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PREFACE 

This report contains a condensed description of the experiments that were performed 

during my graduation project. Furthermore, appendix II was added; It treats some of the 

techniques and related concepts which are not taught in the standard curriculum at the 

Eindhoven University of Technology. 

Mark Brongersma. 



ABSTRACT 

Si-rich Si02 films were prepared by both ion implantation of Si into Si02 

(50 keV, 5· 1016 Si/cm2 or 175 keV, 5· 1016 Si/cm2
), and by chemical vapour deposition (CVD) 

from Siai and N20. Rutherford backscattering spectrometry data confirms that the ion 

implanted samples locally contain a few atomic percent excess Si. The CVD grown films 

consist of 52 at.% Si and 48 at.% 0. These films were subsequently annealed at temperatures 

between 700 °C and 1200 °C to induce precipitation of Si nano-crystals. 

The evolution of the nano-structure upon annealing was studied by Raman 

spectroscopy. The Si implanted Si02 films contain too little nano-cryst~lin~ Si material to 

extract information on the nano-structure by Raman spectroscopy. The CVD grown films 

show a clear amorphous to crystalline transition upon annealing at 1000 °C for 5 minutes. 

Furthermore, the Raman spectrum after annealing at 1200 °C indicates the presence of Si 

crystallites with characteristic dimensions of $ 9 nm. 

After annealing at 700 °C for 40 minutes the implanted films show clear room 

temperature luminescence, attributed to band-to-band transitions in Si nano-crystals. The 

luminescence peaks around roughly 0.7 µm, corresponding to a cluster size of typically 4 nm. 

A red-shift is observed upon annealing at 1000 °C, attributed to an increase in the average 

cluster size by Ostwald ripening. Comparing the 50 ke V and 17 5 ke V implants it is concluded 

that smaller clusters have formed when the Si supersaturation is less. Infrared luminescence 

in the range of 1.14 - 1.5 µm is also observed and is attributed to interface states at the 

Si/Si02 interface or defects states in the Si nano-crystals, indicating that the quantum 

efficiency for band-to-band recombination in the nano-crystals is less than 100 %. No 

luminescence from the CVD grown samples was observed, indicating that quantum 

confinement effects are not efficient when the Si cluster volume fraction is as large as 31 %. 
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FIG.l. Calculated optical bandgap energies for various Si crystallites as a function of diameter 

(drawn lines). The black dots are the experimental results from ref. 3 in which Si nano

crystals were synthesized using a reactive sputtering technique. 
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FIG.2. Electron-hole recombination rate as a function of rhc bandgap energy, as calculated 

in Ref.2. 



I. INTRODUCTION. 

Although Si is the key element in todays' semiconductor industry it never made it 

in the world of optoelectronics. This can be attributed to the fact that Si, due to its indirect 

band gap, shows very inefficient radiative band-to-band recombination. Several methods have 

been applied to circumvent this problem. For example, rare-earth doping with, for instance, 

Er is employed with the aim to electrically induce internal optical transitions in the Er ion. 

Another possible approach is based on the fact that the Si bandstructure can be tailored 

through alloying Si with elements such as Ge. Also, if was recently found that porous Si, 

· fabricated by electrochemical anodization of single crystalline Si, shows very strong visible 

luminescence at room temperature [1]. 

This luminescence is believed to arise from quantum confinement in the 

nano-crystalline Si structures which increases the band gap as well as the recombination rate 

corresponding to the optical transition across the gap [2,3,4]. This is illustrated in Fig. 1, 

taken from ref. 2, which shows a calculation of the optical bandgap of Si crystallites as a 

function of diameter. The figure shows significant deviation from the bulk Si bandgap 

(1.1 eV) for clusters of nm size. In Fig. 2, which was also taken from ref. 2, a calculation of 

the recombination rate as a function of the bandgap is plotted. The recombination rate exhibits 

a strong dependence on the bandgap energy and thus implicitly on cluster size. At first, this 

quantum confinement model was questioned, as the light emission from porous Si could also 

be attributed to silicon based compounds, such as siloxene (Si603~) [5], which are present 

at the surface of the nano-crystallites. However, most evidence now points in favour of 

models based on the quantum confinement effect [6,7]. 

One problem in the study of porous Si is that it is very difficult to characterize the 

irregular structure of the material. This makes the investigation of the relation between 

nano-structure and its optical properties nearly impossible. It is, therefore, desirable to find 

systems in which the nano-crystalline structures can be made in a much more controlled way. 

For example, Si02 is an ideal host material for Si nano-crystals. It is an easily grown, 

well-defined material and allows for good passivation of surface states. It is known that 

nano-crystals with a very well-defined structure and cluster size distribution can be grown by 

annealing a supersaturated solid solution of Si in Si02 [8,9] 

In the following, it will be shown how ion implantation and chemical vapour 
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deposition can be used for synthesizing Si nano-crystals in a Si02 matrix. The use of ion 

implantation for this purpose is a new approach, although another group has also recently 

adopted this idea [10]. Rutherford backscattering, Raman spectroscopy and photoluminescence 

measurements in the visible as well as in the infrared were performed to gain insight in the 

structural and optical properties of these samples. 
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II. EXPERIMENT AL. 

Ion implantation of Si into Si02 was performed with a single ended 1 MV Van de 

Graaff-type accelerator. SiF4 gas was fed into a cold cathode Penning source to produce a 
28Si+ ion beam. Prior to acceleration, a coarse mass separation was made in a Wien filter; to 

prevent unwanted ions from acceleration. After acceleration, the beam passed through an 

electrostatic quadrupole lens and an analyzing magnet. A Si current of typically 2 µNcrri was 

obtained on target. The ion beam was electrostatically scanned through a 1.5 x 1.5 cm2 

aperture to obtain a uniform implant. All samples were kept at room temperature during 

. implantation. 

Rutherford backscattering spectrometry measurements were made with a single-ended 

2 MV Van de Graaff-type accelerator that can deliver a He+ current on the target of over 

100 nA with an angular spread of less than 0.1 °. Backscattered He+ ions were detected using 

a standard Si surface barrier detector, which was cooled to 0 °C to obtain an energy resolution 

of about 15 keV FWHM (full width at half maximum). Spectra were taken in random as well 

as channeling directions using 2 Me V He ions and a scattering angle of either 168° or 105° 

depending on the experiment. A more detailed description of the Me V facilities has been 

published elsewhere [11]. 

Raman spectra were measured using the 514.5 nm line of an Ar-ion laser with a 

power of 100 mW as a light source. Spectra were taken in a quasi-backscattering geometry 

with an incident angle of about 30° with the sample normal. Measurements were done with 

a resolution of 1.8 cm-1
• 

Photoluminescence (PL) measurements in the spectral range of 0.5 µm to 1.1 µm 

were performed with the 488 nm line of an Ar-ion laser as an excitation source. The visible 

luminescence was dispersed by a 48 cm monochromator and then imaged onto a 

photomultiplier tube (PMT). In the spectral range of 0.9 µm to 1.7 µm the 514 nm laser line 

of the Ar-ion laser was employed as excitation source and a liquid-nitrogen cooled Ge 

detector was used for the detection of the luminescence signal. In all cases the laser beam was 

modulated using a mechanical chopper and the signals from the detector were recorded using 

a lock-in amplifier using the chopper signal as a reference. Pump powers used in the 

experiments were typically 100 mW and the spectral resolution of the monochromator was 

set typically at 6 nm. Some measurements were performed with samples cooled to 77 K using 

a closed-cycle He refrigerator cryostat. All PL spectra have been corrected for the sensitivities 

of the PMT and Ge detector (see appendix I). 
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III. SAMPLE PREPARATION. 

Two different techniques have been used to obtain Si nano-crystals in an Si02 

matrix. Supersaturated solid solutions were first created by ion implantation of Si into Si02, 

or by chemical vapour deposition. These samples were then annealed with the aim to nucleate 

small Si clusters. Nucleation is a process determined by a competition between volume and 

surface energies. The final cluster size distribution will depend on the annealing temperature 

as well as the degree of supersaturation. 

The advantage of ion implantation is that this technique provides for a way to 

produce a well defined concentration depth profile of Si particles in the host material. Si02 

films with thicknesses of 180 nm and 800 nm were grown by thermal oxidation at 1000 °C 

of Si (100) substrates. The 180 nm thick films were implanted with 50 keV Si, the 800 nm 

thick films with 175 keV Si, both at a fluence of 5·1016 Si/cm2
• For both cases the Si 

projected range was within the Si02 film. The samples were subsequently annealed at a 

temperature of 700 °C for 40 min in a tube furnace with a pressure below 10-6 Torr. Some 

of the samples received an additional anneal at a temperature of 1000 °C for either 1 hour or 

12 hours. 

A second set of samples was made by low pressure chemical vapour deposition 

(LPCVD) of SiH4 and N20. The stoichiometry of the resulting SiOx films can be varied 

between x=O (pure Si) and x=2 (Si02) by varying the gas-flow rates. For these experiments 

films were deposited on Si(lOO) substrates at a temperature of 620°C and an ambient pressure 

of 400 mTorr. The films were deposited with a thickness of about 420 nm and a Si 

concentration of 52 at.%. The as-deposited films were annealed in a rapid thermal annealer 

with a N2 ambient for 5 minutes at 800 °C, 1000 °C and at 1200 °C. Transmission electron 

microscopy (TEM) shows that the as-deposited films are amorphous. Since Si and 0 atoms 

are randomly distributed during deposition, the precipitation process is different from that in 

the Si implanted Si02 samples. A large amount of potential nano-cluster material with a high 

degree of supersaturation can easily be obtained using this fabrication method. In the 

semiconductor industry these films, known as semi-insulating polycrystalline silicon (SIPOS), 

are used as passivating material in Si-based electronic devices. 
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FIG.3. RBS/channeling spectra for the 5· 1016 /cm2 50 keV Si implanted Si02 film on a 

Si (100) substrate taken at a scattering angle of 168°. The RUMP simulation of a 140 nm 

thick Si02 film on top of a Si substrate is also shown. The local en.richment of the Si02 film 

with a few atomic percent Si, can easily be seen in the Si part of the spectrum from Si02• 
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FIG.4. RBS spectrum obtained from the as-deposited SIPOS film on a Si (100) substrate taken 

at a scattering angle of 105°. A RUMP simulation of a 420 nm thick SIPOS film consisting 

of 52 at.% Si and 48 at.% 0 is also shown. 



IV. COMPOSITIONAL ANALYSIS USING 

RUTHERFORD BACKSCATTERING SPECTROMETRY. 

Rutherford backscattering spectrometry (RBS) was used to quantify the degree of 

excess Si in both the Si implanted Si02 films as well as the SIPOS films. 

Figure 3 shows the RBS/channeling spectra for a Si02 film on a Si substrate, 

implanted with 5· l 016 Si/cm2 at an energy of 50 ke V and annealed at 700 °C for 40 minutes. 

The leading edges of Si- and 0 in the Si02 film as well as the edge of the Si substrate are 

indicated in the figure. The dashed line represents a RUMP [11] simulation of a 140 nm thick 

Si02 film on top of a Si substrate. The local enrichment of the Si02 film with 3 ± 1 at.% Si, 

can easily be seen in the Si part of the spectrum from the Si02• The channeling spectrum 

shows a reduced yield in the region corresponding to the Si substrate. Furthermore, the 

channeling spectrum shows more clearly that the Si projected range is within the Si02 film. 

The RBS spectrum taken from the as-deposited SIPOS film on a Si(lOO) substrate, 

is shown in Fig. 4. The leading edges of Si- and 0 in the Si02 film as well the edge due to 

the Si substrate have again been indicated in the figure. The dashed line represents a RUMP 

simulation of a 420 nm thick SIPOS film consisting of 52 at.% Si and 48 at.% 0. The Si 

supersaturation is thus much larger than for the Si implanted Si02 films. 
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FIG.5 (a) Raman spectra obtained from the sample implanted with 5·1016 Si/cm2 at 50 keV 

after annealing at 700 °C for 40 minutes. Spectra of both the total as well as the filtered 

Raman yield are shown. The sharp symmetric peak at 521 cm·1 correspond to the zone-centre 

TO phonon of crystalline Si. 

(b) Raman spectra for the SIPOS film annealed at 1200 °C for 5 minutes. Spectra 

of both the filtered as well as the total Raman yield are shown. 



V. RAMAN SPECTROSCOPY OF Si NANO-CRYSTALLITES. 

Raman spectroscopy has been demonstrated to be a fast and non-destructive 

technique which is ideally suited for the characterization of nano-crystalline Si (nc-Si) 

[13-15]. In this chapter it is shown that by using Raman spectroscopy quantitative information 

on the crystallinity and size of Si clusters in a Si02 matrix can be obtained. Measurements 

are presented on both the Si implanted Si02 films and on the SIPOS films. In both cases the 

films are grown on a Si substrate. For this reason the substrate contribution to the Raman 

signal will generally dominate the spectrum. By placing polarization filters in the in- and 

. outgoing beams the contribution from the crystalline substrate can be greatly reduced. 

However, a small contribution could never be avoided in the present setup. 

The Raman spectrum obtained from a Si implanted Si02 film is shown in Fig. 5(a) 

for the sample implanted with 5· 1016 Si/cm2 at 50 ke V after annealing at 700 °C for 

40 minutes. Spectra are shown of the total and the filtered Raman yield. The sharp symmetric 

peak centred at 521 cm-1 corresponds to the zone-centre TO phonon of c-Si. Because crystal 

momentum must be conserved in c-Si this is the only peak appearing in the first-order Raman 

spectrum. The filtered spectrum has a much lower intensity, indicating that the total spectrum 

is dominated by the substrate. The filtered spectrum will be due to a small remaining 

contribution of the substrate and possibly a contribution of randomly oriented Si 

nano-crystallites in the Si02 film. 

Localization of long wavelength TO phonons in Si nano-crystallites should result in 

an asymmetric broadening of the first-order Raman line relative to that of the bulk crystalline 

material [17]. In an attempt to see this subtle effect, the filtered spectrum has been enlarged 

so that it can be compared with the spectrum from the substrate. No significant broadening 

of the TO peak is observed. From this it can be concluded that either there is not enough 

nano-crystalline material present to be detected by Raman spectroscopy, or that the clusters 

in these samples are so large that phonon confinement effects cannot be observed. Note that 

Si areal density implanted in these samples (5· 1016 Si/cm2
) corresponds to a thickness of 

0.01 µm, much less than the penetration depth of 514 nm light in bulk Si (1 µm), so that only 

a small contribution to the signal from the clusters is expected. 

In Fig. 6 the Raman spectra are shown of as-deposited SIPOS before and after 

annealing at temperatures of 800 °C, 1000 °C or 1200 °C for 5 minutes. The spectra were 

taken by filtering the substrate signal, as described above. The spectrum of as-deposited 

SIPOS is very similar to that of amorphous Si (a-Si) [15]. It is composed of 4 broad 
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overlapping bands, corresponding to the transverse acoustic (TA), longitudinal acoustic (LA), 

longitudinal optic (LO) and transverse optic (TO) peaks. The small sharp peak located at 

521 cm-1 in the as-deposited SIPOS spectrum is very likely to be due to the underlying Si 

substrate. However, this peak might also be due to Si crystallites that have formed in the 

deposition process. 

After annealing at 800 °C for 5 minutes, the overall shape of the spectrum does not 

change much. However, all features grow in intensity. This indicates that some structural 

rearrangement or relaxation of Si and Si02 is taking place, while crystallization is still absent. 

For example, some phase separation of Si and 0 may have taken place, with the Si-rich 

regions still being amorphous. 

The spectrum of SIPOS annealed at 1000 °C for 5 minutes shows a sharp TO peak 

centred at 521 cm-1 and resembles the Raman spectrum of c-Si. The characteristic a-Si 

features have sharply decreased in intensity. 

After annealing SIPOS at 1200 °C for 5 minutes the TO peak has sharpened up and 

the yield has increased even further in comparison to the 1000 °C anneal (the height of the 

peak which is out of scale amounts to 4200 counts). The TA peak, characteristic of the a-Si 

spectrum, has vanished completely 

From this figure it can be concluded that the amorphous to crystalline transition in 

SIPOS with a Si:O ratio of 1: 1 takes place upon annealing at 1000 °C for 5 minutes. This 

temperature is high compared to a typical temperature of - 700 ° at which homogeneous 

nucleation of crystalline Si takes place in pure amorphous Si. This can be explained by the 

fact that, while 0 increases the nucleation rate, it causes a significant retardation of the 

epitaxial growth rate. For example, the presence of 1 at.% 0 decreases the crystallization rate 

at 650 °C by a factor 17 [17]. 

Fig. 5(b) shows a detail of the Raman spectrum obtained from SIPOS annealed at 

1200 °C for 5 minutes. Just as in Fig. 5(a), the spectra of the total as well as the filtered 

Raman yield are shown. Again use of polarization filters proves to be a very effective means 

for reducing the substrate contribution. After enlarging the filtered spectrum a broad 

asymmetric tail is clearly visible at the low wavenumber side. Since the contribution from the 

a-Si spectrum to the TO peak is expected to be negligible for this anneal treatment, 

broadening can only be attributed to the presence of nano-crystalline Si. Using a model that 

correlates the average crystallite size to the FWHM of the TO peak [ 16], we estimate an 

upper limit of average cluster size of about 9 nm in this sample. This is in agreement with 

TEM observations. 
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VI. PHOTOLUMINESCENCE SPECTROSCOPY (0.5-1.1 µm) 

Of Si IMPLANTED Si02 FILMS AND SIPOS. 

Photoluminescence (PL) spectroscopy has extensively been used to study the optical 

properties of Si. We have employed this technique to investigate the luminescence from the 

Si implanted Si02 films and SIPOS samples. Since ion implantation is well-known for 

creating luminescence centers in Si02 [18], the possibility of ion induced defect luminescence 

was checked (VI.A) by comparing Si and Ne implants. Furthermore, PL spectra taken from 

the Si implanted Si02 films are correlated with anneal treatment and implantation energy 

. (Vl.B). 

VI.A. Excess Si or defect luminescence: Si versus Ne implants in Si02• 

Figure 7(a) shows two room temperature PL spectra taken from a Si02 film 

implanted with 5·1016 Si/crn.2 at 175 keV, before and after annealing. The spectrum from the 

as-implanted film shows a broad luminescence band with a maximum at 0.70 µm. After 

annealing at 700 °C for 40 minutes the spectrum peaks at a slightly longer 

wavelength (0.72 µm) and the PL signal decreased substantially. 

Figure 7(b) shows the room temperature PL spectra taken from Si02 films implanted 

with 5· 1016 Ne/cm2 at 175 ke V before and after annealing. The as-implanted spectrum shows 

a broad feature around 0.66 µm. After giving this sample the same anneal treatment that was 

employed to the Si implanted sample (700 °C for 40 minutes), a completely flat PL spectrum 

of very low intensity results. 

There are two possible explanations for the observed photoluminescence and the red

shift upon annealing in the Si implanted Si02 films. It may be that 1.) the photoluminescence 

is due to quantum confinement in Si crystallites that have already formed in the as-implanted 

sample. The mobility required for the nucleation and growth of these crystallites may have 

been supplied by the ion beam itself. Indeed, in-situ stress measurements have shown that the 

effective viscosity of Si02 during ion irradiation can be reduced by 6 orders of magnitude 

compared to the thermal value [19]. In a subsequent anneal treatment the average crystallite 

size would then increase as large crystallites grow at the expense of small ones (Ostwald 
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ripening). According to Fig. I, this would give rise to a red-shift of the PL signal. 

Another explanation would be 2.) that the luminescence is related to the damage 

induced by the ion beam. It is well known that ion implantation produces changes in the 

structural and electronic properties of insulators, resulting in the formation of luminescence 

centers [18]. Indeed, this is seen in Fig. 7(b), where luminescence is observed from the 

Ne-implanted sample. As Ne is chemically inert, the luminescence is attributed to damage 

produced by the ion beam. The disappearance of the PL peak upon annealing is thus 

attributed to the annealing of damage. Indeed, previous work has shown that most of the 

damage created by the ion beam anneals in a broad stage from 300 °C to temperatures 

' comparable to that used for the initial oxide growth (1000 °C) [20]. 

Comparing the Ne and Si data we conclude that the spectrum for the unannealed 

Si-implanted sample is (partly) due to beam induced effects. As these defect disappear upon 

annealing at 700 °C, we conclude that the luminescence observed from the annealed Si 

sample has to be attributed to the incorporation of excess Si. 

VI.B. PL versus anneal temperature and implantation energy. 

Figure 8(a) shows the PL spectra taken from a Si02 film implanted with 

5·1016 Si/cm2 at 175 keV, for two anneal treatments. The spectrum taken from the sample 

after annealing at 700 °C for 40 minutes shows a broad, fairly symmetric band with a 

maximum at 0.72 µm. After an additional anneal at 1000 °C for 12 hours the spectrum shows 

an asymmetric luminescence peak with a tail towards the long wavelength side. The PL signal 

at the peak position has increased by a factor of about 4.5. 

The spectra shown in Fig. 8(b) are taken from Si02 films that were implanted with 

the same dose (5·1016 Si/cm2
) as before but at an energy of 50 keV. The spectrum for the 

sample annealed at 700 °C for 40 minutes shows a broad feature at about 0.70 µm. The 

spectrum taken from the sample that received an additional anneal at 1000 °C for 1 hour 

shows a substantially red-shifted peak (maximum at about 0.78 µm) with a significantly 

higher PL signal. The increased contribution in the spectra at the long wavelength side, as 

well as the red-shift upon annealing, can be explained by the fact that Si clusters have formed 

after annealing at 700 °C. The average cluster size then increases upon annealing at 1 OOO °C. 

Further evidence that the luminescence indeed originates from Si clusters comes from a 
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comparison of the 175 keV and 50 keV implants. It can be noticed that the red-shift upon 

annealing at 1000 °C is much more pronounced for the 50 ke V implanted sample. This can 

be explained by comparing the concentration depth profiles of both implants. Compared to 

a 17 5 ke V implant, a 50 ke V implant results in a smaller FWHM of the concentration depth 

profile and thus a higher peak concentration. As a consequence, nucleation and growth 

processes happen on shorter timescales. Si crystallites in the 50 ke V implanted sample are 

thus expected to grow faster than those in the 175 keV implanted sample. Indeed, in Fig.8 

a larger red-shift of the peak position is observed for the 50 ke V implant than for the 

- 17 5 ke V implant. 

For both implantation energies the overall PL signal increases upon annealing at 

1000 °C. This is attributed to the annealing of defects in the Si crystallites themselves and 

at the Si/Si02 interface. Such defects may cause non-radiative recombination of carriers 

generated in the Si grains, thereby reducing the PL intensity. 

It is interesting to note that the nucleation temperature of 700 °C is much lower than 

that observed for the SIPOS samples ( 1000 °C). This may lend further support for the idea 

that the mobility required for the nucleation and growth of small Si (subcritical) crystallites 

can be supplied by the ion beam itself. However, the higher temperature for SIPOS may also 

be attributed to the high 0 concentration. 

Using the data in Figs 7 and 8 and the calculations in Fig. 1, we can now estimate 

that the typical cluster size is roughly 4 nm. It would be desirable to convert the PL spectra 

in Figs 7 and 8 into cluster-size distributions. In order to do this, corrections need to be made 

for the difference in absorption coefficients and radiative as well as non-radiative decay 

components for each cluster size. As all these parameters are unknown at this stage, it is not 

possible to determine the distribution over cluster sizes. 

A final point worth noting is that, in contrast to porous Si [21], none of the annealed 

Si-implanted Si02 films showed luminescence in the spectral region below 0.60 µm. 

According to Fig. l(a) this would mean that there are no Si crystallites smaller than 3.0 nm. 

This result is consistent with suggestions that the smallest (thermodynamically stable) size of 

Si precipitates in Si02 is about 2.5 nm [8,22]. This would imply that, unless other ways are 

invented to reduce this minimum size, the cluster luminescence wavelength will always be 

larger than - 500 nm. 
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VI.C PL spectroscopy on SIPOS 

In the spectral range of 0.5 pm to 1.1 pm no luminescence was observed from the SIPOS 

films. This is an intriguing observation as the Si cluster volume fraction in this material is 

very large, and Raman spectroscopy has identified the presence of nm sized clusters 

(section V). Apparently at a Si concentration of 52 at.% the clusters are so close that coupling 

among the clusters makes effective quantum confinement of charge carriers impossible. 
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VII. PHOTOLUMINESCENCE SPECTROSCOPY (1.0-1.6 µm) 

OF Si IMPLANTED Si02 FILMS 

While much research activity has been devoted to the optical characterization of Si 

nano-crystals in the visible part of the spectrum, relatively little attention has been paid to the 

infra-red part. Recently Koch et al. [23] proposed that infra-red luminescence can originate 

from electronic states localized on the crystallite surface. We have investigated this possibility 

for the Si implanted Si02 films. 

Figure 9 shows two PL spectra taken at 77 K from a Si02 film implanted at 175 ke V 

. with either 9· 1015 Si/cm2 or 5· 1016 Si/cm2 and after annealing at 700 °C for 40 minutes and 

1000 °C for 12 hours. The features at 1.13 µm and 1.19 µmare attributed to phonon-assisted 
.. 

band-to-band recombination and exciton related recombination in the underlying Si substrate. 

For fluences up to 9· 1015 Si/cm2 the spectrum shows a flat background signal of very low 

intensity. However, for a fluence of 5· 1016 Si/cm2 the peaks due to the Si substrate are sitting 

on top of a very broad band. This band cannot originate from luminescence centra in the Si02 

created by the ion beam, since they would have annealed out at 1000 °C for 12 hours [20]. 

Moreover, as a fluence of 9· 1015 Si/cm2 is sufficient to damage Si02 to the saturation level, 

the IR tail should also have been observed for this implant. We attribute this band to 

transitions related to electronic states at the Si nano-crystallite/Si02 interface or in the Si 

clusters. It can thus be concluded that the quantum efficiency for band-to-band recombination 

in the Si nano-crystallites is less than 100 %. 
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VIII. CONCLUSIONS 

Si crystallites with characteristic dimensions of~ 9 nm have successfully been grown 

by annealing LPCVD grown SIPOS films at 1200 °C for 5 minutes. Raman spectroscopy 

shows that an amorphous to crystalline transition takes place upon annealing at 1 OOO °C. The 

fact that no luminescence was observed from these films is attributed to the high Si 

concentration (52 at.%) which makes effective quantum confinement of charge carriers 

impossible. 

After annealing at 700 °C for 40 minutes the Si implanted Si02 films show clear 

room temperature luminescence, attributed to band-to-band transitions in Si nano-crystals. A 

red-shift is observed upon annealing at 1000 °C, attributed to an increase in the average 

cluster size by Ostwald ripening. Comparing the 50 ke V and 175 keV implants it is concluded 

that smaller clusters have formed when the Si supersaturation is less. Infrared luminescence 

observed in the range of 1.14 - 1.5 µm is attributed to electronic states localized at the Si/Si02 

interface or in the Si nano-crystals. This indicates that the quantum efficiency for 

band-to-band recombination in the nano-crystals is less than 100 %. 
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IX. TECHNOLOGICAL ASSESSMENT. 

Present-day Si-based technology has reached a high degree of sophistication. The 

possibility to take advantage of this vast knowledge to integrate optical and electronic 

components on a single substrate is a compelling one. Unfortunately, optoelectronics is still 

the domain of the expensive, and less developed 111-V technology. To date, the role of Si has 

mainly been restricted to optically passive devices, for which the inefficient band-to-band 

recombination of Si is no problem. 

A configuration having Si nano-crystals embedded in an Si02 matrix can, in 

principle, be used for the fabrication of optically active devices ... i:-or example, 

electroluminescence may be obtained from a metal-oxide-semiconductor (MOS)-type structure 

in which nano-crystallites are incorporated in the oxide film. 

Furthermore, the increase of the refractive index which occurs when excess Si is 

incorporated into Si02 can be used to define optical waveguides in which the non-linear 

optical properties of Si clusters may be exploited. Because of the increased index, the optical 

modes would be centered at the Si doped region resulting in a good overlap between an 

excitation beam and the Si clusters. In planar optical waveguides high light intensities can be 

achieved due to the confinement of the optical modes, thereby enabling the study of Si 

clusters at much higher intensities than in the present studies. If Si with very high quantum 

efficiency can be obtained, the development of a Si cluster waveguide laser or amplifier may 

in principle be possible. 
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APPENDIX I: Sensitivity curves from the PMT and Ge detector. 

All the PL spectra presented were corrected for the sensitivity as a function of 

wavelength of the PMT and the Ge-detector. The sensitivities were determined using a 

calibrated W lamp (Philips, type W2KGV111). First, PL spectra were taken from the W lamp 

using both the Ge detector and the PMT. These spectra were subsequently used for the 

calculation of a 'Sensitivity curve', which is defined as: 

where eiib(A) is the photon density per unit of wavelength coq~.sponding to a true black-body 

radiater: 

1 e-hc/lcT 

ew,0.)oc-4 x--hc-/lc-T 
A 1-e 

and fcorr.(A) is a correction factor which compensates for the fact that the W lamp is not a true 

black-body radiater. 

The sensitivity curves of the PMT and the Ge detector are shown in Figs 10 and 11, 

respectively. The maxima of the curves was normalized to 2.00. Corrected spectra are 

obtained by Llividing the measured spectra by the appropriate sensitivity curve. 
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APPENDIX II. APPLIED TECHNIQUES. 

Although the main body of this report is meant to be self-containing, this appendix 

was added to clarify some of the techniques and related concepts which are not taught in the 

standard curriculum at the Eindhoven University of Technology. 

II.A Techniques used for sample preparation. 

· II.A. I Ion implantation. 

When an energetic ion enters a thick target it will lose its energy through collisions 

with the target nuclei and electrons and finally come to rest. Due to the statistical fluctuations 

in the energy loss, ions with given initial conditions will not travel the same distances in the 

material, but rather form a concentration depth profile in the target material. 

The full width at half maximum of this profile depends on both the energy and atomic 

number of the projectiles as well as on the density and atomic numbers of the atoms present 

in the target material. 

II.A.2 Chemical vapour deposition (CVD). 

In a CVD process, the reactants are transported in the vapour phase to the substrate surf ace 

where they are absorbed. On the surface a chemical reaction takes place which results in the 

growth of the desired film and desorption of undesired reaction products. Although this 

technique does not allow for control on the monolayer scale is it is ideally suited for large 

scale production. 
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11.B Analysis techniques. 

11.B.1 Rutherford backscattering (RBS) 

In RBS monoenergetic beam particles are backscattered from target atoms and 

detected in an energy sensitive detector. Surface barrier detectors (SBD) are commonly used 

for this purpose. Data acquisition is performed using a multichannel analyzer. The Analysis 

of the resulting backscattering spectrum provides information on the composition of the 

sample as a function of depth. 

Assuming that the energy transfer takes place in a two-body collision, all the 

kinematics involved can be completely solved by applying the principles of conservation of 

energy and momentum. An important concept in RBS is the kinematic factor, which is 

defined as the ratio of the energy of the bombarding ions after and before scattering. This 

ratio depends only on the masses of the particles involved in the collision and the scattering 

angle: 

K= E1 =[(r
2
-sin

2
6)

112+cosef. 
E0 l+r 

(11.1) 

where E0 and E1 are the energies of the projectile before and after scattering, r is the ratio of 

the mass of the target atom to that of the projectile (r> 1) and 0 the laboratory angle of 

detection with respect to the beam direction. By using a MCA a spectrum is obtained in 

which the yield is plotted as a function of channel number. A calibration sample can be used 

to convert channel numbers into energies. At the AMOLF, a sample consisting of a Si 

substrate and a surface layer of 0, V and Au is used for this purpose. 

The energy spectrum also contains information about the depth in the target. In the 

previous discussion we did not consider the fact that the impinging particles lose energy on 

their way through the solid. In the case that the particles are light and the energy is in the 

order of MeV's they mainly lose energy due to inelastic collisions with electrons in the target 

material. Although microscopically this is a quantized process, it is justified to use an average 

energy loss per unit of length 8.E//ix in RBS calculations. Another way to describe the 
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energy loss is by giving the stopping cross section e, which is defined by: 

(11.2) 

where N is the number of atoms per unit of volume. The beam particles lose energy almost 

linearly with depth as they penetrate into the target. Therefore, the depth scale is linearly 

related to the energy of the detected particle. 

Although, the kinematic factor (equation 11.1) determines the energy of the detected 

particles, it does not state the probability of such a scattering. This number is given by the 

differential cross section da(Z1,Zz,E)/dQ which is just the probability per unit solid angle that 

an incident particle of atomic number Z1 and energy E is backscattered into the solid angle 

dQ from the nucleus of a target atom of atomic number Z;,. Based on the Coulomb repulsion 

as the interacting force between two nuclei the differential cross section in the lab system can 

be shown to be [l]: 

do =( Z1Z2e
2 l 4 (0 -((M1/M2)sin6)

2
]

112+cose)2
, 

dC 4rce04E sin40 [1-((M1/M2sin0)2] 1f2 
(11.3) 

the term (e2/4xeoE)2 is equal to 0.02 barn (10-24 cm2
) for E=l MeV. This formula makes the 

analysis of the atomic composition of a thin film quantitative. A thick film of a pure element 

has a well defined yield height in the RBS spectrum. This height can be used for the 

normalization of the yield axis. In our case we used the height of the Si edge for this purpose. 

Because the scattering cross sections are in the order of barns, the attenuation of the beam 

as it passes through an atomic layer of -1015 atoms/cm2 is very small. The yield at a certain 

depth, or energy in the spectrum, is thus proportional to the number of atoms present there. 

Taken together with the linear decrease of the incident particle energy with depth, the 

concentration profile in the sample is transformed into an energy spectrum with a linear depth 

scale and a yield proportional to the local concentration. 

If the crystal is oriented in such a way that a low-index crystallographic axis, or 
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plane, lies close to the incident beam direction, the impinging particles can penetrate deeper 

into the crystal. This is because in open crystal directions the impinging ions can be steered 

by a succession of large-impact-parameter collisions in such a way that hard collisions are 

avoided. This phenomenon is called channeling. 

II.B.2 Raman Spectroscopy on Si. 

When light falls on a semiconductor most of it is reflected, transmitted or absorbed. 

·However, a small part of the light interacts inelastically with phonon modes. In such a 

process, known as Raman scattering, the photon frequency is shifted. A photon can gain 

energy by absorbing a phonon (anti-Stokes shifted), or lose energy by emitting one (Stokes

shifted). Raman bands will thus appear on both sides of the exciting wavelength. We used the 

emission lines of argon, rubidium and Ne to calibrate the energy shifts. 

The strength of the Raman signal depends on the direction of the electric field 

relative to the crystal geometry. Therefore, by using polarized light information can be 

obtained on crystal orientation. The so-called backscattering geometry, in which the incident 

and outgoing beams are normal to the sample surface, is commonly used for such polarization 

sensitive measurements. 

In crystalline Si the conservation of crystal momentum imposes the K ::::: 0 selection 

rule to the Raman scattering process, in which Kis the magnitude of a phonon wavevector. 

Therefore only one sharp feature appears in the Raman spectrum of crystalline Si. The Raman 

spectrum of amorphous Si resembles a broadened version of the vibrational density of states, 

because there are no selection rules in a disordered solid. 

The material properties of Si nano-crystals differ substantially from those of 

amorphous Si as a result of crystalline order in the nano-crystals. Because of limited physical 

dimensions 

the Raman spectrum of nano-crystalline Si will also look different from that of crystalline Si. 

In nano-crystalline Si the K ::::: 0 selection rule is relaxed, resulting in a broadening of the 

sharp peak appearing in the Raman spectrum of single crystalline Si. Detailed calculations 

[16] predict a one-to-one correlation between the size and the broadening of the Raman peak. 
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11.B.3 Photoluminescence spectroscopy on Si 

A photon whose energy equals or exceeds the energy of the bandgap of a 

semiconductor can excite an electron from the valence band into the conduction band. After 

the absorption process the excited electrons thermalize and finally return to their initial state 

via either a radiative or non-radiative process. In photoluminescence spectroscopy the 

radiative processes are studied. Since radiative transitions take place from a narrow band 

containing thermalized electrons to a narrow band of empty states containing thermalized 

holes a narrow peak will appear in the photoluminescence spectrum at an energy 

· corresponding to the bandgap. 

The optical properties of Si nano-crystallites differ substantially from those of single 

crystalline Si. As one makes the physical dimensions of a semiconductor smaller, the energy 

of the allowed levels increase. This is analogous to what is seen in a quantum mechanical box 

when the box is made smaller. As a result, the bandgap of a Si nano-crystallite is larger than 

the bandgap of single crystalline Si. When Si nano-crystals are synthesized via a classical 

nucleation and growth process a distribution over crystallite sizes results. In view of the 

discussion above, a distribution over cluster sizes in its turn will give rise to a broad feature 

in the photoluminescence spectrum. 

Electronic states localized at the Si nano-crystallite surface have energy levels in the 

gap. A well known example is the dangling bond, an important characteristic of the Si 

surface. In the luminescence spectrum, radiative transitions involving such a state will appear 

at the long wavelength side with respect to radiative band-to-band transitions. 
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