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A two-dimensional model of doping of the active regions in semiconductor devices
by means of ion implantation and thermal annealing is stated and analyzed. Radia-
tion enhanced diffusion of impurity atoms during high temperature implantation of
hydrogen ions is also considered. An economic finite difference method for solving
the obtained system of diffusion equations is developed and numerical computations
of the diffusion processes are carried out. c© 2002 Elsevier Science (USA)
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1. INTRODUCTION

In advanced IC fabrication, ion implantation is widely used for local doping of semi-
conductor substrates. The conventional implantation of dopant atoms into silicon at room
temperatures produces a large amount of nonequilibrium radiation defects which are nonuni-
formly distributed in the implanted layer. Therefore, thermal processing is needed for ra-
diation defect annealing and activation of the dopants [1]. The diffusion redistribution of
all previously formed layers occurs during annealing and in many cases the extreme elec-
trical parameter values of a device are hard to obtain. Hence, it is essential to investigate
specific processing of a semiconductor substrate, which provides the local transformation
of the previously selected doping layer in the strictly assigned direction. Local radiation
enhanced diffusion of impurity atoms is one of the required processes. Such a local dif-
fusion occurs during the implantation of hydrogen ions at substrate temperatures above
500◦C. It is high temperature implantation of hydrogen ions that attracts our attention. First
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of all, in contrast to heavy particle bombardment, hydrogen implantation does not cause
the formation of the stable radiation defects. For light ions and in low doses, ion damage
can be compared to electron irradiation damage [2]. This means that generated defects are
annealed either during implantation or during subsequent low temperature annealing [3].
Secondly, undesirable defects at the interface and in the bulk of the semiconductor can be
passivated by the injection of hydrogen atoms into the silicon substrate [4, 5]. Thirdly, low
values of hydrogen ion straggling provide a generation of point defects and, consequently,
radiation enhanced diffusion in a very small region. A change of hydrogen implantation
energy in the range 10 . . . 200 keV causes a local transformation of impurity distribution
profiles in depth up to 2 µm.

In this paper, a two-dimensional model of active areas formation in semiconductor de-
vices is formulated. It is assumed that the most current fabrication processes are used,
including ion implantation, rapid thermal annealing, and radiation enhanced diffusion of
dopant atoms during high temperature hydrogen implantation. The proposed model differs
from previous published models of dopant diffusion in silicon [6–8]. The thermal diffusion
of donor and acceptor impurities was considered in [7] while models of transient enhanced
diffusion during annealing of ion-implanted layers were discussed in [6, 8]. In the present
paper, we take into account both the radiation enhanced diffusion during a hydrogen ion
bombardment at elevated substrate temperatures and the transient enhanced diffusion dur-
ing the annealing of ion-implanted layers. The proposed model differs essentially from
other models of radiation enhanced diffusion [9, 10] because the different charge states of
the diffusing species and the influence of the internal electric field are taken into account.
In addition, the proposed model describes a simultaneous radiation enhanced diffusion of
several dopants in silicon.

Based on finite-difference approximations, an economic numerical method was devel-
oped to solve the initial boundary value problem for the diffusion equation. Such an approach
allows us to reduce the vector partial differential equation to a nonlinear system of algebraic
equations. Using the formulated generalized model, one develops and uses numerical meth-
ods for the two-dimensional simulation of transient enhanced diffusion during the annealing
of ion implanted layers and for the simulation of radiation enhanced diffusion during high
temperature implantation of hydrogen ions. This enables the prediction and calculation for
various doping processes in the fabrication of advanced silicon devices.

2. FORMULATION OF PROBLEM

We assume that impurity transport, including the case of radiation enhanced diffusion
during high temperature implantation of hydrogen ions, is carried out by means of formation,
migration, and dissociation of “impurity atom—intrinsic point defect” pairs. As follows
from [11, 12], the diffusion equation can be written in the matrix form

∂CT /∂t =
2∑

i=1

∂

∂xi

[
D(χ)

∂ N C

∂xi
+ DN (χ, N C)

∂χ

∂xi

]
, (1)

where CT , N C , and χ are the vectors; D and DN are the diagonal n × n matrices. The
components of the vector of total concentration CT = (CT

1 , CT
2 , . . . , CT

n ) are represented
as CT

α = Cα + C AC
α , where Cα is the concentration of electrically active impurity of species

α and C AC
α is the concentration of impurity atoms of species α, incorporated into clusters.
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Here and below, α = 1, . . . , n. The components of the vector N C are defined by the fol-
lowing expressions: N C

α = C̃αCα , C̃α = C X/C X
i , where C X and C X

i are the concentration
of intrinsic point defects in the neutral charge state and the thermal equilibrium value of
this concentration, respectively. We assume that

C̃α =




CVX/CVX
i , if vacancies V are responsible for the diffusion

of the dopant atoms of species α,

CIX/CIX
i , in the case of the diffusion by means of self-interstitials.

The components of the vector χ have the form χα = (NT +
√

N 2
T + 4n2

i )/(2ni ). Here
NT is the difference between the concentration of the donors and the concentration of the
acceptors if we consider a diffusion of the donors. Otherwise, NT is the difference between
the concentration of the acceptors and the concentration of the donors if we describe a
diffusion of acceptor impurities. The parameter ni is the intrinsic carrier concentration. The
diagonal elements of the matrices D and DN are

Dα(χα) = Di,α
1 + β1,αχα + β2,αχ2

α

1 + β1,α + β2,α

, DN
α

(
χα, N C

α

) = Dα N C
α

χα

.

Here Dα and Di,α are the effective diffusivities and the intrinsic diffusivities of impu-
rity atoms, respectively; β1,α and β2,α are empirical constants which describe the relative
contribution of single and double charged defects to the diffusion process. The boundary
conditions are

D(χ)
∂ N C

∂n
+ DN (χ, N C)

∂χ

∂n
= 0, (2)

where n is the unit outward normal to the boundary of the domain. The initial conditions
are

CT (x, 0) = C0(x), x = (x1, x2), (3)

where C0(x) is the initial impurity distribution function. In the case of ion implantation, C0

depends on published parameters [13].
The system of diffusion equations (1) has to be solved simultaneously with corresponding

defect diffusion equations. In general, the defect diffusion is described by the Eq. [14]

2∑
i=1

∂

∂xi

[
D∗

α(χα)
∂C̃α

∂xi

]
− C̃α

τ ∗
α (χα)

+ gαi + gα(x)

C X
αi

= 0, (4)

where D∗
α(χα) = D∗

αi D̃α(χα), τ ∗
α (χα) = ταi τ̃α(χα). Here τ ∗

α has a meaning of effective
defect lifetime and gα is the summarized rate of generation of vacancies or self-interstitials
in different charge states. We assume that the generation of nonequilibrium vacancies or
self-interstitials can occur as a result of ion bombardment, crystal deformation, or radiation
damage annealing. The magnitudes D∗

αi , ταi , and gαi are the values of functions D∗
α , τ ∗

α ,
and gα in an intrinsic semiconductor. We omit the index α further for simplicity.
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Dividing the equation of defect diffusion by D∗
i and introducing the average diffusion

length of defects li = √
D∗

i τi , we obtain

2∑
i=1

∂

∂xi

[
D̃

∂C̃

∂xi

]
− C̃

l2
i τ̃

+ C̃g

gi C X
i D∗

i

= 0, C̃g = 1 + g(x)/gi .

This equation yields the form

−1
/

l2
i + 1

/(
gi C

X
i D∗

i

) = 0

in the bulk of the semiconductor since it is only here that the thermal generation of point
defects occurs (g(x) = 0). Therefore, the concentration of defects and the effective defect
lifetime are equal to the equilibrium defect concentration and to the equilibrium defect
lifetime, respectively (C X = C X

i and τ ∗ = τi ). Substitution of the expression l2
i = gi C X

i D∗
i

leads to the following defect diffusion equation:

2∑
i=1

∂

∂xi

[
D̃

∂C̃

∂xi

]
− C̃

l2
i τ̃

+ C̃g

l2
i

= 0.

Note that the concentration of impurity is comparable with ni , the intrinsic carrier con-
centration, in the case of radiation enhanced diffusion. The effective diffusivity of defects
D̃ = 1 and the defect diffusion equation (4) becomes

C̃ − C̃

l2
i

+ C̃g

l2
i

= 0. (5)

Equation (5) is subject to the general boundary conditions

w1∂C̃/∂n + w2C̃ = w3, (6)

where w1, w2, w3 are some coefficients related to the boundary conditions.
In the case of ion implantation, the generation rate of nonequilibrium point defects, g(x),

can be approximately represented by the analytical expression [3]:

g(x) = G(x1)

2

[
erf

(
x2 + a√

2yd

)
− erf

(
x2 − a√

2yd

)]
, erf (x) = 2√

π

∫ x

0
e−t2

dt,

G(x1) = pd

√
2πRd

p

exp

[
−

(
x1 − Rd

p

)2

2
(
Rd

p

)2

]
.

Here pd is the dose of point defects generated by means of hydrogen ion implantation
per second, Rd

p is the average depth of the defect generation rate distribution, Rd
p is the

straggling of the defect generation rate distribution, and yd is the lateral standard deviation
for defect generation [13]. To further simulate the evolution of the defect subsystem, we
will also use the parameter g̃ = pd/(

√
2πRd

pgi ), which represents a combination of these
quantities.

The simulation domain is the flat section of a substrate perpendicular to its surface,
G̃ = {0 ≤ x1 ≤ l1, 0 ≤ x2 ≤ l2} is the rectangle with the sides l1 and l2. � = ⋃4

ν=1 �ν is
its boundary, G = G̃\� (Fig. 1).
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FIG. 1. Cross section of doped semiconductor structure.

3. NUMERICAL METHOD

Equations (1)–(3) are reduced to a more convenient form in order to facilitate the deriva-
tion of the numerical procedure, namely,

∂ϕ(u)/∂t =
2∑

i=1

∂

∂x1

[
k1(u)

∂u

∂xi
+ k2(u)

∂r(u)

∂xi

]
, x ∈ G, t > 0, (7)

k1(u)∂u/∂n + k2(u)∂r(u)/∂n = 0, x ∈ �, t > 0, (8)

u(x, 0) = u0(x), x ∈ G̃. (9)

Here u, ϕ(u), r(u), and u0 are the n-dimensional vectors, k1(u) and k2(u) are the diagonal
n × n matrices whose components are uα = N C

α , ϕα(uα) = CT
α (Cα) = CT

α (uα/C̃), rα(u) =
χα(u/C̃), u0,α(x) = (CT

α )−1(C0,α(x))C̃ , k1,α(u) = Dα(χα) = Dα(rα(u)), k2,α(u) =
DN

α (χα, uα) = DN
α (rα(u), uα).

In order to solve the boundary value problem, an irregular rectangular grid is introduced
in Ḡ. The solution is determined at the mesh points of this grid. We use mobile meshes
adapted for impurity distributions to provide fast calculations. A known mesh technique [15]
was applied to generate the mesh points to solve numerically the boundary value problem.

We set a time mesh ωτ = {t0 = 0, t j = ∑ j
k=1 τk, j = 1, 2, . . . , j0, τk > 0}, where τ j

is the monotonically increasing step. A spatial mesh has the form: ω̄h = {0 ≤ x1,i1 ≤ l1,
0 ≤ x2,i2 ≤ l2, hβ,iβ = xβ,iβ − xβ,iβ−1, iβ = 1, 2, . . . , Nβ , β = 1, 2}, ωh = ω̄h\γh is the set
of the inner mesh points, γh is the set of boundary mesh points, γh,β is the set of boundary
mesh points in the xβ-direction.

The economic algorithms are important for two-dimensional simulation. The splitting
method [16] is one of the methods, which is suitable in our case since it provides fast
computations.

We define the intermediate time layer t j−0.5 = τ j−1 + τ j/2. Then we assign to Eq. (7)
the sequence of one-dimensional differential equations

1

2

∂ϕ
(
v(1)

)
∂t

= ∂

∂x1

[
k1

(
v(1)

)∂v(1)

∂x1
+ k2

(
v(1)

)∂r
(
v(1)

)
∂x1

]
, t j−1 < t ≤ t j−0.5, (10)

1

2

∂ϕ
(
v(2)

)
∂t

= ∂

∂x2

[
k1

(
v(2)

)∂v(2)

∂x2
+ k2

(
v(2)

)∂r
(
v(2)

)
∂x2

]
, t j−0.5 < t ≤ t j . (11)
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We use the values of the vector u from the previous time step as the initial conditions for
(10). Similarly, we specify the initial conditions for Eq. (11) as the values of the vector v(1)

at t j−0.5, i.e., v(1)(x, t j−1) = u(x, t j−1), v(2)(x, t j−0.5) = v(1)(x, t j−0.5). Then the boundary
conditions for Eqs. (10) and (11) in the rectangular domain Ḡ are

k1
(
v(1)

)∂v(1)

∂x1
+ k2

(
v(1)

)∂r
(
v(1)

)
∂x1

= 0, x ∈ �ν, ν = 1, 3, (12)

k1
(
v(2)

)∂v(2)

∂x2
+ k2

(
v(2)

)∂r
(
v(2)

)
∂x2

= 0, x ∈ �ν, ν = 2, 4. (13)

The values of v(2) are used to estimate the solution of problems (7)–(9). The quantities y,
y(1), and y(2) will be called approximate values of the vectors u, v(1), and v(2), respectively.
We define the difference derivative in the direction xβ as

y(β),x̄β ,iβ = (
y(β),iβ − y(β),iβ−1

)/
hβ,iβ , y(β),x̂β ,iβ = (

y(β),iβ+1 − y(β),iβ

)/
hβ,iβ ,

ϕ
(

y(β)

)
t̄
= (

ϕ
(

y(β)

) j+β/2 − ϕ
(

y(β)

) j+(β−1)/2)/
τ j ,

hβ,iβ = 0.5(hβ,iβ+1 + hβ,iβ ). Here, the second fixed index in the above difference expressions
is omitted.

We replace the system of differential equations (10), (12) on the mesh ω̄h for i2 =
0, 1, . . . , N2 by the difference equations:

ϕ
(

y(1)

)
t̄,i1

= (
a11

(
y(1)

)
y(1),x̄1

)
x̂,i1

+ (
a21

(
y(1)

)
b
(

y(1)

)
x̄1

)
x̂1,i1

,

i1 = 1, 2, . . . , N1 − 1,

0.5h1,1ϕ
(

y(1)

)
t̄,0 = a11

(
y(1)

)
y(1),x̄1,1 + a21

(
y(1)

)
b
(

y(1)

)
x̄1,1,

−0.5h1,N1ϕ
(

y(1)

)
t̄,N1

= a11
(

y(1)

)
y(1),x̄1,N1 + a21

(
y(1)

)
b
(

y(1)

)
x̄1,N1

.

Here the matrices a11(y), a21(y), and the vector b(y) are determined by the formulas:

a11
(

y(1),i1,i2

) = 0.5
(
k1

(
y(1),i1−1,i2

) + k1
(

y(1),i1,i2

))
,

a21
(

y(1),i1,i2

) = 0.5
(
k2

(
y(1),i1−1,i2

) + k2
(

y(1),i1,i2

))
,

b
(

y(1),i1,i2

) = r
(

y(1),i1,i2

)
.

In a similar manner we replace the system of differential equations (11), (13) by the differ-
ence equations for y(2). The values of y j

(2), j = 1, 2, . . . , j0 are used as approximate values
to the solution of the problem (7)–(9). Note that the approximate solution of the initial
boundary value problem (1)–(3) is ϕ(y(2)).

The solution of the system of nonlinear difference equations is obtained using an iterative
process. The calculation of the next iterative approximation is reduced to the solution of a
sytem of linear algebraic equations with a tridiagonal matrix using the sweep method.

For the application of the proposed numerical method it is necessary to know distributions
of defects. The equation of the defect diffusion (5) has an analytical solution in a one-
dimensional case [14, 17]. In the two-dimensional case we use a finite difference method
[18] to determine the solution of the elliptic equation (5). Replacing the differential operators
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on the mesh ωh by the appropriate difference analogues, we obtain

zx1 x̂1 + zx2 x̂2 − qz = − fi1,i2 , x ∈ ωh . (14)

Here z is the approximate solution of Eq. (5), q = 1/ l2
i , fi1,i2 = C̃g(x1,i1 , x2,i2)/ l2

i . The sys-
tem of equations (14) is subject to the relevant boundary conditions and the approximation
at the corners of the grid is of special kind [19]. We use the direct method of matrix sweep
for solving systems of linear algebraic equations.

The correctness and short running time of the proposed algorithm was established by
the verification of the values of the solutions at various parameters of calculation (steps
of the grid in space and time), comparison of two-dimensional calculations with the one-
dimensional calculation in the direction x1, comparison with other methods, for example,
uneconomic methods, and check of the total amount of impurities before and after annealing.

4. PROCESS SIMULATION

A simulation of the defect-impurity system requires the estimation of the diffusion equa-
tion coefficients. For parameter estimations, the one-dimensional modeling of ion-implanted
arsenic redistribution during rapid thermal annealing and simulation of radiation enhanced
diffusion of phosphorus during high temperature implantation of hydrogen ions were car-
ried out. Using the actual values of the model parameters, we have performed a two-
dimensional model of doping processes for fabrication of metal-insulator-semiconductor
field-effect transistors (MISFET) based on impurity ion implantation, thermal anneal-
ing, and high temperature implantation of hydrogen ions. The nonuniformity of point
defect distributions was taken into consideration in the simulation process. We assumed
that nonuniform distributions were formed due to the absorption of defects on the sur-
face and point defect generation by ion implantation. In Fig. 2 the results of simulation
for ion-implanted arsenic redistribution after rapid thermal annealing are shown. The
appropriate experimental data were taken from [20]. The arsenic implantation energy

FIG. 2. Calculated arsenic depth profile before and after annealing (continuous lines). Stars mark the experi-
mental data [20]. Dashed line marks the point defect distribution.
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FIG. 3. Calculated phosphorus depth profile after high temperature implantation of hydrogen ions (continuous
line). Stars mark the experimental data [22]. Dashed line marks the initial impurity distribution.

was 100 keV, the dose was equal to 2 × 1016 ion/cm2. The annealing was carried out
at a temperature of 1100◦C during 10 s. The following values of the parameters that
describe the diffusion of impurity atoms and intrinsic point defects were used in mod-
eling: Di = 3.36 × 10−6 µm2/sec, β1 = 1.049, β2 = 0.105, C̃g = 1.5. The surface defect
concentration C̃s = 0.2. Model and data [21] were used for the description of clustering
phenomena: CT = C + β AC C4, β AC(T ) = 7 × 10−33 exp(1.05/kB T ) µm−3.

It can be seen in Fig. 2 that the calculated arsenic profile agrees well with experimental
data. Note that the effect of point defect absorption on the surface of the semiconductor
allows one to explain the region of the impurity uphill diffusion in the vicinity of the interface.

The results of simulation of phosphorus enhanced diffusion during high temperature
implantation of hydrogen ions are shown in Fig. 3. For comparison, the experimental data
obtained in [22] are used. These experimental results satisfy the requirements of a low level
of silicon doping and are characterized by a significant uphill diffusion. Silicon substrates
of 〈111〉 orientation, n-type, with conductivity of 100 �cm were implanted by phosphorus
ions with an energy of 140 keV and a dose of 1.4 × 1012 ion/cm2. Thermal processing in
argon ambient at 750◦C during 30 minutes was applied for the activation of the dopant
and radiation defect annealing. The substrates, implanted by phosphorus, were afterward
bombarded by hydrogen ions with the energy of 80 keV and proton current density of
1 µA/cm2 at the temperature of 700◦C. The phosphorus profiles were measured by the
differential C-V technique.

To simulate the radiation enhanced diffusion of phosphorus, the initial distribution of
ion-implanted impurity was calculated as Pearson IV distribution [13]. In order to describe
the extended “tail” of the initial impurity profile, we considered the migration of nonequi-
librium phosphorus interstitials. To provide an adequate modeling of radiation enhanced
diffusion of phosphorus, it is necessary to establish the type of defects which are responsible
for impurity transport and to calculate the spatial distribution of these defects. It is well
known that phosphorus diffusion at high surface concentration shows several features that
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are characteristic of the surface depth. For example, the enhanced diffusion of impurity
atoms occurs in the low-doped region and in the bulk of the semi-conductor. It has been
experimentally verified that this enhanced diffusion is a result of the supersaturation of
the bulk of the semiconductor by self-interstitials [7]. Supersaturation also increases the
intensity of impurity transport by the mechanism of formation, migration, and dissocia-
tion of phosphorus-interstitial pairs [11]. It is logical to assume that phosphorus radiation
enhanced redistribution under conditions of hydrogen ion implantation is also caused by
generation of nonequilibrium silicon self-interstitials. At the same time, we cannot exclude
the possibility of vacancy participation in the phosphorus transport since the vacancies are
also generated by light ion implantation.

We assume that the process of point defect generation is determined by the energy loss
of protons. We calculate the profile of the generation of such defects using tables [13]. The
defect generation parameters obtained in [13] have the following values: Rd

p = 0.75 µm,
Rd

p = 0.6113 µm, Sk = −1.3, Rd
m = 0.9551 µm. It follows from the value of Rd

m that the
maximum of defect generation coincides with the position of the minimum on the phos-
phorus profile represented in Fig. 3. As follows from Eq. (1), in the case of nonuniform
defect distribution the region of the maximum defect concentration is depleted by dopant as
a result of the diffusion of impurity atoms. It means that we have determined the parameters
of the defect generation rate distribution correctly. Using the obtained values we can solve
the point defect diffusion equation. The calculated profiles of self-interstitials concentration
and phosphorus concentration before and after hydrogen high temperature implantation are
shown in Fig. 3. The calculated results agree well with experimental data, including the
region of significant uphill diffusion. The discrepancy of the calculated profile with exper-
imental results takes place only in the region where the impurity concentration decreases.
Possible explanations of this observed discrepancy include unaccounted additional diffu-
sion flux of impurities arising due to annealing of radiation defects generated by previous
phosphorus implantation and inaccuracy of the C-V characteristics method.

The good agreement of the one-dimensional calculations with experimental results allows
us to use these algorithms in predicting impurity distributions in the active regions of de-
signed semiconductor devices. Figure 4 shows the calculated two-dimensional distribution

FIG. 4. Boron distribution after a drive-in during 9 h at 1200◦C and rapid thermal annealing during 10 s at
1100◦C. The implantation energy of boron is 80 keV, the dose is 5 × 1012 ion/cm−2.
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of boron in the “well” region of MISFET. We assume that boron implantation was used for
the formation of the “well” region and that arsenic implantation was applied for the doping of
the “source” and “drain” regions. The silicon substrate was annealed to repair the damage and
activate the dopant atoms after implantation. We consider the processes of ion implantation
and annealing in more detail. Silicon substrates SEP-20 doped by phosphorus with a concen-
tration of 25 µm−3 were used. Boron ions of 80 keV energy were implanted at room temper-
ature to the dose of 0.5 × 1013 ion/cm2. The width of the mask window was equal to 2a =
3 µm. It follows from established tables [13] that the parameters of the boron spatial distri-
bution are Rp = 0.247 µm, Rp = 0.0648 µm, Sk = −1, y = 0.076 µm. The annealing
temperature was T = 1200◦C; the duration was 9 hours. The following values of the pa-
rameters that describe ion-implanted boron diffusion were used: Di = 1.525 × 10−6 µm2/s,
β1 = 1.355 [23]. The expression C AC/C∗ = 12(C AC/C∗)12 was used to describe boron
clustering [23]. For this temperature, the calculated value of characteristic impurity concen-
tration C∗ was equal 4.08 × 108 µm−3. In view of the rather small dose of ion implantation,
high temperature, and long duration of annealing, it was supposed that the point defect dis-
tribution during heat treatment was nearly uniform and C̃(x) = 1. Reflecting boundary
conditions were chosen for solving the impurity diffusion equation. After boron annealing,
the implantation of arsenic ions with an energy of 100 keV and a dose of 2 × 1016 ion/cm2

was carried out for the doping of the source and drain regions. The width of the mask
window was equal to 2a = 0.5 µm. The parameters of the ion spatial distribution were
Rp = 0.0644 µm, Rp = 0.023 µm, Sk = 0.4, y = 0.0173 µm [13]. After implantation
the rapid annealing was carried out at a temperature of 1100◦C during 10 s. In simulation
of annealing the following values of the parameters that describe the impurity atom dif-
fusion were used: Di = 3.36 × 10−6 µm2/s, β1 = 1.049 and β2 = 0.105 for arsenic [20];
Di = 1.517 × 10−5 µm2/s and β1 = 1.8189 [23] for boron.

The values obtained in the one-dimensional model of ion-implanted arsenic redistribution
were used in the simulation to account for the nonuniformity of the point defect distribution
and the deviation of the defect concentration from thermal equilibrium in the case of rapid
thermal annealing. Similar to the one-dimensional case, we suppose that the relative defect
concentration on the surface C̃s = 0.2, the average defect diffusion length li = 0.07 µm,
and the value of the relative defect generation rate C̃g = 1.5. Reflecting boundary conditions
have been chosen for solving the impurity diffusion equation.

It is seen in Fig. 4 that the regions of significant uphill diffusion are observed in the
vicinity of the semiconductor surface and in the domain doped with arsenic. The maximum
formation of impurity concentrations in the vicinity of the surface are caused by absorption
of defects on the interface. The formation of the high concentration boron region at the
place of arsenic location is caused by the drift of point defects and “impurity-defect” pairs
in the internal electrical field existing in the region of strong nonuniform distribution of the
donor impurity.

The calculated two-dimensional distribution of arsenic after rapid thermal annealing
together with the previously obtained boron distribution are plotted in Fig. 5. The figure
shows that the nonuniform distribution of point defects in the case of reflecting boundary
condition also leads to the formation of an arsenic concentration maximum in the vicinity
of the interface. It is important to note that in the two-dimensional case significant arsenic
lateral diffusion occurs.

Finally, we investigate the case of local redistribution of impurity atoms in the previ-
ously formed semiconductor structure shown in Fig. 4. We use local high temperature
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FIG. 5. Arsenic distribution after rapid thermal annealing during 10 s at 1100◦C. The implantation energy is
100 keV; the dose is 2 × 1016 ion/cm−2.

implantation of hydrogen ions for this purpose. The results of two-dimensional simulations
of local transformation of impurity atom distributions during such treatment are shown
in Figs. 6 and 7 for the width of the hydrogen implantation windows 2a = 0.4 µm and
2a = 2.3 µm, respectively. The hydrogen ions were implanted with the energy of 10 keV
within one hour. The substrate temperature was supported equal to 625◦C, which is enough
for radiation enhanced diffusion. As follows from the tables [13], the parameters of spa-
tial distribution of hydrogen atoms in silicon are Rp = 0.1366 µm, Rp = 0.0555 µm,
Sk = −1.45, y = 0.0572 µm. It was supposed that the hydrogen implantation was car-
ried out through a thin layer deposited on the surface of the semiconductor. In this case,
the maximum of defect generation is located at the distance x below the interface. The
following parameters describing the diffusion redistribution of impurity are used in the com-
putation: Di = 3.168 × 10−13 µm2/s, β1 = 0.067, and β2 = 5.67 × 10−4 [20] for arsenic;
Di = 2.913 × 10−12 µm2/s, β1 = 17.92 for boron [23].

Proceeding from the results of the previous calculations, the following values of the pa-
rameters that describe the defect subsystem state were chosen: the average defect migration

FIG. 6. Boron distribution after high temperature ion implantation during 1 h at 625◦C. The hydrogen ion
energy is 10 keV; the window width is 2a = 0.4 µm.
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FIG. 7. Boron distribution after high temperature ion implantation during 1 h at 625◦C. The hydrogen ion
energy is 10 keV; the window width is 2a = 2.3 µm.

length li = 0.1 µm, the value of the relative defect generation rate C̃g = 107. For the given
point defect generation rate the value of the average impurity diffusion length

L =
√

Di tC̃max = 0.1 µm

is used, which is close to the value L = 0.85 µm obtained in the case of simulation of
phosphorus radiation enhanced diffusion shown in Fig. 4.

Reflecting boundary conditions at the interface are used for both impurity atoms and point
defects. The typical results of calculations of the spatial distribution of point defects for
this boundary condition of the mask window width 2a = 2.3 µm are shown in Fig. 8. The
calculated distribution of point defects corresponds to the process of impurity redistribution
represented in Fig. 7.

As it can be seen from Figs. 6 and 7, the high temperature implantation of hydrogen
ions allows one to modify the distribution of boron atoms in the channel region of MISFET
widely used in microelectronics. For example, the radiation enhanced diffusion allows one
to considerably lower the boron concentration in the channel region near the surface of the

FIG. 8. Defect distribution for high temperature implantation of hydrogen atoms. The window width is
2a = 2.3 µm.
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semiconductor. Simultaneously, there is a significant increase in the boron concentration in a
narrow layer beyond the defect generation region, where the enhanced diffusion of impurity
atoms occurs. Thus, the super-steep retrograde-channel profile is formed. This helps to create
a highly conducting layer when the transistor is turned “on.” The latter phenomenon is very
important for advanced device fabrication [1]. Besides, double implantation of boron can be
excluded in MISFETs manufacturing. It is important to note that the calculations presented
show an opportunity for the formation of other specific spatial distributions of impurity.
In all cases, the redistribution of impurity atoms takes place in the strictly assigned local
domain, whose dimensions can be easily controlled by varying the implantation energy and
mask window geometry.

5. CONCLUSION

A model of electrically active impurity diffusion in semiconductor crystals has been
formulated on the basis of nonequilibrium thermodynamics. The nonuniformity of point
defect distributions in ion-implanted layers and in the vicinity of semiconductor interfaces
is taken into consideration in the model. A set of generalized transport equations that
describe coupled diffusion of impurity atoms and point defects in semiconductor crystals is
obtained. Several impurities of different conductivity type are considered. The method of
solving these nonlinear two-dimensional equations enables rapid and sufficiently accurate
numerical solution. The corresponding simulation code DIPRAM enables the computation
of various doping processes, including radiation enhanced diffusion of dopants during high
temperature ion implantation and transient enhanced diffusion of impurity atoms during
rapid thermal annealing of ion-implanted layers. For each considered example, the time of
computing does not exceed 4 min on a PC Pentium II/350 for a 100 × 200 space grid. The
calculations show that specific space transformations of already formed doped regions of
semiconductor devices can take place as a result of radiation enhanced diffusion during high
temperature implantation of hydrogen ions. A controlled local transformation of impurity
distributions can be achieved, since the redistribution of impurity takes place only in the
region of generation and diffusion of point defects, but not in other zones. This local
transformation phenomenon can be used in various branches of IC manufacturing. For
example, the directed modification of the impurity distribution in the channel region of a
MISFET can be carried out.
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