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ABSTRACT 
Carbon co-implantation after pre-amorphization implantation is a promising candidate for 
ultra shallow junction formation for advanced CMOS technologies due to its ability to 
suppress transient enhanced diffusion of dopants in silicon. Modeling the interaction of 
carbon with point defects is important for the development of these techniques. In this 
paper, we demonstrate a comprehensive atomistic model for carbon implantation, 
diffusion, clustering, and interaction with End-Of-Range (EOR) defects. 

 

 
INTRODUCTION 

 
     In deep-submicron MOSFET devices, ultra shallow 
junctions with low sheet resistance are required to achieve 
good device performance. To fulfill the ITRS [1] requirements 
for the 45nm technology, conventional combinations of an 
implantation and rapid thermal annealing are not adequate 
anymore and new approaches are required. Carbon 
co-implantation after pre-amorphization implantation has been 
reported [2] to reduce the junction depth due to the suppression 
of transient enhanced diffusion and is widely studied for 
process integration. 
 
     According to the ITRS [1], the potential reduction of 
technology development costs by appropriately used TCAD is 
at 40%, demanding, amongst others, comprehensive atomistic 
modeling to complement experiments and continuum models. 
Continuum models for ultra shallow junction formation with 
carbon co-implantation have been reported so far [2][3]. In this 
work, we use an atomistic modeling approach that accounts for 
carbon diffusion by the kick-out mechanism, the 
Frank-Turnbull mechanism, and carbon clustering with silicon 
interstitials. In addition, we include the interaction of carbon 
with End-Of-Range (EOR) defects. We show that, integrated 
in a kinetic Monte Carlo (KMC) process simulator [4], these 
models can accurately simulate carbon marker layer and 
co-implant experiments with rapid thermal anneals (RTA). 
 
 

 
MODEL 

 
     The influence of carbon on the diffusion of dopants in 
silicon is due to changed concentrations of the intrinsic point 
defects in carbon-rich regions. Substitutional carbon is known 

[5] to suppress the diffusion of boron and phosphorus while it 
enhances the diffusion of arsenic and antimony. On one hand, 
immobile substitutional carbon atoms transform into 
interstitial carbon through a kick-out reaction with silicon 
self-interstitials (C + I ↔ Ci) [5]. In addition, carbon can 
dissociate in a carbon interstitial pair and a vacancy by the 
Frank-Turnbull reaction (C ↔ Ci + V) [5]. The highly mobile 
interstitial carbon tends to diffuse out of carbon-rich regions, 
leading to an under-saturation of self-interstitials and a 
super-saturation of vacancies in these regions. On the other 
hand, the clustering of carbon atoms at high concentrations can 
trap excess interstitials leading to a further suppression of the 
self-interstitials density. 
 
     The KMC process simulator [4] covers atomistic 
simulation of ion implantation, diffusion, and activation. The 
cascades and damage accumulation of the implanted ions are 
simulated by a fully integrated binary collision approximation 
campaigned by simulation of dynamic annealing. 
Amorphization of the crystalline silicon substrate by ion 
bombardment as well as solid phase epitaxial re-growth 
(SEPR) during subsequent annealing is included in the 
simulation. Migration of point defects and dopant defect pairs, 
including different charge states and Fermi-level effect, as well 
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as the clustering of point defects and dopants is also modeled. 
KMC accounts for the whole extended defect evolution, that is 
the nucleation, growth, and dissolution of the initial small 
irregular clusters, the {311} defects, and the dislocation loops 
[6]. Boron diffusion in crystalline silicon is described by 
boron-interstitial and boron-vacancy pair migration, and boron 
activation/deactivation by boron-interstitial complexes BmIn. In 
addition, direct boron diffusion in amorphous silicon [7], 
temperature dependent boron activation [8] and B2 cluster 
incorporation [9] during SPER are simulated. A three phase 
segregation model with impurity trapping at the Si/SiO2 
interface governs the dopant dose loss. 
 
     In this framework, we allow carbon diffusion by the 
kick-out mechanism and the Frank-Turnbull mechanism. 
Substitutional carbon and carbon interstitial pairs are assumed 
to be electrically neutral. The carbon clustering with silicon 
interstitials forming clusters CmIn of various sizes is following 
the model of Pinacho [10], which got extended by more 
interstitial rich cluster configurations. The CmIn clusters can 
trap and emit carbon interstitial pairs as well as interstitials and 
vacancies. To explain the carbon segregation at EOR defects, 
the model assumes that the carbon interstitial pairs are broken 
up at the edges of the extended defects and the interstitial is 
trapped by the extended defects. We assume carbon to be 
immobile in amorphous silicon for lack of better knowledge, 
and a temperature dependence of the fraction of carbon to be 
incorporated as substitutional or clustered in C2 during SPER. 
 
 

RESULTS AND DISCUSSIONS 
 

     A given macroscopic diffusivity for carbon        
(6.11 exp(-3.293eV/kT) cm2/s [11]) implies a fixed relation of 
carbon interstitial binding and migration energy according to 
Martin-Bragado [12]. We assume a binding energy of 1.5eV as 
suggested by [10], leading to the migration energy of 0.791eV. 
Marker layer experiments [10][13][14] were used for the 
verification of these parameters as well as for the calibration of 
the cluster potential energies. Figs 1 and 2 show a good 
agreement of the carbon profiles.  
 
     In addition, the retarded diffusion of boron marker 
layers in the carbon rich region shows the interstitial 
absorption by the presence of carbon, as depicted in Fig 1. 
Preparatory, we have calibrated the boron independently of 
carbon for a wide range of marker layer and ultra shallow 
junction experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Diffusion of B and C marker layers (900°C, 45min) 
[13]. Retarded B diffusion due to interstitial under-saturation 
in carbon-rich regions is observed. 
 
     Fig 2 shows the comparison of our model the 
experimental data obtained by Laveant [14]. Larger carbon 
interstitial clusters are used to match the carbon profile of 
higher concentration. In addition, a Frank-Turnbull like 
mechanism for carbon interstitial clusters to emit vacancies 
(CmIn <-> CmIn+1 + V) was included to predict the 
enhancement of the vacancy-mediated diffusion of antimony. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Diffusion of Sb and C marker layers (900°C, 
180min) [14]. Enhanced Sb diffusion due to vacancy 
super-saturation in carbon-rich regions is observed. 
 



     Finally, the cocktail implant plus spike RTA experiments 
of Moroz [2] for p-type source and drain extensions can be 
accurately predicted with our model (Figs 3 and 4). 
Germanium is only modeled for the pre-amorphization 
implantation of 1x1015cm-2 at 20keV to generate an amorphous 
layer of 36nm, but any chemical or stress effects due to 
germanium are discarded. To match the annealed carbon 
profiles, which shows carbon segregation in the EOR region, 
we allowed the interaction of mobile carbon interstitial pairs 
with extended defects. While the interstitials are attached to 
the extended defects, the carbon accumulates in the EOR 
region, and eventually forms clusters with interstitials in the 
vicinity of the EOR defects. As a result, the model closely 
predicts that carbon inhibits the nucleation of EOR loops as 
reported by Cristiano [15]. Retarded boron diffusion is 
accurately modeled by the trapping of interstitials by carbon 
pairs and clusters. Because the interstitial mediated diffusion 
of boron is dominating the vacancy mediated one, the 
interstitial under-saturation and vacancy super-saturation due 
to the presence of carbon results in an overall reduction of 
boron diffusion. In addition, the BIC model predicts the 
correct enhancement of the boron solubility due to lower 
availability of free interstitials to be clustered with boron.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Measured [2] and simulated B and C profiles after 
Ge pre-amorphization and spike RTA for C 6.5x1014cm-2 5keV 
and B 1x1015cm-2 0.5keV implants. 
 
     The same models and calibration also give a good 
agreement with the experimental data of Pawlak [3][16] 
without germanium pre-amorphization. Fig 5 shows the 
dependence of the boron diffusion on the implanted carbon 

dose. Carbon implantation at a dose of 2x1015cm-2 suppresses 
boron diffusion to a greater extend because it is slightly 
amorphizing, and during SPER of the following spike RTA, 
most of the implanted carbon in the re-crystallized region is 
placed in substitutional positions, being able to trap 
interstitials most efficient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Measured [2] and simulated B and C profiles after 
Ge pre-amorphization and spike RTA for C 3.3x1014cm-2 2keV 
and B 1x1015cm-2 0.2keV implants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Measured [15] and simulated B profiles after B 
7x1014cm-2 0.5keV implant and spike RTA for no C co-implant, 
C 1x1015cm-2 6keV co-implant, and C 2x1015cm-2 6keV 
co-implant. 



SUMMARY AND CONCLUSIONS 
 

Carbon has appeared in fabrication processes of integrated 
systems and, consequently, there is a need to model its 
evolution in silicon. We have formulated an atomistic model 
for carbon in silicon with an interstitial kick-out mechanism 
and a dissociative Frank-Turnbull mechanism. For high carbon 
concentrations, carbon clustering with interstitials inevitably 
must be considered. We also propose an interaction of carbon 
with extended defects, which predicts measured carbon 
accumulation at EOR. This comprehensive model can 
accurately simulate a wide range of experiments, including 
carbon co-implantation followed by RTA with and without 
pre-amorphization, with a single set of calibration parameters. 
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