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Thig sludy reports a new modeling of dopant diffusion in a silicon substrate, obtained by
analyzing dopant -diffusion phenomena under an extrinsic condition during oxidation. Iso-
concentration techniques were employed in the experiment to determiie the diffusion
coefficients. The result revealed that a large amounf of self-interstitials remained under
an extrinsic condition, while vacancies were drastically reduced. A numerical calculation
was explored to model the dopant diffusion experiments.

1. INTRODUCTION

An accurate modeling of dopant diffusion in a

silicon substrate under an extrinsic condition, espe-

cially during oxidation, is indispensable for realizing
a reliable process design of lower submicron dev-

ices. This modeling requires knowledge about

various aspects of point defects, particularly about

the generation and recombination phenomena both

at the oxidizing interface and in the silicon bulk, and

their charge state effect on dopant diffusion, because

dopants diffuse via the point defect mechanisms.

An increase in interstitial concentration and an

decrease in vacancy concentration during oxidation,
caused by generation and recombination, have been

reported from the analyses of oxidation enhanced and

retarded diffusions (OED,ORD;.1-s) However, in
most of the early modelings for OED and ORD, the

concentation of excess interstitials was not well con-
trolled at the interfaces.

This report proposes a new model for point
defect kinetics, based on the combined analysis of
OED and ORD phenomena by controlling the inter-
stitial generation. Since OED and ORD will be rela-

tively reduced by the recombination of self-
interstitials and vacancies, the amount of self-
interstitials and its recombination rate will be deter-
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mined through the simultaneous analyses of both
OED and ORD. In this work, boron and antimony
were chosen as typical species for OED and ORD,
respectively. Furthermore, point defect kinetics was
extended to a new modeling of dopant diffusion.

2. EXPERIMENTAL PROCEDURES

The iso-concentration technique was em-
ployed in sample preparation to maintain a con-
stant vacancy concentration in the silicon bulk.
Figure L shows a schematic illustration of initial im-
purity distributions. l0B and 11B were subsequently

used in the OED experiment, while As and Sb were
used in the ORD experiment, respectively. Here, 1oB

and Sb were used as tracers to determine the
diffusion coefficients, and 11B and As were doped
to control the amount of initial vacancies. An un-
doped silicon layer was additively formed by the ep-

itaxial technique to maintain the
generation/recombination rates of the point defects at
the Si/sio2 interface. Then, the wafers were subject-

ed to drive-in diffusion in a Nz ambient and in a

dry Oz ambient at 950oC for 5-64 hours.

The depth profiles of the impurities were
measured by SIMS using a Cameca IMS4F secon-

dary ion microscope.
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3. EXPERIMENTAL RESI.JLTS

3-1. Boron OED under an extrinsic condition

The diffusion coefficient of boron was deter-

mined solely from the redistribution of 10B. The

diffusion coefficient in an oxidizing ambient has a

slight oxidation time dependence. Therefore, the ex-

perimentally obtained diffusion coejficient for dry 02

annealing was averaged over space and time.

Typical examples of 108 diffosion profiles in

the substrate measured after beeing subjected to

drive-in diffusion both in a N2 ambient and dry 02

ambient at 950oC for 16 hours are shown in Fig.2.

The comparison of boron profiles shown in Fig.2

shows that 199 Offuses faster during dry Oz anneal-

ing than during N2 annealing. The result indicates

that boron OED occurs even under an extrinsic con-

dition. Figure 3 summarizes the diffusion coefficient

as a function of 1lB concentration in bulk silicon.

The diffusion coefficients were determined from the

depth profiles subjected to 16 hours of drive-in

diffusion. The 108 diffusion coefficient during N2

annealing, DN, is extremely larger under an extrinsic

condition compared with the values under an inrinsic
condition. It is presumably due to the increased con-

centration of positively charged vacancies, which

induce a vacancy diffusion of boron, by increasing

the 11B concentration. Furthermore, it can be seen

that the diffusion coefficient during dry Oz annealing,

Do, is far larger than D11.

Atthough it has been believed that OED can-

not occur under an extrinsic condition, OED can ob-

viously be seen not only under an intrinsic condi-

tion but also under an extrinsic condition. Since

OED is attributed to self-interstitials generated at

the oxidizing interface, the resulting OED indicates

that a large amount of self-interstitials survive

even under an extrinsic condition.

3-2.Antimony ORD under an extrinsic condition

The relationship between the antimony

diffusion coefficient and the arsenic concentration

during N2 annealing and dry Oz annealing at 950oC

are shown in Fig.4. The antimony diffusion

Depth

Fig.l Schematic illustration of initial dopant distri-
bution profiles
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Fig.2 Redisribution profiles of lb after N2 anneal-
ing and after d.y Oz annealing at 950oC for 16 hours
in the subsnate, where rrB was flatly concentrated at
about 7*1919r--3. The depth *as plott"d from the
original surface before being subjected to drive-in
diffusion.
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Fig.3 Relationship berween boron diffusion
coefficient and llb concentration at 950 oC. DN
means boron diffusion coefficient in N2 ambieng ard
Ds meons that in dry 02 ambient, respectively. DN
and Do y^ere determined from redistibution
profiles of rB after annealing for 16 hours.
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where C1 and Cy are the concentrations of the inter-

stitial and vacancy, respectively. D1 and Dy are the

diffusion coefficients, kp the bulk recombination rate

constant, and Cq the concentration at thermal equili-

brium.

The effects on the diffusion constant of point

defect populations in their different charge states

have been taken into account, on the assumption that

the total concentration of charged point defects is not

affected by dopant concentration. The energy re-

quired to change the charge states (less than leV) is
much smaller than the formation energies of a point

defect (=5eV). Furthermore, athermal migration re-

quires the defect charge state to change alternatively

during site to site migration.s-7) The population will
be, therefore, determined mostly by the difference

between the Fermi level and the defect levels. The

relative populations of an interstitiul Cr, and a vacan-

cy Cv, in charge state Y are grven by

cr" = c, J *# r(E) dx,

cv,=cuJfuf@)dx.

where f@) is the Fermi distribution function, Ero"

and Eyo", ffid E1"o and Eu"oare the energy threshold

level between the charge state X and Y, and y and

Z, respectively. The difference of point defect levels

and Fermi levels are determined by solving the pois-

son equation simultaneously.

For the simulation of dopant concentration,

the dopant diffusion coefficient can be expressed as a

function of the linear combination of point defect

concentrations, i.e., CV==, Cv-, Cuo, Cv*, Cu*, Cr,
Cro, C1*, and Cr*, to aglee with the experimental

results in Figs.3 and 4, by using their "affinity" con-

stant for the dopant.

The bulk recombination rate was determined

to agree with the Sb ORD experiments in Fig.4.
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Fig.4 Relationship between antimony diffusion
coefficient and arsenic concentration at 950oC. DN
and Dg were determined from redistribution profilei
after dry Oz annealing for 16 hours.

coefficients were determined from the redistribution

profiles after annealing for 16 hours. As shown in
Fig.4, \ under an extrinsic condition is much larger

than the value under an intrinsic condition. It is

presumably due to an increase in negatively charged

vacancies, \F and V-, by increasing the arsenic con-

centration. Furthermore, it can be seen that antimony

ORD obviously occurs at a relatively low tempera-

ture, 950oC. Since antimony diffuses mainly via the

vacancy mechanism,s) the result indicates that the

recombination of point defects occurs, and that the

concentration of vacancy decreases, at least, to about

207o of the initial vacancy concentration after oxida-

tion for 16 hours.

These OED and ORD phenomena have led to

the conclusion that the concentration decrease by

recombination is relatively small for self-interstitials,

and on the contrary, relatively large for vacancies.

4. NUMERICAL ANALYSIS

To investigate the experimental results in
more detail, the diffusion equations for dopants and

point defects were solved, taking account of the in-

teraction of these point defects. These equations for
interstitials and vacancies are given by

AG A2G
-51 - Dr ;7 - kR (CvCr - C$e6tee1 ,
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Furthermore, the diffusion coefficients of point de-

fects followed the reported values.s)

The simulated concentration profiles of the

dopants and point defects, corresponding to the OED

experiment, are shown in Fig.S(a) and (b). As shown

in Fig.S(a), the simulated dopant diffusion profile

agrees well with the experimental result in Fig.2. At
the initial stage of oxidation, as shown in Fig.S(b),

the concenffation of a self-interstitial near the surface

drastically increases by surface generation. On the

contftfy, the concentration of a vacancy shows a re-

latively small change within t hour or so. Therefore,
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Fig.S(a) Si-ulated dopant diffusion profiles during
& Oz annealing at g50oc. (b) Simulited concentra-
tion profiles of point defect during dry Oz annealing
at 9500c.

the local equilibrium condition of the point defects

was not achieved, and the product, CyC1, became ex-

tremely larger than the value of C$lC1"t. This ten-

dency of point defect concentrations was nearly the

same, even under a wide range of diffusion

coefficients. A few hours later, however, the concen-

tration of a self-interstitial approaches a peak-, value

near the surface due to a decrease in the surface gen-

eration rate. On the other hand, the concenffation of
vacancy gradually decreases, and approaches a value

less than a tenth of the equilibrium concentration

after oxidation for 16 hours.

5. CONCLUSION

The dopant diffusion phenomena under an ex-

trinsic condition during oxidation were investigated at

950oC, using the iso-concentation technique. From

the OED experiment, it was revealed that a large

amount of self-interstitials remained under an extrin-

sic condition. On the other hand, it was indicated

frsm the antimony ORD experiment that the vacan-

cy concentration declreases at least to ?-O7o of the ini-
tial vacancy concentration. Furthemrore, a new

dopant diffusion modeling based on these analyses

was proposed.
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