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and to lower series resistance in photovoltaic (PV) devices.
The lower resistance results in higher fill factors in PV
devices [17]. A high electrical conductivity provides high
transductance of Si-NCs TFTs and thus high performance
nanoelectronics devices can be designed [18].
In this work, we deal to characterize Si-NCs formed in
annealed amorphous SiNx thin film obtained by low-pressure
chemical vapor deposition (LPCVD) using a mixture
between (Si2H6) and (NH3). Disilane and ammonia gas
mixture offers the possibility to realize different types of
materials between the silicon nitride and amorphous silicon,
and hence it is possible to introduce low nitrogen content
necessary to obtain high silicon crystallites concentration
with smaller sizes. Indeed, the excess of silicon in films
allows high silicon crystallites concentration after heat
treatment while the nitrogen atoms increase the disorder in
the silicon network during the film deposit phase in one hand
and suppress the crystallites growth during the thermal
annealing process, in the other hand [19].
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Abstract— The formation of silicon nanoclusters embedded in
amorphous SiNx matrix is of great interest for optoelectronic
devices such as solar cells and nanoelectronics such as thin films
transistors ( TFTs). In this work, we investigate the properties
of silicon nanocrystals formed in annealed low-pressure
chemical vapor deposition in situ nitrogen doped silicon thin
film (SiNx). Structural, optical and electrical characteristics of
the thin film were studied by scanning electron microscopy
(SEM), Raman spectroscopy, photoluminescence (PL) and fourpoint probe measurement. The results revealed a crystalline
volume fraction of the annealed film exceeded 63 %, with a
dominance of silicon nanocrystallites having the sizes within the
range 2-4 nm and density ~1.09.1012 /cm2. The electrical
characterization has shown a good conductor behavior of silicon
nanocrystals thin film. The PL spectrum, highlights that
photoluminescence of
film originates from quantum
confinement effects.
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I.

INTRODUCTION

In recent years, much research exists to improve
and
developed the use of silicon nanostructures embedded in an
amorphous matrix in the field of optoelectronics and
nanoelectronics [1-4]. These applications require an
improvement of the optical and electric properties of thin
films by the intermediary of quantum confinement in Silicon
nanocrystals (Si-NCs) [5-7]. In this context, nanocrystalline
silicon has been the subject of scientific and technological
interest because of its outstanding properties such as higher
electrical conductivity and greater doping efficiency [8].
In addition, the optical band gap of Si-NCs can easily be
tailored to absorb sufficient amount of solar radiation, by
controlling the size and density of silicon nanocrystals [9-11].
The electrical conductivity which is controlled by the
crystallinity level in terms of crystalline volume fraction
and crystallites size, has been widely considered of the most
crucial parameters for TFT and solar cell applications [12 16]. A high conductivity in the film leads to better voltages
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II.

EXPERIENCE

The deposit of amorphous SiNx (x = N/Si) thin film
(thickness around 200 nm) was carried out in a conventional
hot-wall, horizontal, LPCVD furnace by using Si2H6 and NH3
gaseous mixture, on 10 cm, (111), oxidized (about 120 nm of
oxide) silicon wafers. The deposition pressure P and the
temperature deposition T were respectively fixed to 200
mTorr and 465 °C. The nitrogen content (x=0.12) was
measured by ellipsometry and energy dispersive X-ray
spectrometry. The film thickness was measured by
ellepsometry and checked by profilometry. Thermal
annealing process was performed at 1050 °C during 1 h into
a conventional furnace under nitrogen (N2) ambient.
Scanning electron microscopy (SEM) analysis of the
sample was done using Philips model XL 30. The grain size
distribution (GSD) and the crystalline volume fraction Xc
were determined via image-processing techniques. Raman
spectroscopy analysis has been carried out using a LabRAM
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III.

RESULTS AND DISCUSSION

(bright regions) in contrast to the amorphous matrix (dark
regions in SEM image). As shown in the inset, each cluster
consists of subgrains and amorphous phase between the
grains. The grain size distribution and the crystalline fraction
are determined by image analysis using the wavelet edge
detection method [20]. The equivalent diameter g of a grain is
obtained using the following expression [21]:

g=2 A

(1)

p

Where A is the surface of a grain.
The crystalline fraction Xc is calculated using the
following expression [22]:
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Jobin -Yvon spectrometer. The excitation wave-length was
the 488 nm line of an Argon laser in the backscattering
configuration. The laser spot on the sample was kept at a
power density low enough to avoid temperature effects
(about 6 mW over the sample). The conductivity
measurements of the film studied in this work, is deducted
by measuring the square resistance using a probe 'Jandel', the
point of this probe are aligned and spacing’s. The PL was
measured using a laser excitation source wavelength of 355
nm. The laser beam has a power density of 3.27 mW and a
spot diameter of few mm and a resolution of 6.8 nm.
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SEM measurements were performed. Figures 1 and 2
depict, respectively, the SEM image and GSD of film
annealed at 1050 °C during 1 h.

ö 2
æ
S crystallites
÷
ç
(2)
Xc =
çS
÷
+
S
amorphous ø
è crystallites
Where S amorphous and S crystallites , represent the total
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crystalline area and the total amorphous area, respectively.
We calculate an average silicon crystallites size of 4.59
nm and a crystalline volume fraction Xc = 63 %. Through the
analysis of GSD, it may be noted that 48 % of nanocrystallites
have sizes within the range 2-6 nm, among this proportion,
85 % of the crystallites have sizes within the range 2-4 nm and
density ~1.09.1012 /cm2.
The formation of Si-NCs in the film after 1050 °C
annealing can bee also confirmed by Raman spectrum as
shown in figure 3.
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Figure 1: SEM image of SiN0.12 after heat treatment at 1050 °C for 1 h.

Figure 3: Deconvolution of Raman spectrum of SiN0.12 film annealed at
1050 °C for 1 h.

Figure 2: Histogram of grain size distribution of SiN0.12 film annealed at
1050 °C for 1 h.

The SEM image shows clearly the crystallization of film
characterized by the existence of nanocrystalline silicon
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The Gaussian deconvolution of experimental spectrum
can be decomposed into two bands (figure 3). The Raman
band observed at 470 cm-1 corresponds to the amorphous
silicon. This band has been interpreted by the presence of
small amorphous silicon clusters [23, 24]. The band centered
at 516 cm-1 can be assigned to the crystalline silicon [24]. This
clearly indicates the presence of the crystalline phase in the
annealed SiNx thin film. The band associated with the
crystalline silicon is shifted by 4 cm-1 with respect to the
observed peak in the monocrystalline silicon (520 cm-1).
Generally, more the shift is significant; more the size of
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X c = I c (I c + h * I a )

(3)

Where Ic is the Gaussian integration intensity related to
crystalline composition, Ia is the integration intensity related
to amorphous composition in Raman spectrum and η = 0.88
represents the fitted factor. The Xc extracted from Raman
spectra is equal to 70 %. The slight difference of this value,
comparing it with the data provided by SEM analysis
(a
difference of 7 %) can be attributed to the specificity of
measurement and calculation of each method.

By using the expression proposed by Kim et al [34], it is
possible to access to the size of silicon nanocrystallites
knowing their luminescence energies by the following
formula:

EC = 1.13 + 13.9
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Figure 4: PL spectrum of SiN0.12 film annealed at 1050 ° C for 1 h with
deconvoluting Gaussian peaks.

The PL spectrum of SiNx film as a function of photon
energy is plotted in figure 4. This spectrum shows a large
luminescence energies band of 1.56 eV to 2.52 eV, with a
maximum at 2.02 eV. Gaussian deconvolution of the PL
spectrum clearly identifies five peaks of different energies,
namely, a peak characterized at 1.97 eV related to the quantum
dots in the amorphous silicon [28]. Thus, this peak can be
considered to have originated from the amorphous phase
contained in the silicon clusters as shown in figure 1. The
peaks at energies of 1.92 eV, 2.02 eV, 2.13 eV and 2.28 eV
are associated with Si-NCs quantum dots (Si-NCs QDs) due
to the quantum confinement effect [28, 31]. Therefore, these
peaks can be assigned to the luminescence from the crystalline
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d2

(4)

Where d is a diameter of nanocrystals.

We calculate a nanocrystallites size of 3.48 nm,3.72 nm,
3.95 nm and 4.20 nm, corresponding to the PL energy 2.28
eV, 2.13 eV, 2.02 eV and 1.92 eV, respectively. Indeed,
these four sizes are in the range of crystallites having the
largest proportion as it has been provided by the SEM data.
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The conductivity value of film after heat treatment,
deduced from the resistivity measurement carried out using
the four-point probe method, is found to be 3.9 .10-1 Ω-1cm-1.
This high value of conductivity show the high electrical
quality of the obtained silicon nanocrystals film.

phase. The PL spectrum of our film is marked by the quantum
confinement effect. No PL peaks related to radiative defects
were observed, probably due to the low nitrogen content
introduced during the film deposit [32] in one hand and to the
high temperature annealing in the other hand [33].
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nanocrystals is small. This shift is related to phonon
confinement in nanocrystals [25-26].
Note that the peak characteristic of Si-NCs is more
intense than that of amorphous silicon showing a formation of
a significant portion of nanocrystalline silicon in the annealed
thin film. Quantitative estimation of Xc can be performed via
the two Gaussian components by using the following formula
[27]:
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IV.

CONCLUSIONS

In this work, different characterization techniques were
used to investigate the Si-NCs formation and properties.
Results show, the formation of Si-NCs after heat treatment of
amorphous SiNx,
characterized by high electrical
conductivity and a large crystalline volume fraction in which
the largest proportion of silicon crystallites have the lowest
sizes. The PL shows a broad band luminescent associated
with the Si-NCs QDs. The various properties characterizing
the optical and electrical behavior of the formed Si-NCs offer
to the studied material large potential applications in
optoelectronic and nanoelectronics fields.
REFERENCES

[1] B. Yan, G. Yue, L. Sivec, J. Yang, S Guha, and C.S.
Jiang, “ Innovative dual function nc-SiOx:H layer
leading to a >16% efficient multi-junction thin-film
silicon solar cell ,” Appl. Phys. Lett. vol. 99, 113512,
September 2011.

[2] G. Dingemans, M. M. Mandoc, S. Bordihn, M. C. M.
van de Sanden, and W. M. M. Kessels, “Effective
passivation of Si surfaces by plasma deposited SiOx/aSiNx:H stacks, ” Appl. Phys. Lett. vol.98, pp. 222102,
May 2011.

[3] C.Y. Liu, and U. R. Kortshagen, “A Silicon
Nanocrystal Schottky Junction Solar Cell produced
from Colloidal Silicon Nanocrystals,” Nanoscale Res.
Lett. Vol. 5, pp. 1253–1256, May 2010.

[4] V. Švrček, T. Yamanari, Y. Shibata, and M. Kondo,
“Tailoring of hybrid silicon nanocrystal-based bulk
heterojunction
photovoltaic
properties
upon
nanocrystal laser processing in liquid medium quantum

ISBN : 978-81-925233-8-5

www.edlib.asdf.res.in

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

[5] S. Mukhopadhyay, A. Chowdhury, and S. Ray,
“Nanocrystalline silicon: A material for thin film solar
cells with better stability,” Thin Solid Films, Vol. 516,
pp. 6824–6828, December 2007.

[6] Z. Yuan, G. Pucker, A. Marconi, F. Sgrignuoli, A.
Anopchenko, Y.Jestin, L. Ferrario, P.i Bellutti, and L.
Pavesi, “Silicon nanocrystals as a photoluminescence
down shifter for solar cells, ” Sol. Energ. Mat. Sol. C,
vol. 95, pp. 1224–1227, January 2011.

[7] V. Švrček, A. Slaoui, and J.-C. Muller, “Silicon
nanocrystals as light converter for solar cells,” Thin
Solid Films, vol. 451–452, pp. 384–388, 2004.

[8] R. Saleh, and N.H. Nickel, “Raman spectroscopy of B-

“Analysis of the off current in nanocrystalline silicon
bottom-gate thin-film transistors,” J. Appl. Phys. Vol.
103, 074502, April 2008.

[16] T.A. Anutgan, M. Anutgan, I. Atilgan, and B.
Katircioglu, “Large area uniformity of plasma grown
hydrogenated nanocrystalline silicon and its application
in TFTs,” J. Non-Cryst. Solids, vol. 356, pp. 11021108, May 2010.

[17] D. P. Panda and Vikram Dalal, “Influence of Annealing
on Crystallinity and Conductivity of p-type
Nanocrystalline Si films, ” MRS Proceedings, vol. 910,
0910-A08-03, 2006.

[18] M. R. ESMAEILI-RAD, H.J. LEE, A. SAZONOV, and
A. NATHAN, “Nanocr-ystalline silicon thin film
transistors for high performance large area electronics,”
J. Hi. Spe. Ele. Syst. vol. 18, pp. 1055- 1068, December
2008.

w
w
w
.e
dl
ib
.

doped microcrystalline silicon films,” Thin Solid Films,
vol. 427, pp. 266-269, 2003.

[15] M.R. Esmaeili Rad, A. Sazonov, and A. Nathan,

as
df
.re
s.
in

containment in Silicon nanocrystals (Si-nc) solar cells,
” Acta Mater, vol. 59, pp. 764–773, October 2011.

377

[9] M. J. Cass, F. L. Qiu, A. B. Walker, A. C. Fisher, and

[19] H. Bouridah, F. Mansour, M.R. Beghoul, R. Mahamdi,

[10] D. Di, H. Xu, I. Perez-Wurfl, M. A. Green and G.

[20] Z. Zhang, S. Ma, H. Liu, and Y. Gong, “An edge

Conibeer, “Optical characterisation of silicon
nanocrystals embedded in SiO2/Si3N4 hybrid matrix for
third generation photovoltaics,” Nanoscale. Res. Lett.
vol. 6, 612, December 2011.

detection approach based on directional wavelet
transform,” Comput. Math. Appl. Vol.57, pp. 1265–
1271, 2009.

fro
m

L. M. Peter, “Influence of Grain Morphology on
Electron Transport in Dye Sensitized Nanocrystalline
Solar Cells,” J. Phys. Chem. B, vol,107, pp. 113-119,
2003.

[11] S. Gutsch, A. M. Hartel, D. Hiller, N. Zakharov, P.

D
ow
nl
oa
de
d

Werner, and M. Zacharias, “Doping efficiency of
phosphorus doped silicon nanocrystals embedded in a
SiO2 matrix,” Appl. Phys. Lett. vol. 100, 233115, June
2012.

and P. Temple-Boyer, “Properties of nonstoichiometric nitrogen doped LPCVD silicon thin
films,” Crys. Res. Technol. Vol.45, pp. 119-123, 2010.

[21] Allen LH, Mayer JW, Tu KN, Feldman LC, Kinetic
study of Si recrystallization in the reaction between Au
and polycrystalline-Si films, Phys. Rev. B, vol. 41, pp.
8203–8212, 1990.

[22] H. Bouridah, F. Bouaziz, F. Mansour, R. Mahamdi, and

E.D. Dunlop, “Solar cell efficiency tables (version 39),”
Res. Appl. vol. 20, pp. 12-20, 2012.

P.Temple-Boyer, “Study of grains size distribution and
electrical activity of heavily boron doped polysilicon
thin films,” Mat. Sci. Semicon. Proc. vol.14, pp. 261265, 2011.

[13] X.M. Cao, J.A. Stoke, J. Li, N.J. Podraza, W.H. Du,

[23] D. Barba, F. Martin, and G. G. Ross, “Evidence of

X.S. Yang, D. Attygalle, X.B. Liao, R.W. Collins, and
X.M. Deng, “Fabrication and optimization of singlejunction nc-Si:H n–i–p solar cells using Si:H phase
diagram concepts developed by real time spectroscopic
ellipsometry, ” J. Non-Cryst. Solids, vol. 354, pp. 23972402, 2008.

localized amorphous silicon clustering from Raman
depth-probing of silicon nanocrystals in fused silica, ”
Nanotechnology, vol.19, 115707, February 2008.

[12] M.A. Green, K. Emery, Y. Hishikawa, W. Warta, and

[14] C.i Min, Z. Weijia, W. Tianmin, J. Fei, L. Guohua, and
D. Kun, “Nanocrystalline silicon films with high
conductivity and the application for PIN solar cells, ”
Vacuum, vol. 81, pp. 126–128, 2006.

ICNCRE ’13

[24] M. Arayaa, D.E. Díaz-Droguett, M. Ribeiro, K. F.
Albertin, J. Avila, V.M. Fuenzalida, R. Espinoza, and
D. Criado, “Photolumi-nescence in silicon/silicon oxide
films produced by the Pulsed Electron Beam Ablation
technique,” J. Non-Cryst. Solids, vol.358, pp. 880–884,
January 2012.

ISBN : 978-81-925233-8-5

www.edlib.asdf.res.in

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

“Modified Raman confinement model for Si
nanocrystals,” Phys. Rev. B, vol. 73, 033307, January
2006.

[26] I. F. Crowe, M. P. Halsall, O. Hulko, A. P. Knights, R.
M. Gwilliam, M. Wojdak, and A. J. Kenyon, “Probing
the phonon confinement in ultrasmall silicon
nanocrystals reveals a size-dependent surface energy, ”
Phys. Rev. B, vol. 73, 033307, January 2006.

[27] W. Wenshenga, W. Tianmin, Z. Chunxi, L. Guohua, H.
Hexiang, D. Kun, “Preferred growth of nanocrystalline
silicon in boron-doped nc-Si:H Films, ” Vacuum, vol,
74, pp. 69-75.2004.

[28] K.M. Lee, T.H. Kim, J.D. Hwang, S. Jang, K. Jeong,

silicon,” Mater. Sci. Eng. B, vol. 95, pp.202-213, May
2002.

[30] A. Y. Karlash, V. A. Skryshevsky, G. V. Kuznetsov,
and V. P. Kladko, “ Evolution of visible
photoluminescence of Si quantum dots embedded in
silicon oxide matrix, ” J. Alloy. Compd. vol. 577, pp.
283–287, 2013.

[31] A. López-Suárez, “The Effect of the MeV Si-Ion

as
df
.re
s.
in

[25] G. Faraci, S. Gibilisco, P. Russo, and A. R. Pennisi,

378

Irradiation on the Photoluminescence of Silicon
Nanocrystals,” World Journal of Condensed Matter
Physics, vol 3, pp. 119-124, May 2013.

[32] A. Zerga, M. Carrada, M. Amann, and A. Slaoui, “Sinanostructures formation in amorphous silicon nitride
SiNx:H deposited by remote PECVD, ” Physica E, vol.
38, pp. 21–26, 2007.

M. Han, S. Won, J. Sok, K. Parka, W.S. Honga, “ Size
control of silicon nanocrystals in silicon nitride film
deposited by catalytic chemical vapor deposition at a
low temperature (≤ 200 °C),” Scripta. Mater. vol.60, pp.
703-705, January 2009.

[33] M. Wang, D. Li, Z. Yuan, D. Yang, and D. Que,

[29] P. Mishra, and K.P. Jain, “Raman, photoluminescence

confinement effect in crystalline silicon quantum dots
in silicon nitride grown using SiH4 and NH3, ” Appl.
Phys. Lett. Vol. 88, 123102, March 2006.

w
w
w
.e
dl
ib
.

“Photoluminescence of Si-rich silicon nitride: Defectrelated states and silicon nanoclusters,” Appl. Phys.
Lett. vol. 90, 131903, 2007.

D
ow
nl
oa
de
d

fro
m

and optical absorption studies on nanocrystalline

[34] T.W. Kim, C.H. Cho, B.H. Kim, S.J. Park, “Quantum

ICNCRE ’13

ISBN : 978-81-925233-8-5

www.edlib.asdf.res.in

