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Abstract

Computer simulation using matlab programming appra is carried out to
study the photoluminescence (PL) properties of @il (Si) nanowires (NWs) with
diameter between 1.5 and 5.8 nm. An integrated lglmnodel comprising of quantum
confinement, surface states, and exciton bindingdsveloped to calculate the size,
wavelength and photon energy dependent PL intensitiie influence of size on the
band gap energy and PL spectra of Si nanowires (N\&®e examined. It is observed
that all the model parameters for quantum confinentglocalized surface states, and
exciton energy are responsible for the changeshe tlectronic and optical properties
of Si NWs. The simulated data are compared with esmental findings. The
admirable features of the results suggest that theesent model is significant for
understanding the mechanism of visible PL from SNWs. The model can be
extended to study temperature dependent PL for othanostructures of different
shapes and size.
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1.0 Introduction

Developing novel electronic and optoelectronic desi by nanostructuring semiconductors is ever-ddingn The
observation of room-temperature visible photolurag@nce (PL) from silicon (Si) nanostructures (quantots or wires)
stirred tremendous attention towards Si nanomddgdtid It is their great properties like electdieand optical that make them
to receive such attentions. Recent semiconductwareh is exploring the feasibility of tuning thptioal response of Si
nanostructures via band gap engineering. Growtction, morphology, size and surface reconstructiso influence the
luminescence properties of SINWs [2]. Experimegtalbserved visible PL can be explained to somengxitg quantum
confinement (QC) effect that modifies the energndaap [3]. Lately, Si nanostructures with hydrogam oxygen
passivated surface became attractive due to enthdigbe emission. However, the mechanism of visBleremains unclear
despite several studies using models, experimantssimulations approaches [3 — 5].

An analytical model for silicon nanocrystals (SB$) photoluminescence of quantum confinement efiact localized
surface state have been proposed by Ding et ahr{6]Estes and Moddel [7]. In this work, we devetba comprehensive
phenomenological/hybrid model by combining the effeof surfacestates, exciton energy, and QC tdaexjhe PL
mechanism of Si NWs. These combined three phenaraéguantum confinement, surface passivation acian effects
which determine the optoelectronic properties ofN8Vs is what makes this proposed model a uniqam fthe other
proposed models mentioned earlier. It is demoresdrétiat by controlling a set of parameters extchbte fitting the model
with experiments, it is possible to interpret tHe $pectral features accurately. The band gap ieddo decrease with the
increase of NWs diameter [8]. The results presehtd allow us to examine the influence of sizal@nband gap energy
and PL spectra of Si nanowires (Si-NWs).

2.0  Models and Methods
The initial and the famous explanation for the hissiPL in Si-NWs is the quantum confinement of &xciin nanometer-
sized silicon. The model of the quantum confinenwér8i NWs is based on the electronic confinementire. An empirical
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law that links the size dependence of optical bgaql of NWs is written as:

E, = EPulk 4 b/da (2.1)

wherep and are QC parameters adds the diameter of Si-NWs [9].

The model is further fitted with different experimtal and simulation data to extract the value o garameter. Because of
guantum confinement, small-diameter wires exhibidieect band gap that increases as the wire diamserows,
irrespective of surface termination. The photolusitence is attributed to energy shift of the bottdrine conduction band
to high energy and of the top of the valence baridw energy [10]. The changes in wave functiongl&xing the dynamics
of electrons and holes that modifies the densitstaties is due to different in quantum confinenaémctions.

In this model, we consider Si- NWs of well defindidmeter distribution as an ensemble of nanosgalergal particles. In
view of this consideration, the intensity of PLpafrticular photon energy becomes proportional ¢optbpulation of occupied
surface states and the oscillator strength. Thebeumf surface states in a crystallite is propodico the number of atoms
on the surface and hence, surface area A of theadiife. If N is the total number of surface states thgrn N.Again, if we
assume that each atom in a crystallite contribatdeast one photo excited carrier to the crystalthe number of photo
excited carriers N\ in a crystallite is proportional to its volume Kegnce, N V. Furthermore, since the rate of transition
from an excited carrier to the localized surfacdest is proportional to the product of the humbfeexzited photo carriers
and the number of available empty surface stategteiady state condition, the populatiop & photo carriers in surface
states participating in PL processes becomes piiopal to the product of Nand N, That is,

N, < NN, « d*d* (2.2)

whered is the diametre of the crystallites wire.

The rate of radiative transition depends on thdlasmr strengthf. The oscillator strength in nanocrystalline matisrivaries
as inverse power law and can be approximatefd~a$/d®, where power exponeit depends on the material properties as
well as the range of crystallites sizes being uskaking the oscillator strength into account, tlaeliative transition
probability in a nanocrystallites of diameter beesm

P(d) < N f o< d> %, (2.3)

The PL intensity from an ensemble of crystallite SifNWs having size distribution will be obtainegt summing the
contributions from all the crystallites having sidiameterd [11]. The PL intensity with respect to crystallissized is
given by,

1(d) x P(d)p(d). (2.4)

Then, the emitted photon energy from nanocrystallivire will be lower than the energy band gaphef ¢rystallite by an
amount of the localization enerdys of the surface states and the exciton binding ggn&t, which are functions of
crystallites size. The emitted photon energy frogsillites of the quantum dot is given as

E, = EP¥k + AE — Eg; — E, (2.5)

where the amount of band gap up shift due to QCteémanocrystallites wire is given By andEj;“”‘ is the energy band
gap corresponding to the bulk crystalline materi&y. transforming Eqg. (2.4) frond to AE dependence by a standard
procedure (Fourier Transform), we obtain

I(AE) = [ 1(d)§ (AE — d%) dd o [ d5~p(d)s (AE — d%) dd. (2.6)
By considering a normal distribution of crystalld@mmeters in nanocrystallites silicon wire, then

d— 2
p(d) = = Expl- 520 @7

wherel, ande are the mean crystallite size of NWs and standaxdation, respectively. Substituting Eq. (2.7)piig. (2.6),
we obtain the analytical expression of PL intenagy

b : 2
I(AE)~ — (D) e-asd) pp [ (a2 H0), (2.8)
Eq. (2.8) indicated that the PL profile varies siyly with the QC parametdrandd. Therefore, good care should be taken in
using the correct QC model for band gap up shtftredion. The oscillator strength and the excitamding energy Eboth
are complicated functions of the size of nano aliits and their surrounding media. Following éarealculations of Proot
et al. [12] for crystalline silicon, we adopted a rargivalue of 0.01 - 0.22 eV for,Ewhich is a good average value for the
range of crystalline sizes from ~ 5.8 nm to 1.5 fine localization energl,, is taken to be the order of phonon energies
which is about 0.05eV for optical phonons dfdhs 1.12 eV for crystalline silicon at room tempere [12].
The orientation dependent parameters are fourt fp=1.40 and® = 3.37 eV. This is obtained by fitting the modéthw
experimental values of size dependent band gaprufidt al. [13] using quantum electronic gap expression ZHg.as
shown in Figure 1. Our model expression (Eq.2.8)s&d to generate PL spectra usingthese quantuiineoent parameters
with the correction of £0.5 for comparison and figrt analyses [14]. PL spectra are simulated usimat#ab programThe
band gap energy is found to increase as the NWsed@s are decreased.
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Fig. 1Band gap variations of $IWS with diamete

3.0  Results and Discussion

PL intensity versus photon energy with varying ded deviation is shown in Figure 2. It indicatédttthe PL peak shi
towards higher energy (blue energy) as the silitmmowire standard (sigma) deviation parametersedses. This validate
the quatum confinement model. Furthermore, a red shifbbserved with the increase of standard deviasioihe PL
spectra broaden as well as shifts towards low ph@&wergy accompanied by a decrease in relative t€isity. This
indicates that the amount dts dispersion affects both the PL peak energyitanitith.
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Fig. 2Simulated PL spectra for Si nanowires having sigtridution with fixed mean diameter,, = 3.80 and different

standard deviation.

It is clear from Figure 2 that the presence of ®xcienergy in the forbidden region contributed tfoe observed blue st.

Hence, the integrated surface states effect, axsitates, and quantum confinemerfect model can explain accurately 1

experimentally observed PL spectra of Si NWs aedbibe shift in PL peak [1t

Definitely, this model is able to predict the abtgaobserved experimental PL data on Si NWs prodimead variety o

techniques. Figer 3 compares the simulation results (right) with #xperimental (left) data from Ledoux et [11].

Clearly, a blue shift in the PL peak is evidencethwhe decrease in mean diameter of Si NWs. Furtbee, the PL intensi

is greatly influenced by thsize distribution (,) of NWs.
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Fig. 3: Normalized PL spectra against wavelength from arpam (left) and model simulation (righ
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4.0  Conclusion

The mechanism of photoluminescence and the enhamteof band gap in SiNWs are investigated usingyhrith
phenomenological model. The effects of quantum icenfent, localized surface states and exciton bgqdinergy are
integrated in the model. Unlike in other proposeodeis of luminescence, exciton binding energy playgood role in
enhancing the quantum confinement effect in SiNWshahat the enhanced radiative recombinationah#xcitons occurs
only with decrease in nanowire size that resultbamdgap widening. The results exhibit that by ahtrg a set of
parameters extracted by fitting this developed rhedi experimental finding, it is possible to inpeet the observed PL
spectral features. It is shown, how mean diamédt&iVids affects the PL intensity and band gap en&vgyaffirm that both
QC and surface passivation together with excitéeces determine the optoelectronic properties dil'®ls. The mechanism
of PL emission and enhancement of band gap is studat.In general, this developed model is able Xplagn the
experimental observation of visible PL from Si-N@&swell as others Si nanostructures (quantum datsvalls).
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