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Abstract. Atomic redistribution of W and Fe in Si were studied using secondary ion mass 
spectrometry and transmission electron microscopy. W diffusion experiments performed during 
isothermal annealing and during Si oxidation show that W atoms should use at least two different 
diffusion mechanisms. Experimental diffusion profiles can be well simulated by considering the 
simultaneous use of three different W diffusion mechanisms: the dissociative and the kick-out 
mechanisms, as well as an original mechanism based on the formation of a W-Si self-interstitial pair 
located on the interstitial Si sub-lattice. Fe redistribution was studied during the oxidation of a            
Fe-contaminated Si wafer. Fe is shown to be first pushed-out in Si by the mobile SiO2/Si interface, 
and thus to form Fe silicides at this interface. The silicide precipitates, which can exhibit a core-
shell structure, appear to move with the SiO2/Si interface thanks to an oxidation/dissolution 
mechanism in the SiO2 and a nucleation/growth mechanism in the Si matrix. Furthermore, the rate 
difference between Si and Fe silicide precipitate oxidation leads to the formation of Si pyramidal 
defects at the SiO2/Si interface. 

Introduction 

It is well known that metallic contamination of silicon (Si) lead to strong device performance 
decay. They create deep levels in Si band gap behaving as acceptor or donor levels, decreasing 
minority carrier lifetime and minority carrier diffusion length. Furthermore, contaminated Si devices 
show significant leakage current. Due to microelectronic device size reductions, the current 
tolerable contamination concentration levels are particularly low (~ 1010 cm−2). These very low 
levels cannot be detected with conventional surface analysis techniques such as Auger electron 
spectroscopy, X-ray photoelectron spectroscopy, and ultraviolet photoelectron spectroscopy, and are 
also too low to be detected with usual bulk analysis tools such as secondary ion mass spectrometry, 
complicating device failure analyses. It is thus necessary to identify contaminant possible effects on 
fabrication processes, and to be able to simulate contamination redistribution at levels lower than 
detection limits during device fabrication, in order to potentially identify their influence on device 
electrical properties [1-3]. 

Tungsten (W) contamination leads to significant device performance degradations [4-6], leading 
to the introduction of three different levels in Si gap at Ec − 0.59 eV, Ev + 0.33 eV and Ev + 0.22 eV 
[7]. W solubility in Si is expected to be high compared to other metals, with a maximum solubility 
limit higher than 1020 cm−3 at 1100 °C [6]. However, W diffusion kinetic is unknown, the few 
measurements performed to date suggesting diffusion kinetic similar to usual Si dopants [8]. 
Furthermore, these measurements suggest that W atoms use complex diffusion mechanisms 
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different from the mechanisms of known metals [6-7,9]. Iron (Fe) diffusion in Si is well known, 
since Fe is one of the most common contaminants in Si wafer due to multiple possible sources 
during microelectronic fabrication processes. Fe is a fast-diffusing specie in Si due to the use of the 
direct interstitial diffusion mechanism [8,10]. Fe solubility limit in Si is quite low, with a maximum 
close to 3 × 1017 cm−3 at 1300 °C [10-11]. 

In the present work, the redistributions of W and Fe atoms in Si are investigated during thermal 
annealing and during Si thermal oxidation. In a first part, a detailed study of W diffusion is 
presented, showing that W probably uses an original diffusion mechanism, involving interstitial          
W-Si self-interstitial pair diffusion [12]. In the second part, the mechanisms involved with                         
Fe redistribution at the mobile SiO2/Si interface during Si oxidation are presented, allowing Si 
pyramidal defect formation at this interface [13] to be understood [14]. 

Experiments 

Commercial n-type phosphorus-doped Si(001) wafers were implanted with W or Fe atoms using 
the industrial implanter IMC200 developed by the company IBS. Ions were implanted at an angle of 
7° compared to the normal of the sample surface, with an ion beam energy of 165 keV and 65 keV 
for W and Fe, respectively. Two types of samples were prepared with two different ion doses: 
1 × 1013 and 1 × 1015 ions cm−2. 

For diffusion experiments, the samples were pre-annealed at 776 °C for 1 h under vacuum 
(pressure < 10−7 Torr) in order to cure the samples from implantation-induced defects, creating an 
initial diffusion source that could be used as a reference state for following diffusion annealing. For 
oxidation experiments, the implanted samples were annealed at 900 or 1100 °C for various times 
under an O2 flux of 4–5 L min−1. 

Secondary ion mass spectrometry (SIMS) measurements were performed using a Cameca IMS 
7F apparatus with a primary ion O+ energy of 3 keV. High resolution (HR) transmission electron 
microscopy (TEM) and scanning transmission electron microscopy (STEM) high angle annular dark 
field (HAADF) analyses were performed using a FEI Titan 80–300 Cs-corrected microscope 
operating at 200 kV and 300 kV. 

Results and Discussion 

W diffusion. Only samples implanted with the 1 × 1013 W cm−2 dose were used for diffusion 
studies, as no defect could be detected by TEM in these samples after pre-annealing. In these 
samples, the W concentration is lower than the W solubility limit in Si in the temperature range 
investigated. The implantation of the 1 × 1015 W dose in Si leads to ~ 100 nm-deep Si 
amorphization, and W-Si clusters form during subsequent annealing, degrading SIMS measurement 
accuracy [12]. Fig. 1 present SIMS profiles measured in the sample implanted with 1013 W at cm−2 
after pre-annealing and different subsequent diffusion annealing. Annealing at 776 °C for 48 hours 
did not allow W diffusion, the profile after annealing (solid squares) being similar to the profile 
measured after pre-annealing (solid line). However, W diffusion occurred for annealing at higher 
temperatures for the same time. In this case, all the W atoms were mobile, but several singular 
behaviors can be noted on W diffusion profiles, which cannot be reproduced by classical Fickian 
diffusion models or usual models for dopant or metallic impurity diffusion in Si: i) the initial 
Gaussian distribution does not change into a flatter Gaussian distribution after diffusion as expected 
for classical Fickian diffusion, ii) the maximum concentration of the W distribution increases and 
shifts to the surface during annealing, iii) leading to a W diffusion profile exhibiting a quasi-linear 
shape. The observations related to the maximum concentration of the profiles could be explained by 
the well-known dissociative or kick-out diffusion mechanisms used by some metallic impurities in 
Si such as Au or Pt, promoting a ‘U-shape’ diffusion profile between the two surfaces of a Si wafer 
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[15-16]. However, the linear shape of W diffusion profile could not be reproduced by these 
diffusion models.  

 

 
 
 
 
 
 
 
 
Fig. 1. W SIMS profiles measured after 
pre-annealing (solid line) and a 
subsequent diffusion annealing at 776 
(solid squares), 837 (open triangles), 
886 (solid circles), and 934 °C (open 
squares) for 48 hours. The cross line 
corresponds to the simulation of the 
annealing performed at 934 °C for 48 h. 

In order to better understand W atoms interactions with point defects, the samples implanted with a 
W dose of 1 × 1015 ions cm−2 were oxidized at 900 and 1100 °C. Fig. 2 presents TEM 
measurements performed on two pieces of a same sample after annealing at 900 °C for 3 hours with 
an O2 flux allowing for Si oxidation (Fig. 2a) or without oxygen (Fig. 2b). Si oxidation is known for 
injecting Si self-interstitials (I) in Si [17-18]. In Fig. 2a we observe that in this condition W silicide 
clusters are formed in the Si substrate, while it is not observed after similar annealing without self-
interstitial injection (Fig. 2b), suggesting attractive chemical interactions between W atoms and Si 
self-interstitials. Furthermore, Fig. 3 shows that W diffusion is enhanced for a small fraction of W 
atoms (concentration lower than ~ 2 × 1017 cm−3) compared to without oxidation, suggesting that a 
fraction of W atoms uses a self-interstitial-mediated diffusion mechanism. 

Fig. 2. Cross-sectional TEM images obtained on the 
sample implanted with a W dose of 1 × 1015 ions 
cm−2, after annealing at 900 °C for 3 hours: a) with 
oxidation, and b) without oxidation. 

Fig. 3. SIMS profile showing the W distribution 
in the sample implanted with 1 × 1015 W at cm−2, 
after oxidation at 1100 °C for 44 minutes. The 
arrow shows a diffusion tail observed for CW ≤ 
2 × 1017 cm−3. 

Thus, we proposed that substitutional W atoms (Ws) use simultaneously two different diffusion 
mechanisms based on three point-defect reactions in order to move in Si [6-7]: i) the dissociative 
mechanism (Wi + V  Ws) using vacancies (V), ii) the kick-out mechanism (Wi  Ws + I), and iii) a 
mechanism based on the formation of an atomic pair WI, from an interstitial W atom (Wi) and a Si 
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self-interstitial (Wi + I  WI). In this case, the experimental diffusion profiles can be reproduced as 
shown in Fig. 1 (cross line) [12]. W solubility limit was found to be close to 0.15%–0.2%, and the 
diffusion coefficient of W atoms on interstitial sites was found to be DWi = 5.59 × 10−5 exp 
(−1.35 eV/kT) cm2 s−1, while the diffusion coefficient of the WI pair was found to be DWI = 2.68 
× 10−5 exp(−2.39 eV/kT) cm2 s−1. 
 

Fig. 4. Fe SIMS profiles measured in the Si substrate after implantation (solid line) and after oxidation at 
900 °C (a) for 5 min (open circles), and b) for 592 min (open triangles). The colored area corresponds to 
the grown SiO2 layer. The arrow shows the location of the Fe concentration maximum after oxidation. 

Fe redistribution. The study of oxidation of Fe-implanted Si substrates allowed six steps in the 
Fe redistribution process to be determined [14]. Fig. 4 presents Fe SIMS profiles measured after 
implantation (solid line) and after subsequent oxidation performed at 900 °C for 5 (Fig. 4a) and             
592 minutes (Fig. 4b). As soon as Si oxidation starts (Fig. 4a, consumption of 6.6 nm of Si) Fe 
atoms are pushed back into the Si substrate, leading to Fe accumulation at the SiO2/Si interface, 
corresponding to the first step of redistribution schematized in Fig. 5. The comparison between the 
profiles measured before and after oxidation in Fig. 4a shows that Fe atoms diffused into the 
substrate at concentrations significantly higher than the Fe solubility limit in Si. This effect could be 
related to Si self-interstitial injection resulting from the Si oxidation interfacial reaction. In the 
second step, due to the increase of the Fe concentration at the SiO2/Si interface during oxidation, Fe 
silicide precipitates form at this interface and grow in the Si substrate. Fig. 6-1 presents a TEM 
image of one of the Fe silicide precipitates formed at the SiO2/Si interface. The precipitates exhibit 
facets in the Si substrate, while their interface with the SiO2 layer is flat. Their orthorhombic 
structure corresponds to the phase β-FeSi2. 

 
Fig. 5. Schematics showing the 6 steps observed during the oxidation of Fe-contaminated Si 
substrates (black line for the SiO2/Si interface, red color for Fe-rich regions and precipitates). 
 

In a third step, while Si oxidation progresses, the Fe-Si precipitates stay located on the mobile 
SiO2/Si interface, while part of their volume get incorporated in the SiO2 layer. Fig. 6-2 shows a 
TEM image of a β-FeSi2 precipitate at this stage (step 3 in fig. 5). Almost half of the precipitate is 
locate in SiO2 and half is located in Si. It can be noted that the precipitate exhibits a spherical shape 
at the interface with amorphous SiO2, while its interface with monocrystalline Si is facetted. At that 
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stage, the precipitates appear to move with the SiO2/Si interface (no precipitate could be detected in 
SiO2 and in Si by TEM), probably thanks to an oxidation/dissolution process of the precipitate in 
SiO2 and a growth process in Si supported by interfacial atomic diffusion. Later, due to the 
oxidation rate difference between Si and Fe silicide (Si oxidation faster than Fe silicide oxidation), 
the SiO2/Si interface get deeper than the clusters, forming a Si neck underneath the precipitates (step 
4 in fig. 5). Furthermore, the push-out mechanism of Fe atoms from SiO2 to Si during the oxidation 
of Fe-Si precipitates leads to a simultaneous increase of Fe atoms and decrease of Si atoms at the 
edge of the precipitates, promoting the formation of core-shell Fe silicide precipitates, with a Si-rich 
core corresponding to the initial β-FeSi2 phase (red color in step 5 in fig. 5) and a Fe-rich shell 
corresponding to the α’-Fe3Si phase (green color in step 5 in fig. 5). Fig. 6-3 presents a TEM image 
of a core-shell precipitate fully incorporated in the SiO2 layer, with the Si neck formed underneath, 
due to a masking-like effect of the cluster during oxidation. In a last step, the Fe-Si clusters get 
finally totally oxidized (step 6 in fig. 5), leaving a pure Si pyramid-like defect at the SiO2/Si 
interface, as well as small Fe-rich clusters incorporated in SiO2, surrounding the pyramids, as shown 
in the STEM-HAADF image 4 in fig. 6. 

Fig. 6. Cross-sectional HR TEM (1-3) and HR STEM-HAADF (4) obtained on the sample implanted 
with a dose of 1 × 1015 Fe at cm−2, after annealing (from left to right) 1) at 900 °C for 5 min, 2) and 3) at 
900 °C for 592 min, and 4) at 1100 °C for 12 min. The dash line in image 3 delimitates the interface of a 
Fe-Si precipitate. 

Summary 

W diffusion in Si was studied using SIMS profiles and TEM observations. W diffusion profiles 
cannot be simulated using standard diffusion mechanisms used for known Si impurities. However, 
experimental observations could be simulated using a model including two simultaneous diffusion 
mechanisms, based on three W-point defect reactions: the dissociative and the kick-out reactions, as 
well as an original reaction leading to the formation of W-Si self-interstitial pair located on the Si 
interstitial lattice. Ab initio calculations should be performed in order to confirm the validity of this 
model. Fe redistribution during the oxidation of Fe-contaminated Si was also studied using SIMS 
and TEM measurements. Fe atoms are observed to diffuse in Si for concentrations significantly 
larger than the Fe solubility limit at the beginning of oxidation. Fe precipitates nucleate and grow at 
the SiO2/Si interface during oxidation, forming Fe silicides. The silicide precipitates lead to the 
formation of pyramidal Si defects at the SiO2/Si interface due to a precipitate masking-like effect 
linked to the oxidation rate difference between silicide clusters and Si. 

This work was supported by the French Ministry of Industry in the framework of the project 
COMET (Grant No. FUI-AAP9-COMET). 
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