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Abstract

Possible arrangements of As in bulk Si have been investigated using ab initio calcula-
tions to establish the most stable configurations depending on As concentration and 
charge state. Consistently with these results we developed a continuous model for As 
activation and diffusion in Si. The model was implemented in the Sentaurus Process 
Simulator and calibrated using a wide range of experimental results available in the 
literature. It was independently tested for spike and flash annealing experiments with 
excellent results.

1 Introduction

Arsenic is used as n-type dopant in the present CMOS technology. With decreasing 
vertical dimensions of the contact regions of the devices, active concentrations around 
the solubility maximum are required. In order to support process development, it is 
important to understand the interconnected physical phenomena that govern dopant 
activation and diffusion. Extrinsic diffusion, precipitation at high concentration, pre-
ferred  deactivation  configurations,  segregation  processes  at  the  Si/SiO2 interface, 
amorphization by implantation, and the activation state after solid phase epitaxy are 
some of the aspects that are not well established for As in spite of the extensive re-
search work in this direction.
In the first part of this work we present ab initio calculations of basic As configura-
tions in bulk Si to find the most stable structures depending on As concentration and 
charge state. In the second part we present a continuous model for As activation and 
diffusion in Si where we have implemented the fundamental physical processes in-
volved. The model was developed in consistence with the results of our ab initio sim-
ulations and has been tested for a wide range of As annealing experiments.
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2 Ab initio calculations

We performed ab initio calculations of six model structures of As in Si (Fig. 1) using 
the plane-wave density functional theory code VASP with ultra soft pseudopotentials 
within the generalized gradient approximation. These structures are representative of 
possible As configurations discussed in the literature [1, 2]. Periodic boundary condi-
tions and cell sizes adapted to the models were used. The calculations were done for 
charges of 0, +1, +2, +3, and +n (n being the number of As atoms in the system; +n 
means that all As atoms are electrically active). For all six configurations, either 0 or 
+n had the lowest energy (expressed by the calculated chemical potential of As). Fig. 
2 shows a summary of our results. 

Figure 1: Three dimensional configurations of As (red atoms) in Si (blue atoms). i) 
As atoms uniformly distributed, ii) two As monolayers next to each other,  iii) two As 
monolayers separated from each other, iv) As surface-like reconstruction with 
threefold coordinated configurations, v) small SiAs arrangement, and vi) SiAs layer.

Figure 2: Chemical potential of active and neutral As for the structures of Fig. 1.

i) ii) iii)

iv) v) vi)
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The results demonstrate that full activation (+n charged system) can only be achieved 
if all As atoms have four Si neighbors ((i) and (iii)), where uniformly distributed As 
(i) is more favorable due to the minimization of Coulomb repulsion. In contrast, As-
As bonds ((ii) and (iv)) as well as an As coordination similar to that found in SiAs 
precipitates ((v) and (vi)) result in complete deactivation. The lowest-energy configur-
ation (iv) was obtained after energetic relaxation of (ii), resulting in threefold coordin-
ated As and complete deactivation. A similar deactivating configuration can also be 
expected  at  surfaces,  Si/SiO2 interfaces,  or  in  AsnV  clusters.  Small  neutral  SiAs 
clusters (v) are not favorable, in contrast to whole SiAs layers (vi), or larger precipit-
ates, that should be the preferable inactive configuration for high As concentrations.

3 Diffusion and activation model

Taking into account our ab initio results, we have developed a diffusion and activa-
tion model for As. The model includes for the first time the simultaneous formation of 
arsenic-vacancy (As4V) complexes and the precipitation of a SiAs phase. The latter is 
mandatory to correctly describe concentrations above solid solubility while the former 
are needed to describe the reduced electrical activity as well as the generation of self-
interstitials during deactivation. A segregation model at the Si/SiO2 interface includ-
ing arsenic deactivation, consistent with our ab initio results, is taken into account. 
The model was implemented into the latest version of the Sentaurus Process Simulat-
or of Synopsys and optimized using about 15 reported series of diffusion coefficients 
for temperatures between 700 °C and 1200 °C, and 28 SIMS profiles covering anneal-
ing processes from spike to very long times with temperatures between 700 °C and 
1050 °C and a wide distribution of implantation energies and doses. As an example, 
Fig. 3 shows the simulations of an experiment reported by Solmi and Ferri [3]. The 
excellent agreement between experiment and simulation is apparent.

Figure 3: SIMS As profile for a sample implanted with 35 keV, 5×1015 cm-2 As, an-
nealed at 750 °C for 30 min [3], together with our simulation.
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Figure 4: SIMS As profile for a sample implanted with 1 keV, 1×1015 cm-2 As, spike 
annealed at 1000 °C at Mattson Thermal Products GmbH, and our simulation. 

To validate our model we performed simulations of spike and flash annealing experi-
ments done at Mattson for temperatures in the range from 1000 °C to 1300 °C. We 
were able to reproduce with good accuracy shape of the annealed profiles and the act-
ive dose determined by Hall measurements. Fig. 4 shows the results of one of the sim-
ulations. A detailed discussion of these experiments is published elsewhere [4].
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