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Table 9-1 MINIMUM JUNCTION DEPTH VERSUS TECHNOLOGY NODE
(Extracted from NTRS, SIA [1997)).

First year product was shipped 1997 1999 2001 2003 2006 2009 2012
Linewidth in nm 250 180 150 130 100 70 50
Minimum junction depth, nm 50-100 36-72  30-60  26-52 2040  15-30  10-20

of diffusion coefficients; c) the diffusion coefficients of the substitutional impurities; d) the
simulation of one-dimensional doping profiles with SUPREM; e) atomistic models of diffusion
in Si; f) diffusion in polycrystalline-Si; g) diffusion in SiO,; h) anomalous diffusion effects; i)
transient enhanced diffusion (TED); and j) measurement techniques used in diffusion studies.

9.1 THE MATHEMATICS OF DIFFUSION

In this section the basic differential equations of simple diffusion and their solutions for some
special cases of diffusion in Si are described. The meaning of the diffusion coefficient D is
defined and a method to experimentally determine its value is discussed. (The terms diffusion
coefficient, diffusivity, and diffusion constant are used interchangably.) The atomic nature of the
Si matrix and the interaction of the dopants with Si defects is reviewed in a subsequent section.

8.1.1 Fick's First Law

The basic mathematical tools for treating diffusion were elucidated in 1855 when Fick proposed
that equations analogous to Fourier’s heat-flow equations, should also apply to the diffusive
flow of matter.? The first law posited by Fick states that if a concentration gradient, 9C/dx, of an
impurity exists in a finite volume of a matrix substance, then there exists a tendency for the
impurity material to move in such a direction as to decrease the gradient. When diffusion
occurs, the impurity concentration at any location becomes a function of both distance and time.
One can represent the concentration profile by C(x,t). If the flow persists for a sufficiently long
time, the material will become homogeneous and the net flow of matter will cease. Fick went on
to state that the flow of the impurity, represented by the flux J is proportional to the con-
centration gradient, dC/dx and that the constant of proportionality is defined as the diffusivity D
of the impurity in that particular matrix. Fick’s statements can be represented mathematically as:
D dC(x,t)

ox
Equation 9-1 implies that as the concentration gradient decreases, the flux or diffusion
decreases. The flux, J, is defined as the mass of material moving per unit area, per unit time. The
units used in Eq. 9-1 are shown in Eq. 9-1a:

J= @a.1n

9C(gm/ cm?)

ox(cm)
Equation 9-1a shows the units for D as cm?/sec, but D can also be given in other units (e.g.,
pum%hr, or m%/sec). The constant D depends on the diffusion temperature, the diffusing species
(also called the diffusant), and the concentration of the diffusant. Other factors such as the
ambient conditions during diffusion and the presence of other dopants also affect the measured
value of D, and they will be discussed in ensuing sections of this chapter.

8.1.2 Fick's Second Law

Fick’s Second Law in one-dimension is now derived from the first law. In order to obtain useful
results one needs to determine what happens to the concentration gradient with the progression

J(gm/ cm?sec) = ~D(cm? / sec) 8.1a)
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326 SILICON PROCESSING FOR THE VLSI ERA

of time. To do this refer to Fig. 9-1, where the amount of dopant entering and leaving a finite
volume of matrix is illustrated. Consider a finite volume of matrix material AV, having 5
thickness Ax and a unit cross-sectional area (i.e., AV =1-1-Ax). Material enters or leaves thig
volume only in one dimension (i.e., only in the *x direction). We define J; as the flux of
material entering the volume Ax, and J; as the flux leaving the same volume element. If the
volume element is very thin (i.e., Ax — 0), then the difference in the fluxes is:
a
-)
Since the mass of material that enters the element in unit time (J;) is different than the amount
which leaves (J,), the concentration within the element must also be changing with time. The
change of the concentration with respect to time is given by:
a9 _J,-7,
at Ax
By rearranging Eq. 9-2 to get (J, - J;)/Ax on one side, and substituting the other side into Eq. 9-3
one gets:

JZ —Jl :"‘Ax(

8.2)

(9.3

dC(x,t) _ dJ
a  ox

Now substitute J from Eq. 9-1 into Eq. 9-4, to obtain Fick’s Second Law, which can be written:

aC(x,t) 0 aC

T 5;(13 'é;) 9.5
Equation 9-5 is the most general representation of Fick’s second law. If the diffusion coefficient
D is independent of position (concentration) then D can be brought outside the partial
differential and Eq. 9-5 can be rewritten in a simpler form as:

2
dC(x,1t) - D[a C(x,t)] ©6)
at ax?
The fact that D in Eq. 9-6 is assumed to be independent of position implies it is also indepen-
dent of concentration (which varies with position as a result of the concentration gradient). As it
turns out, for low concentrations of diffusant the assumption that D is independent of position is
valid, and Eq. 9-6 can be used. But for high diffusant concentrations one must use Eq. 9-5.

9.1.3 Solutions to Fick's Second Law

Two solutions to Fick’s Second Law when D is independent of concentration (i.e., Eq. 9-6
prevails), will be examined. The first solution relates to the case where dopants are introduced
into the silicon from a vapor source. The source is considered to bring a constant supply of do-

pant atoms to the silicon surface where they diffuse into the silicon at the process temperature.
X, %

(8.4)

N +
! I
! !
! |
. T
! I
;

1

Ax
Fig. 8-1 Schematic showing an element of volume with the flux J; entering and J, leaving.
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It is assumed that the source maintains a constant value of surface concentration during this
entire diffusion process. In diffusion technology, this type of dopant incorporation is termed
predeposition, and is used to introduce a known quantity of impurities into the silicon. As noted
earlier, this step in the past was carried out by diffusion from a chemical source, but now has
been largely replaced by ion implantation. The pre-deposited dopant (whether chemically or ion
implanted) is then redistributed in the silicon by a further thermal treatment called a drive-in or
redistribution diffusion. Despite the reliance on ion implantation for the pre-deposition step, it is
still illustrative to solve Fick’s differential equation for the pre-deposition boundary conditions.
Moreover, chemical source pre-deposition is still being used for some deep junction applications
and is now under consideration again for some ultra-shallow junction applications.

9.1.3.1 Chemical Pre-Deposition: In order to solve the second-order differential equation (Eq.
9-6) it is necessary to establish initial and boundary conditions. For the chemical predeposition
step the initial condition is that the concentration of dopant in the silicon at t = 0 for all values of
x is equal to 0. This condition is written as:

C(x,0) =0 9.7
The two boundary conditions for this process step are established next. The first boundary
condition (Eq. 9-8) states that the concentration of dopant at x = 0 (i.e., the concentration at the
surface of the Si), for any time durmg the diffusion, is fixed at a value C; for the entire diffusion
cycle. The units of Cg are atoms/cm? and the condition is described mathcmallcally as:

C@,t) =Cg {9.8)
The second boundary condition states that the concentration of dopant at x = co is equal to 0 for
any time, or:
C(oo, 1) =0 (9.9
The solution to the partial differential equation (Eq. 9-6) with the application of the initial and
boundary conditions is given by Eq. 9-10:

C(x,t)=C erfc( ) 8.10)

J_

where D is the diffusion coefficient, x is the distance coordinate, t is the time of the diffusion,
and erfc is the complementary error function. The complementary etror function is tabulated?
for values of the dummy variable z = x/2(Dt)!/2, The denominator of Eq. 9.10, 2(Dt)'/2, is termed
the diffusion length, which is representative of how far atoms move during a given thermal step.
The term is also referred to as “root Dt”. The units of “root Dt” are length (cm) and its value is
used when comparing the thermal exposure or thermal budget of a process (see Chap. 8).

Figure 9-2 shows a plot of the concentration profile for a predeposition for several different
times at a constant temperature. D is assumed to be constant and the profile only depends on the
time of the diffusion. As the diffusion time is increased the surface concentration remains
constant at Cg, while the dopants move deeper into the silicon. The total amount of dopant
introduced into the silicon also increases with time. The junction depth, x;, can be defined as the
point at which the concentration of the diffusant equals the background doping in the Si. The
total amount of dopant that accumulates in the silicon (Q) during the predeposition can now be
calculated by integrating Eq. 9-10 with respect to x over all of space (in one-dimension) and
obtain Eq. 9-11.

M{OC(x,t% I C,erfe(—— \/—)dx— \/ﬁ c Dt @.11)
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t fa\ r4\

Distance x —>
Fig. 8-2 Schematic representation of the diffusion profile for constant source diffusion (pre-deposition),
Note the surface concentration remains constant with increasing diffusion time.”? From $.K. Ghandi, VLSJ
Fabrication Principles. Reprinted with permission of John Wiley & Sons.

Concentration (atoms/cm?3)

0

The junction depth, x;, can be calculated by determining the depth (value of x) at which the
diffusing dopant concentration just equals the background concentration in the silicon, Cyy,.
This is accomplished by solving Eq. 9-10 for x when C = Cy;:

C
xj = (2«/6;) erfc'l(——éy‘bw) (9.12)
S

where erfc'! is the inverse of the complementary error function. Both Egs. 9-11 and 9-12
contain the “root Dt” term.

9.1.3.2 Drive-In Diffusion: Next consider what happens to the dopant atoms that have been
introduced during the predeposition if the silicon is subjected to additional thermal treatment.
We would expect that the total dose, Qo, in the silicon should remain constant and the diffusant
would move deeper into the silicon. This process is termed the redistribution or drive-in
diffusion, The drive-in is used to move the impurities to the desired junction depth following the
predeposition. In order to obtain a closed-form solution of Fick’s Second Law, it is necessary to
assume that the initial dopant is confined to a thin layer at the surface. As a matter of fact, the
solution assumes that the dopant Q,, exists as a d-function in a thin rectangular region at the
surface. The total quantity of impurity present is fixed at Qg (atoms/cm?). For the drive-in case,
the initial condition is given by Eq. 9-13:

Clx,0)=0 forx> & 9.13)

and the two boundary conditions are given by Eqs. 9-14 and 9-15:

+oo
et tdx =0, (8.14)
0
and
Cloo,t) =0 {9.15)

The boundary condition in Eq. 9-14, states that the total amount of dopant is fixed at Qo. The
solution to Fick's Second Law, under these conditions is:
2
-X
Clx,t) = 2 exp( ) (6.16)

VDt 4\/_15{
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This solution has the form of a Gaussian distribution. The surface concentration, Cg (which in
this case decreases as a function of time) is determined from Eq. 9-17 when x = 0:

nDt
From Eq. 9-17 one can see that the surface concentration decreases as the diffusion time
increases. The junction depth for the drive-in diffusion case is calculated in a manner similar to
that used to obtain Eq. 9-12 and is given by:

Qo 172
i = 24Dt In ——eee 9.1
xj=2Dt(ln Cup V7D ) @19

Figure 9-3 shows a plot of the concentration profile C(x) for the Gaussian case for several drive-
in diffusion times at a constant temperature. The key points to note are that the value of Cg
decreases and the junction depth moves deeper into the silicon as the diffusion time increases.

An example of how to use these two diffusion models is now provided. In the first example
the diffusion profile, the junction depth, and total dopant concentration after a pre-deposition
step are each calculated. In the second example the information from the previous example is
used to establish the diffusion profile and junction depth after a drive-in diffusion step.

EXAMPLE 9-1: Calculate: a) diffusion profile; b) junction depth; & c) total amount of do-
pant introduced after boron predeposition performed at 950°C for 30 min, in a neutral am-
bient. Assume the substrate is n-type with a background doping level of 1.5x 1016 atoms/
cm3 and the B surface concentration reaches solid solubility (Cg = 1.8x 1029 atoms/cm?).
SOLUTION: a) Under the conditions of the predeposition, the diffusion profile is controlled
by the erfc of Eq. 9-10. The profile can be found by using the erfc curve of Fig. 9-4. In
order to use this curve, values of x/(2\/5t) must be calculated for values of x.
Corresponding values of C(x)/C(0) [where C(0) is the B surface concentration C,], are
found from Fig. 9-4, and finally values of C(x) are calculated. First, the value of the B
diffusion coefficient at 950°C (1223 K) is found from (i.e., calculated using Eq. 9-38):

Dp(1223 K) = 0.76 exp (-3.46 eV/k 1223 K) [em?/sec] = 4.19x 10715 cm?/sec.
Next calculate the diffusion length, z = 2\/Bt, for this process:

z=2Dt=2(4.19x10°15 cm%sec - 1.8x103 sec)2 = 5.49x 106 cm.
Now set up the following table to assist in the calculation of the diffusion profile:

C, =C0,0) = fi ©17)

x (cmx10% x/(ZVEt) C(x)/C(0) C(x) (atoms/cm3)
0 0 1 1.8 x1020
0.05 0.91 0.198 3.5 x10!°
0.075 1.36 0.054 9.7 xt0!8
0.10 1.82 0.010 1.8 x1018
0.15 273 0.00011 2.0 x1016

b) The junction depth, x;, is defined as the value of x where the concentration of the
diffusion profile equals the substrate doping (1.8x1010 atoms/cm?). When C(x) = 1.8x 1016

atoms/cm?, then C(x)/C(0) = 1.0x 10-4, Next obtain xj/(Z\/El) from Fig. 9-4 (i.e., XDt = 2.76)
Thus: xj/zﬁ =2.76; and X = 2.765.49x10% cm = 1.51x 103 cm = 0.151 um
¢) The total amount of dopant is calculated from Eq. 9-11:

Qy = Cy(2VDONT = (1.8x1020- 5.49x10°)/1.77 = 5.58x 1014 atoms/cm?,
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Fig. 8-3 Schematic representation of the diffusion profile for a limited source diffusion (drive-in). Note
the surface concentration decreases with increasing diffusion time and the total dopant concentration
remains constant.”? From VLSI Fabrication Principles. Reprinted with permission of John Wiley & Sons.

EXAMPLE 9-2: Calculate the diffusion profile and junction depth after the predeposition of
Example 9-1 is subjected to a neutral-ambient drive-in at 1050°C (1323 K) for 60 min.

SOLUTION: For the drive-in diffusion conditions of this example the Gaussian distribution
of Eq. 9-16 (the curve labeled Gaussian in Fig. 9-4) controls the profile. First calculate the
diffusion coefficient, Dg, and the diffusion length (z = 2@) for the new diffusion
conditions:
Dy (1323 K) = 0.76 exp(-3.46 eV/k 1323 K) = 5.0x10"1* cm?/sec; and z = 24Dt = 2.68x10°5 cm
Next calculate the value of the surface concentration Cg from Eq. 9-17:
C, = Qy/VnDt=5.58x 1014 atoms/cm?/(r - 5.0x 10-14 cm?/sec - 3600 sec) /2
= 2.34x10" atoms/cm3
Set up the following table to assist in the calculation, using Eq. 9-16, and 4Dt = 7.2x10°10;
x (cmx 104 x2/4Dt exp[-x%/4Dt) C(x) (atoms/cm3)

0 0 1 234 x 1019
0.1 0.139 0.87 2.03 x 1017
0.2 0.55 0.57 1.33 x 1019
0.3 1.25 0.286 6.69 x 1018
0.4 222 0.109 2.55x 1018
0.5 3.47 0.031 7.25 x 1017
0.6 5.00 0.0067 1.69 x 108
0.7 6.81 0.0011 2.57 x 1016
0.8 8.88 0.00014 3.27 x 1013

Now calculate x; directly from Eq. 9-18. First, we estimate x; from the table above. Since

Coup 18 1.8x101¢ atoms/cm3, X; must lie between 0.7 um and 0.8 ym.

x;= 2Dt [In (Cy/Cyp)1"? = 2.68x10°% [In(2.34x10'/1.8x1016)]12 = (2.68x10 x 2.67) cm
or:
X = 0.715 pym.
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Fig. 9-4 Normalized concentrations [C/C(0)] as a function of normalized distance (x/2VDt) for the erfc and
Gaussian curves.

9.1.3.3 Drive-In From An lon Implantation Predepesition: If the predeposition is from an ion

Jistribution
alculate the
¢ diffusion

2.68x10™ cm implanted source (which produces a doping concentration with a near-Gaussian distribution
close to the surface), the Gaussian profile will move when subjected to a high temperature
sec)l”2 anneal (see Chap. 10 on Ion Implantation). The solution to Eq. 9-6 (concentration-independent
diffusion) with an initially implanted Gaussian profile has been reported for the cases of drive-
2x10°10: ins performed in a neutral ambient,* and an oxidizing ambient.> For drive-ins in an oxidizing

ambient, the solution to Eq. 9-6 is difficult to obtain in closed form, since it involves a moving
boundary problem. Consequently, numerical methods must be employed to obtain the solutions
(see Chap. 2, Vol. 3 of this series).

§.1.4 Concentration Dependence of the Diffusion Coefficient

The diffusion profiles that were calculated in the previous section are valid for the case when
the diffusion constant is not a function of the doping concentration. That is why solutions of Eq.
9-6 were used, rather than those for Eq. 9-5. Constant-value D prevails when the doping
concentration is lower than the intrinsic-carrier concentration n; at the diffusion tempecrature,
and conversely, concentration dependent diffusion occurs when the doping level is greater than
the intrinsic carrier concentration. The first case is termed intrinsic diffusion while the latter is
called extrinsic diffusion. To determine where extrinsic diffusion starts one needs to know the
intrinsic carrier concentration at the diffusion temperature. Equation 9-19 is the expression used
to calculate the intrinsic carrier concentration in silicon:

E (T
n; = p; =[NyN; exp(- 2 )) (em?) 9.19)

2kT
Here, Ny and N are the density of states at the valence and the conduction band edges, respect-

above. Since

5x 2.67ycm
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ively, Eg is the energy gap of Si, k is Boltzmann’s constant, and T is the temperature in Kelving
(K). The value of Eg depends somewhat upon temperature and the doping concentration anqg
these factors must be taken into account when determining the intrinsic carrier concentration,
The bandgap dependence on temperature in the range of 800~1100°C, and is given by:

Eg(T) = Eg(0) - bT (9.20)
where Eg(0) = 1.46 eV and b = 2.97x10"* eV/K.

There is a “bandgap narrowing” effect, ﬁEg, that occurs for heavily doped silicon, A “lump-
ed” model has been developed to provide a value for the narrowing effect.% This model is not
based upon first principles, since no simple physical model has been found to explain the effecy,
One proposal is that the lattice strain caused by the presence of heavy doping induces the band
gap to change. When bandgap narrowing, 8Eg/2kT is included, the effective intrinsic carrier
concentration nffis given by:

ni® = n; (SEg/2kT) (8.21)
Under extrinsic conditions, D depends on the doping concentration, and since the conceniration
changes with distance (i.e., a concentration gradient exists), D also changes with distance. To
obtain a solution to Fick’s Law one can expand Eq. 9-5 to read:

IC(x,t) _ 3 ® 9Cy_aDaC . 9’C

3 I = (9.22)

ox ox dx 3;2—

The 8D/dx term makes Eq. 9-22 an inhomogeneous differential equation making it difficult to
solve. Fortunately, a graphical procedure termed the Boltzmann-Matano analysis has been
developed, which renders a solution for the diffusion coefficient, D, as a function of
concentration.” It does not, however, explicitly provide the diffusion profile C(x,t), as was
obtained for the intrinsic diffusion case. The Boltzmann-Matano method allows D(C) to be
calculated from the experimentally determined concentration profile (C vs. x plot). There are
several methods that are commonly used to obtain the concentration profile and they are

discussed later in this chapter.

9.2 DEFECTS AND DOPANT DIFFUSION

1t has been realized for some time that the diffusion of dopant atoms in Si is strongly coupled to
the presence of point defects. This early realization came about when it was found that the
diffusion coefficient of the dopant atoms did not follow the behavior predicted by Fick’s Laws,
but rather exhibited certain anomalous effects. These effects will be described in detail in later
sections but are briefly mentioned here. The first anomaly was that the diffusivity of boron was
greatly enhanced when phosphorous was subsequently diffused into the Si (the so-called emitter
push effect). The second was that some dopants exhibited a higher diffusivity when the drive-in
diffusion was performed in an oxidizing ambient (exidation-enhanced diffusion or OED). Since
these effects were initially observed, other anomalous effects have been found, and as a group
their behavior can be explained by the presence of point defects in the silicon. Consequently, the
types and interaction of point defects and dopants in silicon are now discussed.

9.2.1 Point Defects in Silicon

Chapter 2 described some of the point defects that can exist in silicon, particularly at the
temperatures normally associated with diffusion. Some of these defects are now briefly review-
ed and how they relate to the diffusion of dopant atoms in silicon is discussed. The nomen-
clature used in the excellent treatise on diffusion by Fahey, Griffin, and Plummer is employed.®
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The first type of point defect to consider is the defect which arises from the introduction of
impurity atoms into silicon. An impurity atom, such as a dopant atom that sits on a lattice site, is
termed a substitutional defect. Even though the atom resides on a lattice site it is either larger or
smaller than the silicon atom, and thereby causes a local perturbation in the periodicity of the
Jattice. Any perturbation to the lattice periodicity is termed a defect. It turns out that most of the
common dopant atoms (P, As, Sb, B, In, Ga) dissolve into silicon as substitutional atoms. That
is, they reside on silicon lattice sites in place of silicon atoms. These dopant atoms are also
remarkable for their high solubility in silicon when compared to other elements that also
dissolve in silicon. The solubilities of these dopants are discussed in Chap. 1.

A dopant atom on a substitutional site is given the designation A and can be either a donor or
an acceptor. When a dopant atom occupies a substitutional site it contributes either an electron
to the conduction band, or a hole to the valence band. In either case, the dopant atom then
becomes an ion. It is the ion (a charged atom) that must diffuse in the silicon. It is not surprising
that since the dopant atom (or ion) is charged it would interact with other charged species (e.g.,
crystalline point defects and free carriers).

As discussed in Chap. 2, there are other point defects that may be present at the diffusion
temperature, namely: a) vacancies; b) interstitials; and c) interstitialcies. Such lattice defects are
designated as X, where X can be either a vacancy or interstitial-type defect. The vacancy defect
is defined as a missing Si atom or an empty lattice site and is designated as V. The presence of a
vacancy requires the covalent bonds around that site to reconfigure to accommodate the defect.
The V defect itself can become charged by capturing one or two electrons (or a hole), or can
remain neutral. As discussed in Chap. 2, four vacancy defects have been identified:

1. The neutral vacancy, V°

2. The singly-charged negative vacancy (in which one electron is captured), V-!

3. The doubly-charged negative vacancy (in which two electrons are captured), V-2

4. The singly-charged positive vacancy (in which one hole is captured), V*

Figufes 9-5al, 9-5a2, and 9-5a3 show how the unsatisfied bonds reconfigure to accommodate
the various defects in the silicon lattice.

The next type of defect discussed is the self-interstitial, which can be described as a Si atom
on an interstitial site. Self-interstitials are given the designation I. The term self-interstitial is
used to distinguish these defects from those involving extrinsic or foreign atoms (which can also
exist in the lattice as interstitials). Figures 9-5b1 and 9-5b2 show the bonding around a tetrahed-
ral and a hexagonal interstitial site, respectively. The last type of defect (not often recognized),
is called the interstitialcy. The interstitialcy is also designated by I. The interstitialcy defect
differs from the interstitial defect in that it has two “associated” atoms in non-substitutional
sites, around a substitutional site. The two atoms constituting the interstitialcy can consist of: a)
both Si atoms (an I-defect); or b) a Si atom and a dopant atom (an Al-defect). The interstitialcy
defects can remain neutral or become charged, and have the following configurations:

1. A neutral interstitialcy with two silicon atoms, I°.

2. A singly-charged positive interstitialcy comprised of two silicon atoms, I*1,

3. An associated dopant and silicon interstitial that is neutral, (AI)°. This type of defect

behaves as an acceptor site.

4. An associated dopant and silicon interstitial that is singly-negatively charged, (AI)". This

type of defect also behaves as an acceptor site.

5. An associated dopant and silicon interstitials that is singly-positively charged, (AI)*!.

This type of defect behaves as a donor site.
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Tetrahedral

Hexagonal
Interstitial
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{Al) +, donor

Fig. 9-5 Schematic of how the bonds may reconfigure to accommodate various defects in the silicon
lattice: (a) vacancy defects; (b) interstitial defects; and (c) interstitialcy defects. If both dark spheres in (c)
are silicon, the defect is the (I) defect. But if one is silicon and one is a dopant atom, the defect is (AI).8
Reprinted with permission of the American Physical Society.

Figures 9-5c1 and 9-5c¢2 show the atomic arrangement of interstitialcy defects. The
distinction between the interstitial and the interstitialcy is often not emphasized since it is
difficult to discern between the two defect types by experimentation. As a result, both of these
defects are referred to as interstitial-type defects.

Now that the three defects (i.e., the vacancy V, the interstitial-type I, and the dopant impurity
A) have been described, it is appropriate to investigate the interaction among these defects, as
this will help in understanding how such interactions may affect diffusion.

The following associated do-pant-atom/defect configurations may exist in the lattice: a) a
dopant atom is on a lattice site (A); b) a doping atom is adjacent to a vacancy (AV); and c) a
dopant atom is one of the atoms of the interstitialcy (AI). If the dopant atom actually occupies
the interstitial site, it is designated A;. It is the dopant-atom/defect pair that migrates during
diffusion in one or more of the following configurations: AV, Al, or A;. The coordinated
dopant-atom/defects can be formed by the following reversible equilibrium reactions. The “Law
of Mass Action” applies to these reactions.

I+A > Al (9.233)
or:
1+A oA, (9.23h)
V+Ae AV (9.24)
I+AV & A (9.25)
V+AI< A or VA & A (9.28)
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There is a further equilibrium reaction that should also be mentioned, and that is the creation
and annihilation of vacancies and interstitials via the Frenkel defect:

0o V+I (8.27)

The <> symbolizes that the reaction is reversible, and since the concentrations of I and V can
be affected by external forces (i.e., point defects arising from other sources), these reactions
may be favored in one or the other direction. For example, if a large concentration of interstitials
is created by oxidation, then the forward direction of Eq. 9-23 is favored, and the concentration
of Al increases. The increase in Al concentration results in increased dopant diffusion.

A brief description of Eqs. 9-23 to 9-27 is given next. The reaction in Eq. 9-23 represents an
exchange between a substitutional atom A and the interstitial(cy) I. It is termed the kick-out
reaction, since the Si-I kicks out a dopant atom from a substitutional site and forms an Al pair.
The reaction in.Eq. 9-24 describes the dopant-vacancy reaction and governs vacancy-controlled
diffusion. The reactions given in Egs. 9-25 to 9-27, describe recombination reactions between I
and V defects. The reaction in Eq. 9-26 describes a dissociative reaction termed the Frank-
Turnbull mechanism. This mechanism is not considered to be important for Si diffusion since it
is believed to have a low probability of occurrence. Finally, the forward reaction of Eq. 9-27,
describes the formation of a Frenkel defect (vacancy and interstitial) as is described in Chap. 2.

In the past it was considered that dopant diffusion in silicon was controlled solely by the
vacancy mechanism, but now it is well established through numerous investigations that both I-
and V-type mechanisms contribute to dopant diffusion. As it turns out, most of the common
dopants have a dominant I-diffusion-controlled mechanism. The evidence for this conclusion is
discussed in detail in a later section.

The reactions dealt with above do not give the origin of the defects. There are two
possibilities of defect formation that were described in Chap. 2, namely: a) an atom leaving a
lattice site and creating a V and I, and b) a silicon atom diffusing from the surface of the silicon
into the bulk to create an interstitial or a silicon atom that was on a lattice site moving to the
surface (and vanishing by becoming part of the disorder at the surface) and creating a vacancy
in the bulk. Another important source of defect production is lattice damage resulting from ion
implantation. As a result, the diffusion of dopants from an ion implanted source can
substantially differ from that of a chemical source.

8.2.2 Temperature Dependence of the Diffusion Coefficient
Under Intrinsic Conditions

The temperature dependence of the diffusion coefficient, D, for intrinsic diffusion for the
common dopant atoms will now be examined. However, before we proceed, it is instructive to
first inspect the temperature dependence of the self-diffusion of silicon. Most self-diffusion
studies used radio-active isotopes of silicon to determine the diffusion profile. Even to this day,
however, the basic mechanism of Si self-diffusion is not well understood.

Some results from a study that examined the effect of hydrostatic pressure on Si self-
diffusion show the dominant mechanism is interstitial-type-dominated diffusion.” The most
interesting aspect about silicon self-diffusion is that the activation energy for the process is
about 1 eV greater than that of dopant diffusion. For some reason the movement of silicon-
defect pairs takes more energy than that of dopant-defect pairs. The diffusion coefficient for Si
self-diffusion Dgeyr is given by:10

Dyeyf = 1400 exp (-5.01 eV/KT) cm?%sec (9.28)
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Table 9-2 COMPILED VALUES OF APPARENT ACTIVATION ENERGIES
FOR DIFFUSION OF COMMON DOPANTS?®

Donors Qpfev) Acceptors Qp(ev)
P 3.51-3.67 B 3.25-3.87
As 4.05-4.34 Al 3.36
Sb 3.84.05 Ga 3.75
In 3.60

9.2.3 Intrinsic Diffusion Coefficients

Numerous experimental measurements have been made on the effect of temperature on the
diffusion coefficients (D,) of the common dopants during intrinsic diffusion. In general the
resulting data can be represented by an Arrhenius equation.

Dj = Dy, exp (-Qa/kT) (9.29)

Here D, is the diffusion coefficient of the dopant atom, D, is the pre-exponential term or
JSfrequency factor, which is related to the frequency of the lattice vibrations (i.e., the frequency at
which atoms strike the potential barrier that they must overcome to move in the lattice), and Q,
is the apparent activation energy of the diffusion process (which is related to the height of the
energy barrier that the impurity must overcome in order to move within the lattice).

The value of Q4 for the common dopants has been compiled by Wohlbier.!! This data is
reproduced in Table 9-2, which was extracted from the summary of Wohlbier’s work, given by
Fahey, Griffin, and Plummer.? Readers interested in additional details are referred to that article,
which lists the original references, or to the Wohlbier monograph. Although the values of
apparent activation energy vary somewhat, depending on the particular study and dopant, all of
the values range between 3.3 to 4.3 eV,

8.2.%4 Fast Diffusers in Silicon

There is another class of impurities that diffuse in silicon much more rapidly than the
electrically active dopant atoms. These impurities are called the fast diffusers and their diffusion
coefficients at 900°C are listed in Table 9-3. The fast diffusers, as evidenced by their name,
diffuse much faster in silicon than do the dopants atoms. The fast diffusers (e.g., Fe, Cu, Pt)
move great distances in silicon during high temperature processing, thereby increasing their
probability of being trapped at an extended defect and causing increased leakage current in a
device. The effect of the fast diffusers on device properties is discussed in Chap. 2. The
apparent activation energies (0.2-2 eV) for the fast diffusers are much lower than for the
substitutional impurities. At one time it was believed that the low values of activation energy
implied interstitial diffusion, while the high activation energy values of the dopant atoms were
due to vacancy diffusion. This analysis is not correct, and it is now well established that both
vacancies and interstitials play a role in the movement of fast diffusers in silicon.

9.3 ATOMISTIC MODELS OF DIFFUSION

Some of the possible ways a dopant atom may move in the crystalline lattice are next explored
from an atomistic perspective. The most favorable configuration for a dopant atom to diffuse in
silicon is when it is associated with a nearest-neighbor defect. Only a fraction of the dopant
atoms are associated with defects in this manner, but it is this fraction that contributes to the
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Table 9-3 DIFFUSION COEFFICIENTS of FAST DIFFUSANTS in SILICON @ 900°C

Element D (cm?/sec) Element D (cm?sec)
Na 1.6x10° Ag 20x 1073
K 1.1x103 Pt 1.6x 102
Cu 471072 Fe 6.2x 103
Au 1.1x10% Ni 1.0x 10"
Ay; 24x%10% 0, 7.0x 102
Aug 2.8x108 Hp 9.4x10%

diffusion. This fraction has been calculated as:!2
b
Cax = O9ax Calx exp(—F:f‘i) (9.30)
Cs kT
where C, is the dopant concentration; Cy is the unassociated defect concentration; Cg is the
concentration of lattice sites (5x1022/cm?), Exx? is the binding energy of the AX defect. The
0,x factor accounts for the number of equivalent ways of forming the defect AX at a particular
site (e.g., 8oy = 4). There have been numerous investigations to determine the value of ExyP
and the reader is referred to the Fahey treatise for further detail.

There are several potential ways dopant atoms may diffuse in the lattice, namely: a) direct
dopant exchange (no point-defect interaction); b) vacancy-dopant interaction; c) interstitialcy-
dopant interaction; and d) interstitial-dopant interaction. The interstitial and interstitialcy mech-
anisms are very similar and it is difficult to discern which is actually operative during diffusion.

First consider the possibility that mechanism (a) is responsible for controlling diffusion in Si.
That is, what is the likelihood that diffusion proceeds by substitutional dopant atoms exchanging
positions with adjacent silicon atoms (the direct exchange mechanism, shown schematically in
Fig. 9-6a)? For diffusion to continue after the first interchange, the dopant atom must exchange
positions again with the next Si atom. If the dopant atom instead exchanges positions with the
original Si atom it will not make progress diffusing within the lattice. The continuation of the
direct interchange process is unlikely because the activation energy associated with the breaking
of Si bonds is high, and at least six Si bonds must be broken for each exchange to occur.

On the other hand, it is much more energetically favorable if the substitutional impurity is
adjacent to a silicon vacancy and the exchange happens between the vacancy and the dopant
atom. When this exchange occurs, it is termed the vacancy mechanism (A + V <> AV), as
schematically shown in Fig. 9-6b. The uncomplicated motion involved in the vacancy
mechanism led early investigators to believe that the vacancy interchange should dominate
dopant diffusion in silicon. This belief was supported by the fact that vacancies dominate
diffusion in metals. Consequently, detailed models were developed to explain diffusion in
silicon according to the vacancy mechanism,12:13

Diffusion via the vacancy mechanism, however, does not occur by a single interchange of a
vacancy with a dopant atom. If that was indeed the case, there would be no net diffusion. That
is, in order for the dopant to diffuse over a long range, the vacancy must diffuse away from the
dopant atom at least to the third nearest neighbor. Only in this way can it return to the dopant
atom via a different path, thus allowing diffusion to continue further along. It can be shown that
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Fig. 9-6 Dopant movement at the atomic level: a) direct exchange; b) vacancy mechanism; c)
substitutional-interstitialcy mechanism via “kick-out”; d) substitutional-interstitial mechanism via
“kick-out”.8 Reprinted with permission of the American Physical Society.
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the activation energy for the diffusion of the AV associated pair is less than that of A diffusing
by itself, and as a result the vacancy mechanism is more energetically favorable than the dopant
atom diffusing by direct interchange.

The interstitialcy mechanism (I + A <> Al) can be represented on an atomic level as a dopant
atom in a substitutional site that is approached by a silicon interstitialcy (Fig. 9-6c).14 Recall
that ‘the interstitialcy defect has two associated atoms in non-substitutional sites around a
substitutional site. In the case of the silicon interstitialcy both atoms are silicon. One of the
silicon interstitial atoms knocks a dopant atom out of a substitutional site and forms a dopant
interstitialcy. The dopant atom then moves toward a silicon atom on a lattice site and kicks out
the silicon atom and forms a reconfigured dopant-interstitialcy. Unlike the vacancy mechanism,
which requires that the AV pair partially dissociate, the interstitialcy mechanism does not have
the same restrictions. The energy for this type of motion has been determined to be less than for
self-diffusion by about AQ,; (the attractive potential between A and I), where AQ,; is ~1 eV.

The final atomistic mechanism used to explain dopant diffusion is the “pure” interstitial
mechanism (I + A, <> A). In this mechanism (see Fig. 9-6d), a silicon interstitial replaces a
dopant atom on a substitutional site to form a dopant interstitial. The dopant interstitial moves
through the interstices of the silicon lattice until it finds a substitutional site to occupy. When the
dopant atom occupies the substitutional site it forms another silicon interstitial. This mechanism
is very similar to the interstitialcy mechanism discussed above and as a result it is difficult to
separate it from the interstitialcy mechanism.

The general consensus among investigators in the field regarding the atomistic mechanism
controlling the movement of the common dopants in silicon is as follows: Phosphorus and
boron have the largest amount of interstitial-type diffusion, while arsenic exhibits both vacancy
and interstitial diffusion, and antimony seems to be dominated by vacancy-controlled diffusion.
How these conclusions were reached is discussed in a subsequent section.

9.4 DIFFUSION MODELLING

It is important to be able to predict the movement of dopant atoms in Si during thermal process-
ing with mathematical simulations. Simulation of the diffusion and redistribution of the dopant
allows process development and integration engineers to substantially reduce the number of
process experiments required during technology development. There are several simulation
programs that are commonly used, with the most common being SUPREM (Stanford University
PRocess Engineering Model). The modeling of diffusion in one-dimension is covered by
SUPREM III, while the extension to two-dimensions is covered by SUPREM IV. SUPREM 1V,
of course, is also capable of treating the one-dimensional case. Some of the models that are used
in SUPREM III and their extension to SUPREM IV will now be discussed.

9.4.1 SUPREM 0l

The models in SUPREM III are empirically determined and are derived from the observed
dopant-diffusion interactions in silicon. The basis of the diffusion model in SUPREM III is that
diffusion is governed by the one-dimensional continuity equation, which accounts for the atom
flux from the concentration gradient plus the enhanced flux that results from the built-in electric
field formed from ionized impurities in a concentration gradient, and is given by Eq. 9-31:

C 9 ,.9C\, g9 9¢
-2 (&)L 2 (pc; 22 9.31
Jt  dx b x) kT[ax (DC’ ax)] @3n
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Where D is the dopant diffusion constant, and C and C; are the total and electrically chargeq
dopant concentrations, respectively. The potential ¢ that results from the concentration gradient
is given by:

¢ = kT/q [In(n/n;)] (9.32)
where n is the carrier concentration resulting from dopant ionization and #; is the intrinsjc
carrier concentration at the diffusion temperature. In many real problems the local charge
neutrality is maintained and the second term on the right hand side of Eq. 9-31 can be dropped,
resulting in Fick’s Second Law. More simply, if D does not depend on the concentration of the
dopant then the simplified Fick’s Second Law holds as expressed in Eq. 9-33, below, which ig
the same as Eq. 9-6.

2
aC(x,t) _ D[a (;(;,t)] (8.33)
X

ot

If the values of D are known, the solutions to Eqs. 9-31 and 9-33 will provide accurate
simulations of the dopant concentrations for many applications.

There are two approaches used to obtain the values of D. In the first approach the value of D
is determined from measured diffusion profiles and then plotted for various temperatures and
doping concentrations. Solutions to Eq. 9-31 and 9-33 are then fitted to the experimental plots
by finding values of D that give solutions that match the D values extracted from the observed
data. This type of model is known as a phenomenological diffusion model, because it is based on
observation.

The second type of model assumes that the correct values of D can be obtained directly from
the physics of the dopant-defect interaction. This type of model is referred to as a point-defect-
based diffusion model. One such advanced model uses a kinetic Monte Carlo simulation to
obtain the formation and diffusion energies associated with the defects, dopants, and impurities,
The simulations, however, are number-crunching intensive and require a high-end workstation
or a supercomputer to be able to get results in a reasonable time. The attraction of these models,
however, is that they do not require diffusion profiles and empirical curve-fitting to predict the
outcome. The description of such models is beyond the scope of this text and the interested
reader is referred to the literature, 1516

Phenomenological models have been implemented into SUPREM III and other 1-dimension-
al process simulators, such as PREDICT and RECIPE. These models furnish an adequate fit to
1-dimensional diffusions, but are not successful at predicting the two-dimensional diffusion so
critical for advanced devices with small feature sizes. The two-dimensional case requires the use
of SUPREM IV. Also the phenomenological models are not adequate at predicting diffusion
behavior of such defect-dominated phenomena as oxidation-enhanced diffusion (OED).

9.4.2 SUPREM Il Models for Boron, Arsenic, Phosphorus, and Antimony
Diffusion
The models used in SUPREM III are based on the vacancy model under non-oxidizing
conditions, proposed by Fair and Tsai.}7 These models, however, do not accurately reflect what
is occurring on an atomic scale (since diffusion is related to both dopant/interstitialcy and
dopant/vacancy interactions). However, the Fair-Tsai models are nonetheless very useful, since
they provide an accurate representation of the diffusion profile for the common dopants.

The Fair-Tsai Model assumes that the diffusivity of an ionized dopant atom is based on the
sum of the diffusivities of neutral vacancies and ionized vacancies, weighted by the probability
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of their existence. According to the model there are four possible states of a vacancy: 1) the
neutral vacancy V°; 2) the single-negatively-charged vacancy V-!; 3) the double-negatively-
charged vacancy V-2; and 4) the single-positively-charged vacancy V*!. During extrinsic
diffusion each contribution must be modified by the ratio of the doping level to the intrinsic
carrier concentration raised to the power (including the correct sign) of the charge state. For
example the contribution of the double-negatively-charged vacancy is modified by (n/n;)?, while
that of the single-positively-charged vacancy by (ni/n). Thus, the effective diffusion coefficient
under non-oxidizing conditions can be calculated from the sum of all the individual vacancy
components. The effective D is given by:

D=D°+D () + D2 (L) + D+ (L) (9.34)
ni nl' n

where the individual diffusivities on the right hand side of the equation correspond to the
interaction between dopant atoms and neutral or charged vacancies.

9.4.3 Modeling Intrinsic Diffusion

Intrinsic diffusion is dominant when n < n; at the diffusion temperature. In such cases the

effective D is independent of dopant concentration and depends only on the diffusivities of the

individual defects. Thus, when intrinsic diffusion is being modeled, Eq. 9-34 is re-written as:
Di=D°+ D!+ D2+ D (9.35)

and D! is referred to as the intrinsic effective diffusion coefficient. The models used to determine

D! for boron, arsenic, phosphorus, and antimony are examined next.

9.4.3.1 Boron: Since boron diffuses as a negatively charged “atom” the model assumes that

diffusion occurs primarily by the interaction of the boron with the neutral and positively charged
vacancies. In that case the intrinsic diffusion coefficient of boron Dy! can be represented by:

Dyl =Dgy® + Dgy*! (9.36)
where:
Dgy® = 0.037 exp (-3.46 eV/KT) cm?sec (9.37a)
and:
Dpy*!'=0.72 exp (-3.46 eV/KT) cm?/sec 9.37h)

resulting in Eq. 9-38 for the total intrinsic diffusivity for boron Dyl
Dgl = 0.76 exp (-3.46 eV/KT) cm¥sec (9.38)

9.4.3.2 Arsenic: The intrinsic diffusion of arsenic is assumed to be controlled by neutral and
negative vacancies and the intrinsic diffusion coefficient for As (D,,) is given by:

Dpd =Dl +Dpg!l = 0.066 exp (-3.44 eV/KT) + 12.0 exp (-4.05 eV/KT) cm¥sec (9.39)

8.4.3.3 Phosphorus: The intrinsic diffusion of phosphorus is assumed to be controlled by the
interaction of the impurity ions with neutral vacancies only. Thus, Dy! is given as:

Dyl = Dy = 3.85 exp (-3.66 eV/KT) cm¥sec (3.40)

8.4.3.4 Antimony: The intrinsic diffusion of antimony is assumed to be dominated by interaction
between neutral and single negatively charged vacancies. Thus, Dg,! is given by:
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Fig. 8-7 Intrinsic diffusion coefficients vs. temperature for: a) boren; b) phosphorus,13 Reprinted with
permission of North Holland Publishing Co.

Dyl = D, + Dgy! = 0.214 exp (-3.65 eV/KT) + 13 exp (-4.08 eV/KT) cm¥sec (8.41)

Figures 9-7 (a—d) show the Arrhenius plots of the intrinsic diffusion coefficients of B, P, As, and
Sb. As can be seen from the plots, the agreement between the measured data and the calculated
curves are quite good.

9.4.4 Extrinsic Diffusion Coefficients for the Common Dopants (As, P, and B)

An extensive amount of work has been done relating to the modeling of extrinsic diffusion of
the common dopants As, P, and B. The ecarliest models developed by Fair were
phenomenological expressions based on the result of careful determination of diffusion pro-
files.20 However, these models did not account for the effects of both I and V on dopant
diffusion. Uematsu developed an integrated diffusion model based on measurable parameters
that can predict the diffusion profiles of these dopants. The model considers contributions from
the vacancy mechanism (V), the kick-out mechanism (I), and the Frank-Turnbull mechanism
(F-T).8 The details of the Uematsu model are beyond the scope of this text and the reader is
referred to the original paper. Here only the contributing defects for each of the common
dopants are noted.

8.4.4.1 Arsenic: Figure 9-8 shows a typical diffusion profile for arsenic. There are several
features that are common to As diffusion profiles. First, arsenic is a relatively slow diffuser and
shows a relatively abrupt profile. Such features are desirable when fabricating shallow junctions
for advanced CMOS and bipolar devices. Consequently arsenic is the most widely used n-type
dopant in ULSI processing and is the mainstay for the n-channel shallow source/drain diffusion
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Fig. 8-7 Intrinsic diffusion coefficients vs. temperature for: ¢) arsenic; d) ﬂntixnony.13 Reprinted with

permission of North Holland Publishing Co.

in advanced CMOS devices and the emitter

diffusion in bipolar and BiCMOS devices. The sec-

ond observation is that the total As concentration (Cj ) is frequently greater than the electrically

active (Cp) concentration, particularly at hi

gh doping levels. It has been found that the amount

of inactive As increases with the fourth power of the active concentration (i.e., Cy - Cp
oc Cs‘d').69 Various models have been proposed to explain this phenomenon, including As-
vacancy complex, small As clusters, and As-precipitate formation and dissolution. The arsenic-
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Fig. -8 Arsenic diffusion profile. Note the steep diffusion front and the difference between the total As
concentration Cr and the active As concentration, Cag, for high As concentrations. Excellent agreement

exists between simulated and measured profiles.68 Courtesy of American Physical Society.
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Fig. 8-8 Boron diffusion profile showing agreement between simulated and measured (SIMS) profiles.08
Courtesy of American Physical Society.

e

vacancy cluster model appears to have the most support. Regardless of the mechanism, the fact
that the amount of electrically-active As may change during processing must be taken into ac-
count. To obtain meaningful As profiles both SIMS (for C) and SRP (for C,) should be used.

As discussed previously As diffusion has nearly equal contributions from both I and V,
Unlike boron diffusion, which is controlled by the presence of silicon self-interstitials, the I-
component in As is controlled by neutral As-interstitials (As;°). The vacancy contribution is
dominated by the presence of V-2 and V-1, The complex formation (As complexes) is dominated
by the neutral vacancy complex, (As,V)°. Excellent agreement is observed between this model
and experimental results as shown in Fig. 9-8.

9.4.4.2 Boron Diffusion: Figure 9-9 shows a typical profile for B diffusion. B is a relatively fast
diffusant, and consequently great care must be exercised when attempting to fabricate shallow
p-channel source/drain regions. The diffusion of boron from an implanted source is further
increased by transient enhanced diffusion (discussed below). The formation of shallow boron
diffusions is a fertile area of research and several techniques are candidates to achieve such
shallow junctions. The most prominent approach is the use of wultra-low-energy (ULE) ion
implantation (<1 keV), followed by high-ramp-rate rapid thermal annealing (see Chap. 10).
Other approaches such as P-GILD, solid-source diffusion, plasma doping, and RTP gas doping
are also under consideration.

Boron diffusion is known to be dominated by the “kick-out” mechanism. The diffusion
profile can be modeled when three parameters are used, namely, neutral B interstitial (B;)°, a
neutral self-interstitial (I°), and a positive self-interstitial (I*). As shown in Fig. 9-9, excellent
agreement between the model and experimental results have been obtained.
9.4.4.3 Phosphorus Diffusion: Although phosphorus is less commonly used in advanced devices,
it still finds some applicaticn for the source/drain contacts in CMOS and for emitter diffusion in
bipolar devices. Phosphorus diffuses quite normally in the intrinsic regime and is a relatively
fast substitutional diffuser. When the dopant concentration exceeds the intrinsic carrier
concentration, however, the in-diffusion behaves anomalously. By examining the P-diffusion
profile in Fig. 9-10 one observes that at high concentrations the diffusion profile becomes quite
complex and has a shape with three distinct regions: a) the high concentration or plateau region;
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b) the transition or kink region; and c) the low concentration, or tail region. Figure 9-10
provides a schematic representation of these regions. No simple equation has been found to fit
the profile and numerous models have been expounded to explain this strange behavior.

The most well known model was proposed by Fair and Tsai.”® A key element of that model
is that a singly-charged phosphorus ion-vacancy pair, (PVY! controls phosphorus diffusion.
This defect is believed to have a negative charge, and is present in the high concentration
region. The defect pair becomes important when it dissociates as it diffuses into the kink and tail
regions. The dissociation is believed to create excess vacancies, which in turn enhances the
phosphorus diffusion in those regions of the profile. The problem with this model is that I-
defects are known to dominate P diffusion. Hu et al., described a model for the kink and tail
regions that results from a two-stream (interstitial and vacancy) diffusion process.”!

More recently, Uematsu applied the unified model to explain anomalous P diffusion.®8 In his
model the diffusion is described in terms of an interstitial and a vacancy mechanism. For high
surface concentration the vacancy mechanism (by way of a V-2) governs the diffusion in the
plateau region, while the kick-out mechanism through I and P;° dominates in the kink and tail
regions. The changeover from the vacancy to the kick-out mechanism is what is believed to be
responsible for the kink and tail profiles observed in P diffusion. For low phosphorus surface
concentrations only the kick-out mechanism is operative and no kink and tail are observed.

9.4.5 Modeling Diffusion with SUPREM IV

The most advanced diffusion model in SUPREM 1V is a physics-based model that depends on
the interaction of point defects (silicon self-interstitials and vacancies) and the diffusant
dopants. This model is capable of predicting diffusion in an oxidizing ambient. SUPREM IV is
currently supported by the commercial suppliers Avant!/TMA (under the name TSUPREM4)
and Silvaco, Inc.!® The advanced model in SUPREM IV was first developed to solve the
coupled oxidation and diffusion problem while using the same grid. Readers interested in the
equations used in this model are referred to the suppliers of these programs or the literature.
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Flg. 9-10 Phosphorus diffusion profile for several surface concentrations. Note the presence of the “kink”

and “tail” regions only for the high concentration diffusions. Excellent agreement exists between simulated
and measured (SIMS) proﬁics.68 Courtesy of American Physical Society.
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Two-dimensional modeling of diffusion is simulated by calculating the local diffusion cop,.
stants based on the point defect and impurity concentrations at the location of interest.2! Tpe
more accurately the local defect concentration is known, the more accurately the local value of
diffusion can be determined. Since the concentration of the point defects may depend on the
geometry at a local region, it may be necessary to simulate the movement of the oxide interface
and redistribution of the impurities if diffusion takes place in an oxygen-bearing environment,

To accurately model diffusion in two dimensions the following information is usually
required:

1. The nature of the point defects,

2. How far the point defects move into the bulk,

3. How the point defects interact and recombine at the surface of the silicon and in the bulk

regions,

4. The predominant mechanism that drives the diffusion (i.e, is it interstitial[cy] or

vacancy).

The diffusion equations used in SUPREM IV are non-linear, since the value of D and built-in
electric field depend upon the point defects and the carrier concentration (ionized dopants).
Hence, a full solution requires the simultaneous solution of a set of non-linear coupled
differential equations for the dopants and the defects.22 SUPREM IV solves these equations
using numerical methods. The solutions produce several models that are useful for obtaining
diffusion profiles in one- and two-dimensions. Models from SUPREM IV are briefly discussed
below.

The simplest fastest model to simulate is the FERMI Model. It assumes that the point-defect
concentrations depend only on the position of the Fermi level in the silicon. The actual point-
defect concentrations are not calculated in this model. The FERMI model is most useful when
the speed of the simulation is more important than its accuracy. The model does not work for
oxygen-enhanced diffusion (OED), high-concentration diffusion, or implant-damage effects.

The TRANS Model accounts for the two-dimensional simulation of point defects. This model
includes such events as the generation of point defects at interfaces, the diffusion of point
defects into the bulk, and the recombination of defects at interfaces and in the bulk. The model
is capable of simulating OED, but not high-concentration effects (such as the phosphorus kink
and tail). It is also capable of simulating implant damage but not as well as the so-called FULL
model. The TRANS model is typically used for routine simulations, ‘

The FULL Model is the most accurate and requires significant computer CPU time to
perform simulations. The FULL model does everything the TRANS model does, plus it
simulates the effects of dopant diffusion on point-defect concentrations. It includes such refine-
ments as pair saturation and dopant-assisted recombination effects. This model simulates high-
concentration effects, OED, and implant-damage effects. Since it requires significant computer
time, use of the FULL model is only recommended when maximum accuracy is necessary, OT
when high-concentration effects or implant-damage effects are pertinent.

9.5 DIFFUSION IN POLYCRYSTALLINE SILICON

Polycrystalline silicon is used as the gate electrode (conductor) in CMOS devices, as the emitter
in bipolar devices, and as high-value load resistor in SRAMs (see Chap. 6 for more information
on polysilicon). CMOS devices require that the polysilicon be heavily doped (degenerate) for
maximum conductivity and to minimize the so-called “poly depletion” effect. The doping level
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of the polysilicon at the polysilicon/oxide interface has a strong effect on the device threshold
voltage. In deep-submicron CMOS devices it is necessary to dope some of the polysilicon with
boron and some with arsenic on the same circuit. In advanced bipolar applications the
polysilicon serves as the emitter contact diffusion source. Most often the emitter is doped with
arsenic, although phosphorus may be used in less advanced applications. High-value resistors
require controlled and repeatable resistivity of the polycrystalline-Si films.

Impurity diffusion in polycrystalline thin films, in general (and in polysilicon in particular),
is quantitatively different from diffusion in single crystal material. The difference arises as a
result of the grain boundaries present in polycrystalline films. That is, bulk diffusion is the
controlling mechanism in single crystal material, while grain-boundary diffusion predominates
in polycrystalline films. The diffusivity along grain boundaries can be up to 100 times faster
than the diffusivity in bulk material.

Polycrystalline-silicon films are made up of grains with sizes ranging from 50 to 300 nm.
The diffusion of the dopants within the grains is comparable to that of single-crystal silicon. But,
the dopant atoms also diffuse much more rapidly along the grain boundaries, and then diffuse
into the grains. Since the grains are small, only a short time is required for the dopant (which is
entering from all sides of the grain) to fully diffuse within the grain. As a result, the overall
diffusion is controlled by the grain boundaries, the grain structure, and the preferred
orientation of the film. These quantities, in turn, depend upon such deposition conditions of the
film as temperature, deposition rate, thickness, and post-deposition annealing treatments.

Each measurement of the diffusion constant D in polysilicon depends very much on the
film's history, and published results cannot be taken universally. Data has been obtained for the
diffusivity of phosphorus, boron, and arsenic in polysilicon, and these diffusivity values are
listed in Table 9-4,23:24:25:26,27 It has been found that phosphorus and arsenic can precipitate at
grain boundaries, resulting in reversible changes of resistivity upon annealing. That is, the
precipitates can dissolve at elevated processing temperatures and go into solution in the grains,
thereby lowering the resistivity of the film. The final resistivity of the film thus depends not
only on the doping level in the grains, but upon the grain size, any precipitates at the grain
boundaries, and the presence of other defects that can reduce the mobility of the carriers.

9.6 DIFFUSION IN SILICON DIOXIDE

Silicon dioxide serves as a diffusion mask for both chemical and ion-implanted predeposition.
Its sole purpose, in these cases, is to keep the diffusant atoms away from regions where they are
not wanted. Silicon nitride (Si3N,) can be used for similar purposes. The diffusivities of the

Table 9-4 SOME REPORTED DIFFUSION COEFFICIENTS in POLYSI FILMS33-27

Dopant Do(cmPrsec) E (gV) D (cm¥sec) 7(C)
As 8.6 x104 39 24x1071 800
As 0.63 32 32x10°4 950
B 15-60x1073 24-25 8.0x 10" 900
B 40x10714 925
P 69x 10713 1000
p 7.0x 1071 1000
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common dopants in SiO, can be calculated from measured profiles assuming solutions to Fick's
second law, with the appropriate boundary conditions.

The Group III and V elements are known to form glassy networks with SiO, and accordingly
their diffusivity strongly depends on their concentration. The diffusivities of these elements are
very low for concentrations less than 1%, and generally do not need to be considered in detail.

A recent paper reports on the diffusion of phosphorus from a phosphorus vapor source into
thermal oxides.28 The diffusivity of phosphorus is given by:

. 2.3
Dp =3.79x10" exp(~k—T) (cm?/sec) 9.42)

and it was found to be independent of the phosphorus concentration. The solubility of
phosphorus in the glass, in the temperature range of 1000°C, was found to vary between
3x102% and 2x102%2 cm3. The diffusion mechanism is described as phosphorus dissolving in
the interstitial sites as P,, where it is incorporated into the network of SiO,. The P, exchanges
sites with silicon atoms and continues diffusing through the silicon sites.

9.6.1 Boron Penetration of Thin Gate Oxides

In the case of thin gate oxides, the diffusion of boron through the gate oxide must be considered.
This effect is termed boron penetration. During boron penetration, dopant atoms from the
heavily-boron-doped polysilicon can diffuse through the thin gatc oxide layer and into the
device channel, where its presence can then change the device threshold. Also, boron
incorporated in the gate oxide during the diffusion can degrade the oxide breakdown
characteristics and charge trapping rate.29 It is further noted that the diffusion of boron through
oxide is enhanced by the presence of hydrogen and fluorine in the oxide. Fluorine can be
incorporated into the gate oxide if the boron is introduced into the polysilicon using BF, as the
implantation source.

There are two main ways to reduce boron penetration or diffusion through a thin oxide. The
most common approach is to incorporate nitrogen into the gate oxide. This technique is known
to reduce boron diffusion by the nitrogen bonding in the glassy network, which in turn impedes
the boron flux through the glass. A model has been developed to explain why the presence of
nitrogen in the oxide hinders the boron diffusion.3? The model explains that the value of D,
decreases and that of Q, increases as the nitrogen concentration increases.

The diffusivities (at 900°C) of the common dopants in SiO, are listed in Chap. 8, Table 8-5.
There is a class of materials that are fast diffusants in SiO,, including H,, He, OH'!, Na, O,, and
Ga. Values of D greater than 1013 cm?sec have been determined for these elements.

9.7 ANOMALOUS DIFFUSION EFFECTS

Any deviation from in the diffusion behavior predicted by Fick’s Law may be considered as
anomalous behavior. The most common anomalous diffusion effects include: a) the effect of
high dopant concentration on diffusion behavior (extrinsic diffusion), as discussed earlier; b) the
enhancement of diffusion as a result of the built-in electric field; c) the effect of sequential
diffusions including the “emitter push efféct”; d) lateral diffusion under a window; e) oxidation-
enhanced (and retarded) diffusion; and f) transient enhanced diffusion. To a large extent these
phenomena are dependent upon the interaction of the dopant atoms with silicon point defects.
Their study helps better understand the interactions between dopants and defects.
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9.7.1 Electric Field Enhancement

During diffusion at elevated temperatures, the diffusing species are usually ionized. As a result,
a gradient of charge (or more formally, a gradient in the Fermi level) will develop in the crystal.
The gradient of the Fermi level will result in a built-in electric field. The electric field always
operates in the direction to enhance the diffusion of the ionized impurities.

For the case of diffusion of a dopant-defect (AX) pair in the presence of an electric field, the
total diffusion flux, J, will have both a classical diffusion component and an electric-field drift
component. The flux of a dopant-defect pair (AX) in the presence of an electric field is then
given by:

aC
Tax =-Dax 5=+ ZaxkaxCax £ 8.43)

where Z,x defines the charge state of AX dopant/defect pair and g, is the mobility of AX.
Assuming Boltzmann statistics pertain and that the Einstein relation between the mobility and
the diffusivity also applies, the calculation of the enhancement of the diffusivity due to an
electric field is rather straightforward, but lengthy. The reader is referred to the original
reference for the complete solution.3!

The enhanced diffusivity in an electric field is given by:

Dy =H[D g0+ Doy -(5)+D oy 2] (0.44)
{4
where h is defined as: !
C C
h=1 A=A N2 1 —1/2 .
e[y ) .

The value of 4 varies from 1 for the case of n << n;, and reaches 2 for the case of n>> n;. The
field enhancement may not only result from the presence of the diffusing dopant but also from
the presence of another dopant in the crystal from a previous diffusion step.

9.7.2 Emitter Push Effect

Since the performance of an npn bipolar transistor depends precisely upon the width of the base
region, the diffusion of the emitter must be accurately controlled. In the early days of bipolar
device fabrication it was found that the measured base width, after the emitter drive, was larger
than predicted from the diffusion coefficients of both the phosphorous and the boron. During the
emitter drive, the boron (under the phosphorus) diffused deeper into the silicon than expected.
This effect became known as the emitter push (or emitter dip effect). The emitter push effect is -
depicted schematically in Fig, 9-11.

Fig. 9-11 Enhanced base diffusion under the emitter resulting from a heavy phosphorus diffusion. (Emitter
push [or dip] effect).
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Fair proposed that the enhanced boron diffusion under the emitter results from a combinatigp,
of effects, related to the creation and dissociation of PV pairs.32 The dissociation of the pairg
near the boron increases the vacancy concentration and thereby the boron diffusion. It is noyw
known that interstitials play a key role in both boron and phosphorus diffusion. QOthey
experiments have shown that there is indeed a net interstitial supersaturation below the
phosphorus diffused layer and these excess interstitials enhance the boron diffusion.33.34.35.36

Fortunately the importance of the phosphorus emitter push effect has diminished, since
arsenic has replaced phosphorus as the emitter dopant. This change was made because arsenic
allows shallower and better-controlled junctions to be formed. The use of arsenic, however, ig
not without its problems, since arsenic tends to form clusters and also tends to interact with the
boron. In some cases arsenic was found to retard the diffusion of the boron (emitter pull).

9.7.3 Lateral Diffusion Under Oxide Windows

Since the majority of diffusion processes are carried out in masked areas one must be concerned
not only with vertical diffusion, but also with lateral diffusion under the mask. This is not truly
an anomalous effect since a concentration gradient exists in the lateral direction, as well as in
the vertical direction, Thus, diffusion should proceed in both directions (two-dimensions).

One of the key processing issues related to lateral diffusion occurs when boron is diffused
into the source-drain regions of a CMOS device, and the boron diffusion proceeds laterally
under the edge of the gate electrode. There are two harmful effects that arise from lateral
diffusion under the gate edge. First, the gate/drain overlap capacitance increases, and this can
cause a decrease in the circuit performance. Second, the length of the active channel region (the
distance between the source and drain) will decrease. If this decrease is excessive, it is possible
to reach what is termed a “punchthrough” condition. When punchthrough occurs either the
leakage current of the device substantially increases or the device will cease to function. Figure
9-12 shows the effect of boron lateral diffusion in the source/drain region of an MOS device.

For intrinsic diffusion under both constant-source (i.e., pre-deposition) conditions and
limited-source (i.e., drive-in) conditions, the lateral penetration is found to be about 75-85% of
the vertical diffusion depth (Figs. 9-13a and 9-13b).37 At high-concentration (i.e., extrinsic)
diffusion, as well as for shallow diffusions, lateral penetration is found to extend only 65-70%
of the vertical diffusion distance.?® There is an additional anomalous effect caused by the stress
generated at the edge of an oxide or nitride window. Both enhanced and retarded diffusions

Polysilicon
_}_ Gate Oxide

Vertical Diffusion o M L[::}

L 11 i
Lateral Diffusion

Fig. 8-12 The effect of lateral diffusion in an MOS device. Tt channel length is reduced to less than the
polysilicon line size by the amount of lateral diffusion.
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Fig. 9-13 Diffusion contours at the edge of an oxide window: a) constant source diffusion; b) limited
source diffusion.’

sions have been observed as a result of elastic strain near the window edge.3? It is known that
strain can induce defects which affect the diffusivity of the dopants in silicon.

It is extremely difficult to directly measure the lateral diffusion in shallow junctions and the
electrical performance of a MOS device may be used as an indication of lateral diffusion. TEM
has been employed for this task, but it is difficult to discern the precise junction location. Some
new techniques are beginning to be used for such measurements and they will be discussed in a
later section.

9.7.4 Oxidation-Enhanced Diffusion (OED)

It has been known for some time that when diffusion takes place under oxidizing conditions the
motion of certain dopants is greatly enhanced, as compared to the same diffusion in a neutral
ambient. To be more precise, the diffusion of both boron and phosphorus are enhanced during
oxidation. While arsenic diffusion is only slightly enhanced under oxidizing conditions, the
diffusion of antimony (Sb) is retarded under the same oxidation conditions. The general name
for this phenomenon is oxidation-enhanced diffusion (OED). There also exists a subsidiary
effect called nitridation retarded diffusion (NRD), which will be discussed subsequently.

It is important to examine OED from two different perspectives. First of all, the amount of
OED that occurs during a drive-in step must be known to accurately model diffusion. From a
practical point of view one needs to take OED into account when defining a diffusion schedule.
Failure to do so could lead to a much deeper junction than anticipated. It is also important to
consider the possibility that different regions on the device may exhibit differing amounts of
OED, since the amount of OED depends on the oxidation rate and different parts of the device
may have different oxidation rates.

The second perspective is that the study of OED provides a window on how silicon
vacancies and interstitials interact with the common dopants during diffusion. There have been a
myriad of investigations of OED in silicon, and the treatise by Fahey, Griffin, and Plummer
provides an excellent critical review of the OED literature through 1989.° Some of their
conclusions are briefly described here, but readers interested in the details of the analysis
should refer to the Fahey, er al., paper.

As far back as 1974, S.M. Hu recognized that the growth of oxidation-induced stacking
faults, OISF’s (see Chap. 2) and OED had a common origin.*? Direct observation of stacking
faults in the TEM revealed that they consisted of silicon interstitial type defects, bounded by
Frank dislocations. It was also known that the stacking faults grew during oxidation and the
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