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Formation and characterization of ion beam assisted nanosystems in silicon

P.R. Poudela, B. Routa, K.M. Hossaina, M.S. Dhoubhadela, V.C. Kummaria, A. Neogib, and F.D. McDaniela,∗
aIon Beam Modification and Analysis Laboratory, Department of Physics, University of North Texas,

1155 Union Circle#311427, Denton, Texas 76203, USA.
bUltrafast Spectroscopy and Nanophotonics Laboratory, Department of Physics, University of North Texas,

1155 Union Circle#311427, Denton, Texas 76203, USA.

Recibido el 28 de enero de 2010; aceptado el 21 de mayo de 2010

Even though silicon is optically inactive, the nanoscale particle structures (e.g.SiC) in Si or silica matrices are potential candidates for light
emitting solid state device applications with higher operation temperatures. The synthesis of these nanostructures involves ion implantation
and subsequent thermal annealing. The film thicknesses and sizes of the nanostructures can be controlled by ion energy, fluence, and
annealing conditions. Particle accelerator based characterization was used at different stages of formation and analysis of these nanosystems
in Si. Results will be presented using infrared spectroscopy (IR), X-ray diffraction spectroscopy (XRD), and photoluminescence (PL)
spectroscopy.
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Aunque el silicio eśopticamente inactivo, las estructuras de las partı́culas a nanoescala (por ejemplo, carburo de silicio) en Si o en la matriz de
śılice son candidatos potenciales para aplicaciones de dispositivos emisores de luz de estado sólido con temperaturas de operación mayores.
La śıntesis de estas nanoestructuras implica la implantación de iones y de recocido térmico posterior. Los espesores de pelı́cula y tamãnos
de las nanoestructuras pueden ser controladas por la energı́a de iones, flujo de energı́a y las condiciones de recocido. Una caracterización
basada en un acelerador de partı́culas se utiliźo en las diferentes etapas de la formación y el ańalisis de estos nanosistemas en Si. Los
resultados se presentarán mediante espectroscopı́a de infrarrojos (IR), X-espectroscopı́a de difraccíon de rayos X (DRX), y espectroscopı́a
de fotoluminiscencia (PL).

Descriptores:SiC; nanosistemas; la implantación de iones; fotoluminiscencia.

PACS: 85.60.-q; 85.30.-z; 68.55.Ln

1. Introduction

Silicon is highly successful as an electronic material, how-
ever the indirect band gap makes it, a poor material for opto-
electronic applications [1]. With the reporting of visible light
emission from porous silicon in 1990 [2-3], additional re-
search has been carried out to explore the possibility of light
emission from nanoscale structures based on Si technology-
compatible media, such as silicon dioxide ( SiO2) [4-5].
Since then, photoluminescence (PL) has been observed from
various Si based nanomaterials such as Si-, Ge-, C-, and SiC-
nanocrystals embedded in SiO2 [6-7]. Such investigations of
silicon based nanosystems pave the way to propose silicon-
based materials for photonic applications. The SiC nanocrys-
tal structures [8] are very promising materials for the substi-
tution of silicon in the electronic industry due to its wide band
gap, high breakdown electric field, high thermal conductivity,
and thermal stability [9]. These remarkable features of SiC
nanocrystals make them useful for high temperature, high
power, and high frequency electronics [10]. These materi-
als have been studied extensively over the past decade as a
potential candidate for nanoscale light emitters for the blue
and ultraviolet spectral ranges [11-13]. The SiC nanostruc-
tures have also been found as negative index metamaterials,
that can be applied for the enhancement of the resolution of
near-field imaging via the superlensing effect [14].

There has been considerable progress made in the studies
that involve the synthesis and characterization of nanometer

sized structures in Si and the silica (SiO2) matrix. The stud-
ies on the optical properties of such nanostructures have been
motivated by the observed variation in the band gap with the
size of the nanostructure [15-16], which allows the tuning of
luminescence wavelengths for the desired applications.

Silicon carbide, which is a material of interest, is a wide,
optically indirect, band gap semiconductor exhibiting a weak
PL signal. The SiC-based LED intensity is low with a very
low quantum efficiency of approximately 10−4 [7]. There-
fore, the enhancement of luminescence in these compound
semiconductor materials is strongly desired. One technique
to enhance the luminescence and increase the quantum effi-
ciency of the LED is through the fabrication of material on
the nanometer scale.

Many techniques such as molecular beam epitaxy
(MBE) [17], sputtering, and plasma enhanced chemical vapor
deposition (CVD), colloidal suspensions [18], and ion im-
plantation [19], to name a few, have been employed in the for-
mation of nanoclusters. Among these techniques, the advan-
tages of precise and predictable control of the quantity and
distribution of doping impurities and the complete compati-
bility with silicon-based technology indicate that ion implan-
tation is a quite suitable way to fabricate silicon-based light
emitting materials [20-21]. In this paper, the steps involved
in the formation of SiC nanocrystals through low-energy car-
bon ion implantation into silicon are discussed. The possible
light emissions from carbon implanted into thermally grown
silicon dioxide are also discussed.
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FIGURE 1. SRIM simulation of the implantation profile of
(a) 1×1017atoms/cm2 fluence of 65 keV carbon ion beam into Si
and (b) 6×1016 atoms/cm2 fluence of 70 keV carbon ion beam into
SiO2.

2. Experimental

P-type Si (100) substrates were used as the starting materials.
Before ion implantation, the silicon substrates were cleaned
with acetone in order to remove the surface contaminants on
the sample. The substrates were etched in a dilute HF so-
lution in order to remove the native oxide layer on the sil-
icon surface. Some of the silicon wafers were oxidized in
a conventional furnace by a wet oxidation method in order
to grow the silicon dioxide layer of around 400 nm thick-
ness. The thermally grown silicon dioxide samples were
implanted with a 70 keV negatively-charged carbon beam
(C−) to a fluence of 6×1016 atoms/cm2 and the virgin sil-
icon samples were implanted with 65 keV C− ions to a flu-
ence of 1×1017 atoms/cm2 by using the low energy ion im-
plantation facility at the Ion Beam Modification and Analysis
Laboratory (IBMAL) at the University of North Texas. Low

current densities were maintained in order to avoid the sam-
ple heating during the ion implantation. A National Electro-
statics Corporation (NEC) cesium negative ion sputter source
(SNICS-II) associated with a 3 MV Tandem Pelletron Ac-
celerator system (9SDH-2) was used for the ion implanta-
tion [22]. The typical beam current was∼1 µA (beam flux
∼ 2×1012 atoms/s cm2) during the ion implantation. Dur-
ing the ion implantation, the residual gas pressure in the ex-
perimental chamber was maintained at∼1×10−7 torr. The
implantation profile of the carbon ions were simulated us-
ing a Monte Carlo method based simulation code (The Stop-
ping and Range of Ions in Matter, SRIM-2008) [23]. For
the 65 keV C− ion implantation into Si, the projected range
(Rp) and straggling of the ions was simulated to be 190 nm
and 60 nm, respectively, where as the projected range and
straggling of 70 keV carbon ions into silicon dioxide was
simulated to be 220 nm and 62 nm, respectively. The sim-
ulated implantation profile of C− ions in Si and silicon diox-
ide substrates by using the SRIM code are shown in Fig. 1a
and 1b, respectively.

The conventional furnace annealing was performed at
1100 ◦C for 1 hr in a gas mixture (4% H2 + 96% Ar) for
carbon implanted into silicon samples, whereas, the samples
with carbon implanted into silica were annealed at 800◦C
for 25 min. The phase formation of SiC in the silicon sub-
strate was characterized by using a Rigaku X-ray diffrac-
trometer. The sample was further characterized by Fourier
Transformed Infrared Spectroscopy (FTIR). The carbon im-
planted silica samples were characterized by FTIR, Raman
spectroscopy and photoluminescence (PL) spectroscopy. The
infrared absorption spectra were recorded using a 750 Nico-
let FTIR with 4 cm−1 resolution. Raman measurements were
performed by using A Thermo-Electron Almega XR with
a 532 nm (green) laser. The high sensitivity, TE-cooled sili-
con CCD array detector was used to detect the Raman signal.
Room temperature PL measurements were carried out by us-
ing 325 nm He-Cd laser as a source of excitation. The PL
spectra were recorded with a CCD detector.

3. Results and discussion

3.1. Carbon implanted into silicon

The X-ray diffraction pattern of the silicon sample implanted
with 65 keV C− to a fluence of 1×1017 atoms/cm2 and the
sample annealed at 1100◦C for 1 hr are shown in the Fig. 2.
The XRD pattern of the as-implanted and annealed samples
are labeled as (a) and (b) respectively. The appearance of
the broad peaks in the 25-35◦ and 45-60◦ range indicates the
ion beam induced amorphization in the implanted Si matrix.
However, the diffraction from (111), (220) and ( 311) planes
of Si along with the diffraction peak (centered at 35.5◦) from
(111) plane ofβ-SiC (Cubic SiC with Zincblend lattice struc-
ture) are clearly seen in the diffraction pattern (b) of Fig. 2.
This indicates the re-crystallization of the ion beam damaged
Si layer during high temperature annealing. The average size

Rev. Mex. F́ıs. 56 (4) (2010) 297–301



FORMATION AND CHARACTERIZATION OF ION BEAM ASSISTED NANOSYSTEMS IN SILICON 299

FIGURE 2. X-ray diffraction pattern of (a) the as implanted sam-
ple and (b) the sample annealed at 1100◦C for 1 hour. The
1×1017 atoms/cm2 fluence of carbon was implanted into silicon.

FIGURE 3. FTIR Transmittance spectra of the silicon (1) as-
implanted sample and (2) the sample annealed at 1100◦C for
1 hour. The 1×10 17 atoms/cm2 fluence of carbon was implanted
into silicon.

of nanocrystalline Si formed after annealing is found to be
∼ 11 nm. To determine the average crystalline size, the
Si (111) peak centered at 28.35◦ was fit with a Gaussian peak
as shown in the Fig. 2 inset. The FWHM of the peak was
then inserted into Scherrer’s formula,P = (0.9λ)/(B cos θ),
to calculate the average particle size of the Si crystallites.

In Scherrer’s formula P(̊A) is the size of the crystallites,
λ(1.54Å) is the wavelength of Cu Kα radiation, B (radians)
is the full width half maximum (FWHM) of the diffraction
peak, andθ is the Bragg angle. As inferred from the diffrac-
tion spectra, theβ-SiC peak centered at 35.5◦ has very low
intensity and a Gaussian fit to determine the average crys-
talline size is difficult.

The FTIR spectra of the as-implanted sample (1) and
the sample annealed at 1100◦C for 1 hr (2) are shown in
Fig. 3. As seen in the transmittance spectra, the band cen-
tered at around 736 cm−1 is observed for the as-implanted
sample. This is the characteristic absorption band for amor-
phous SiC [24]. The band shifts to higher wave number and

FIGURE 4. FTIR Transmittance spectra of the silica (a) as-
implanted sample and (b) the sample annealed at 800◦C for
25 min. The 6×1016 atoms/cm2 fluence of carbon was implanted
into silicon dioxide.

FIGURE 5. Raman spectra of the as-implanted sample and the sam-
ple annealed at 800◦C for 25 min. The 6×1016 atoms/cm2 fluence
of carbon was implanted into silicon dioxide.
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is centered at around 800 cm−1 after the sample was annealed
at 1100◦C for 1 hour. The band centered at 800 cm−1 is a
typical band seen for the crystallineβ-SiC phase [24]. In ad-
dition, there is another absorption dip around 1108 cm−1 due
to the presence of Si-O bonds in the samples. The absorption
dip at around 1108 cm−1 in the as-implanted sample is due
to the native oxide in the sample. The intensity of this ab-
sorption dip increases and shifts to a lower wavenumber after
annealing. The increase in intensity is due to the formation
of a small amount of oxide during furnace annealing, and the
shifting of the absorption dip to lower wavenumber is due
to the formation of silicon sub oxide (SiOx, 0<x<2) [25].
These bands can be removed by etching the surface oxide
layer in buffered HF acid. Removal of the oxide layer doesn’t
affect the SiC absorption band.

FIGURE 6. Room temperature photoluminescence from the sample
(a) the as-implanted sample and (b) the sample annealed at 800◦C
for 25 minutes. The sample was silica implanted with 70 keV car-
bon at a fluence of 6×1016 atoms/cm2.

3.2. Carbon implanted into silica

The FTIR spectra of both the as-implanted (a) and annealed
samples (b) of 70 keV C− at a fluence of 6×1016 atoms/cm2

in silica annealed at 800◦C for 25 min. are shown in Fig. 4,
respectively. There is no considerable shift in the absorption
dip between the as-implanted and the annealed samples. In
both samples, the absorption bands for both the amorphous
Si-C bond (∼ 736 cm−1 wave number) and the crystalline
Si-C bond (∼800 cm−1) were observed. The crystalline Si-C
bond in the as-implanted sample might be due to the ion irra-
diation induced re-crystallization. The existence of the amor-
phous SiC phase in the annealed sample could be due to the
insufficient annealing temperature or insufficient time to form
the complete crystalline SiC phase in the sample.

Further structural analysis was performed on the car-
bon implanted silica sample through the Raman spectroscopy
technique and is shown in Fig. 5. In the as-implanted sample,
carbon exists mainly in an amorphous form as seen from a
single broad band in the range of 1300-1700 cm−1 [26]. Af-
ter annealing the sample, two clearly distinguishable peaks
called the D peak with a lower value of raman shift and
the G peak with a higher value of raman shift appear.
The appearance of these two peaks indicate the presence
of sp2 bonded carbon nanoclusters (graphite like clusters)
in the sample [26]. To determine the average cluster size
in the annealed sample, the intensities of the D and G
peaks were determined by Gaussian curve fitting as shown
in Fig. 5. The calculated intensities were applied to the equa-
tion La=44(I(G)/I(D)) [27], where La is the cluster size in
angstroms (̊A). The average size of the carbon cluster was
found to be 32Å.

No PL is observed from SiC for C implanted into Si,
which is formed at a depth of 190-200 nm from the surface
in bulk Si. At 300 K, the bandgap in bulk silicon is 1.1 eV,
which is significantly lower than the expected PL energy of
any SiC nanoparticles emitting in the visible or near-IR wave-
length regime (400-1000 nm). This results in the absorption
of light emission from the SiC nanoparticles formed within
the Si matrix. This narrow bandgap of silicon also results in
an absorption of the incident pump laser and reduces the ex-
citation density. However, as silica has a wider bandgap, the
pump laser and the PL are not absorbed by the surrounding
medium and results in strong light output as discussed below.

The room temperature PL measurements for silica are
shown for the as-implanted sample (Fig. 6a) and for the sam-
ple annealed at 800◦C for 25 min. (Fig. 6b). The two lu-
minescence bands were observed on both the as-implanted
and the annealed samples. There is no considerable change
in the intensity of the luminescence band peaked at around
480 nm (blue-green) between the as-implanted and the an-
nealed samples. The broad band in the region of 520-620 nm
(covering the upper green to orange light emission) appears
more intense after annealing. The increase in the crystalline
quantity by the clustering of implanted carbon ions after an-
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nealing might be one of the reasons of increased intensity in
the broad band emission.

Previous reports [7,19] suggest crystalline SiC as the pos-
sible origin of the blue-green band (∼480 nm). Yuet al., [28]
attributes the 480 nm band to the defect states in silicon diox-
ide. Previous research works [7,28,29] on carbon implanted
into silica also observed the broad photoluminescence band,
similar to the 520-620 nm band in the present study, and at-
tributed carbon nanoclusters as the possible origin of emis-
sion. Therefore, the complete nature of the origin of those
bands in our samples is yet to be determined. However, from
the results obtained from FTIR and Raman spectroscopy on
carbon implanted silica, we roughly assign the 480 nm band
to SiC and broad band (520-620 nm) to carbon nanoclusters.

4. Conclusion

The synthesis of silicon carbide was carried out in p-type
Si (100) by using 65 keV carbon ion (C−) implantation at
room temperature. The post implantation annealing was car-
ried out in order to anneal out implantation induced defects
and to produce silicon carbide precipitates embedded in the

silicon matrix. The Fourier transform infrared spectroscopy
analysis and X-ray diffraction studies confirm the formation
of the cubic phase (β-SiC). The visible photoluminescence at
room temperature in carbon implanted thermally grown sil-
ica was observed. The structural characterizations on the car-
bon implanted silica sample through FTIR and Raman spec-
troscopy indicate the possible presence of SiC and carbon
nanoclusters in the sample. The SiC and the carbon clus-
ters are suggested as the origins of the photoluminescence
band centered at 480 nm, and the broad band (520-620 nm)
covering the upper green to orange, respectively. The fu-
ture work involves the light emission measurements on car-
bon implanted into silicon samples and the detailed structural
properties through transmission electron microscopy on car-
bon implanted silica samples to further distinguish the origins
of emissions from the samples.
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