy supplied
must be greater than or equal to the band gaphenchbmentum must be conserved. In a direct
band gap semiconductor, a photon of en&igwherek, is the band gap energy) can lead to the
transition of an electron from the valence bantheconduction band resulting in the formation
of a bound electron-hole pair because the the fojmeo valence band and the bottom of the
conduction band have the same momentum. Howevem imdirect band gap semiconductor,
this transition requires the addition or subtrattad momentum in order to satisfy conservation
of momentum condition. The transition in indireeinld gap semiconductor occurs via interaction
of the electron with a photon as well as a phonaitti¢e vibration) in order to gain/lose
momentum. The indirect transition generally hasdoexcitation probability than the direct one

because the former one involves three-particleact®n.
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Figure 3: Demonstration of direct (left) and indiréand gap (righ

PREVIOUSLY REPORTED SYNTHETIC METHODS FOR INDIUM NRIDE (InN)

This thesis will mainly focus osynthetic strategies to prepare colloigdium nitride The first
report of lllnitrides synthesis was in 1938 by Jwet al. who synthesize GaN and InN
crystallites®® Various groups have attempted the synthesis of lahberystals using lution-

phase routes, including hydrotherr® solvothermaf®2*

and therml decomposition o
molecular precursorsS:?° The outcomss of these approaches are generally large aggloroes:
of nanocrystalline InN, with ncuniform size and morphology distribution of nantays
There are still no reports of hi-yield or colloidal solubility of these nanocrystatsorganic ol
aqueous solvent3.he precise control over the size and shape oh#m®materialis often not
achievabléby other methods. However, the chemistry be the formation of II-V compounds
is raher different than that of the more conventioll-VI semiconductor nanocryds. The

reason behind this ishe greater covalent nature of the-V materials and hence tl

organometallic precursors often used ‘heir synthesis are not stable and can form comp



with the solvent? The nucleation and growth events which need tedmarated in order to
achieve monodispersity become high-energy procemsgtend to occur simultaneously in the
synthesis of these materidfs®® Other techniques for synthesis of indium nitridenocrystals
include ammonolysid® dc-arc plasm& reactive laser ablati6hand vapor-phase methotisin
these methods, nanocrystals often tend to aggldenawad exhibit poor size distribution and
crystallinity. Recently, by molecular beam epitdMBE) process, some groups have been able
to grow high-quality crystalline InN which has wzité lattice type and a band gap of ~0.65-0.7
eV3¥* However a low cost, straightforward method withdiéy available precursors was yet to
be developed. Hsiebt al'’ and Xieet al?® have reported synthetic methods to prepare InN
nanocrystal by a simple blend of solution route #remal decomposition method. However, no
effect of quantum confinement have been demonsitiat¢hese nanocrystals and superior size
distribution has not been achieved eitffe¥ Very recently Cheret al has successfully prepared
monodispersed INN nanoparticles by combining smhitand vapor-phase methods under silica
shell confinement. These nanocrystals are repddedave cubic lattice type and band gap
around 0.58 eV In this particular report too, the matter of cohtover size has not been
addressed. We have attempted to resolve theseficagmi concerns by developing a new
synthetic approach that produces monodispersedhamgcrystals with uniform size distribution

1** have modified

and better colloidal solubility in organic medigecently Nathan R. Nealet a
a colloidal synthesis of 4-10 nm diameter indiurtrice¢ (InN) nanocrystals that exhibit both a
visible absorption onset(.8 eV) and a strong localized surface plasmonnaasce absorption
in the mid-infrared £3000 nm). This material was prepared keeping ttad igomind to make a

nanostructure which will combine both metal and isemductor properties which is believed to

be of importance in the field of telecommunicatiand optical tuning of plasmonic devices.



They were able to change the absorption onset landlasmon energy by oxidation-reduction
technique which does not alter the chemical contiposof the substance but pushes the Fermi
level of the semiconductor material. Thus we cam tbat though so far several attempts have
been made to synthesize optically tuned colloid&l hanocrystal much success has not been
achieved in controlling these properties from fundatal aspect that is by manipulation of the

size and morphology of the material. In our workwiald like to shed some light on this area.

MOTIVATION FOR MOVING TO THE NANO REGIME

The origin of quantum confinement in QDs arisesnfrthe spatial confinement of electrons
within the crystallite boundary. This effect is ebged when the size of the particle is
comparable to the wavelength of the electron. Wibcrease in size of material to
nano-dimensions, the decrease in confining dimensiake the energy levels discrete; which in
turn leads to an increase of the band gap en€ugglitatively the quantum confinement effect is
analogous to the problem of a particle in a box eifiorts to quantify confinement effects have
been topic of considerable research for more tthmeet decades nolw:*®*’ In this regard,
exploring the properties of InN and other 1lI-V raaals in nanoregime would be really
interesting. Other than studying quantum physicshese small structures; another urge that
boosted a lot of attention in this field was theessity to miniaturize devices. The advantage of
small devices being the higher density of integratfaster response, lower cost and low power
consumption. The increasing demand for faster coengarocessors and high-capacity memory
devices has been motivating the microelectronidsstry to decrease the size of individual parts

and components.



COMPARISON TO THE BULK MATERIAL

Bulk semiconductors are characterized by a compasitependent band gap ener@y)( With
the absorption of a photon, an exciton is crealdst minimum energy required to excite an
electron from the valence band into the condudband isEg-Ey, (whereE, is the binding energy
of the exciton). The exciton has a finite size witlthe crystal characterized by the Bohr
excitonic radius (distance between the electroe-Ipair acxg, which can vary from less than

1 nm to more than 100 nm depending on the material.

_ &M cerereennn()

whereag,is the Bohr excitonic radius of the semiconduataiterial
&g = static dielectric constant of the material
mg = mass of the free electron

ag = Bohr radius of the hydrogen atom

m+m,
M = reduced mass of the exciton
me ) = effective mass of electron (hole)

If the size of a semiconductor nanocrystal is semathan the size of the exciton, the charge
carriers become spatially confined, which raisesirttenergy due to the inclusion of the

confinement energy term (energy required to confime exciton to a radius smaller than the

10



Bohr exciton radius). Dimension(s) of this confiresrhin the case of spherical nanoparticles
refers to the diameter of the nanocrystal whichdee® be comparable or less than twice the

Bohr radius of excitons in the bulk material.

The energy of the exciton in a QD is greater thhe bulk semiconductor as shown in
(Equation 3) whereEconiinementiS the confinement energy of the exciton dagduiomniciS the

coulombic energy term resulting due to the attoactietween the electron-hole pair. Thus, the
smaller the size of the crystal, the greater thentum confinement and greater the difference in
energy between the highest valence band (VB) aadadwest conduction band (CB) energy

levels, and thus greater energy is required taexiee electron from VB to CB.

EEXCitOn: Ebandgap(bulk) + Econfinemen' Ceeeeeeeees (3)

It is a well known fact that when charge carri@ie¢trons and holes) are restricted by a potential
barrier leading to quantization effect they marifexciting properties like size-tunable
absorption and emission wavelengths, discrete relact transitions (Fig. 4), high quantum
yield? The radiative recombination rate constants of sentuctor QDs are substantially
larger than those of their bulk counterparts beeaighe localization of the exciton in the QDs
compared to the bulk semiconductdf&.Narrow band gap semiconductors, including IlI-V
compounds are emerging as an important class daérialst and are attracting lot of attention
because of their potential as emitters in the ieftaregion, and thus possible applications in
telecommunication and biomedical fieffs° The prospect of generating multiple excitons
induced by spatial confinement in narrow band gapisonductor nanocrystals like InN results
in considerable enhancement in the performanceptifetectronic devices, such as solar cells

and low-threshold laser$>? It is very important to note that owing to theivetent nature, the
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llI-V semiconductor nanocrytallitegenerallyhave smaller effective mass alarger dielectric
constant which rests in a larger Bohr excitonic rad (Equation 1ompared to -VI or IV-VI

materials. This can potentially leac some phenomenal, unprecedengentum confinemet

properties. #8203

This makes the llhitrides and their respective als a very integsting clas of materials to
explore. However hese are among one of the least studied classtefiaiaprimarily due to the
challerges encountered in synthesis high quality, crystalline, monodispersed |

nanoparticled>* InN is chemicallyquiteinert and is a direct band gap semductor with the

band gap ~0.65- 0.7 4}:>>>°

A
I — —
P v v 1
| | v
vl

Bulk Band . . .
Structure
— >
Decreasing QD Size

Figure 4: Increase iband gap with daease in size of the seconductor nanomaterial

guantum dot duw the quantum confinement eff
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However, the band gap of InN was once thought td.BeeV for quite some time; until it was
found to be incorrect in 2001 reported by Davyddy @& and following studie¥®* This
controversy regarding the band gap of InN will loelr@ssed in details in the next section. By
alloying with other llI-nitride material, InN canebtransformed into an excellent candidate for
broad-spectrum solar c&knd equally promising as nanocrystalline phospkpasining a wide
range of the optical spectrum. Thus, exploring thethetic possibilities of InN and
understanding its intrinsic material properties pesvided a great deal of motivation to develop

a method to prepare size tunable indium nitrideoparticles.
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THE BAND GAP CONTROVERSY OF INDIUM NITRIDE

The optical band gap value of InN was first traced 986. For the first time a distinct optical
absorption feature at ~1.9 eV was observed by Tamsid Foley® The InN samples showing
that particular absorption edge were grown by rddiguency (RF) sputtering of a metallic
indium target in nitrogen atmosphere. Optical asiglyvas conducted by optical absorption and
electrical measurements were performed on phdiodraphically defined clover leaf contacts.
These polycrystalline InN films were found to ié¢ype in nature and these films were reported
to exhibit a maximum mobility of 5000 &ivs at 150 K and room temperature electron mobility
of 2700 cn/Vs.2® The value 1.9 eV was accepted as an officahdbgap for a while; as other
reports supported this findin§®*® With increasing sophistication in MOCVD and MBE
techniques it was possible to grow epitaxial Indh§. In a short communication published in
2001; Davydovet al claimed to observe a prominent absorption peakvel as strong
photoluminescence (PL) signal located below 1 d¥sgto 0.9 eV) for InN single crystal grown
by MBE®® This was subsequently supported by different pakibns from Wuet al®’ and

Matsuokaet al>®

who also found evidence in InN grown by MBE an@®VD methods with a
band gap near 0.7 eV. These reports triggered akwavon of INN properties and progressively
lower optical band gap in the range of 0.65-0.80n&% confirmed and other crucial parameters

were naturally re-investigated.

There are several issues that can be identifiedasons for the wide range in reported values for
the InN band gap. GaN and AIN are two other nitsdeniconductors known to show evidence
of absorption onsets and PL feature. These pr@seotiginate from deep traps within the band
gap®® In some cases these effects can play a significémtn governing optical measurements.

Thus a similar phenomenon seemed very possiblénfér Within some InN films traces of

14



metallic indium were found and Shubie& al argued that the luminescence from InN films
increased to a great extent in regions around timestallic cluster§? This raises the possibility
that the emission ~0.7 eV could be a result of M®onances. Later, Spedital used valence
electron energy loss spectroscopy (VEELS) techniqu#emonstrate that InN could apparently
show an absorption onset near 1.7 eV. After thisljtaonal doubts were raised that this process
could induce electron damage on the sample itdtimgeffect’® Even the ratio of In:N in the
InN cluster can affect the band gap of the mateviach has been illustrated by Butclhetral
They have shown that the stoichiometry of indiurd aitrogen in InN films can be different and
not 1:1 necessarily. Their work suggests that Intk excess In metal in the cluster or a different
In:N ratio (other than unity) can be consideredradly, alloys with varying composition and
could be possible explanation behind wide varidtyesults in determining the band &g
Davydovet al and Wuet al have however claimed that the higher absorpgatuies observed

can be described in terms of the Burstein-Mosseffe®
The Burstein-Moss effect :

When all states close to the conduction band @naiconductor material become populated (by
electrons) and as a result the apparent band gapsemiconductor is increased by driving the
absorption edge towards higher energy, the phenomenknown as Burstein-Moss effect. In
some cases where degenerate semiconductors (aoséelonetor with such a high level of doping
that the material starts to act more like a mdtahta semiconductor) are involved (in this case
InN with the presence of excess In metal) degeeaegigictron distribution is found to take place

and it is called Burstein-Moss shift (Fig. 5).
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This kind of shift takes place when the electrorriea concentration surpasses the conduction
band edge density of states. This factor actualyplkens to depend on the degenerate doping
level in semiconductors. Semiconductors, that afed by a small amount, for those the Fermi
level lies between the conduction and valence hafssighe doping concentration is increased,
electrons populate states within the conductiondbdinis results in pushing the Fermi level
higher in energy and in the case of degeneratd t#vedoping, the Fermi level lies inside the
conduction band. In these cases the "apparent” bapdf a semiconductor can be determined
using various spectroscopic methods. If we conaaddegenerate semiconductor, the Fermi level
lies in conduction band and all the states belosvRarmi level are occupied. An electron from
the top of the valence band can only be excited aunduction band above the Fermi level.
Since the Fermi level resides inside the conduchand Pauli's exclusion principle forbids
excitation into these occupied states. For thisoraan increase in the apparent band gap is
observed. So the new band gap that we see is thekactual band gap + Moss-Burstein shift

(as shown in Fig. 5).
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AE = Moss-Burstein shift
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Figure 5: Origin of the BursteiRloss shift

Effect of oxygen impurity :

It is known that indium oxideltf,Os) is an indirect gap material with a bagap near 3.75 €."*
In several cases InN films have been found to (s oxygen contamination. Some of them w
due to drawbacks of treynthetic procedurwhereassome were due to oxidation of the san
after preparation or whilperformin¢ measurements. Though it has been known for a vitinait
InN films are prone to odiation at the surfa; yet how this influence the outcome ( the
electrical and optical proptges is still an unresolved puzzle. It beenpreviously suggeste
that thehigher oxygen concentration in these fi results from sputteringnd is the iherent
reason behind the higher bagdy that is observed ding the characterization of tl material.
This is simply because InNkO;z alloys will definitely have widerabsorption edge the
InN.”>">" This theory is indeed supported by the fact thahyngolycrystalline ms exhibit
strong correlation between oxygen content and @hisor onsetwhich has been showby
Yoshimotoet al’ Later, Bhuiyanet al used different growth techniqués produce 1ms of
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variable oxygen content and it was found that giigwr edges again appeared to correlate with
oxygen compositio’® However, it has been suggested by Moneetaal *® that the measured
oxygen content in these films appears to be inaateqto account for a shift from 0.7 eV to
1.9 eV assuming common levels of band gap bowinba$ also been noted that some reports
show that 1805 in fact separate out within the InN lattice andra form alloy. If that is the
scenario then additional absorption feature shbaldbserved near 3.75 eV which happens to be
the band gap of W®3; and not 1.9 eV. Davydoet al also entertained the possibility of oxygen
inducing background electron concentration thaults in occupied states well above the
conduction band minimum (CBM). In such cases, giigor transitions to empty conduction
band states occur at energies larger than the ggme@nergy value which lead to Burstein-Moss
effect. Theoretical simulation has predicted tia&t Moss-Burstein occupation can extend the

absorption energy as much as 2 eV for IAN.

SCOPE OF THE THESIS

Despite the prospect of utilizing InN in many imsting applications, this material is still in its
infancy in terms of our understanding of the prapan and optoelectronic properties of this
material. The highest quality epitaxial layers el to this date still have high dislocation
densities and heavytype conductivity. Understanding the origin ofsthitype conductivity and
eventually producing-type InN will be a major step forward. On the athand, resolving the
band gap controversy would reveal the utility astimaterial for infrared optics and high power
HEMTSs. This thesis considers all these aspectafih details. Particular emphasis has been

given on developing a very easy, scalable, inexpenmethod to synthesize high quality
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crystalline colloidal InN QDs. This has been attéadpby different research groups all over the
world without much success until now. Attempts hbeen made to address the band gap query
by using the traditional techniques like absorptma photoluminescence (PL) spectroscopy. A
number of techniques like transmission electron rosicopy, electron diffraction, X-ray
photoelectron spectroscopy have been used to ¢baracthe synthesized materials and to find

out the size, shape, crystallinity and furtherteethem to the electronic band structure.

The enormous synthetic challenge to prepare a goatity material was the biggest inspiration
to work in this area. The greater covalent natdre I11-V material makes these more difficult
to prepare. The list includes InN, InP and InAsotder to achieve a narrow size distribution in
colloidal particle synthesis, temporal separatietween particle nucleation and particle growth
is necessary. This can be easily obtained withllimaterials by rapid introduction of the
required precursors (usually discrete ions) insolvent of choice, which results in immediate
nucleation followed by slow particle growthThe 11I-V materials being more covalent, it often
becomes really difficult to find precursors thatncachieve similar results like the II-VI
nanocrystal synthesis. The organometallic precarsdten used in the preparation of IlI-V
materials are not stable enough and can compléx thét solvent instead. The nucleation and
growth steps in these cases have individual higiiggnbarriers and separating them from each
other become rather difficult. The materials preplaby such methods are generally of a lower
quality unlike the 1I-VI analogues. Despite thefidifilties in preparation, the IlI-V materials
seem ideal candidates to examine size quantizaffents, as the excitonic Bohr radius is much
larger than for the analogous II-VI compounds. Thigans that particles should display
phenomena such as the ‘blue shift’ in the band edgeslatively large crystal sizes, making

investigations into strongly confined nanostrucsuaehievable.
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CHAPTER 2: EXPERIMENTAL SECTION

MATERIALS

The following chemicals were used for the differsgihthesis protocols. Indium (lll) bromide,
(InBr3), anhydrous (99.999% In; Strem Chemicals) [MW: .3830 g/mol]; sodium amide
(NaNH,)(94%; Alfa Aesar) [MW : 39.01 g/mol], oleylamin®(A) (min. 40% assay; VWR),
(min. 70% assay Sigma Aldrich) [MW: 267.49 g/maéndity : 0.813 g/mL], octadecene (ODE)
(90%; Sigma Aldrich) [MW: 252.48 g/mol, density:789 g/mL], oleic acid (OA) (90%; Alfa
Aesar) [MW: 282.47 g/mol, density: 0.8946 g/mLUY,N,N’,N'-tetramethylethylenediamine
(TMED) (99%; Sigma Aldrich) [MW : 116.20 g/mol, dgity : 0.775 g/mL],tributylamine
(TBA) (98.5%; Sigma Aldrich) [MW: 185.35 g/mal]trioctylamine (TOA) (98%; Sigma
Aldrich) [MW : 353.67 g/mol], n-Butyllithium solutin; 2.5 M in hexanes [density of solution
0.693 g/mL at 25 °C, MW of butyllitium 64.06] andhium dimethylamide LiN(CH), (95% ;

Sigma Aldrich). All the chemicals were used as inessk

t!l CH,
W \/\N/
3 |
H;C DN N L N N N P N g
(TMED) (TBA) (TOA)
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Figure 6: Molecular structure of some chemicalgluse different synthesis

INSTRUMENTS

The Powder X-ray diffraction (PXRD) pattern was aeted on the Bruker Davinci
Diffractometer (Cu K = 0.154 nm). The QD solution was drop-cast on -barckground silica
plates for PXRD measurements. The Transmissiortrefeanicroscopy (TEM) images were
recorded on a JEOL2200FS transmission electronostope operating at 200 keV. Formvar-
coated copper grids were used as nanocrystal sgpfamr TEM. Absorption spectra were
measured on a Hitachi U-4001 spectrometer and &8OLIUV/VIS/NIR spectrometer. The
Perkin Elmer Phi 5600 ESCA system was used for yXphotoelectron spectroscopy (XPS)
analysis with a magnesium,KX-ray source at a take-off angle of 45°. Ramancspewere
measured with a Labram ARAMIS Horiba Jobin Yvon Ranspectrometer, equipped with an
Ar” ion laser as a light source. Argon ion lasers anil3 wavelengths through the visible,
ultraviolet, and near-visible spectrum, includirgf1.1 nm, 363.8 nm, 454.6 nm, 457.9 nm,
465.8 nm, 476.5 nm, 488.0 nm, 496.5 nm, 501.7 nt4,%nm, 528.7 nm, 1092.3 nm. For the
PL experiments, the emission of the QDs was magutaising a Horiba Jobin Yvon Fluorimeter

with a InGaAs array (IGA-1024*1-25-1700-3LS). Theaing used is 300 grooves/nm, blazed at

21



2000 nm. The lifetime measurements were recordeéwnlgus Time-correlated single photon
counting (TCSPC) set up. The acquisition electr®ng Pico-Harp 300 from Picoquant. The
detector is a single photon detector from AUREA ifdrared range (900-1700 nm). The laser
used for the experiment is a 405 nm laser from @&pigine LLC (MLL-111-405nm-100mW) and

532 nm laser from LASOS Lasertechnik GmbH (GLK-32B11). ICP-OES was done using

710-Axial ICP instrument.
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SYNTHESIS USING INDIUM NITRIDE NANOPARTICLES USINGODIUM AMIDE

Based on previous reports it seemed that formatioindium metal as a by-product of InN
nanoparticle synthesis is a common occurréfiteSome researchers have deliberately avoided
the use of InByas a precursor stating the weaker covalent bondaatf InBg (lower melting
point than the chloride and fluoride) to be resjiues for formation of In metdi*®®
Belcheret al attempted to synthesize InN from thermolysisrgfNH,); complex and had some
success, though it was not a stable colloidal swluand the samples did not exhibit any
quantum confinement effects.We have revisited this synthetic method as aistapoint
towards our goal of synthesizing high quality cajigte colloidal InN nanopatrticles. The added
advantage of this synthetic method was the comuleasiailability and relatively inexpensive
nature of the precursors used in this procedurdast been observed that the indium metal
impurities could be easily removed by oxidizing tmixture using dilute nitric acid (~4%).
Following this process with slight modifications the synthetic procedure, colloidal InN

nanocrystals were successfully obtained.

In this synthetic procedure 1 mmol (0.3543 g) @riis taken in 7.59 mmgR.5 mL OLA and

5.0 mL ODE (both degassed with nitrogen gas). Tifiidure is stirred and heated at 26Quntil

a clear mixture is obtained; indicating that IpBias been solvated in the nonpolar solvent. 3
mmol (0.127g) NaNHKlis taken in 10 mL hexadecane (HD) and heated B2®C. The sodium
amide salt which is melted and dissolved in thealexane, results in a homogeneous dispersion
of the reactive amide aniorNH2). The InBg solution is then injected into the amide solution
using a glass syringe at f8and the temperature is slowly ramped to°256ver a period of
two hours. The solution remained at this tempeeafar 4 hours and then was slowly cooled
down to room temperature over a time period of @&oThe transparent solution starts turning
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grey overtime and after about two hours of heating turns mletely black. The product

centrifuged at 3000 rprand washed wit/5.0 mL hot ethanol (~5C) several timeto get rid of
bromide salt and theredispersed 5.0 mlhexane. At this point the product contains som
metal impurities which are oxidized to soluble aii&r form by ading 2 mldilute (4%) nitric
acid. Thesample is washed wil5 mL ethanol and then soniedtand if colloidal suspension
not obtained then the sampl¢ heated and stirred with 5.0 mL OL@&nin. 40% assay fror
VWR) at ~40C to effectively ligate the surface of the nanotalgs The InN nanocrystals @
finally dispersed in toluendt is important to make sure that during the waghpnocedure onl
the sodium bromide and indium nitrate is removed @aot the indium nitrideparticles. In orde
to avoid removal of indium nitride particles conlirmy the centrifugation rate is crucial. Indit
nitride particles do not precipitate out if the wdagation is done at 3000 rpm or at a lov

speed.

The reaction pathwacan be decribed by the following (Equation 4):

_ N . LI LICACUCALIC 4EEL S N
ODE. ligated by
OLA)

R RRRREA I I

We have adopted the abowesthoc in order to bring the effect of hatjection method in th
reaction media and to have most of the precursdenmas react at onc The hot injectior
method involves the injectionf a “cold” (room temperature) solution of one presar
molecules into hot solution of another precursdre Temperature of injection (the temperar
of the hot solution at which the other solutioningected) should be high enough for
nucleation tooccur. Thus, the injection leads to t‘instantaneousformation of nuclei of th

desiredproduct. Due to a drop in temperature on additibthe cold component, the formati
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of new nuclei is prevented. The result is a sudgpansf reasonably monodispersed nuclei
together with considerable amounts of free precarsimcreasing the temperature to higher
values, but maintaining it below the nucleation penature, results in slow growth of the
existing nuclei. The greatest advantage of thishoekis that the nucleation and growth events

are well-separated resulting in a very reasonab&dispersion of the nanocrystals.

Though, by using this procedure we are able tohggite pure InN nanocrystals, the main
drawback of this procedure is that despite carrgagseveral variations in the solvent used in
synthesis, reaction temperature, post-synthesasntients and washing procedures we could not
obtain good quality absorption data. We thoughis tan be result of two factors, either the
nanocrystals were so large in size that it is mssfple for them to stay dispersed in the solvent
or the polar nature of the surface of the nanoalystvhich prevents them from being efficiently
solubilized in the nonpolar media. The structurehafse materials obtained from Powder X-ray
diffraction (PXRD) measurement correspond to wtgtzphase InN with crystallite size over
20 nm (obtained through Scherrer analysis). Thiscossistent with that observed in the

transmission electron microscopy (TEM) images asvshrespectively in Figs 7 and 8.
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Figure 7: PXRD pattern of InN rnoparticles; Crystallite Size ~20 nStructure: Wurtzite

System: Hexagonal; PDF: @#4-0244; Space Group: Réc

The PXRD pattern of the synthesized nanocrystaksmea very well with previously publishi
wurtzite phaséulk INN semiconductor aninN nanostructure®® The firstthree d values are
3.162, 2.954, 2.528 A omsponding tc[100], [002] and [101]plane with lattice paramete
a=b=23.558A,c = 5.752A From the TEM imagg; the size of the nanoparticles were confirr
to be around 15~20 nm. The crystal fringes werevisible due to the large size of partic but

selected area electron diffraction (SAED) patteynficmed the presence of crystalline i
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Figure 8: TEM image of InN nanoparticles in hexane (A), (Bhe SelectedArea Electron

Diffraction pattern corresponding to the wurtzite phase ofh#mocrystals (¢°

To obtain good quality colloidal nanopicles an additional ligand which can also act astop
scavenger is introduced to stripf the protons from the surface of the particles wil
presumably should make them more soluble in noargalvents. So, we included 5 mmol (1
mL) tributylamine(TBA) in the synthesis which has the possibilityaaiting also as a ligan
Post synthetic procedure for this experiment wasexhout the same way as described for
previous experimeniThe product of this method seems to be more stalien polir solvents
and methylene chloride (GBl,) appears to work as the most efficient one to ssfalg
solubilize the nanoparticles. The absorption speate recorded in tetrachloroethylene (Tt
and the excitonic feature is observed at C eV which isthe first direct evidence of quantt
confinement in InN nanocrysdga(Fic. 14). As we can see in Fig. e PXRD pattern of th
sample prepared by this method confirms the wirgzitase of the latticThe energy-dispersive
X-ray spectroscopy EDS (Fid0) acts as an evidence for the presence of the aleimen the

material.From the TEM imagesFig. 11) we can see that the average diameter of thesielpa
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are around 8 nnwhich is smaller than thBohr radius of IN, generally considered to |

~10 nm®>#°
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Figure 9:The PXRD pattern cthe InN sample using tributylaminagrees to wurtzite phase

INN
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Figure 10: The EDS pattern of the sample prepaigd MBA which shows presence of Indium

Figure 11: TEM images of InN nanoparticles synthediusing TBA
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CRYSTAL SIZE ANALYSIS

The Scherrer Equation is a popular method to estiriystallite size of nanoparticl&s®® This
eqguation relates the size of sub-micrometre pagjobr crystallites, in a solid to the broadening
of a peak in a diffraction pattern. Here, in Fi@ the peak corresponding to 110 plane (at
21 = 51.9) is chosen for Scherrer analysis. The followingrfala is used to calculate crystal

size.

KA
= 5
Lcosfs ( )

L = Size or thickness of crystallite

K = constant dependent on crystallite shape (0.89)

A = x-ray wavelength (0.154 nm)

B = FWHM (full width at half max) or integral bredwin radian); 0.79= 0.014 radian

g = Bragg angl¢51.874° /2 = 25.937)
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Black line
shows a fit
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Figure 12:Scherrer analysis to find crystallite si:Pluggingin the values above the sizethe

nanocrystal is calculated to H®.9 nm.(However this kind of analysis caiveyus 209-30%

accuracy at best)

One of the limitations of scherrer formula is thtaprovides lower bound on the particles s
Various factors contribute to the broadening of peak, out of which most important ones

inhomogeneous strain and crystal lattice irfection.
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SYNTHESIS OF INDIUM NITRIDE BY THERMOLYSIS METHOD

In this method 1 mmol (0.3543 g) of InBs taken in 7.59 mmol (2.5 mL) OLA and 5.0 mL
ODE and 3 mmol (0.153 g) of lithium dimethylamidéN(CH3), was taken in 15.0 mL hexane
and stirred at room temperature (r.t.) for 2 dayd @ days in two different experimental setup.
Then the supernatant solution from this mixture war®fully taken out and was heated at°200
under inert atmosphere (nitrogen gas) for 48 holine transparent colorless solution which
contains the indium precursor turns black almastrat day of heating and the color turns deeper
with time indicating formation of InN nanoparticletn this process it is considered that
INn(N(CHs),)3 is formed and then it dissociates at high tempeeato form crystalline InN.
Aliquots were taken during the process to see dseivable change. After the reaction was
complete the reaction mixture was cooled down tunrdemperature. Then the aliquots were
added to 5 ml hexane. The suspension of partigtesiat seem to be stable in hexane or any
other usual non-polar solvent such as toluene dhyteme chloride. PXRD was taken by drop
casting the hexane solution containing the pagicde a silica plate. The PXRD (Fig. 13)
corresponds to wurtzite phase and TEM images (E5y.shows crystallite size to be around
15-20 nm. We thought the particles were too lamgéd suspended in a solvent for long. The
absorption spectra was taken by suspending thegelgain tetrachloroethylene (TCE). Though
it does not result in a good quality colloidal seisgion, In the absorption spectrum (Fig. 14) we
did see some feature but could not be convinciagkigned to any excitonic signature from the
semiconductor. Since if a trace of the reactanesl wgas left in the solution to be measured they
could absorb in that region as well. If these wagaks from InN semiconductor then band gap
of the material would determined to be ~0.77-0.V9which is very close to the bulk InN in

wurtzite phase.
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The reaction schemeauw be representeédy the following equation. (Equation:6)

W

Intensity

20 30 40 50 60 70 80

Figure 13:PXRD pattern of InN sampl
prepared by thermolysis mett

Absorbance

LI IN{ LIy ) 5 11 DEAGIIC for 2_1 l_l'}';
2.0
— Sample using Tributylamine
— Sample_Thermolysis 2 days
— Sample_Thermolysis 7 days
154 - - - Gaussian fit

0.0
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Energy (eV)

Figure 14: Absorption spectra of
samples in TCE (Solver

Figure 15;TEM images of InN sample gpared by thermolysis method
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NEW APPROACH : SYNTHESIS OF INDIUM NITRIDE USING
TMED AS NITROGEN SOURCE

As it is quite evident, all the previous methodsmipted have residual N-H bonds on the surface
of the nanoparticles which leads netype doping of the material. This makes theseigast
more polar in nature and makes them unstable ilmidal suspension using non-polar solvent.
We also hypothesized that absence of these polanggns could be the reason for not having
enough control over the nucleation and growth mec8o, we wanted to find a precursor which
will not contain these —N-H bonds which hints tossarsubstituted amides. This led us to a

precursor Tetramethylethylenediamine (TMED) whiglstable in non-polar media.

Recently research group led by Horst Wé&Republished a method to prepare liI-V
semiconductor nanocrystals by transmetallationerewtteren-butyllithium (n-Buli) is used as a
reducing agent to produce metal nanoparticle un-sihich forms an organometallic precursor
and later produces the desired compound by didsagiat high temperature. In this method
trioctylphosphine (TOP) was used as the phosphasousce which is hypothesized to form a
complex with indium (In) metal and then later formdium phosphide via thermolysis. We tried
to replicate this method to prepare InN and atteshghe synthesis using tributylamine and
trioctylamine as the nitrogen source which resuitednostly formation of In metal particles.
Since, tetramethylethylenediamine (TMED) is knowrfdrm complex with metals it seemed to
be logical to use it as a starting material. WitiBD we not only hoped to take care of the
solubility issue but being a bidentate ligand itsaas an effective source for nitrogen. Besides,

previously used amide precursors used to servpuhpose of both nitrogen source as well as the
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reducing agent. Here, having TMED as the souragitofgen anch-BuLi as the reducing agent

we expected the method to be simpler as well ag wamtrolled.

In this procedure 1 mmol (0.3543 g) of InBrtaken in 2.5 mL OLA and 5 mL ODE and stirred
at around 15 until a transparent solution (homogenous) wasiobt. 3 mmol (0.3 mL)
TMED was taken in 3 mL ODE and mixed into the poeng solution. This mixture is stirred for
1 hour and the temperature is ramped to’@5h the meantime 6 mmakBuLi (2.4 ml 2.5(M)
solution in hexane) was dissolved in 3.6 mL ODE waad then drop wise added to the mixture
of InBrz and TMED over an hour at a rate of 6 ml/hour usirgyringe pump. The mixture starts
to turn brown after about 15-20 min and then blacipitate starts to form which is believed to
be In metal. The concentration of this black pritatp increases with time and the solution gets
darker. After the addition af-BuLi is complete; the reaction mixture is heatedl atirred for

another half an hour and then cooled to room teatpes.

The aliquots from reaction mixture is then preefmtl and washed with 5 ml ethanol and
dispersed in hexane several times. The product smeaximum stability in methylene chloride
but does not result into a good quality colloidasgension which might be due to the residual
polar nature of the surface of the particles. $ese particles are stirred at a little elevated
temperature of 58C with excess OLA (~10 mL) which increases the Isititly of these particles

in non polar media. The excess OLA is removed bghivay with ethanol and then the particles

are dispersed in 5 mL TCE.

The PXRD pattern of the final sample correspondwudzite phase of InN (JCPDS no.:PDF-
01-070-2547) (Fig. 17) [Refer to SI Table 1]. Irethbsorption measurement of the first two

aliquots taken at 10 min and 20 min after staraddition ofn-BuLi; no signature of InN band
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edge has been observed rather it manifests occarrehln metal in solution (Fig. 16(Left)).
Absorption at ~400 nm is due to surface plasmononasce absorption of In metal
nanoparticle§’** The aliquot taken after half an hour of beginring addition first shows some
near IR absorption which is probably indicatiorfaimation of INN. The SPR peak still subsists
which notify co-existence of In and InN in the mire3® The aliquot taken at 45 min shows clear
absorption feature of INN and semiconductor natdithe material. The band edge absorption of
the samples range from 0.86 to 1.0 eV(Fig. 16(R)gfihe PXRD of the sample taken at 30 min
was amorphous meaning predominant presence of fal menoparticles (Melting point 15€,
supposed to be even lower for nanoparticles)(SI-&ij. Significant broadening is observed in
the initial sample compared to the final one which indicative of the growth of

nanocrystals.(Fig. S2).

The size of nanocrystals range from 5-9 nm (Fig. T8e size distribution of the synthesized
particles is quite narrow (10-12 %) (Figure S3prRrthe SAED pattern and also by measuring
the distance between lattice fringes (the spacetgiéen two lines is 0.27 nm which 101 plane
in the hexagonal lattice) we can confirm the presesf InN (Fig. S4). In the absorption spectra,
a shift of \max towards higher wavelength (lower energy) is obsérin the aliquots taken at
increasing time intervals (with time the nanopdescgrow in size) (Fig. 16(Right)). This is a

manifestation of quantum confinement in the syritggsnanoparticles.
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Figure 16: (Left) Aliquots chwn at 10, 20 and 30 min. (Rif) Aliquots drawn at 45, 60, 75 ai
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Figure 17 PXRD pattern of nanoparticles synthesized inntethod described abc. The black

dotted line shows a Gaussian fit to only 101 al to find out crystallite size
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The two sets of three peaks a-34° and 50-64 correspond to wurtzite phabeN with lattice
parameters = 3.542A ¢ =5.75ZA and grain sizes of 12 nihe lattice values are close
previouslypublished values for InN nanopowd. The 101 peak contains a shoulder from

002 signal which results in broadening of the ligha.

Figure 18 :A) TEM image of InN TMED aliquot at i min (Avg. size = 4.4m); B) HRTEM

image of the same C) Lattice frirs in the nanopatrticles are 0.2 apart (consistent with ti
lattice parameter obtained from the wurtzite phaBg)TEM imace of InN TMED aliquot a

90 min (Avg. size = 5.68m); E) HRTEM image of the sai
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MODIFICATIONS TOWARDS IMPROVED QUALITY COLLOIDAL NANOCRYSTALS
The primary problem that we encountered with timstisetic method was obtaining stability of
the nanoparticles in a solution as a colloidal saspn. It seemed hard to have these InN
particles stabilized in the non-polar media. So,tsex different surfactants and different ratios
as the passivating media. The composition that edemwork a bit efficiently for the first time
was a 3:1 ratio of OLA and OA while dissolving tlmBr;. This combination made dispersing
the particles in the desired organic solvent; in@se TCE comparatively easier. The colloidal
stability of the particles increase which is theefoost requirement for study of optical

properties.

In a typical synthesis(Fig. 19), 1 mmol of InB0.354 g) is solubilized in a mixture of oleic @&ci
(OA, 2 mL), oleylamine (OLA, 6 mL, min. 70% assawrh Sigma-Aldrich) and octadecene
(ODE, 5 mL) under air free conditions {M$chlenck line) by heating to 18G. The nitrogen
precursor, tetramethylethylenediamine (TMED, 3 mn@o45 mL) in 3 mL ODE, is then added
to the main solution. The mixture is stirred foroab 1 hr, at which point the temperature is
raised to 250C. A mixture of n-butyllithium (n-BuLi, 1.2 mL of 2.5 M hexane solution)
dissolved in 3 mL ODE is then added slowly atte & 4.2 mL/hr to the INnBfTMED solution
using a syringe pump. The mixture starts to darklkaut 20 min after the beginning of the
n-BuLi addition, indicative of formation of InNvi{de infrg. Once the addition is over, the
reaction is kept under heating/stirring for half heour, and then cooled down to room
temperature. The colloidal suspension is crasheé@md washed several times with ethanol, and
dispersed in tertrachloroethylene (TCE). During tiseshing procedure the centrifugation to
crash the particles out needs to be done at a &0 rpm or lower for about 4-5 minute. At

this speed only larger In metal impurities crashaang with the bromide salt. After removing
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the impurities to the supernatant TCE solution abdumL of ethinol is added and tr
centrifugation is done at 4500 rpm or higher. Tussally crash out the larger InN nanopartic
These crased out particles then unde surface treatmentThe quality of the colloide
suspension is generally improved substantby treating the sample in excess OLA a°C for
120-480 min. (2-8 hours}.o crash out and then-suspend the smaller particles ethanol is ac
to the rest of the solution and the speed for degation was increased up to 5700 rpm.

time for centrifugation was varied according

NIR-Vis absorption spectroscopy measuents were done by transferring the colloid pars
into 5 mL tetrachloroethylenéifter wasting, as we can see in Fig. 20 (lefite color of the
aliquots dawn with time is becomindarker. The aliquot taken at &%in is light brown in colo
where thefinal one is complely black. The absorption spectedso show that the excitor
feature of the aliquots drawn wiincreasing time; shifts to lower energfyig. 20; right). This
suggestghat the aliquots that were drawn later contaigdarparticlesLarger particles bein
less confined their band gap energy is not muclndrighan the bulk material whereas

smaller particles exhibit higher amount of confirerhand their band gap energy can bceV

higher than the bulk material.

The reaction athway can be described as follow scheme:

C|3H3 n-BuLi added
InBr; {Ligated by Oleylamine H.C N dropwise
3V ~
(OLA) and Oleic acid (0A); T+ hll/\/ CH, py—n > InN

Ratio (3:1)} CH3

[Dissolved in Octadecene]

Figure 19: Schematics of the reacti using TMED and n-BuLi
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Figure20: (Left) Aliquots taken at 25, 35, 50, 70 and 90 1 (Right) NIR absorption spectra
colloidal InN nanoparticles, showing the low excitonic transition for different average parti

diameters

The gradual increase in the darkness of the caloractually come from two factors. Firstly, ¢
to the increase in size of the particles their iehe band gap energy becomes lower as
guantum confinement becomes less prominent. Secomaliger particles can absorb mu
visible light than the smaller ones (they have haigéxtinction coefficient) which also contribt

towards the darker color of the aliqu:
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Figure 21: PXRD patterof the sampldrawn from final aliquot agrees wedl wurtzite phase

of InN
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Figure 22 (Left) Scherrer analysis to find out size of thenocrystal, (Right) HRTEM image

a nanoparticle from the sampéken from final aliquot of In
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The PXRD pattern (Fig. 21of the sample is in gor agreement with the wurtzite phase Ir
Taking into account the width of the peak corresjion to the 100 plane ttwe see that at tr
angle 21 = 29.16, full width athalf maxima (FWHM) is 015’. From this dat we can calculat
the crystallitesize of the materi using scherrer formula (Eqn. 5), whicbmes out to be8 nm
(Fig. 22). The HRTEM imageF(g. 22) shows the lattice fringes which corresponds ® 1061

plares of InN. The distance between two planes is Or8@8w~hich again is in agreement w
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Figure 23:Raman spectra of InN nanopatrticles. BA;(LO) andEz, peaks, which are related
a longitudinal optical phonon mode and a doublyethegated mode, respectively, were obse

at 596¢nT and 495crit 9293

The Raman spectrum (Fig. 2®)ovide additional characterization information foN. The data
from Raman spectra provdge existence of -N bond and also verifies the nature of the cry

structure to be wurtzit&he intense peak at 3 cm* correspond to some internal deformatior
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the lattice®® Raman spectra were taken with a Labram ARAMIS brdobin Yvon Raman
spectrometer, equipped with an*Abn laser as a light source operating at a wagtheof
514 cm' and focused on the sample through an optical niomes The infrared spectrum was
recorded in the wavenumber range of 4000-400 evith a Fourier transform infrared (FTIR)

spectrometer.

Size of these InN nanocrystals has been deterntipdtEM and HRTEM images (see Sl) taken
from different aliquots of this synthesis and wél walate the average size of these particles to

the band gap of those nanocrystals.
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Figure 24: Size-dependence of the first absorppeak of nanometer-sized InN colloidal

particles. The dashed line corresponds to the teepécted from the Brus equation

The lowest-energy feature in the NIR spectrum findely an excitonic transition here because
this transition directly depends on the size ofriaaocrystal (Fig. 24). As we have seen earlier,

this is expected for quantum confined systemshasexkcitonic transition is supposed to shift to
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larger energies as the particle size is decreassed 9.2 nm to 4.5 nm diameters. The system
becomes gradually more confined as we tend to dserthe size of the particles which actually
results into restricting the movement of the elmtst The entire shift in this spectrum extends to
350 meV which happens to be 50% of the bulk bamdajdnN. This significantly manifests the

magnitude of quantum confinement effects in thasd hanoparticles. Brus predicted this
behavior for nanocrystals as they experience cenfant by having a smaller size than their
Bohr radii® In this case for InN we see that it follows thepested trend quite well even in

strong confinement regime.

REVELATION OF SHAPE OF PARTICLES

Though we can see the material exhibiting excitdemture and confinement behavior very
evidently, there were some facts during the chareettion process which raised some questions
in our mind about the shape of the nanoparticlés. rElation between the size and the excitonic
feature does not seem to follow the nature predibteBrus properly as the material close to hit
the bulk band gap value. It seems that band gajheofparticles do not tend to change after
obtaining a certain size of around 8 nm. Ideallghibuld reach progressively for the bulk band
gap as the size come close to the Bohr radii dfghbstance. But from Fig. 24 it's very evident
that after reaching radii of about 4 nm the bangl gfathe particles still stays pretty much at the

same energy level. Some PXRD pattern and TEM imalgesindicated in the same way.
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Figure 25: Magnified TEM images of InN nanopartelérom these images it looks like the

particles actually have a propensity to acquietgdet or disc like profiles

The 002 peak in the PXRD stays a bit hidden uniderstrong 101 feature and in some of the
PXRD data actually cannot distinguish the 002 difyean the 101 (Fig. 20). Looking carefully

at the TEM images we see that the boundaries gbdhigcle can be seen inside another particle.
This means that the particles are probably stackedne another and this is easily visible in
some cases. Had all these crystal have the equaingdion it'd very unlikely as a sphere can not
be piled on the other. It would be a very unstaitacture and boundaries of them also should
not be this evident. The other reason to think alblo@ irregular shape is the HRTEM images
(Fig.s 20 and 25) which show preference towardspamgcular plane i.e. the 101 plane. So, we
performed AFM analysis on these particles and iihdgd out they were really very flat as

predicted.
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Figure 26 (Left) Lattice fringes in a HRTEM image shows th@l facet. (Right) AFNimage of

the partites synthesized by this proc

From this AFM image (Fig. 26of a sample from the final aliquot of the prodimdtl, we can ge
the average height of the nanopars which in this case is about nfh. However, the TEN
images show thahe average size of these nanocrystals i nm. That clearly showthat the
height ofthe nanomaterials is sma than their averagdiameter. Quantum confinement tt
strongly depend®n direction and it plays a dominant role in these. The electron wi
experience confinement in the smallest dimensionil@ve and that will play the mo
fundamental role in deciding the extent of confieamin a certain particle. This phenomel

supports theaturation of band gap after a certain in the size vsEy (band gap nergy) plot.

Oleic acid as a ligand or surfactant is known tilitate growth of particles ila uni-directional
manner> 8 Here introduction of OA might have administered a $émieffect. In that cas

growth in a paicular facet of crystal is more favored than ogher in other way on plane tl
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growth is more restricted. In most cases the crydéme with highest amount of surface energy
undergoes preferential growth and which helps &tabilize?® There has not been enough study
to investigate the growth process of different talyplanes of wurtzite phase nanomaterials. We
wanted to explore this which actually provided ughwan opportunity to alter the shape of

particles.
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CHAPTER 3:CONTROLLING THE SHAPE OF NANOPARTICLE

Keeping in mind the ability of the ligands to irdluce the shape of nanomaterials we wante
see if by changing the ratio of them we can actuathneuver the shape of these particles. Ii
assumption were true putting different amount géids in he synthesis should have a varie
effect on the morphology of the product. Also, titker objective was eventually to reach
bulk band gap by increasing the effectBohr radius of the material. So, we decided to vhe
ratio of OLA and OA and seehat effects it bring to the morphology. Since C-:OA mixture
was proven to be an efficient surfactant systemwaated to proceed with that first. For 1
previous method we had a ratio of OLA to OA as &:as varied to 5:1, 7.5:1 and 10:1. Sir
OA is the component which favors growth on a certaicef it's ratio to OLA was decreas

gradually to observe the resulting effe
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Figure 27:(Left) Absorption spectra of aliquots taken outtleé reaction mixture synthesiz
with OLA:OA ratio 5:1. (Right)Size-dependence of the first absorption pefthese sample:

The dashed line corresponds to the trend expeatadthe Brus equatic (Equation 1()
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In this method total 8.0 mbf ligands i.e. 6. mL of OLA and 1.4 mLof OA were used. Th
aliquots were draw from the reaction mixture at 345, 60 and 75nin. From our previou
experience it haseen observed that growth of the nanocrystease after about 70 min after
initiation of adding the reducing agen-BuLi. As we can see here the final sample hi

diameter of about 18m which is confirmed by the TEM image analyFig. 29).

Intensity

Figure 28:PXRD pattern of the TEM images synthesized by OLA:© 5:1 and a HRTENM

image sbwing (A) 101 and (B) 100 pla
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Figure 29: TEM images of the two other aliquotswdraat 30 (left) and 45 min (right) from InN

sample aliquots made with 5:1 ligand ratio.

As we see in the absorption spectra the excitaature shows up at different energies due to
formation of different size particles in the aligsi@rawn in time interval. It seems to follow the
trend predicted by brus more closely and we cam r@ach the bulk band gap value using these
particles. From the PXRD data we can see that thiéhOLA:OA ratio 5:1 we can get very
similar quality nanocrystals with same crystalliphase (Fig. 28). The particles posses a
diameter of ~12.2 nm and they also have good s&tehdition (Fig. 29) which is clear from the
TEM images. An interesting fact is in the HRTEM pea(Fig. 28) we can see two different
types of planes though which was very rare in aais¢he particles synthesized using 3:1
OLA:OA ratio. However the preferred orientationesff still remains and it can be observed in
the PXRD pattern of the material. The 002 featsraat very distinct and associated with the
peak from 101 plane (Fig. 28). From the AFM imaffég. 30) also we can see that the average

height of the particles is ~7.5 nm which is stifi@ler than their diameter. The AFM images also
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reveal the disc like structure of the particles, ®e kept on investigating effects of chang

ratio of the ligand#n the synthesi
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Figure 30:AFM image of nanoparticles prepared using OLA:O/%:Z ratic. Average heigh

comes out to be as ~7.5 nm

Since increasing the ratio of OLA:OA led us to tight direction the next step was explor

further raised proportioaf OLA in the mixture. So, we went on with OLA:OA571 and 10::

In these methods we kept everything same apart themmamount of OLA and OA introduce
For 7.5:1 rat the amount of OLA used wa:mL and 1 mLof OA was included. As we ce
notice in theabsorption spectra very similar trend is observiéie aliquots were drawn at .
min, 45 min, 60 min75 min. We can find the average size of the glagifrom the TEM image

(see Sl) and band gap of each particle size fragr thptical absorption. Thplot of average



band gap vsradius tag along the nature suggested byBrus model and we do not see ¢

saturation at a certain siZeXRD of the sample confirms it to be InFig. 32).
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Figure 31:(Left) Absorption spectra of aliquots taken out of thectiea mixture synthesize

with OLA:OA ratio 5:1. (Right)Sizedependence of the first absorption peak of thesples

In order to compare the morphology of these InNoeaystals synthesized we wantknow the
average diameter and average height of the patittethe PXRD patternFig. 32) of the
material we don't see O@ane as a shoulder of 1plane in this case. Rather, very disti
features are present for both signals. As menticeetier, preferred orientation could be

reason for the XRD signals to pile
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Figure 33:Scherrer analysis (left) and HRTEM image showind plane (right
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So, we see that the average size of the particlései firal aliquot for this method is12.25 nm
(Fig. 34). The Scherrer analysis (F 33) also supports this number becaiusm the peak widtl
we get theaverage size to be 13 nm. This iscan be explained as during the sample prepar
the solution of nanopactes is drop casted on the sample holder. It iy likely that when the
solvent is evaporated the nanoparticles form amoaggyrate which would be much larger in <
than usual nanoparticles. Since in the scherretysisaa collection of quantitativdata is

calculated the average size that comes up assh# iglargel

Figure 34 TEM (left) and AFM (right) image of the final gliior

In the AFM image taken using the same sample aliguesee that theverage height for thi
particle is ~8.59m. This still points toward the fact that all tHemensions are equal for tl
nanomaterial. Though in the AFM image the particles't look like platelets and in the PXF
pattern also, there's no indication of preferreigérdation it seems that we hi not obtained
quite spherical particles this time as wThe very small spots on the AFM imaare believed
to be residues from organic solverThe HRTEM image (Fig.3 exhibit presence of lattic

fringes which correspond to 1plane. We did not havenough HRTEM data to draw
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conclusion on whether this can be attributed toedepred orientation effect. So, we decided to

look further with a different ligand ratio.

However, as we can see, in case of 5:1 and 7.8H. the final sample shows excitonic feature
very close to the band gap of the bulk material, the first objective of reaching the size
featuring bulk band gap is completed. This wouldvery useful to pin-point the Bohr radius of

InN which has not been yet experimentally deterchine

In the next procedure everything was kept the saxaept for the amounts of ligands introduced.
7.2 mL OLA and 0.8 mL of OA were used in this atpgnThe aliquots shown in the absorption

spectra were drawn at 25, 35, 45, 60, 75 and 9Q/lign 35).
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Figure 35: (Left) Absorption spectra of aliquot&da out of the reaction mixture synthesized

with OLA:OA ratio 10:1. (Right) Size-dependencetiué first absorption peak of these samples.
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The colloidalquality of the nanocrystawassubstantially good. The band gap energy was ft
from their absorption spectra and the TEM imageg @I) gave us the information about t
size. As we look into the average band gap vs geesize plot it seems to follow the tre
predicted by Bus. In the PXRD pattern (F 36) we do noreally see any interference due
preferred orientation which means the crystals nbestegularly shaped and the incide-ray

gets equivalent treatment in all directions. lodlalls in very good agreemewith the wurtzite

crystal structure of InN.

e

Intensity

Figure 36:PXRD pattern of the sample is consistwith wurtzite crystal structu
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Scherrer analysis of 101 peak
Size of crystallite ~ 10.2nm

Intensity

1 1 1
34 35
Angle

Figure 37: Scherrer analysis of 101 signal of tK&P pattern shown above

So, from both Scherrer analysis and TEM images,sthe of nanoparticles were found to be

~11 nm. Here we see a set of TEM and AFM showimgpda particles from the same aliquot so

we can compare their morphology.
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Figure 38:TEM images of nanocrystals fromiquot 3 (radius ~3.82 nm) fig¢ and final aliquot

(radius ~5.98 nm)

nm

Figure 39: AFM images dhe nanopaircles from same aliquot (left- aliqu8j and (righ- final

aliquot)
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The average heiglibr the particles taken from aliquo of this synthesiss ~7 nm and for final
sample (right) is ~10 nm (Fig93 which complement the diameter of these partifdesd from
TEM image analysis (Fig. 38This means<thatthe particles formed by this methodve more
regular spherical shape. As for the HRTEM image:«can see different crystal planes preser

we analyze the lattice fringes showing

Figure 40:(Left) 101 plane with « value of 0.270m, (Right) a) 100 plane withd value of

0.308 nm) 101 plane withcvalue of 0.27 nm

Considering all abovenentioned evidences, they all indicate toward e that the particle
synthesized in this case are very spherical inreatunidirectional growth does not play a |

role in this case.
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CHAPTER 4: INSIGHT INTO REACTION MECHANISM

Since, the reaction scheme is not exactly a haciign method we tried to investigate the
mechanism of the reaction. Initially it was assuntieat In metal is formed as an intermediate
and TMED forms a complex with In metal which iselateduced by-BuLi to produce InN.

There are a set of experiments we did which suppbi$ hypothesis.

SYNTHESIS OF INDIUM NITRIDE USING INDIUM METAL AS HE STARTING

MATERIAL

If In metal were the constituent complexing with EM to form the precursor complex In metal
should be an efficient source of In in the reactiBo, In metal was synthesized in situ using
n-BuLi as reducing agent and then TMED was addet @despite raising the temperature to the
desired point and continuous heating the reactorover an hour any sign of evolution of InN
was not observed. The In metal nanoparticles aaekbin color after addition of TMED and
raising the temperature beyond the melting poinihahetal nanoparticles the solution starts to
turn little translucent and it does not exhibit daxther precipitation indicating development of
InN nanocrystals. However when small amounb-&uLi was added to the solution black color
appears within 2 minutes which might be due to faion of small quantity of InN in the

solution or due to further reduction of an oxidiztdte.

The PXRD pattern does not match with any traditidmid phase (See Sl) and amorphous SAED

(Fig. 41) pattern suggests those particles werecnatalline in nature meaning most of them
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were left as unreacted In metal nanopar. The TEM images (Fig. 413howthat 10-15 nm

particles are formed as product.

Figure 41: TEM imageAND selected area diffraction pattern of tsamplc of In metal

nanoparticles.

XPS (XRAY PHOTOELECTRON SPECTROSCOPY) STUDIES TO INVESAE THE

REACTION PATHWAY

To confirm our proposition about the reaction mechanism XP&diss and IC-OES
measurement was done on the aliquots obtained difierentreaction mixture. It turned out
the XPS studies that in the initial aliquots corncaion of In(0) predominates and in t
consecutive aliquots concentration of In (lll) winis a component of In, grows continuousl’
To inspect the effect of TMED, N was synthesized with varying amount of TMED. e first

case 1, 3 and 3 mmol of InBIrTMED, n-BuLi and in the other one 12 mmol of TMED w
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used. In Fig42 we see the XPS data of two aliquots taken atr3d 6(min. for the firsi
synthesis mentionenh the previous paragraph. In the aliquot take®G min concentration ¢

In(0) is predominant where as in the min aliquot the opposite is observed.

450 445 440

| | 1 |

470 465 460 455 450 445 440
Binding Energy (eV)

Figure 42: XPS data of tHa 305/, of aliquots taken out at 30 min (A) and 60 min {B&m the

reaction mixture usingiolar ratio ofinBrz, TMED, n-BuLi taken as 1:3:3vhich shows relativ:

concentration of In (l1) an¢h (0)*°
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In the aliquot drawn at 9@in (Fig. 43) the relativeratio of In(lll) increases even mo
compared to that of In metal or In. The gradual rise in thelative concentration of In(lll) i
Fig. 42 suggests that, most likely an-intermediate was formed during the process. Iti
addition of the reducioy agent transforminBr; into In metal which contributes to the hi

concentration of In(0) at the beginnir
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Figure 43: XPS data of tHa 3cs, and In 3d,, of aliquots taken out at 90 min (A) from t
reaction mixture usingnolar ratio ofInBrs, TMEDA, n-BuLi taken as 1:3:3B) shows relative

concentration of In (IIl) to In (0) in the sam
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Later, when InByfand TMED forms enough amount of the intermediateé i concentration
reaches a threshold value. At this point this mtliate dissociates to form InN which boosts
the relative concentration of In(lll) in the soluti This intermediate now becomes the source of
formation of InN hence In(lll) and the dissociatibacomes the dominant process. With time by

more conversion into In(lll) the relative ratiotbie In(lll) to In metal continues to grow higher.

SYNTHESIS OF INDIUM NITRIDE WITH EXCESS TMED

In this case the ratio of INBrTMED, n-BuLi was taken as 1:12:3. The Aliquots were dratn
30, 45 and 75 min intervals. It is found that aheaate of addition of the reducing agent and at
same time interval, the particles formed were langeize. The average size of the nanoparticles
from TEM was ~6.14 nm with reasonably good sizdrithgtion. The XPS data shows lower
percentage of In metal component in these aliqudtportion of the final sample was treated
with dilute 0.2 mM nitric acid and this helps tot giel of most of the In metal part. PXRD of the

washed nanoparticles agrees to the wurtzite pHasé&ldFig. 46).
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Figure 44: XPS data of thiea 3cs, of aliquots taken out alifferent time from the synthes

using excess TMED

So, from these XPS data (F#) it hasbeen observed that in this case even at 30 minss
concentration of In(0) is not found. We suppose riggson for this is favorable condition
formation of the intermediate producing INTMED is known to form stable complexes w
metals'®%This leads to the fact with more conversion ratén@fs into thisintermediate and
later to InN, there is not much left to be redudedIn(0). This supports the very Ic
concentration of In(0) at the start and almostahihe end. This favors the assumption that

probably forms some kind of complex with TMED wh is more favored in presence of exc
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reactant whereas when there's more unreacteds, InBulLi reduces it directly to form more

In(0).

Also from the absorption spectra of the sample qmegh with excess TMED we see that aliquots
taken out at the same time as other reaction n@gtaomprised of lower InBto TMED ratio
incorporates smaller nanocrystals. Keeping evangttsame by increasing relative quantity of
TMED produced larger size particles (Figure S1d)isTmeans the rate of formation of InN
nanocrystals is faster in presence of excess TMHEIx also supports the idea that most likely
TMED complexes well with the In(lll) component atitus forms InN faster upon addition of

n-BuLi. Also the PXRD pattern (Fig. 46) matches vessil with wurtzite InN.

_— Al ]
— Al 2
= 'Final’
= = = 'Gaussian fit'

Absorbance (Arb. Unit)

Wavelength

Figure 45 : Absorption spectra of the aliquots te®@aring synthesis with excess TMED
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Intensity

e

Figure 46: PXRD pattern ahN quantum dotsynthesized with excess TMI confirm the

wurtzite nature of the crystal struct

So, it occurred taus that if In metal itselcannotact as an efficient precursor leading to
yield of InN, it's probably not an intermediate &rgs the end product. The other option wc
be then if InBg forms some kind of complex with TMED which is theeduced to InN by th
reducing agent as TMED is known to form stable cexgs with meta. There are sever.
instances of TMED being used as a chelating or ¢eximm agent in literature. If there a
complex intermediate involved the rate of formatioh that complex should be higher

presence of excess TMED. So, by monitoring theaatkyield role of TMED was investigat
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CHAPTER 5: STUDY OF OPTICAL PROPERTIES
PHOTOLUMINESCENCE (PL) FROM INDIUM NITRIDE NANOCRY®BALS

As we were able to determine the band gap of IniNguthe techniques of optical absorption,

1** claimed that InN is

photoluminescence was next to be explored. In antework Nealeet a
very unlikely to demonstrate any photoluminescedge to its electronic structure. In all the
previous reports, it has been shown that InN eilbiminescence in visible region. This was
explained considering the previously reported bgag of 1.9 eV. With more research and

development in this field; the actual band gaphis thaterial has been determined to be close to

0.7 eV>® so now these explanations do not seem justifigchzore.

We have been able to demonstrate luminescenceesé timaterials in NIR region and it can be
varied by tuning the size of InN. This seems mudrenreasonable because we can show that
the optical band gap as well as the wavelengtimoa$son is related to the nanocrystal size due
to quantum confinement effect. The photolumineseeqantum yield (QY) of the material has
been found to be reasonably high considering tle tfeat we have not yet explored all the
possibilities to increase the emissive propertiethese materials. The fact that these materials
(without additional surface treatments to enhaheeeimissive property) tend to show quite high
QY of emission (detailed calculations shown latenplies that the surface of these particles do
not accommodate very large number of trap statess The colloidal nature and superior optical
qguality of these nanocrystals makes them an inbhgedappealing subject to study. In the
following discussion, the PL efficiency of thesetarals will be investigated. The PL efficiency

of materials from different synthetic methods wiléo be compared.
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Figure 47: Absorbance and PL Spectra of an aligqpiolnN (A5) from the synthesis using

OLA:OA ratio of 10:1
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Figure 48: PL spectra of five aliquots of the saerfpbm the synthesis using OLA:OA ratio 10:1
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Fig. 47 compares the absorbance and PL spectra aligquot of INnN from the synthesis using
OLA: OA in 10:1 ratio as described in chapter 3eotted lines in the figure are the Gaussian
fits of the absorbance and the emission peaks.abngpt drop ~1600 nm is due to the limited
detection capacity of the instrument above this elength range. Figs 48 and 49 depict the
dependence of the PL position on the average Q& 3ize width of the luminescence peak is
correlated to the size distribution of the nanotalgs The spectral bandwidth of the PL spectra in
Fig. 47 is comparable to the absorption peak, ssigge that the emission is from a single
excitonic state rather than an ensemble of trapstdrapped state emission from a nanocrystal
solution typically has a full width at half maximugFWHM) significantly larger than the

FHWM of the Gaussian fit of the band edge p¥ak.

The shift between the lowest energy peak in theordasice spectrum of the QD and the
corresponding emission is termed as the “Stokds .shiom Fig. 47 the Stokes shift of the InN
(A5) is calculated to be ~106 nm. A larger Stokietit $s desirable for applications of QDs in
LEDs because larger Stokes shift means a smaltatapvarea between absorption and emission
spectra because reabsorption reduces the féiieacy of the QDS® The Stokes shift has also
been reported to be strongly dependent on the @& %iln our case too, a similar phenomenon

has been observed.

71



— Al (X2.5)
— A3

Intensity (Arb. U)

1000 1200 1400 1600
Wavelength (nm)

Figure 49: PL spectra of three aliquots of the salhple synthesized using 3:1 ratio of OLA:OA
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Figure 50: PL Lifetime decay of InN sample (findilgaot) from two different synthesis using

OLA:OA ratio of 10:1 and 3:1 respectively
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Fig. 50 shows the excited state decay of InN narigpes. The lifetime decay was found to be
mono-exponential in nature. To extract the lifetiofiehe exited state, the decay was fit to single
exponential function (black solid lines show thg. fl he lifetimes of the nanoparticles have been
calculated to be 1.4 us and 1.6 us respectivel@. mmocrystals have been reported to show a
single-exponential time constant measured to bas-about two orders of magnitude longer
than that reported for CdSe/ZnS nanocrystais® Colloidal PbSe semiconductor nanocrystals
have also shown long fluorescence lifetimes of u®.88 pus>® The decay time of the InN
reported here are similar to the IV-VI NCs andaader than expected for a dipole transition
(Fig. 50), but shorter than that expected for eimisselated to trap staté®’ The long radiative
lifetime in the PbSe nanocrystals was attributedthe effects of dielectric screening. The
screening of the radiating field inside the nandetysas the effect of weakening the internal
field and consequently increases the radiativeriiet Thus the long lifetimes of the InN QDs
observed are consistent with the effect of dieledcreening for semiconductor nanocrystals
with somewhat high dielectric constants. The Iifeds observed for these IlI-V materials and
IV-VI materials studied before are found to be mimiger than that of the more conventional
[I-VI nanocrystals which show lifetime in the rangeé~10-25 ns owing to the higher dielectric
constant of these materials. The highly mono-expbale nature of the excited state decay
suggests that the surface of these nanomateriate well-passivated and probably lack
appreciable amount of trap states. Presence ohcauttiraps generally leads to highly multi-
exponential behavior of the excited state decaerdfore, absence of such behavior clearly
reflects the good surface property of these pasicll-VI QDs with really high quantum yields

seldom show such mono-exponential behavior.
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QUANTUM YIELD (QY)

The quantum vyield &) of photoluminescence emission is the number aftgih emission
occurrence for each photon absorbed by the sy€pafis a measure of the emissive property of

the particles and hence an important quantity tddiermined in our case.

No.of photonsemitted
= photonsémitted | (7)

~ No.of photonsabsorbed

Here, we calculate the relative quantum yield shednN samples using a dye IR-26 (See Sl for
PL signal) (A commercially available dye emittimgthe NIR region; QY 0.05%) as a

standard!°

The QY of the nanoparticles are calculated usiegalowing equatioht :

p= 0.0Sx%x%x(&j ............ )

Here, the subscripts x and s refer to the sampl)(and the standard (IR26), respectively. ‘A’
refers to the integrated area under the emissientspn, ‘F’ refers to the fraction of exciting
light absorbed at the excitation wavelength (405here) and n to the refractive index of the

solvent (dichloromethane for IR26 and tetrachldmgkene for InN)
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A sample QY calculation for Aliquot 2 (INN sampleepared using OLA:OA=10:1) by plugging

in the absorbance and integrated PL intensity walu&quation 8 is shown below:

2.18x10° 0.737

= 0.1x X
¢ 6.42x1C®* 0.277

x112=5.1%

(QY calculations for other sample in SI)

For InN sample prepared using OLA:OA=3:1 the QY&ab given below:

Aliquots Amax(NmM) Calculated QY (%)
1 1350 4.77
2 1400 4.38
3 1425 4.28

Table 1: Calculated QY (relative) for the InN sasypprepared using OLA:OA=3:1

75



The calculated QYs for the different InN aliquotsrh the synthesis using OLA:OA ratio 10:1

are listed here in the table below:

Aliquots Amax(NmM) Calculated QY (%)
1 1350 2.2
2 1400 5.1
3 1425 2.6
4 1475 4.0

Table 2: Calculated QY (relative) for the InN sasyplsing OLA:OA ratio 10:1

MANIFESTATION OF SIZE DEPENDANT OPTICAL PROPERTIES
THE BRUS EQUATION

An intuitive approach to understanding quantum ddtkzing the particle-in-a-box approach
was performed by L.E. Brié*?In the following section; the relationship betwete size of
the nanoparticles and the band gap will be dematestiwith the help of Brus equation.

E,(r)= Eg(0)+( h’ Jr_lz_(l-m@ejl ............ @)

a dreye, )T

whereEg(r) is the band gap of a quantum dot of radiusy(0) is the bulk band ga,is Planck

constant (6.62610>* Js), e is the electrical unit charge (1.6Q0°>* C), & is the permittivity of
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vacuum (8.85410% C2s>kgtm™), &, is the optical dielectric constant of the materaid x is

the reduced mass of the electron-hole pair:

where my) is the effective mass of the electron/hole. Thail@mb term shifts Eto lower
energy as r, while the quantum localization (coerfivent) term shifts o higher energy ag.r

Thus the apparent band gap will always increassrfall enough r.

The relevant empirical parameters of the bulk &r¥l listed in Table 3 below. These parameters
have been used to relate the size dependence ob#erved band gap of the synthesized InN

nanocrystals to that predicted from the Brus eguati

Parameters Value Reference
E,(0) 0.69 eV 11z
‘. 6.0 117
m 0.1my I1F
m, 1.63m 11e

* mg is the rest mass of the electron, 9:209** kg.

Table 3: Empirical data of bulk wurtzite InN.
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Converting the units from joules to electron-vatel meters to nanometers, and substituting the
above parameters in Equation 8, we get the follgwielationship for the band gap of the

guantum confined InN (Equation 10):

399eV. nnyY _ 007eV.nm
2

Eg (r) — Eg (O) T (10)
r
1.4 T )
. 1.2 = \
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Figure 51: Size vs. band gap plot for INN nanoatgssynthesized by using 3:1 OLA:OA ratio

(left), 10:1 ratio (right)

The curved line (dotted) shows the size predictgdhe Brus equation (Equation 10). The

agreement is really good, considering the limit8afs equation.

As explained in the previous discussion there istlsudifference between the ways the two
synthesized materials follow the trend predictedBbys. Due to their platelet like shape the QDs
synthesized by using 3:1 molar ratio reaches armim in the band gap energy whereas the
QDs synthesized via 10:1 ratio of ligands can rethehband gap energy of the bulk material

(Fig. 51).
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ELEMENTAL ANALYSIS

We carried out some elemental analysis to findtbatcomposition of the nanocrystals or the

relative molar ratio of In:N. According to the wockrried out by Nathan R. Nease al,**

they
claim that this ratio had a big impact on how temgonductors behave. We tried to figure out if
the materials synthesized with different methods &ay difference in their relative composition
and how significant this ratio is as far as thdectonic properties are concerned. For this
purpose the amount of In was found out by a tealiplled inductively coupled plasma atomic

emission spectroscopy (ICP-AES) and the quantitynidfogen was calculated from CHN

analysis.

INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROSOPY

Inductively coupled plasma atomic emission spectipg (ICP-AES), also referred to as
inductively coupled plasma optical emission speugty (ICP-OES) is one of the most
powerful and popular analytical tools for the deteration of trace elements in a myriad of
sample types'’ This technique is based upon the spontaneous iemiss photons from atoms
and ions that have been excited in a radiofrequéR€&y discharge. Liquid and gas samples can
be injected directly into the instrument, whileidadamples require extraction or acid digestion.
The sample solution is converted to an aerosol dinected into the central channel of the
plasma. At its core the inductively coupled plagif@P) sustains a temperature of approximately
10 000 K, which vaporizes the aerosol quickly andlges are liberated as free atoms in the

gaseous state. Further collisional excitation wittiie plasma imparts additional energy to the
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atoms, promoting them to excited states. Sufficegrdrgy is often available to convert the atoms
into ions and subsequently promote the ions totedatates. Both the atomic and ionic excited
state species may then relax to the ground statthei emission of a photon. These photons have
characteristic energies that are determined byytlamtized energy level structure for the atoms
or ions. Thus the wavelength of the photons candeel to identify the elements from which they
originated and the total number of photons is diyegroportional to the concentration of the

originating element in the sample.

CHN ANALYSIS

CHN analysis is a form of elemental analysis comedrwith determination of only Carbon (C),
Hydrogen (H) and Nitrogen (N) in a sample. The mpgpular technique behind the CHN
analysis is combustion analysis where the sampgiiesisfully combusted and then the products
of its combustion are analyz&tf. The complete combustion is usually achieved byiding

abundant oxygen supply during the combustion pscksthis method, the carbon, hydrogen
and nitrogen atoms of the product under analysidizx and form carbon dioxide, water and
nitrogen oxide, respectively. Then these combusfiiwaducts are carefully collected and
weighed. The weights are used to determine theeleahcomposition, or empirical formula, of

the analyzed sample.
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Findings from the ICP-AES Studies:

Yield of reaction for 3:1 system = 31%; Conc. offilom ICP-AES = 15.68g/L

Yield of reaction for 10:1 system = 38%; Conc. mflom ICP-AES = 19.20g/L

From CHN analysis, the percent quantities of thedements were established to be as following:

Sample C H N In In:N
Expected 0.1-10% 0-0.25% 10-11% 80-90%
value
OLA Only 3.12 -- 12.72 84.16 0.733:0.9=0.81:1
3:1(A) 1.57 -- 10.55 87.88 0.765:0.75=1.015:1
3:1(B) 2.31 0.10 11.07 86.62 0.75:0.79 = 0.948:1
5:1 (A) 1.47 -- 10.97 87.56 0.76:0.78 =0.97:1
7.5:1 (A) 2.05 -- 12.87 85.08 0.74:0.92=0.8:1
10:1 (A) 243 0.16 11.44 86.13 0.75:0.817 =0.917:1
10:1 (B) 2.35 -- 12.38 85.27 0.74:0.88 = 0.84:1

Table 4: CHN analysis of INN samples prepared udiffgrent OLA:OA ratio

As we can see the data from ICP-OES analysis amd €@HN analysis support each other in the
sense that amount of In found by both techniqualnsost equivalent. Also, this set of data

shows that the In:N ratio is >1. The material sgsthed by Neale et &f,is reported to have

81



excess metal [In(0)] content; and this is suspettethie the reason behind the electron rich
surface and the Burstein-Moss effect which is rasgae for the absorption onset-al.8 eV.

Due to this phenomenon, the excitonic feature efstamiconductor is not revealed and the band
gap transition cannot be noticed in the InN nanstelg synthesized by the Neale group.
However, the InN nanocrystals synthesized by usialohave substantial In(0) content and is

thus unlikely to show this effect.
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CONCLUSION

In this report the synthetic methods and mechanistetails to obtain high quality,
monodispersed, colloidal, wurtzite InN have beescdbed and the size dependant optical
properties of indium nitride nanocrystals have bi#lestrated for the first time. It has also been
depicted that not only the size but the shape egs¢manocrystals can have significant effects on
the electronic structure and the optical propertieshe semiconductor. We have been able to
synthesize different sizes and the shapes of tiNe danocrystals by varying the reaction
conditions and changing the ratio of surfactanspeetively. These nanocrystals turned out to be
emissive; which is an impressive breakthrough fechhological applications. Lifetime
measurements provide us vital insight towards &tane of the exciton. We have obtained a very
precise idea about the Bohr radius of our matefiahterest and have also been able to study the
correlation of the size dependence of the bandagtpthat predicted by Brus. An outline for the
reaction mechanism has also been provided by igergithe undesired by-product which is In
metal. Though we have not been able to isolatectmeplex formed as the intermediate during
the synthesis but we have enough evidence to $tpiide fact that a bi-dentate amine complex

of In forms in the course of the reaction with TMED

This technique produces nanoparticles with a reasgrhigh yield. This method can be applied
to synthesize various nitride nanocrystals and afgized to dope these nanocrystals. This report
illustrates the technique to obtain high qualiigesand shape controlled and emissive colloidal
InN nanocrystals for the first time along with tHetailed study of its electronic structure and

optical properties.
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FUTURE WORK

A number of new techniques have been developedidping of nanocrystals and it'd be an
interesting step to explore their effectivenessamMnN. Also, since we don’t have very clear
idea about the nature of the intermediate and e¢hetion pathway, it's our aim to find a more
proficient way to decipher it. The material showsbie very promising as far as its emissive
nature is concerned. It would be worth investingiedime to look into ways of increasing the
guantum yield of InN since that is highly desirafide several industrial applications. Synthesis
of colloidal, monodispersed 1lI-V nanocrystals, lsuas; gallium nitride (GaN), indium and

gallium phosphide (InP, GaP) and study of theie siependant optical properties would be our
next priority. These materials having very diffeardrand gap values could prove to be very
useful in synthesis of alloy materials covering alevrange of spectrum. We also plan to
investigate the effect of doping (transition metala the magnetic and electronic properties of

these materials for photonics and spintronics appbn.
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