Adaptive Hierarchical Finite Element Modeling of Dopant Diffusion

A. Bose™ and C. S. Rafferty**

Bell Laboratories
Lucent Technologies, 700 Mountain Avenue, Murray Hill, NJ 07974
* aboselresearch.bell-labs.com
* conor@barkeep.diviil.bell-labs.com

ABSTRACT

We present a finite elemen: formulation based on a
h — p refinement strategy for the coupled dopant-defact
diffusion problem in semiconductor process modeling.
The algorithm involves increasing the degree p of the
element basis as well as mesh refinement (k) and redis-
tribution as an optimal way of Zenerating more accurate
approximare solutions to the diffusion problem. A hi-
erarchic famiiv of nested basis functions based on inte-
grated Legendre polvnomials is emploved in the present
study. The lower-degree monomial functions are explic-
itly embedded in successively higher order bases and
therefore, the element matrices and vectors need not De
recomputed corresponding to the lower-order bases for
each p-refinement. More specifically, an element matrix
corresponding 10 a degree p = k is a nested sub-matrix
of the new element matrix corresponding top = & = 1.
An important characteristic of the hierarchic monomi-
als is that the coefficients corresponding to the mid-side
and interior element nodes are tangential derivatives of
the solution field and not necessarily the function val-
ues. Numerical examples demonstrate the optimal con-
vergence rate and accuracy of the present formuiation.
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INTRODUCTION

The most crucial part of semiconductor process mod-
eling is tracking the movement of dopants introduced
into the crystal. The dopant distribution gOVErns ev-
€ry aspect of device behavior. Diffusion of dopants in
silicon is mediated by the point defects of the silicon
lattice, interstitials and vacan-ies. The faster dopants
diffuse almost exclusively via an interstitial mechanism.
As many procsssing steps in the fabrication of 2 device
locally perturb the concentration of interstitials in the
lattice, modeling defect-assisted diffusion is of great im-
portance in modern technology.

The basic equations of defect-mediated diffusior. are
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where B is the concentration of dopants, T is the
conceniration of free intersiitials, 7= is the thermal equi-
ibrium background of interszitials and Fi. F; are the
local fluxes of defects and interstitials. and Dy is the
equilibrium diffusivity of the dopant.

Increases in the interstitial concentration above the
background result in two effects; first there is an over-
all enhancement in the diffusivity of dopants due to the
excess interstitials. Secondly, there is an “uphill’ diffu-
sion term which causes dopants to piie up due to gra-
dients of point defects. Such gradients arise near sur-
faces, where interstitials recombine readily. keeping the
surface concentration of defects near eguilibrium at all
times. Both effects have negative impacts on transistor
behavior. The enhanced diffusion washes out carefully
tailored dopant profiles and can ceuse closely separated
features to merge. The uphill diffusion can cause 'm-
desired piles of dopant to form near surfaces, re.sing
threshold voltage and reducing carrier mobility 21

Whern interstitials are generatec by ion implantation,
the excess above equilibriure is so large that the inter-
stitials coalesce into clusters and maintain a steady en-
hancement of free interstitials over the background. The
relation of free interstitials to total interstitials can be
approximated by [3]
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where the enhancement s can be several thousand,
and I*%* is the total local concentrarion of interstitials,

Note that appropriate boundary and initial condi-
tions must be imposed for a well-posed problem {(1)-
{4}). For example, the equations describing diffusion of
interstitials can be closed as follows:
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