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ABSTRACT 

Light emitting diodes (LEDs) based on a metal-oxide-semiconductor-like (MOS-like) structure with Si nanocrystals (nc-
Si) embedded in SiO2 have been fabricated with low-energy ion implantation. Under a negative gate voltage as low as ~-
5 V, both visible and infrared (IR) electroluminescence (EL) have been observed at room temperature. The EL spectra 
are found to consist of four Gaussian-shaped luminescence bands with their peak wavelengths at ~460, ~600, ~740, and 
~1260 nm, in which the ~600-nm band dominants the spectra. The EL properties have been investigated together with 
the current transport properties of the Si+-implanted SiO2 films. A systematic study has been carried out on the effect of 
the Si ion implantation dose and the energy on both the current transport and EL properties. The mechanisms of the 
origin of the four different EL bands have been proposed and discussed.   

Keywords: electroluminescence, nanocrystals, implantation 

1. INTRODUCTION 
Over the past decade, intensive research has been carried out on the development of optoelectronic devices that are 
compatible with the mainstream complementary metal-oxide-semiconductor (CMOS) technology in the semiconductor 
industry.1-9 As well known, most of the photonic components fabricated with Si technology have been demonstrated, 
such as optical modulators,1,2 switches,3,4 low-loss waveguides,5,6 and detectors.7,8 The observation of photoluminescence 
(PL) from porous Si at room temperature has attracted much research attention to fabricate Si-based light emitting 
devices employing low dimensional Si materials, in which the quantum confinement effect was initially thought to be the 
main mechanism of the strong luminescence.9 A lot of efforts based on various techniques have been made to synthesize 
low dimensional Si, preferably Si nanocrystals (nc-Si). Among all these techniques, Si ion implantation into SiO2 films 
followed by high temperature annealing has received the most intensive interest with the advantage of being fully 
compatible with mainstream Si technology and allowing for introduction of chemically and electrically stable nc-Si in 
robust dielectrics.10-29 

Strong photoluminescence in the range from red to blue has been observed from Si+-implanted SiO2 films by a lot of 
research groups although the mechanism of the luminescence is not exclusively attributed to the quantum confinement 
effect of the nc-Si embedded in SiO2.10-18, 21-25 Recently, visible electroluminescence from Si+-implanted SiO2 films has 
also been demonstrated.16-18, 22-24 Even a possibility of electrically driven ultraviolet light emission from Si+-implanted 
SiO2 films was predicted.22 In the most studies focused on the luminescence properties of the nc-Si embedded in an 
oxide matrix, the authors employed silica glass or SiO2 films as thick as hundreds of nanometers.10-24 The thick oxide 
films are not suitable to fabricate efficient light emitting devices, because a higher oxide thickness indicates a poorer 
carrier injection. In practical, in order to achieve efficient carrier injection into the Si+-implanted layers and make EL 
intensity strong enough, SiO2 thin films less than 100 nm must be employed as the base material for Si ion implantation. 
Furthermore, almost all the researchers investigating on the EL properties of Si+-implanted SiO2 films used medium- or 
high-energy ion implantation. However, little investigation has been carried out on the EL properties of SiO2 films 
embedded with nc-Si synthesized with low-energy ion implantation. 10-24 It is more practicable and inexpensive to use 
low-energy ion implantation to synthesize nc-Si embedded in SiO2 films with most CMOS fabrication facilities. In this 
paper, we have systemically studied the EL together with the current transport properties of thin SiO2 films embedded 
with nc-Si fabricated with low-energy ion implantation. The influence of nanocrystal distribution on the EL properties as 
well as the current transport of the Si+-implanted SiO2 films have been investigated in order to provide more information 
for the realization of CMOS-compatible light emitting devices.  

*ding0008@ntu.edu.sg 

Silicon Photonics III, edited by Joel A. Kubby, Graham T. Reed 
Proc. of SPIE Vol. 6898, 68980H, (2008) · 0277-786X/08/$18 · doi: 10.1117/12.762617

Proc. of SPIE Vol. 6898  68980H-1

Downloaded from SPIE Digital Library on 09 Aug 2010 to 155.69.4.4. Terms of Use:  http://spiedl.org/terms



 

 

2. EXPERIMENTS 
SiO2 films as thin as 30 nm were thermally grown on p-type Si wafers with (100) orientation at 950 oC in dry oxygen. 
Various doses of Si ions were implanted into the SiO2 films at different implantation energies. For the study of 
influence of different doses, three samples were fabricated with the Si ion dose of 1×1016, 2×1015, and 3×1014 cm-2 at 
the energy of 5 keV; for the study of the influence of implantation energies, another three samples were fabricated 
with the Si ion dose of 1×1016 ions/cm2 at the energy of 8 keV, 5 keV, and 2 keV, respectively. Table 1 summaries the 
implantation recipes of the samples under investigation, and each sample is denoted with a sample number. After 
implantation, thermal annealing was carried out at 1000 oC in N2 ambient for 1 h to induce nanocrystallzation of excess 
Si atoms in SiO2. Afterwards, the backside of the wafer was coated with a layer of Al as the back ohmic contact with the 
thickness of about 1 µm after the removing the native oxide. Finally, a 130-nm-thick layer of indium tin oxide (ITO) was 
deposited onto the surface of the Si+-implanted SiO2 film with a pad radius of 1.2 mm. The ITO layer has a sheet 
resistance of 25 Ω/sq and an average transmittance of 85% over the visible to infrared range. Detail of the ITO 
deposition and characterization can be found in previous studies.30-32 The ITO film serves as a semitransparent gate 
electrode and the EL emission window. The cross-sectional transmission electron microscopy (TEM) image confirms the 
formation of nc-Si embedded in the SiO2 matrix. As an example, Figure 1 shows the TEM images of nc-Si with the size 
of ~-4 nm embedded in the SiO2 matrix for sample 8a. The implanted Si depth profiles in the SiO2 films were calculated 
with Stopping and Range of Ions in Matter (SRIM) simulations. Figure 2 shows the depth profiles of excess Si calculated 
with SRIM simulations for the 5 samples. As can be seen in Fig. 2(a), for the samples implanted at 5 keV, the excess Si 
distributes from the oxide surface to the depth of ~23 nm, and the concentration of excess Si reaches its maximum at the 
depth of ~8 nm. The peak concentrations of excess Si for sample 5a, 5b, and 5c are 1×1022 cm-3, 2×1021 cm-3, and 3×1020 
cm-3, respectively. The corresponding peak nc-Si volume fractions are 20%, 4%, and 0.6%. The depth profiles of excess 
Si for the samples fabricated with different implanted energies but the same dose (i.e. sample 8a, 5a, and 2a) are 
presented in Fig. 2(b). As shown in this figure, for sample 8a, the excess Si distributes throughout the entire oxide region 
with the peak concentration of 5.7×1022 cm-3 (with the corresponding nc-Si volume fraction of 11%) located at the depth 
of ~15 nm from the oxide surface. For sample 2a, the excess Si distributes to the depth of ~15 nm and reaches its 
maximum of 1.7 ×1022 cm-3 (with the corresponding volume fraction of 33% or nc-Si) at the depth of ~4.5 nm. The 
current-voltage (I-V) and measurements for the light emitting structures were conducted with a HP4156A semiconductor 
characterization system. The EL measurements were carried out with a PDS-1 photomultiplier tube detector connected 
with a monochromator. All measurements were performed at room temperature.  

Table 1. Summarization of implantation recipes for different samples 

Sample No.  Implantation energy (keV) Si ion dose (cm-2) 
5a 5 1×1016 
5b 5 2×1015 
5c 5 3×1014 
8a 8 1×1016 
2a 2 1×1016

3. RESULTS  
Figure 3 shows the current-voltage (I-V) characteristics of the LED structure for all the samples listed in Table 1. Note 
that the I-V characteristics are presented by the relationship between gate current density (Jg) and gate voltage (Vg). It has 
been found that the I-V characteristics for all the samples follow a power law. The power law fittings are also presented 
for comparison in Fig. 3. As can be seen in Fig. 3(a), Jg increases with the implanted Si dose. The conduction 
enhancement with the increasing implanted Si ion dose can be explained with the current conduction model for the SiO2 
film distributed with nc-Si proposed in Ref. [33]. Electron tunneling can take place between adjacent neutral 
nanocrystals, and many such nanocrystals form conduction paths in the nc-Si embedded oxide region. Therefore, it is not 
surprising that the gate current density increases with nc-Si concentration, which can be attributed to the formation of 
more tunneling paths. As can be seen in Fig. 3(b), the gate current density increases with the implantation energy. This 
can also be explained by the nc-Si-related tunneling path model. As shown in Fig. 2(b), one can see that the nc-Si 
distributes throughout the entire oxide for sample 8a and partially distributes in the oxide for sample 5a and 2a. With the 
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reducing implantation energy, the nc-Si distribution region becomes narrower, thus lead to shorter tunneling path formed 
by nc-Si. Therefore, the remaining pure SiO2 thickness is higher for the sample with lower implantation energy. The 
remaining pure SiO2 plays the most important role in the whole film resistance. This explains why the gate current 
decreases when reducing implantation energy.  
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Visible and infrared electroluminescence can be observed from our MOS-like LED structures when a negative gate 
voltage is applied. No electroluminescence was detected under a positive gate voltage due to the extremely low gate 
current. When a positive gate voltage is applied, the holes can hardly be provided by the ITO contact, and the electrons 
are minorities in p-type Si substrate. Therefore, a strong EL is difficult to be induced under a positive gate voltage due to 
the extremely low injection of holes from the positively biased ITO gate and electrons from p-type Si substrate. As a 
typical investigation, Fig. 4(a) shows the EL spectra for sample 5a under different gave voltages. As shown in this figure, 
one can see that the EL intensity increases with the applied gate voltage, but the spectral shape change little under 
different gate voltages. Figure 4(b) shows I-V characteristics as well as the integrated EL intensity versus gate voltage for 
sample 5a. The integrated EL intensity was obtained as an average value measured from several LEDs on sample 5a, and 
the error bars are given to ensure the accuracy. As can be seen in Fig. 4(a), the integrated EL intensity varies with gate 
voltage in a way similar to the gate current density, indicating a linear relationship between the integrated EL intensity 
and the current density.  

Fig. 1. (a) Schematic illustration of the LED 
structure. (b) Cross-sectional TEM image of nc-
Si embedded in SiO2 for sample 8a. 

Fig. 2. Distribution of nc-Si in the gate oxide calculated from 
SRIM simulation. 
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The EL spectra can be decomposed into four Gaussian-shaped EL bands. As an example, the EL spectral decomposition 
for sample 5a under the gate voltage of -15 V is shown in Fig. 5. As can be seen in this figure, the ~600-nm 
luminescence band dominates the EL spectrum with two shoulder bands centered at ~460 nm and ~740 nm. In addition, 
a luminescence band located at ~1260 nm was observed in the infrared region. Figure 6 shows the gate-voltage 
dependence of the contribution (in percentage) of each EL band for sample 5a. As can be seen in the figure, when the 
gate voltage increases, the contribution of the dominant EL band (i.e., the ~600-nm band) decreases, while the 
contribution of the ~460- and 740-nm band increase but the contribution of the ~1260-nm band shows no change. 
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Fig. 3. I-V characteristics of the MOS-like LEDs with 
nc-Si distributed in the oxide. 

Fig. 4. (a) EL spectra for sample 5a under different gate voltages; 
(b) Dependences of the current density and of the integrated EL 
intensity on the applied gate voltage for sample 5a. 

Fig. 5. Decomposition of the EL spectrum for sample 5a 
under the gate voltage of -15 V. 

Fig. 6. Gate-voltage dependence of the contribution of 
each EL band for sample 5a. 
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Figure 7 shows the EL spectra for different samples under the gate voltage of -15 V. As shown in Fig. 9(a), it is found 
that a high implantation dose leads to an enhancement of the EL intensity for the sample with the implantation energy of 
5 keV. This should be attributed to the higher efficiency of carrier injection for the samples fabricated with higher 
implanted Si ion dose, indicated by the fact that the gate current density increases with the Si ion dose, as shown in Fig. 
3(a). Figure 7(b) shows the EL spectra for the sample fabricated under different implantation energy with the same Si ion 
dose (i.e., sample 8a, 5a, and 2a). It can be observed that the EL intensity increases with the implantation energy in the 
range of the study. This is also can be explained by the higher carrier injection for the sample fabricated with higher 
implantation energy, as suggested by the I-V characteristics shown in Fig. 3(b). For all the samples, the ~600-nm 
luminescence band dominates the EL spectra although the there are some variations in the contribution of each band. 
Figure 8 shows the contribution of each EL band under the gate voltage of -15 V for all the samples listed in Table 1. As 
shown in Fig. 8(a), the proportion of each EL band is almost independent of the Si ion dose. However, as shown in Fig. 
10(b), when the implantation energy increase from 2 to 8 keV, the contribution of the ~600-nm band significantly 
increases from ~55% to ~61%, the contributions of both the ~740-nm and ~12600-nm band show almost no change, and 
the contribution of the ~460-nm EL band significantly decreases from 23% to 13%.  
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4. DISCUSSIONS 

As well known, a high density of different kinds of point defects exist in most ion-implanted or radiation-damaged SiO2 
films. In previous studies, many kinds luminescent defects have been observed in the Si+-implanted SiO2 films, such as 
weak-oxygen bond (WOB) (O-O) defects, neutral oxygen vacancy (NOV) (

3 3O Si-Si O≡ ≡ ), non-bridging oxygen hole 
center (NBOHC) (

3O Si-Si-O≡ • ), B2 center, D center, and E’ center.10-18, 21-25 The experimental results obtained above 

Fig. 7. (a) Influence of the implanted Si ion dose on the 
EL spectrum; (b) Influence of the implantation energy on 
the EL spectrum.  

Fig. 8. (a) Contribution of each EL band as a function of 
the implanted Si ion dose; (b) Contribution of each EL 
band as a function of the implantation energy. 
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demonstrate that the EL spectra consist of the same four luminescence bands centered at ~460 , ~600, ~740, ~1260 nm 
for all the samples. Their origins may be attributed to the different radiative defects in SiO2 film introduced by Si ion 
implantation or due to the existence of nc-Si. Under a negative gate voltage large enough, most electrons from the 
negatively biased ITO gate can tunnel through the SiO2 into the conduction band of p-type Si substrate, and some 
electrons can be trapped by the higher energy levels of the defects in the SiO2. The holes in p-type Si substrate can also 
be injected into the SiO2 and be trapped by the ground states of the defects in the oxide. The radiative recombination of 
the trapped carriers at these occupied defect states in the SiO2 should be responsible for the visible EL.  

A blue luminescence band around 2.7 eV (~460 nm) has been reported from pure silica glass34 and Si-rich silicon 
oxide11, 13, 15, 16, 23 and has been ascribed to the neutral oxygen vacancies. This suggests that the NOV defects are the 
origin of the observed ~460-nm EL band. As reported by many researchers, the excitation of NOV defects as a 
luminescence center may be enhanced by the applied high electric filed in the oxide (Eox) in the order of 106 V/cm.16, 23, 34 
This was indicated by the fact that the ~460-band proportion increases with the applied gate voltage, as shown in Fig. 
8(b). In general, the gate voltage (Vg) is applied across the series combination of the junction at the ITO/oxide interface, 
the oxide film region, and the junction at oxide/Si interface as described by Vg=V1+V2(Eox)+V2, where V1, V2, and V3 are 
the voltage drops across the ITO/oxide junction, the oxide film region, and oxide/Si junction, respectively. Under the 
same gate voltage, it is obviously that there will be a higher electric filed Eox in the oxide if the oxide resistance is higher, 
because Vg is mainly applied across the oxide region in this case. With this consideration, one may suppose that the 
contribution of ~460-nm band should increase with the oxide resistance under the same gate voltage. However, it is not 
the case presented in Fig. 8(a), which shows that the contribution of ~460-nm band does not increase with the decrease 
of Si ion dose (i. e., the increase in the oxide resistance). The stability should because that the number of NOV defects is 
reduced with the decrease of Si ion dose, and this compensates for the effect of increasing electric filed Eox on the ~460-
nm EL band proportion. For the study on the samples with the same Si ion dose which means the same number of NOV 
defects introduced, as shown in Fig. 8(b), the proportion of ~460-nm EL band decreases with the increasing of 
implantation energy, which lead to a decrease in the oxide resistance and thus a decrease in the electric filed Eox. The 
results on the ~460-nm band evolution shown in Fig. 10 provide an indirect evidence that the ~460-nm originates from 
the NOV defects. It is known that the NBOHC defects in SiO2 can emit light at around 2 eV.16, 35 The domination of 
~600-nm band in the EL spectra from the Si+-implanted SiO2 films was also reported by Song also.16 This provides the 
possibility that can explain the origin of ~600-nm (~2 eV) luminescence band. In our experiments, the ~600-nm 
luminescence band always dominates the EL spectra for all the samples, indicating that the excitation energy of the 
~600-nm band should be much lower than that of other luminescent defects and the energy distribution of injected 
carriers can easily satisfy the excitation of the NBOHC defects.  

As regard to the ~740-nm (~1.7 eV) EL band, first we assume that it is probably due to the existence of nc-Si in the 
oxide, because there have not been any defects or interface states that can contribute to an emission band around 740nm 
in such an extensive literature. As mentioned above, the average diameter of nc-Si formed in the SiO2 films in this study 
is ~4 nm. The ~740-nm photoluminescence band was observed which was believed to be due to the formation of nc-Si 
with a mean size of ~4 nm.36 Thanks to many previous experimental 26, 27 and theoretical studies37, the nc-Si with a 
diameter of ~4 nm was estimated to have a band gap of ~1.85 eV. The difference between the band gap and the emission 
energy indicates that the ~740-nm EL band should not originate from the direct band to band transition within the nc-Si. 
In fact, there are several studies that have demonstrated that the nc-Si with the size larger than ~1 nm still have an 
indirect band structure in both theoretical 38-40 and experimental aspects. 26, 40, 41 Therefore, the probability of direct band-
to-band transition within the nc-Si is extremely low. It has been found that the energy difference (~0.15 eV) between the 
band gap and the emission energy is approximately equal to the energy (~0.134 eV) of Si-O vibration with a stretching 
frequency of 1083 cm-1, implying the importance role of Si-O vibration at the nc-Si/SiO2 interface in the 740-nm band 
luminescence. Considering the energy conservation and the indirect band structure of the nc-Si, we therefore are inclined 
to believe that the Si-O vibration at the nc-Si/SiO2 interface provides the mean required for both the energy dissipation 
due to the energy conservation requirement and the momentum conservation in the EL process. In other words, the ~740-
nm band can be attributed to the recombination of carries within the nc-Si assisted by the Si-O vibration at the nc-Si/SiO2 
interface.  

As for the infrared EL band center at ~1260 nm, it mostly originates from the Si substrate. In order to confirm whether 
the virgin oxide and the substrate have any contribution to the observed EL spectra, we measured the EL spectra of the 
LEDs fabricated with pure thermal grown SiO2 and SiO2 films with different implanted elements, such as Ge and Al. 
Although the EL spectra in the visible range are different, all the samples exhibit infrared EL centered at ~1260 nm. The 
electrical driven infrared luminescence was also reported by Kulakci recently.24 The light emission above 900 nm was 
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observed, although the authors could not determine the peak wavelength of the infrared EL due to the detector limitation. 
In our study, it is noticeable that the photon energy of peak infrared luminescence is ~0.985 V which has a difference of 
~0.135 eV as compared with the band gap of bulk crystalline silicon. The energy difference is approximately the same 
with the Si-O vibration energy (0.134 eV). This observation makes us believe that the infrared EL band centered at 
~1260 nm is a result of electron-hole recombination in the accumulation region formed beneath the oxide layer near the 
interface between the Si substrate and SiO2. Such recombination is assisted by the Si-O bond with the vibration energy of 
~0.134 eV at the Si/SiO2 interface. In other words, the electron-hole recombination near the interface helps emit a photon 
with the energy of ~0.985 eV and a phonon of ~0.134 eV which is actually the Si-O vibration. This mechanism is similar 
that of the ~740-nm EL band, in which the energy and momentum compensation is provided by the Si-O vibration at the 
nc-Si/SiO2 interface.    

5. CONCLUSION 

In summary, we have presented a systematic study on the EL properties of SiO2 films embedded with nc-Si synthesized 
with low energy ion implantation. Light-emitting diodes are fabricated based on the ITO/SiO2:Si+/Al capacitor structure 
with various Si ion dose under different implantation energies. The current-voltage characteristics are investigated. It 
was found that gate current decreases with the reducing implantation energy and Si ion dose. The I-V characteristics are 
explained with the model of the tunneling path formed by neutral Si nanocrystals. Both visible and infrared 
electroluminescence has been observed. Four EL bands centered at ~460, ~600, ~740, and ~1260 nm are observed for all 
the samples. The first two EL bands are identified to be ascribed to the NOV and NBOHC defects, respectively. The 
~740-nm band can be attributed to the recombination of carries within the nc-Si assisted by the Si-O vibration at the nc-
Si/SiO2 interface. The ~1260-nm EL band is assigned to originate from the electron-hole recombination in the 
accumulation region assisted by the Si-O vibration at interface between the SiO2 and the Si substrate.  
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