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Optical Emission from Excess Si Defect Centers in Si Nanostructures
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Four groups of Si nanostructures with and without �-SiC nanocrystals were fabricated for clarifying
the origin of a blue emission with a double-peak structure at 417 and 436 nm. Spectral analyses and
microstructural observations show that the blue emission is related to the existence of excess Si atoms in
these Si nanostructures. The energy levels of electrons in Si nanocrystals with vacancy defects formed
from the excess Si atoms are calculated and the characteristics of the obtained density of states coincide
with the observed double-peak emission. The present work provides a possible mechanism of the blue
emission in various Si nanostructures.
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FIG. 1. (a)–(d) PL spectra of four groups of Si nanostructures
A–D, taken on a Hitachi 850 fluorescence spectrophotometer
under excitation with the 370 nm line of a Xe lamp. The inset
of (a) shows the FTIR absorption spectra of samples A1 and A2,
A1 and A2. One can see that a blue emission with double- taken on a Nicolet 170SX spectrometer.
Since the discovery of porous Si (PS) with room-
temperature visible emission [1,2], many studies have
focused on fabrications and blue-emitting properties of
Si nanostructures [3–10], because blue emission is of
great importance for applications in modern optoelec-
tronics. However, the complexity of microscopic details
and little theoretical research activities make many
blue-emitting origins still unclear or controversial.
This is the case for the blue photoluminescence (PL)
with a double-peak structure at 417 and 436 nm, which
was frequently observed in many Si nanostructures
such as anodized microcrystalline Si thin films [11],
Si�-implanted SiO2 films [12], strongly oxidized PS
[13], and Pb�Zrx;Ti1�x�O3-embedded PS [14]. To improve
device performance and materials quality, it is necessary
to clarify the blue PL origins from experiments and
theory. In this work, we first establish that Si nanostruc-
tures produced by four completely different means, laser
ablation, C60 precursors, electrochemical etching, and ion
implantation, produce common luminescence features,
especially a double-peak emission at 417 and 436 nm.
We next establish that the emission is due to Si nano-
structures and there is no size dependence which rules out
quantum confinement effect. We next present calculations
for the simplest defect common to all structures, a Si
vacancy, and demonstrate that a specific concentration is
required to explain the observed peaks.

Group A was obtained using laser ablation of a poly-
crystalline SiC target (KrF excimer pulsed irradiation of
248 nm in wavelength, 30 ns in pulsed width, and 5 Hz in
frequency). The average laser energy density was
200 mJ=cm2. Samples were put on a hot stage kept at
about 650 �C. The substrates used in samples A1 and A2
were h100i- and h111i-oriented p-type Si wafers with a
resistivity of 5–10 �cm, respectively. The deposition
chamber was initially pumped down to lower than
10�3 Pa. The thicknesses of the deposited films were
�300 nm. Figure 1(a) shows the PL spectra of samples
0031-9007=03=91(15)=157402(4)$20.00 
peak structure at 417 and 436 nm occurs. The two peaks
have an energy interval of about 0.13 eV and their posi-
tions remain unchanged, but their intensities vary with
sample. The Fourier-transform infrared (FTIR) spectra
of the two samples are similar, as shown in the inset of
Fig. 1(a). The 790 cm�1 vibration band corresponds to
the TO phonon absorption peak of �-SiC [15], indicating
that group A contains a �-SiC component. Figures 2(a)
and 2(b) show the high-resolution transmission electron
2003 The American Physical Society 157402-1



FIG. 2. HRTEM images of samples (a) A1 and (b) A2, taken
on a Phillips CM 200 FEG TEM. The existence of Si and �-SiC
nanocrystals can clearly be observed. The sizes of Si nano-
crystals are generally about 2.6 nm.
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microscopy (HRTEM) images of samples A1 and A2,
respectively. It can be seen that the two samples contain
both �-SiC and Si nanocrystals. The sizes of Si nano-
crystals are generally 2.6 nm, but the sizes of �-SiC
nanocrystals are larger in sample A1 than those in sample
A2. This implies that the blue PL cannot arise from the
band-to-band recombination in the quantum confined
�-SiC nanocrystals. After sample A2 was annealed at
800 �C in N2 for 30 min, our HRTEM image shows that
the average �-SiC crystallite size increases from 4.4 to
5.9 nm. The fact that the peak position stays unchanged
supports this conclusion.

Group B was taken by annealing the C60-coupled PS
samples under different temperatures in N2. The coupling
experiments have been reported in our previous literature
[16]. Figure 1(b) shows the PL spectra of two samples B1
and B2 annealed at 1100 �C in N2 for 60 min (the two
samples have the initial PL peaks from PS at 590 and
650 nm). Obviously, the blue PL spectra are similar to
those of group A. In group B, the presence of Si and �-SiC
nanocrystals has been verified in our previous work [17].
An investigation on the growth mechanism of �-SiC
nanocrystals indicates that the formation of �-SiC nano-
crystals starts at the interface between the substrate and
the C60 cluster and continues by diffusion of Si through
the already formed SiC. This implies that some Si nano-
crystals arise from crystallization of excess Si atoms
around �-SiC nanocrystals.

Group C was directly fabricated from electrochemical
etching of n-type Si wafers with h111i orientation and
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0:002–0:005 �cm resistivity. The anodization was car-
ried out in a solution of HF:C2H5OH 	 1:2 with a current
density of 70 mA and an anodic time of 5 min. The
thicknesses of the porous layers were measured to be
�30 �m. Sample C1 was fabricated under illumination
of a W lamp so that the Si nanocrystals have small sizes.
Sample C2 was anodized in the dark for 5 min, followed
by annealing at 1050 �C in N2 for 20 min. Figure 1(c)
shows the PL spectra of samples C1 and C2. A similar
double-peak PL structure can be observed. The PL inten-
sity is larger in sample C2 than that in sample C1. To rule
out the possibility for the blue PL to be from the band-to-
band recombination in the quantum confined Si nano-
crystals, we performed the atomic force microscope
(AFM) observations of samples C1 and C2 and present
the corresponding results in Figs. 3(a) and 3(b). It can be
seen that the sizes of Si nanocrystals are smaller in
sample C1 than those in sample C2. Figure 3(c) shows
the Raman spectra of samples C1 and C2 with the peak
positions at 495 and 504 cm�1, respectively. This result
means that samples C1 and C2 have the average crystal-
lite sizes of 1.8 and 2.6 nm [9]. Therefore, the PL peak
energies have no crystallite size dependence. We further
found that after the samples were stored in air for three
months, the blue PL has no change in peak position and
intensity. Oxygen passivation at the surface of crystal-
lite can cause a reduction of the effective size [18,19], so
the PL with a fixed peak position should not arise from
the quantum confinement on Si nanocrystals. In PS, the
three-region model presented by Kanemitsu et al. [20]
has successfully been adopted to explain the red-emitting
origin [21,22]. However, the present PL intensity is gen-
erally higher in the sample with large crystallite sizes
than that with small crystallite sizes. Following the
original idea by Kanemitsu et al., we can infer that the
blue PL should not originate in silicon-oxygen related
surface states.

Group D was obtained by room-temperature Si� im-
plantation into h111i-oriented n-type Si wafers with a
resistivity of 5 �cm under an energy of 140 keV.
Sample D1 was fabricated at an implantation dose of 1

1015 cm�2. Sample D2 was initially produced at an im-
plantation dose of 2
 1015 cm�2, followed by rapid ther-
mal annealing at 800 �C in N2 for 40 s. Figure 1(d) shows
the PL spectra of samples D1 and D2. Clearly, a similar
blue emission with double-peak structure at 417 and
436 nm can be observed. The PL intensities are far larger
in sample D2 than that in sample D1. Since sample D2
has larger crystallite sizes than sample D1 [23], the
surface state models are not suitable candidates for the
blue PL origin. Further FTIR measurements found that
samples D1 and D2 have only a very weak Si-O-Si
vibration band at 1025 cm�1, indicating that group D is
Si excess.

For all the aforementioned Si nanostructures with the
blue PL, a sharp feature is the existence of excess Si atoms
157402-2
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FIG. 4. (a) The calculated density of states (DOS) for Si
nanocrystals of radius 1.3 nm. The calculation was carried
out by using the LCAO method and tight-binding parameters
of Ref. [25]: the levels of 2s and 2p states in a Si atom are "s 	
�13:5 eV and "p 	 �7:58 eV, respectively; the nearest neigh-
bor hopping integrals are Vss� 	 �2:08 eV, Vsp� 	 2:48 eV,
Vpp� 	 2:72 eV, and Vpp� 	 �0:72 eV. The solid line is for
the Si sphere with vacancy defects of density p 	 0:3, while the
dotted line is for the Si ball without vacancies. (b) DOS for the
Si sphere with defect density p 	 0:4. Other parameters are
the same as those in (a). (c) The partial density of states at sites
next to vacancies. The parameters are the same as those in (b).

FIG. 3 (color online). AFM pictures
of samples (a) C1 and (b) C2, taken
on Park Scientific Instruments with
Autoprobe CP. (c) Raman spectra of
samples C1 and C2, taken on a
T64000 triple Raman system. The
Raman peak from single crystal Si at
521 cm�1 is also shown for comparison.
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that form small Si nanocrystals. From the obtained TEM
results, the mean sizes d and size distributions (standard
deviation �) of Si nanocrystals can be characterized by a
log-normal function [24] to be d 	 2:6 nm for all the
samples and � 	 1:14, 0.74, 0.88, and 1.22 nm for
samples A1, B1, C2, and D2, respectively. The � values
are smaller in samples A2, B2, C1, and D1. The sizes of Si
nanocrystals are in the range of 1–4 nm in all the fab-
ricated Si nanostructures. Therefore, Si-related defect
centers may be the source of the blue double-peak PL.

To further provide evidence of the nature of the defects,
we calculate the density of states of electrons in a defec-
tive nanocrystal formed from excess Si atoms. Since the
crystalline structure of the nanocrystal is usually incom-
plete, we assume that these excess Si atoms locate within
a sphere and form a diamond lattice with a lot of ran-
domly distributed vacancy defects. For such a structure
we can calculate the energy levels by using the method of
linear combination of atomic orbitals (LCAO). We take
into account the 2s and 2p orbitals of Si atoms and the
nearest neighbor hopping integrals in the calculation. We
use the empirical tight-binding parameters from Ref. [25].
By this way we can establish a 4N 
 4N Hamiltonian
matrix with N being the total number of atoms in the
nanocrystal. The energy levels can be obtained by directly
diagonalizing the matrix. In Figs. 4(a) and 4(b) we plot
the density of states (DOS) of small Si spheres of radius
1.3 nm and with different defect densities. It can be seen
that by introducing the vacancy defects in the nanocrystal
several defect levels appear in the energy gap. Especially,
among them there appear two small peaks near the edge
of the valence band indicated by arrows, which are sepa-
rated by � � 0:15 eV energy. This structure is robust to
the randomness of the structure as well as the change of
size and defect density. In Fig. 4(c) we plot the partial
density of states (PDOS) at the sites next to the vacancies.
The energy differences between the two peaks and the
highest peak of the conduction band are 3 and 2.85 eV, just
corresponding to the measured emission peaks at 417 and
436 nm, respectively. In such structures the wave vectors
are no longer good quantum numbers, but there may exist
other physical ingredients prohibiting transitions be-
tween states shown in the curves of DOS. Nevertheless,
the structures of DOS and PDOS can still provide the
basic information on the possible transitions of the sys-
157402-3
tem. As no such peaks exist in the gap of spectrum of
nanocrystals without vacancy defects [the dotted line in
Fig. 4(a)], we can conclude that these emissions originate
from the states produced in the gap by vacancies in Si
nanocrystals formed with excess Si atoms. This is further
confirmed by the calculation of the average squared opti-
cal matrix element along the x direction as shown in
Fig. 5. The double peaks, corresponding to the observed
157402-3
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FIG. 5. Average squared optical matrix element as a function
of the transmission energy for the cases of p 	 0:3 and 0.1.
Other parameters are the same as those in Fig. 4. In the upper
inset the curves for p 	 0:2, 0.4, and 0.5 are shown for
comparison. The lower inset sketchily shows atom positions
in a defective nanocrystal with p 	 0:3.
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PL spectrum, are obviously seen in the case with enough
vacancies (p 	 0:3), and are absent for smaller vacancy
densities (p 	 0:1 and 0.2). For larger vacancy densities
(p 	 0:4, 0.5), these peaks exist but are split. Because of
the existence of vacancies the sphere shape for the nano-
crystal used in the calculation has no crucial effect on the
results. As can be seen from the structure shown in the
lower inset of Fig. 5, the sphere surface has been distorted
owing to the existence of vacancies in the case of p 	 0:3.

In conclusion, we have fabricated four groups of Si
nanostructures with and without �-SiC nanocrystals
for clarifying the origin of the blue double-peak PL at
416 and 437 nm, which was often observed in a number
of Si nanostructures. Spectral analyses and microstruc-
tural observations reveal that the blue PL is related to
the existence of excess Si atoms formed during sample
fabrication. A theoretical calculation on electronic states
of nanocrystals formed with excess Si atoms further
reveals that reaching a specific density of Si vacancies
in nanocrystals is necessary for the observed double-peak
emission.
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