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In this work, we propose a model to calculate
photoluminescence spectrum of silicon nanocrystals embedded
in amorphous matrix. Our model considers that the
nanocrystals are surrounding by a non-abrupt transition region
and immersing in optically active matrix. The transition region
plays a key role in the

photoluminescence with a quantum confinement. Results show
that the proposed model ameliorate well the photoluminescence
peak position.

matrix.

I. INTRODUCTION ?®
efficien &i le light

[1],%here has been
of all kinds of

Since the discovery of
photoluminescence (PL) in porous silic
renewed interest in the emission pro

ural explanation of

quantum-sized structures. The go

the strong PL is the quantum c% ent effect (QCE) [2],
which seems to be confirmes he calculated radiative
lifetimes [3], [4], and by, stence of phononstructures
[5] in the excitation m of the photoluminescence,
showing full similarj bulk crystal.

Embedding @)rphous matrix, Silicon nanocrystals (Si-
S special attention: many researchers have

nc) have attyens

investig ” light emission from a silicon nanostructure
silicon oxide films due to its easy processing,
¢and stability in comparison with porous materials
and its full compatibility with mainstream complementary
metal oxide semiconductor [1]. However, this material has a
low efficiency of carrier injection because of a relatively high
potential barrier of 9 eV. Recently, in order to increase the
injection efficiency of carriers, silicon nitride (SiNy) films
having an embedded silicon nanostructure have been studied
extensively [6], as they have a lower potential barrier (5 eV)
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than silicon oxi e Fabricated via plasma enhanced
chemical vap on (PECVD), the photoluminescence
was tuned fr near infrared to the ultraviolet just by

adjusting t mposition of the process gases [6-8].
Recently ogenated amorphous silicon containing silicon

nanooyystars has been investigated as a possible candidate for
tt@uction of inexpensive solar cells [9].

everal techniques have been invented to produce
amorphous matrix embedding silicon nanocrystals (Si-nc).
Some of these techniques are plasma assisted chemical vapor
deposition [10-11], size selected cluster deposition [12],
sputtering [13], laser ablation [14-15], catalytic chemical

vapor deposition (Cat-CVD) [7], and ion implantation into
matrices [16].

Despite the great number of papers devoted to the study of
light emission from silicon nanostructures, the origin of room
temperature PL from Si-nc have not yet completely
understood. It generally accepted that the quantum
confinement effect in the nanocrystallites opens up the band
gap as well as relaxes the selection rules for radiative
transitions giving rise to above band gap PL in the visible
region for crystallite sized below 5 nm [2]. However, QCE
alone cannot explain the PL. The puzzling problem is the
large difference between luminescence energies and
calculated band gap. This difference corresponds to a huge
stokes shift (~1 eV for crystalline diameter d~1.5 nm).

Many different finding have been reported to explain the
PL phenomenon: some of these are the gap states due to the
voids and defects observed by wolkin et al [17], siloxane
model and derivative materials [18], the interface state
postulated by Koch et al [19], curved surfaces of Si-nc shape,
[20] and temperature effect [21].
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Allan et al [5] have demonstrated, from both empirical
tight binding and first principle locale density calculations
that some states exist under the form of “self-trapped
excitons” at the interface between the Si-nc and the
amorphous matrix supposed sharp. Daldasso et al [22]
present an experimental — theoretical study of light emitting
from Si-nc embedded in Silicon dioxide (SiO>). They provide
evidence that the Silicon/Silicon dioxide interface is not
sharp but a transition region (SiOx) composed of amorphous
Silicon (Si) and a strained SiO» surrounding the Si-nc. Their
experimental investigation shows that the transition region
participates to the light emission process. Ab-initio density
functional calculations indicate that the strained SiO, layer
around the Si-nc introduces optically active state.

The present contribution propose a model to calculate the
PL intensity from Si-nc embedding in SiNy matrix. Indeed,
we find first, the transition region thickeness enveloping Si-
nc. Then, we confirm that the QCE alone cannot explain the
light emitting phenomenon. The nanostructures shape, the
transition region surrounding Si-nc contribute also to the PL.

II. AMODEL FOR PHOTOLUMINESCENCE
PROFILE

In order to formulate and describe the PL spectra from Si-
nc structures, we consider Si-nc as an ensemble of nanometer
sized spherical particles having a well Gaussian or log-

region. Figure.1 show a transition region between Si-nc an
the amorphous matrix.

The optical band gap widening of the crys@ is
considered due to QCE in nanoparticles. The ﬁ de of
band gap widening is determined usi alytical
expression for band gap obtained frg ht binding

normale size distribution [23], surrounding by a transition E

method [2].

Qigure 1. Transition region surrounding Si-nc

Under excitation with appropriate energy photons, a
fraction of photocarriers generated recombine inside a
nanocrystal and the rest at a transitive region.

The oscillator strength that is the dimensionless quantity
expressing the strength of transition in crystallites from one
quantum state to another in Si atom, when absorbing light. It
exhibits extremely sharp dependence on the size. It is
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expected that a small fraction of the nanocrystals may be
responsible for the disproportionally large portion of the
output radiation.

Under the above assumption, the PL intensity at particular
photon energy becomes proportional to the population in the
nanocrystal and it transition region, and to the oscillator
strength.

The number of states in the transitign @
proportional to its volume Vr.

If Nyr is the total number of states in ¢ %mon region,
then:
NVTaVT&(QF’ —rd (1)

Further, by assumin @each atom in a crystallite
contributes to the carrie% ation, at least one, the number

of photoexcited cargjgers in a crystallite is proportional to
its volume V. \\6

NyaV == )

Thg ph®dexcited carriers inside a nanocrystal relax to the
sur@sfates, and recombine radiatively in the transition
[ assumed to be optically active [24]. Since the

ration rate from of an excited carrier to the transition
region is proportional to the product of the number of excited
photocarriers and the number of available empty transition
region states, the population N; of photocarriers in a transition
region participating in PL process becomes proportional to
the product of Ny, and Ny:

N~V.VpaA.r3. (R® —13) 3)

The radiative rate transitions depends on the oscillator
strength (OS) [25] as:

sin(0.86mr/a)?
0.861r/a

0S~ [ (4)

1—(0. 867‘/:1)2
Where a is the lattice constant taken 5.66A for Si

Taken the oscillator strength into account, the radiative
transition probability in a nanocrystallite becomes:

P(r)~N,.0S

sin(0.86mr/a)
0.86mr/a

2
- 3_ .3
. (R r )[1 (086r/a)2 ] )
Equation 5 depend very strongly, only on the smallest
dimension of Si-nc. For d>a this dependence approaches 1.
As a result even a small fraction of nanocrystals being
abnormally short can be responsible for the large change in

the emission spectrum. In the other hand, if 0.86mwr/a is
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small, the dependence became proportional to r#, the increase
of OS persist but moderately (figure.2).
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Figure 2. Oscillator strength shape with several approximations

Zooming the oscillator strength curve without
approximation (figure.3):
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Figure 3. Oscillator stre@Q

Now, the PL intensity fro
having size distribution ¢ (r

ensemble of crystallite
pe obtained by summing the
alites having size r. the PL

contributions from all t
intensity from crys% ize r may be given by:

I(r)~P(r) + ¢(r) (6)

We nee anipulate the PL intensity variation with
ith the Si-nc radius. Why we will substitute

energ,
the Si %a ius with a formula contain energy so:

The emitted photon energy from a nanocrystal will be
lower than the band gap energy of the crystallite (Epuy) in a
bulk form by an amount (AE). This amount is a function of
diameter r [2] as:
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1.78.e

h?rn? (1 1 78.e2
2r2 ;-I_m* B
e h T

Where m., myn, Eg, and & are, respectively, electron
masses, hole masse, the Rydberg energy, and dielectric

permitivity for bulk silicon
13.606m,
() Q&
. is the Coulomb term and 0.28 Q,@s the spatial

1.78.e2
correlatlon energy and is a minor co

E(R) = Epyi +
@)

+ 0.284E,

Equation (7) can be written

ER) Gy + /(™) ®)

Where C is the cont
nanocrystal rad§
method.

Park e@é found Epux = 1.56 eV and ¢ = 2.40 nm?,

ement factor, r is the silicon
% is constant depend on the used

whereas et al. [27] used Epux = 1.16 eV and C = 11.8
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Figure 4. Silicon band gap increasing with radius decreasing calculated by
several authors [5,27-30]

Figure.4 show the silicon band gap calculated by several
authors. From radius 6 nm, we obtain the band gap energy for
silicon in bulk form. At below of this value, we have an
enlargement of bandgap due to the QCE producing direct
radiative transitions between the conduction and valence
bands.

The PL is then determined by transforming equation 6 to
the energy axis as commonly done:

I(AE) = j[(r)S(AE —C/rY)dr
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szn
_o0.86mr

0. 867‘[7‘)

~(R3 —13). [ ] p().8 (AE - Cin) dr

*0 8é6nr/a

(€)]

The Dirac delta function (8) facilitates a
integration [31].

straightforward

The simplest idea is to assume that the crystallites are

spherical with a Gaussian diameter’s distributions,
represented by:
(r-rp)?
o) = e [~ (1)

Where 1o and ¢ are the mean crystallite size and standard
deviation respectively for the Si-nc ensemble.

Putting equation (10) into equation (9), we obtain the PL
expression as:

KAE)_”_(EJ%?-@Jgéﬁﬁflﬂ—j <3d2(£)%+

AE *0.867T /A AE

| (]

2
Lny g3 )
3d " +d )expl v J

Where d is the transition region size.

(In

For a log-normale size distribution of particles sizes:

{Ln(r) Ln(ro) !&2)

The PL intensity expression transforms &
(E) *

(13)

(r) = —=-exp |-

sin(0.86mr/a)

I(AE )_—(i)T.

AE

We clearly
intensity, Stro
transition r
(os

from equations (11) and (13) that PL
pends on QCE (¢ and n parameters), the
size (d), and the crystallite size distribution

1. SIMULATION

Our investigation calculate transition region thickness
enveloping Si-nc embedding in SiNy matrix, and then
highlights the PL.

However imaging Si nanocrystals embedding in

amorphous matrix and building reliable size histograms is a
difficult task because of the small difference of atomic
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number and density between Si and SiNy matrix. To solve this
problem we have proposed a method used OTSU algorithm
based on very simple idea, find the threshold of sample image
that minimizes the weighted within-class variance of
histograms. The algorithm assumes that the image to be
thresholded contains two classes of pixels or bimodal
histograms, and then calculates the optimum threshold
separating those two classes: the object (Si- nc) and the
content (amorphous matrix) to calculate the size digfgibution.

A.  Transition region thickness of Si-nc \

In order to evaluate the transition regi ess between
Si-nc and SiNy matrix, we consider t age histogram
have a trimodal gray level distrib 'O&ur aim is to separate
the Si-nc from the matrix, and { af® the transition region

surrounding Si-nc from the Eda
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Figure 5. The thickness of the transition region surrounding Si-nc

Figure.5 shows the thickness of the transition region
enveloping Si-nc formed by defects (Si-Si and N-N bonds,
and Si and N dangling bonds.), in which this thickness
increase with Si-nc radius increasing for small nanostructures
(r £ 14 nm). This is can be explained by the defects formed
on the curved surface of smaller Silicon quantum dots [20,
32]. For Si-nc radius > 15 nm, the shape of the nanostructures
at the interface became facet and not curved. With a suitable
annealing, the most part of the defects are removed from the
interface Si-nc/matrix minimizing hence the thickness of the
transition region [20].

B. Transition region effect in the PL spectrum

In order to obtain an insight into the effect of various
parameters influencing the PL spectral profile in Si-nc, we
compute the PL spectra using relevant numbers in equations
(11) and (13). It is sufficient to show the results using a
Gaussian crystallite size distribution.

The radiative transition in silicon nanocrystal and in
transition region may be with or without phonon mediation.
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We take a complete formulate of oscillator strength to take
into account all effect of phonon assisted and dependence of
size. The n and C value depend on the models employed for
the band gap calculations. Following careful calculations of
Proot et al for Si-nc, we take n = 1.39 and ¢ =4.122 eV [28].

The application of the developed model requires physical
understanding of the parameters used for studied system.

The presence of surrounding media for the crystallites
further complicates the analysis of observed PL data. The
degree of localization of surface states depends on the amount
of disorders in surface atoms of crystallites.

Our sample was measured by the scanning electron
microscopy (SEM). It contain Si-nc embedded in SiNy
matrix, having a size distribution characterized by mean and
standard deviation 2.55 nm and 1.44 nm respectively
(figure.6).
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Figure 6. size distribution histograms for Si-nc emb: & SiNy matrix,
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and the SEM image corresponding (mean size -32.55 ni, and standard
deviation = 1.44 nm)
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Figure 7. PL spectra computed with (a)QCE (b)QCE and surfaces states in
abrupt interface and (c) QCE and surfaces states in transition region
surrounding the Si-nc. For Si-nc having Gaussian distribution (mean = 2.55
nm and standard deviation = 0.16 nm).
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Figure.7 show the PL intensity simulated by three methods
giving respectively 1.25 eV, 1.3 eV and 1.57 eV as PL peak:
the first consider that the QCE is alone responsible of light
emitting , the second suggest that the surface surrounding the
Si-nc contribute in the PL phenomenon. The third that is the
aim of our study introduce all the transition region
surrounding the nanostructures.

The average radius of the silicon crystallites was estimated
to be 2.55 nm. The observed PL characteristicspagkshgo not
seem to have originated solely from these cluster& ording
to Proot et al. [28], the luminescence en%from silicon
nanocrystals can be expressed as:

E(d) =113+ K%m)
.
Where d is nanocrystal dia = 2%r)

Therefore, the 2.55 n
a luminescence at E = 1.

3 .
*
The stoke &Qegligible when we have introducing

the transitio surrounding the nanostructures (the
simulated s 1.57 eV whereas the bandgap calculated
by Proot [28] is 1.55 eV) because we have taking into

accsust qgher parameters can be responsible of PL. we see
¢

(16)

1lites radius would result in

the PL intensity simulated is more important in this
ue to the transition region defects surrounding the Si-

a
s upposing optically active.

IV. CONCLUSION

We have presented an analytical expressions for PL, by
combining both quantum confinement effect, and localized
states in the transition region surrounding Si-nc to describe
PL peak position. The role of transition region has been
clearly demonstrated and explicitly included in the present
model minimizing hence the stock shift.

REFERENCES

[1] L. T. Canham, Appl. Phys. Lett. 57, 1046 (1990).

[2] P. F. Trwoga, A.J. Kenyon, and C.W. Pitt, Appl. Phys.83,
3789 (1998).

[3] C. Delerue, G. Allan, and M. Lannoo, Phys. Rev. B 48,
11024 (1993).

[4] C. Garcia, B. Garrido, P. Pellegrino, R. Ferre, J. A.
Moreno, J. R. Morante, L. Pavesi, and M. Cazzanelli, Appl.
Phys. Lett. 82, 1595 (2003).

[5] B.Garrido, M. Lopez, O. Gonzalez, A. Prez-Rodriguez, J.
R. Morante et al, Appl. Phys. 77, 3143 (2000).

[6] A. Zerga, M. Carrada, M. Amann, A. Slaoui, Physica E
38 (2007).

[7] K.M. Lee, T.H. Kim, J.D. Hwang, S. Jang, K. Jeong, M.
Han, S. Won, J. Sok, K. Parka and W.S. Honga, Scripta
Materialia, 60 (2009).

www.edlib.asdf.res.in



Proceedings of The first International Conference on Nanoelectronics, Communications and Renewable Energy 2013 384

[8] L. Dal Negro,a J. H. Yi, L. C. Kimerling, S. Hamel, A.
Williamson, and G. Gallib, , Appl. Phys. Lett. 88, 183103
(2006).

[9] B.M.Monroy, A. Remolina, M. F. Garcia-Sanchez, A.
Ponce, M. Picquart, and G. Santana, Journal of
Nanomaterials, 190632, (2011).

[10] Y. Kanemitsu, S. Okamoto, M. Otobe, and S. Oda, Phys.
Rev. B 55, R7375 (1997).

[11] E. Edelberg, S. Bergh, R. Naone, M. Hall, and E. S.
Aydil, J. Appl. Phys. 81, 2410 (1997).

[12] M. Ehbrecht et al., Phys. Rev. B 56, 6958 (1997).

[13] R. Garo, L.Varguez, R. Cuerno, et al, Appl. Phys. Lett.
78,21 (2001).

[14] L. Patrone, D. Nelson, V. I. Sentis, W. Marine et al,
Appl. Phys. 87, 3829 (2000).

[15] J. R. Heath, Y. Liu, S. C. O’Brien, Q.-L. Zhang, R. F.
Curl, F. K. Tittel, and R. E. Smalley, J. Chem. Phys. 83, 5520
(1985).

[16] U.S. Sias, L. Amaral, M. Behar, H. Boudinov, E.C.
Moreira, Phys. Res. B 242, 109-113(2006).

[17] M. V. Wolkin, J. Jorne, P. M. Fauchet, G. Allan, and C.
Delerue, Phys. Rev. Lett. 82, 197 (1999).

[18] M. S. Brandt, H. D. Fuchs, M. Stutzmann, J. Weber, and
M. Cardona, Solid State Commun. 81, 302 (1992).

[19] F.Koch, V. Petrova-Koch, and T. Muschick, Light
Emission from Silicon. (Elsevier-North-Holland, 1993).

\$$

$
,\&O
O
’bb@
\O
S
QO

ICNCRE ’13

ISBN : 978-81-925233-8-5

[20] W. Huang, Z. Huang, H. Cheng, X. Miao, Q. Shu et al,
Appl. Phys. 101, 171601 (2012).
[21] H. Rinnert, O. Jambois, and M. Vergnat, Appl. Phys.
106, 023501 (2009).
[22] N. Daldosso, M. Luppi, S.Ossicini, E. Degoli, R.Magri,
G. Dalba, P.Fornasini, R. Grsenti, F. Rocca, L. Pavesi, S.
Boninelli, F. Priolo, C. Spinella, and F. lacona, Phys. Rev. B
68, 085327 (2003).
[23] N.Islam,, and S. Kumar, Phys. Rev. 93, 1753 (2003).
[24] E. P. O'Reilly, Phys. Rev. B: Condens. &7 (6),
3780 (1983).
[25] J. B. Khurgin, E. W. Forsythe, G. S. '@z and B. A.
Khan, Appl. Phys. 69, 1241 (1996).
[26]). Kistner, X. Chen, Y. Weng,HS®” Strunk, M. B.
Schubert et al, Appl. Phys. Lett %o 520 (2011).
[27] T.W. Kim, C.H. Cho, B.@ % J Park, Appl. Phys.
Lett. 88, 123102 (20006).

G. Allan, Appl. Phys. Lett.

[28] J.P. Proot, C. Deler

61,1948 (1992). @»

[29] S. Ogut, J. Cﬁ)\x y, and S. Louie, Phys. Rev. Lett.
79,1770 (199
[30] A. Zun % .
Vol. 102, (1%
[31] G. > and V. A. Singh, Phys. Rev. 50, 8 (1994).

[32] {. V. shpandea, E. Gulari, S.W. Brownb, and S.C.
Ra 81. Phys. Let. 77, 12 (1995).

W. Wang, Applied Surface Science,

www.edlib.asdf.res.in



