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Abstract 
 
Thermally grown silicon oxide layer was implanted at room temperature with 300keV Xe at 

fluences ranging from 0.5 to 5x1016Xe/cm2. Bubbles created after Xe-implantation provided a 

low-k silicon oxide that has potential use as a dielectric material for interconnects in 

Si integrated circuits. Transmission Electron Microscopy (TEM), Rutherford Backscattering 

Spectrometry (RBS) and Positron Annihilation Spectroscopy (PAS) were used to provide a 

comprehensive characterization of defects (bubbles, vacancy, gas atoms and other types of 

defects) created by Xe implantation in SiO2 layer. These measurements suggest that the 

bubbles observed with TEM for all fluences were a consequence of the interaction between 

Xe and vacancies (V), with VnXem complexes created in the zone where V and Xe profiles 

overlap. Negatively charged defects such as (Si-O-, Si-O-O- and O2
-) are also created after 

implantation.  
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Introduction 
 
The speed of ULSI circuits is becoming dominated less by the speed of the individual devices 

but more by the RC time constant of the layers of interconnects tying the devices together1. 

To date SiO2 has been the dielectric material of choice in this application, but because of its 

relatively high permittivity (k ~ 4), it contributes to a large capacitance between the metal 

layers and thus a large RC delay to the circuit2. By reducing the permittivity of SiO2, the RC 

delay might be reduced leading to faster performances3. The implantation of heavy noble gas 

such as Xe in silicon oxide was recently used for decreasing its permittivity and thus offering 

prospects for a new technique to produce an ultra low-k dielectric (ULK) with k≤1.54,5. This k 

reduction is due to the bubble formation in the silicon oxide. No model has yet been proposed 

to study the formation and growth mechanisms of bubbles in SiO2 matrix, while these 

mechanisms are quite well known in metals6 and semiconductors7. 

This paper deals with an extensive characterization of defects (vacancy or negatively charged 

defects, bubbles and gas atoms) induced by Xe-implantation in silicon oxide. For this 

purpose, TEM, RBS and PAS techniques were used.  

 

Experimental procedure 
 
A 2.3µm silicon oxide was grown by heating n-type silicon wafers at 1100°C in air. Some of 

these SiO2/Si structures were implanted, at room temperature, by 300keV Xe at various 

fluences: 0.5, 1, 3.5 and 5x1016/cm2. Such an energy results in Xe implantation at a depth of 

125nm as simulated by TRIM. Bubble formation after Xe implantation in silicon oxide was 

characterized by cross-sectional transmission electron microscopy (XTEM) using a Philips 

CM12 microscope. 
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Rutherford backscattering spectrometry (RBS) was used to obtain the Xe distribution in 

silicon oxide. RBS measurements were performed using a 2MeV 4He beam provided by a 

3.5MeV Van de Graaff accelerator.  

Positron annihilation spectroscopy (PAS) was performed in order to study the defects induced 

by Xe-implantation using a monoenergetic positron beam with energies tuneable over 0.5-

25keV8. In this energy range, the positron mean implantation depth in SiO2 calculated by 

using the equation Z(E) [nm] =12.75 ×E1.7[keV] with the same parameters as for Si9 varies 

from 40 to 3000 nm. After implantation and thermalization, positron diffuses through the 

solid until it either annihilates with an electron in a delocalized state or is trapped at a defect. 

Free annihilation results in the emission of two 511 keV ± ∆E photons where ∆E is 

proportional to the momentum of the electron-positron annihilated pairs (Doppler 

broadening). The two-photon annihilation events are detected at room temperature with a Ge 

detector. Approximately 106 events were collected in the peak at each positron energy value. 

The various annihilation processes can be distinguished by analyzing the shape of the photo-

peak. The shape is defined by the S(hape) and W(ing) parameters. The S parameter is defined 

as the relative contribution of the central part of the peak in the energy window 511[-

0.66;+0.66] keV and is the fraction of annihilation with low momentum electrons, mainly the 

valence electrons. The W parameter is defined by the relative contributions in the wings of the 

peak in the energy windows 511[-6.64;-2.57] keV and 511[+2.57;+6.64] keV and is the 

fraction of annihilation with high momentum electrons, mainly the core electrons. The S and 

W distribution as a function of depth are determined by the consistent fitting of the S(E) and 

W(E) data measured as a function of positron energy using a modified version of the VEPFIT 

program10. The sample is modelled as a sequence of n homogeneous layers with the 

annihilation characteristics Si, Wi and the positron effective diffusion length Li
+ specific to the 

layer i. In our case, S(E) and W(E) evolutions are fitted for energy higher than 1.5 keV. The 
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data below 1.5 keV are discarded because in this range the positrons migration is not only due 

to a diffusion process.  

 

Results and discussion 

Fig.1-a presents the typical XTEM images obtained in 2.3µm silicon oxide by 300keV Xe ion 

implantation at different fluences: 0.5, 1, 3.5, and 5x1016/cm2. Extended defects can be 

observed and they can be attributed to bubbles/cavities induced in SiO2 by implantation. Their 

size distributions show that for the sample implanted at 0.5 and 1x1016/cm2 fluences the 

majority of bubbles has a mean diameter less than 6nm. The mean diameter increases with the 

fluence. At 3.5 and 5x1016/cm2, bubbles present a wider range of diameters - from ~6nm up to 

40nm. The thickness of the bubble/cavity band increases with the implanted fluence from 

65nm for the lowest fluence (0.5x1016Xe/cm2) to 160nm for the highest one (5x1016Xe/cm2).  

Fig.2-a illustrates the evolution of Xe profiles with the Xe fluence in silicon oxide as 

measured by RBS technique. For the fluences of 0.5 and 1x1016Xe/cm2, the Xe distribution 

has a gaussian profile centered at 116nm depth while for the higher fluences of 3.5 and 

5x1016Xe/cm2, Xe profiles consist of a main peak with two shoulders on both sides. The main 

peak is located at the depth of 95 and 90nm for the fluence of 3.5 and 5x1016Xe/cm2 

respectively. The region where Xe is detected corresponds to the largest bubble zone. It 

suggests that Xe is predominantly located inside the bubbles. According to TRIM simulations, 

displacement per atom (dpa) [called also “vacancy” (V) if the displaced atom does not return 

to its initial position after implantation] and Xe peaks are located at depths of 85nm and 

125nm respectively, as shown in Fig. 2-b. We can then conclude that bubbles are formed 

between these two zones, probably in the zone of overlapping of V and Xe where the most 

stable VnXem complexes are created. Since, the fluence is very large, overlapping is expected 

as seen in fig.2-b.  
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In fig. 3, the low and high momentum annihilation fractions S and W values are plotted as a 

function of the positron implantation energy E (S(E) and W(E)) for the SiO2/Si structures 

before and after Xe implantation. Before implantation (reference sample), S(E) increases with 

positron energy first rapidly up to 5keV where it reaches a plateau value at about 15keV and 

then S(E) increases again more slightly up to 25keV. W(E) has the reversible evolution of 

S(E) but from the energy of 15keV, its decrease is more significant than the increase of S(E). 

Using the VEPFIT program, the evolution of S(E) and W(E) can be fitted with a model of two 

homogeneous layers: Layer 1 the virgin SiO2 layer with the annihilation characteristics 

(SSiO2~0,471(1), WSiO2~0,0491(1)) and layer 2 the virgin silicon substrate with the 

annihilation characteristics (SSi~0,472(1), WSi~0,0275 (1)). The effective diffusion length (L+) 

of positrons is about 36 nm for SiO2 (layer 1) and 230 nm for Si (layer 2). L+ is short in the 

SiO2 layer, indicating that positrons are trapped in this virgin SiO2 layer.  

After Xe-implantation , S(E) decreases in the region of positron energy between 0.5 and 

5/6keV depending on the implanted fluence. At this energy, the mean implantation depth of 

positrons is about 270nm. W(E) has the reverse behaviour. Then S(E) increases (and W(E) 

decreases) with positron implantation energy up to 25keV, regardless of the implanted 

fluence. Using VEPFIT program, S(E) and W(E) curves can be fitted with a mode describing 

the sample as four homogenous layers. From the surface positron probe, first two are 

damaged SiO2 layers (1 and 2) and then the third and fourth layers correspond respectively to 

the undamaged SiO2 layer and Si substrate. The (S,W) values obtained for the layer 3 and 4 

are equal to the annihilation characteristics of the virgin SiO2 (SSiO2 ,WSiO2) and of the Si 

substrate (SSi,WSi), respectively, irrespective of the implanted fluences. Parameters 

characterizing the damaged SiO2 (layers 1 and 2) are shown in the Table I. The S1 low 

momentum fraction increases (as W1 high momentum fraction decreases) in layer 1 and S2 

decreases (W2 increases) in layer 2 when the fluence increases. The values of S1 and S2 
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determined in the two damaged (layers 1 and 2) remain lower than SSiO2 and the values of W1 

and W2 are largely higher than WSiO2, whatever the implanted fluence. It indicates that the 

nature or the distribution of the annihilation states detected by the positrons change after 

implantations in the layers 1 and 2. The effective diffusion length of positron (L+) is shorter 

than the value obtained in the virgin SiO2 layer, highlighting the existence of defects which 

trap positron and limit their diffusion into the SiO2 up to the surface. Two types of point 

defects have already been identified (see references for details)11 to be created in silicon 

oxide. Some of these defects can trap positrons leading to the S and L+ evolution as presented 

in Table II. When the defect is an open-volume type like the vacancy, S is expected to 

increase. In these SiO2 layers, Si and O atoms can be displaced during implantation, leading 

to the formation of different vacancy defects like oxygen, or silicon monovacancies or defects 

with larger open volume. As reported by Richard et al12, the stable vacancy defect created by 

implantation in SiO2 is the neutral oxygen vacancies due to its very low formation energy; the 

Si-vacancy is not very stable after implantation. It suggests that positrons could be trapped in  

these neutral oxygen vacancies or in defects with larger open volume leading to the increase 

of the low momentum fraction S after implantation. The S decrease is expected when 

positrons are trapped at acceptor and non vacancy-like defects that can be assimilated to 

“negative ions” such as −
2O (dissolved oxygen molecules), −−≡ OSi (NBOHC centers), 

−−−≡ OOSi (POR centers))13, 14. According to our PAS results, we can conclude that the 

dominant defects detected after Xe-implantation in silicon oxide are the “negative ions”. We 

cannot specify exactly which defect (dissolved oxygen molecules, NBOHC or POR centers) 

leads to the reduction of S and L+. Fujinami et al13 proposed that “NBOHC centers” trap 

positrons in boron-implanted SiO2, while Knights et al14 concluded from detailed detection by 

using EPR and PAS techniques that dissolved oxygen, NBOHC or POR centers could be the 

defects leading to the S decrease in SiO2 implanted with Ge ions.  
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In Xe implanted samples we have observed that S1 values determined in layer 1 are higher 

than the ones obtained in layer 2; moreover S1 increases when implantation fluence increases 

(see Table I). This suggests that, in this layer, vacancy-defects (oxygen vacancies or defects 

with larger open volume) also exist and their concentration or their size increases with the 

fluence. The thickness of this layer 1 depends on the Xe fluence - it is 140 nm for the lowest 

fluence and increases to 200nm for the highest. 

Comparing PAS results with TEM and RBS results, we can conclude that layer(1) 

corresponds to the bubble region where the Xe has maximum concentration. In this layer, 

vacancies (Vn, detected by PAS) can interact with Xe atoms (detected by RBS) and create the 

VnXem complexes that are visible in XTEM images as bubbles. The layer 2 is located deeper 

than the layer 1. In this layer S decreases slightly with the Xe fluence, suggesting that the 

concentration of the negatively charged defects increases with the fluence. The maximum 

width of defect layer is larger than the one calculated by TRIM (approximately 230 nm), and 

ranges from 360nm for the lowest fluence and >385nm for the highest fluence. Layer2 is 

located deeper than the implanted region projected by TRIM, hence we suggest that the 

negatively charged defects detected in this layer are more probably formed by ejection of 

interstitial oxygen from the implanted region (layer1) to layer2. Interstitial oxygen atoms 

ejected in this layer can exist as dissolved oxygen molecules (O2
-) or if they have a sufficient 

energy, they can break Si-O-Si bonds in the matrix and form NBOHC and POR centers 

deeper than the Xe range.  

 

Summary 

The following major results can be underlined: 

- Xe implantation in SiO2 induces bubbles whose size and distribution evolve with the Xe 

fluence. 
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- Xe distribution in silicon oxide is fluence-dependent. A gaussian profile is obtained for 

the lowest fluences (0.5 and 1x1016Xe/cm2) while for the highest fluences (3.5 and 

5x1016Xe/cm2) a main peak with two shoulders on both sides is observed. 

- Positron Annihilation Spectroscopy (PAS) shows that the dominant defects detected in 

silicon oxide after implantation are the negatively charged defects (O2
-, and/ or NBOHC 

and/or POR centers). These defects are formed in the whole of implanted region and 

detected at depths greater than 385nm. 

- Vacancy defects (oxygen vacancies or defects with large open volume) were also detected 

by PAS technique. These defects are localized in the bubble region as observed by TEM. 

The concentration and the size of these defects increases with the implanted fluence. In 

this region, RBS results shows that the concentration of Xe atoms is maximum, 

suggesting that interactions of the Xe atoms and vacancies in this region lead to the 

formation of XenVm complexes that can be the precursors to the bubbles. 
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TableI: Positron annihilation parameters (S, W and L+) and thickness of damaged layers 
formed after Xe implantation with different fluences in silicon oxide layer as determined by 
fitting the S(E) and W(E) curves with a model of homogeneous layers using a modified 
version of VEPFIT10. 

 
 
 
 
 
 
 
 
 
 
 
 

Fluences 

(Xe/cm2) 

5x1015 1x1016 3,5x1016 5x1016 

thickness (nm) 140(3) 149(3) 192(5) 200(5) 

S 0.429(0.8) 0.431(1) 0.442(1) 0.449(1) 

W 0,0572(1) 0,0564(0.6) 0,0528(1) 0.0505(1) 

la
ye

r 
(1

) 
 

L+ (nm) 7(1) 3(0.5) 2.5 (0.5) 2.5(0.5) 

thickness (nm) 220(1) 211(1) 184(1) 185(1) 

S 0.409(1) 0,408(1) 0,405(1) 0,403(1) 

W 0.0619(1) 0.0621(1) 0.0628(1) 0.0632(1) 

la
ye

r 
(2

) 

L+(nm) 9(1) 9(1) 9(1) 9(1) 
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TableII: Defects created in silicon oxide after implantation from published literature and 
expected evolution of the characteristics of the positrons S, W and L+ when they are trapped 
by these defects . 
 
 
 
 

name structures Evolution of positron characteristics 

vacancy defects ≡−≡ SiSi and  

≡Si-O-O-Si≡ 

Sր, Wց, L+ց 

Dissolved oxygen O2
- Sց, Wր, L+ց 

E’ centers +≡ Si  - 

NBOHC centers −−≡ OSi  Sց, Wր, L+ց  

Peroxy radical  −−−≡ OOSi  Sց, Wր, L+ց  
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Figure captions 

Figure 1: XTEM images of silicon oxide layers implanted with 300keV Xe at different 

fluences: 0.5x1016Xe/cm2, 1x1016 Xe/cm2, 3.5x1016 Xe/cm2 and 5x1016 Xe/cm2. 

Figure 2: (a) Evolution of Xe depth profiles obtained by RBS in SiO2 implanted with Xe at 

different fluences and (b) displacement per atom (dpa) and Xe depth profiles in SiO2 

implanted with 300keV Xe at 5x1016Xe/cm2 as calculated by using TRIM program. 

Figure 3: Evolution of the low and high momentum annihilation fractions (S, W) as a function 

of positron implantation energy in SiO2/Si structures before and after Xe implantation at 

different fluences : 0.5x1016Xe/cm2, 1x1016 Xe/cm2, 3.5x1016 Xe/cm2 and 5x1016 Xe/cm2. The 

solids lines are a fit of the (S, W) curves with a model of homogeneous layers using a 

modified version of VEPFIT10. The mean implantation depth in SiO2 is calculated as z(E) 

[nm] =12.75 ×E1.7 [keV]9. 
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