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PREFACE

The importance of impurity diffusion techniques for constructing semi-conductor
devices is well known, and a computer model for simulating diffusion techniques is very
desirable because data useful for design or analysis can be generated much more
rapidly with greater economy and less tedium than when obtaining the data experimentally.

Thnis report consists of five sections and five appendices. In Section 1, the
elementary classical models for idealized diffusion conditions are discussed, because
the ideas developed are subsequently used in the more realistic models discussed in
Section 2. These more practical models do not generally allow analytic solutions, but
require some type of numerical analysis. The numerical techniques which are used
are outlined in Section 3 with more details concerning implementation given in Appen-
dices I and II. Section 4 gives some of the results which have been obtained with the
computer programs implementing the numerical techniques with the programs given
in Appendices IIl and IV. Section 5 deals with the special problems of impurity-rich
interlayers forming between an oxide and silicon. Appendix V gives a set of computed
curves for sheet resistance, junction depth, and oxide thickness for different diffusion
schedules.
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1. IDEALIZED DIFFUSION MODELS

" Many of the practical techniques for diffusion, such as used for
the fabrication of source and drain regions for the MOST, utilize a two-
step diffusion process.. The two-step process involves a predeposition
step and a drive-in step which are described in this and the following
sections. Practical diffusion schedules require a complex model descript-
ion; however, the more complex practical model utilizes simpler concepts
which are used to describe idealized diffusion conditions. In this section
the equations used to describe idealized diffusion conditions are given.

Diffusion processes are usually described by Fick's first and
second laws of diffusion.1 Fick's first law defines a parameter called
the diffusion constant or the diffusivity. In a one-dimensional model,
it is described by

F = -D aN_ (1-1)
o X

where F is the fluxdensity of particles, N is the concentration of
impurity atoms (per cm3), and D is the diffusion coefficient
(cm? /sec). This mathematical statement implies that the flux
of particles is proportional to the gradient of the concentration. Particles

move from denser to less dense regions. The negative



2
sign indicates that diffusion occurs from regions of high concentration

to those of lower concentration.
The requirement that particles be conserved gives Fick's second

law., In one dimension it is

—_ - = (1-2a)

Substituting equation (1-1) into {l-2a) gives;

3t ~ 9x b dx ( )

The diffusion coefficient is assumed to be constant and equation

(L-2) becomes

2
ON . p_3N | (1-3)
ot .

d X

Solutions to equation (1-3) are usually used to describe diffusions.
The solutions are of two general classes, those in which the impurities
are externally added to the semiconductor and those in which impurities
that have previously been deposited in the semiconductor are allowed
to diffuse farther from the surface.

The first class of soiutions are for diffusions called pre-
depositions, A large concentration of impurities are diffused slightly
beneath the surface of a semiconductor wafer. There is a hea\-/y con-
centration of impurities in the arnbient surrounding the wafer, and it
is assurncd that the surface concentration remains at a constant value
equal to the solubility limit of the impurity in the semiconductor.

20 -
For boron in silicon the solubility limit is about 4.0 x 10 cm 3.
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For this type of diffusion the boundary conditions and initial conditions

are
T N0, ) = 7N;“7
' N(o, t) = 0
N{x,0)= 0 x20

where N0 is the solubility limit.

The solution to {l-3) is then2

- X
N(x, t) = N, ERFC(Z‘/_D_t) (1-5a)
where
2 y
ERFC(y)=1 - exp( -u?y qq. (1-5b)
7T 0

The second class of solutions are for drive-in diffusions. The
drive-in is performed after a predeposition in order to increase the
penetration depth and decrease the surface concentration. In order to
get a solution for the impurity profile after drive-in, the profile
after the predeposition is approximated by

N _, x<h

N(x,0)={ = (1-6)
0, x >h

where N h = Q is the total number of impurities in the semiconductor

after the predeposition.
e o]

Q=N,|ERFC(u) du (1-7)

0
It is also assumed that the surface is inpenetrable so that the

flux of particles at the surface is zero.

oN
D—| =0 (1-8)
OX|x=0
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The second boundary condition requires that the concentration of

impurities goes to zero as x approaches infinity. The semiconductor
crystal is assumed to be infinite in the positive x direction, This
can be assumed if the diffusion length, 2J/Dt, is small compared to
the crystal thickness.

The solution to equation (1-3) for the drive-in condition can be

approximated by equation (1-9). 3

Q %2
N(X, t): exp |- (1-9)

P-N junctions are formed by diffusing into a wafer that has a
doping level that is opposite in polaritv to the diffusing atoms. (Any
process for introducing impurities into a semiconductor to produce
some electrical property is called '"doping'.) The initial doping
level is called the background doping. By definition, the junction
is formed where the diffusing impurity concentration equals the

background doping. The junction depth for the impurity profile in

equation (1-9) is

1/2
~ x;=[4Dt In _Q (L-10)
Np VDt TT

The junction depth is important in bipolar transistors because
of its effect on the base width. For the double diffused transistor,
the base width is the difference between the junction depth of the

base diffusion and the junction depth of the emitter diffusion. The



injection efficiency, base resistance, current gain, and other
parameters of the transistor depend on the base width. Since the base
——width-is--usually small, -the junction -depths--must becontrelled—— —-——«———
accurately,
Another important parameter is the sheet resistance defined by
equation (l-11). for an '""N-type'", or donor impurity, diffusion,
X

j
—=|qu, ndx (L-11)
RS

0

In equation (l-11), Rs is the sheet resistance, q is the electronic
charge,FLrl is the mobility of electrons, and n is the number of
electrons. Practically, n can be taken to be the same as N, the
impurity concentration, in many cases. The base spreading resist-
ance in bipolar transistors, parasitic resistances in M-0O-S
transistors, and all parameters which depend on the impurity pro-
file depend on the sheet resistance. It is also important to the
process engineer since it can be measured easily and is an aid in

determining some characteristics of the impurity profile,



2. PRACTICAL DIFFUSION MODELS

In this section some of the practical conditions for diffusion
processes are considered. One of the first major deviations from
the idealized diffusion process which must be considered is the
effect of oxidation during a drive-in diffusion. The oxide is sub-
sequently selectively etched to expose other areas to be diffused,
or to expose areas that are to be electrically connected to an in-
put or output of a device. The oxide that is not etched away is
used for insulation, and, in some field effect devices, as part of
the device itself.

The rate at which the oxide grows on.the surface of the
silicon depends on the temperature, the amount of oxide present,
and on whether it is grown in a stream or oxygen ambient. The
growth rate of the oxide is given by equation (2-1). 4

dXo — .
= B -
o (2-1)

In this equation %, is the oxide thickness, and B and A
are the parameters plotted as functions of temperature in Figure (2-1)
and (2-2) respectively. The parameier B is called the parabolic

rate constant, and B/A is called the linear rate constant.
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Figure (2-1), The Temperature Dependence of B.
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Figure (2-2). The Temperature Dependence of B/A.
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Figure (2-3). The Effect of a Growing Oxide on (a) a Boron Impurity
Profile (b) a Phosphorus Impurity Profile.

After a wafer has been through the predeposition process, the
oxide which is grown during the drive-in ideally masks the wafer so
that the predeposited impurities cannot diffuse back out through the
oxide. There will be some impurity concentration in the oxide,
. however, because of the segregation effect at the silicon-silicon
dioxide interface. The effect of the growing oxide on a boron and

a phosphorus diffusion are shown in Figure (2-3). > A constant

called the segregation coefficient relates the concentrations on the two

sides of the interface. The segregation coefficient is defined by

equation (2-2).

_FEquilibrium concentration in the silicon
"Equilibrium concentration in the oxide’

(2-2)



The segregation coefficient of boron is about 0.3, and for

phosphorus it is about 10.0. From Figure (2-3) it can be seen that

many of the boron atoms are lost to the oxide causing a depletion of

impurities near the surface. For phosphorus a small amount of the
impurity is lost to oxide, so that, as the oxide grows inward, it
pushes the irﬁpurities in front of it, This in turn causes the con;
centration near the surface to remain at a higher value than is
predicted by equation (1—9).‘

As the oxide grows, it consumes part of the wafer, The ratio
of the thickness of the silicon consumed to the total oxide thickness
is a constant called <€, which accounts for the difference in the
densities of the silicon and the oxide, The numerical value of
is approximately 0. 45, 6

With a growing oxide on the surface of the wafer, two deviations
from the previous model for drive-in diffusion are immediately
apparent. There is no longer a convenient stationary coordinate
system, The surface is moving with a velocity of 0.45 times the
growth rate of the oxide. Furthermore, because of the escape of
impurities through the surface, the impurity gradient at the surface
is not necessarily zero.

The surface boundary condition is derived by assuming that the
oxide grows only at the silicon-silicon dioxide boundary, and by

requiring that particles crossing the boundary are conserved. It is

useful to redefine the spatial coordinate so that the moving boundary
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is the new reference, y=0. This is done by the linear transformation

y=x - <X_. (2-3)

Then a particle which is stationary in the x-coordinate system
at a point corresponding to y>0 will have an instantaneous velocity

due to the movement of the origin which is given by equation (2-4).

dy dXo
=-C 2-4
dt dt ( )

Therefore there is an instantaneous flux of particles because of the

moving boundary which is

dX
Flz—C(

° N(y,t), y=0. (2-5)
dt '

From equation (l-1), the flux due to the impurity gradient is

aN

FZ = - D_Wo (2'6)

The total instantaneous flux of pérticles in the semiconductor is the
sum of the terms in equation (2-5) and (2-6).

With the assumption that all oxide growth takes place at the
boundary, a particle inside the oxide has an instantaneous velocity
due to oxide growth that is equal to the magnitude of the growth
rate of the oxide. The velocity is in the negative y direction so the
flux is the negative of the growth rate, Using the symbol C for the
impurity concentration in the oxide, and D, for the diffusion
coefficient the total flux in the oxide is

dX

Fo=- D—2% -2 C(y,t). (2-7)
Ay dt




11
Conservation of impurities at the boundary requires that the

flux of particles at y=0" be equal to the flux at y=0% Equating the

—-————— ——-— - ~ —flux-in the-oxide-and the flux-in the semiconductor at the boundary _

gives
dN A 3C dXo
D5v | y=0t - Doxy|y-0- = (K- —— N(0, 1) (2-8)

where C(0, t) is replaced by KN(0, t) on the right-hand side of equation
(2-8), and K is the reciprocal of the segregation coefficient.
For impurities which diffuse slowly in the oxide, equation (2-8)

reduces to

dXO

oNN
D—lezoz(x-oc) T N, t). (2-9)

For some impurities, such as boron and phosphorous, the diffusion
in the oxide will be negligible.

The diffusion equation is written in terms of the new coordinate
by returning to Fick's second law, equation (1-2a). By substituting
the total flux of particles in the wafer into equation (l-2a), the new
equation is

2 ax
SN -p2 2N+oc o oN | (2-10)

Equation (2-10) accounts for the oxide growth during the drive-in
diffusion with the surface boundary condition of equation (2-9). For
diffusion with an external source of impurities in an oxidizing at-

mosphere, the boundary condition would not be the same.
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The diffusing impurities must each have a charge of plus or

minus one electronic charge depending on whether the impurity is

N or P-type. There is an electric field associated with these charges,
since there must be an impurity gradient for diffusion to occur. The
electric field exerts a force on these charged particles which gives
them a drift velocity, and the product of this drift velocity and the
concentration gives another component of flux,

The electric field can be calculated by assuming that the
semiconductor is in a thermal equilibrium. There are several
orders of magnitude difference in the diffusion cooefficients of holes
or electrons and impurity atoms. Therefore, the holes or electrons,
depending on the type of semiconductor, tend to diffuse away faster
than the impurity atoms. The electric field prevents this from
happening, so that the impurity current and the hole or electron
current are equal. The impurity current is known to be small,
since the impurities move on the order of a micron per hour, Then
in order to approximate the electric field, the hole current for a
P-type semiconductor is set equal to zero.

= _ °P -
0= -q Dy 3 &qupEp (2-11)

From equation (2-11), where Dp and}J,P are the diffusivity and
mobility of holes respectively, the electric field is obtained as

given by equation (2-12).

E- XT _ap (2-12)

qp 9y




13
In equation (2-12), Dp/;_l,p has been replaced kT/q from the FEinstein

relation.

The impurity atoms will have a drift velocity which is given by

equation (2-13),

v:—pE (2-13)
where L is the mobility of impurity atoms, an;i thé negative sign
indicates that negatively charged particles move in a direction
opposite to the direction of the field.

The flux of particles due to the drift velocity, assuming all
impurities are ionized, is the product of the concentration of
impurities and the drift velocity.

F=-LEN (2-14)

If the electric field, the oxide growth, and diffusion are ac-
counted for, the total flux of particles is the sum of the flux terms

given in equations (2-5), (2-6), and (2-14).

\ X,
F=-p29N | «
3y dt

N - LEN (2-15)

From Fick's second law and equation (2-5), the diffusion equation

which accounts for oxide growth and field aided diffusion is
2 dX
oN _ 5 3N )

ot ayz

oN d -
T ay aY(HEN)’ (2-16)

To calculate the hole concentration, p, it is assumed that at

the high temperatures used for diffusion all impurities are ionized.
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The relationship between the hole and impurity concentrations is

defined by the following two equations.
p=N+n (2-17a)
2 .
pn=nj (2-17b)
Substitution of the electron concentration, n, from equation
(2-17a) into equation (2-17b) gives an expression for the hole con-
centration in terms of the impurity concentration and the intrinsic

concentration, n;.

2 1/2
p= [, 2

7 : (2-18)

If the number of impurities is much greater than the intrinsic
concentration, the number of holes is approximately equal to the
impurity concentration. For this condition, the diffusion equation can

be rewritten using equations (2-12) and (2-15),

2 ax 2 |
3N _p °N o oN 3N (2-19)

3t 3y dt 3y 3yl

Equation (2-19) shows that the diffusion coefficient is effectively
doubled for high impurity concentrations under the influence of a
built in electric field. For low impurity concentrations, the
number of holes is approximately equal to the number of intrinsic
carriers, and the field aided term in the diffusion equation is small.

The electric field adds a term to the flux used in determining the
surface boundary condition, equation (2-9). For a predeposition

this term may be significant, because of the high-surface concentration,
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but the boundary condition for predeposition is not calculated from

the flux of particles. For drive-in diffusion the temperature is

usually much higher, but the intrinsic concentration is also higher. . .

The temperature dependence of the intrinsic concentration is given
by equation (2-20).

di: 3.85 x 1010 T?J/2 exp (~ %szl—) (2-20)
For typical drive-in temperatures, n; is between 1019 and 1020, and
the surface concentration will be lower than the intrinsic concentra-
tion. Since the hole concentration, equation (2-18), is almost
constant; the field, given by equation (2-12), is insignificant.

Lehovec and Slobodskey8 have investigated field aided diffusion
by lumping the diffusion and field terms into a single term with an
effective diffusion coefficient, D*,

D* = D(1+1) (2-21)
The function f accounts for the difference in the hole concentration
and the impurity concentration. Using this relation to account for
the field, they have shown a region of high impurity concentration
in which the diffusion coefficient was doubled, and region in which
the field was not significant,

Equation .(2-10) has been used by Grove9 to model diffusion with
a growing oxide for wafers with a constant initial doping, and Kato
and Nishilo have used this equation to approximate the solution

for the impurity profile for the more general case,
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3. COMPUTATIONAI, METHODS,

The practical diffusion models require the application of
numerical methods to integrate the diffusion equation. This section
describes some finite difference methods useful for obtaining solu-
tions. The simplest finite difference method is called the explicit
method which is discussed in Appendix I. The method consists of

the repeated use of equation (3-1).

i+1 i i i iypi i
N, = RN, +N{ 1-GA +R [ (F,_, -P})/p; -2] Ny,
X RNy ] { -1 T3 jtl
; i _pi i -1

{(GA + R + R (P, -Pl) /BE L 1) (3-1)

In equation (3-1) all variables are the same as defined in Appendix I.

The difference approximation becomes more accurate as the
increments, At and Ay, approach zero; but there are further
restrictions for a solution to be convergent. For equation (1-3),
the value of R is restricted as is indicated in equation (3-2).

R = AT 0 <« R < 1/2 (3-2)
AY?

Assuming a similar relation holds for the more general
diffusion equation, equation (3-1) can be used for predicting impurity
profiles. Starting with the initial condition, the impurity profile is
predicted at the next time instant using the present profile. For

each time
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step, the values of impurity concentration are calculated at the

discrete intervals jay for all values of j between, but not including,

zero and J. These two points must be reserved for the boundary

conditions. This will require J-2 calculations for each time step.
If the total diffusion time is divided into I increments, the J-2
calculation must be made 717-17times to obfain the finél impurity
profile.

In calculating the impurity profile by the explicit method, each
predicted value of concentration depends only on three previous
values as is shown in cquation (3-1). The value of R is restricted
to certain limits for stable solutions. The implicit method, described
in Appendix II, overcomes both of these difficulties; but the ease of
computation is lost. A matrix of difference equations must be
solved simultaneously, but for this method each predicted value of
concentration depends on all of the previous values and on the
predicted values., The imnplicit method should be more accurate
than the explicit method because of this increased dependence.

The solution to the diffusion eqqation is calculated in a way
that is similar to the explicit mc¢thod, except that the entire impurity
profile is calculated by solving the matrix equation, A simplified
flow diagram that shows the order in which the calculations proceed
for a computer solution to the diffusion e¢quation is shown in Figure

(3-1). A cofnplete listing of the program used for predicting solutions

to the equation by the implicit method is given in Appendix III.



Read time and temperature
schedule

Calculate diffusion coefficients,
oxide growth rate parameters,

normalization factors, etc.

)

-<— —

Determine ambient condition
and set boundary condition
accordingly

4

Calculate terms for matrix equation
and solve by Gaussian elimination

specified
diffusion time
been reached

Calculate junction position,)]

oxide thickness,and sheet
resistance

End

Figure (3-1). A simplified flow diagram for the computer solution

Increase time

by

AT

of the diffusion equation
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The boundary condition at the surface is met by imposing the
restriction given by equation (2-9) to calculate the surface concen-
———— = — - — — —tration.-—Writing-equation(2-9) in-finite difference form-and-solving -~ -~~~ ~-
for the surface concentration gives the equation used to meet the

surface boundary condition.

N(0, T) = __N{AY, T)

dx (3-3)
[Lm*f.(K ety —— ) D:]
dt

The oxide growth rate is calculated from equation (2-1) according
to the ambient condition. The arbient condition can be changed-
during a diffusion and the boundary condition will still be met.

The second boundary condition is that the impurity concentration
goes to zero as y approaches infinity, For a numerical solution,
some convenient point must be chosen where the impurity concen-
tration is known, If a point is chosen far enough away from the
surface, the concentration can be specified to be zero, Since the
impurity profile between the surface and the jun.tion is usually the
only part that is of interest, the solution will not be significantly
affected in this region if the specified point is slightly in error,

For the computer prograrmn given in Appendix III, the junction
depth is predicted from equation (1-10), and the impurity concen-
tration is set to equal zero at three times the junction depth. This

allows the program to handle diffusions for shallow or for very deep
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junctions; although, solutions for shallow junctions are more accurate

becéuse the increments will be smaller,

Although the predeposition can be numerically simulated to get
the initial condition before drive-in, it ;:vas found that the impurity
profile after the drive-in was not affected significantly by the
deviation from a complementary error function, equation (1-5b),
during the predeposition. The effect of field aided diffusion is taken
into account empirically for the predeposition by adjusting the diffusion
coefficient and assuming that the impurity concentration still
follows the complementary error function profile. The profile is
calculated by taking the integral indicated in equation (i-5a), which
is integrated numerically by the Gauss-Laguerre quadrature method.

For the case where a predeposition is not followed by a drive-in,
such as the eritter diffusion for a double diffused transistor, the
effect of the electric field cannct be accounted for empirically. This
tvpe of diffusion can be handled nurmerically by a slight alteration
of the program given in Appendix TilL

The sheet resistance is determined by numerical integration

of equation {3-4),

X
R - 1G dY (3-4).
0

In this equation G is the conductivity which is given as a function

of impurity concentration by Irvin,
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4. RESULTS

Both the explicit and implicit methods have been used to solve
thé difg‘;xsior; ;q_lla_’;i_on. The ‘e};p—li?ci_t_p_r;g;:;r;; has been rur: ;)n ;hc; MS}J
UNIVAC .1106 and the MSFC Xerox Sigma V. Checks on computational
accuracy have been made by comparing with the erfc(x) and gaussian
tables and by comparing with previous work on oxidation done by
other methods. Some comparisons with experifnental data have also
been made.. These results are reported in this section.

Solutions by the explicit method were found to be accurate
enough for many diffusion problems. It is well suited for the gener-
ation of sheet resistance and junction depth data for diffusions in which
the ambient condition during a drive-in is constant. The implicit
method also works well for drive-ins with one or two ambient changes
if the times in each ambient are about equal. If the time in one
ambient condition is much greater than another, then the shorter time
will be divided into a smaller number of time increments, and the
effect of the short ambient change may not show up properly in the
solution.

Changing the ambient during a diffusion creates another problem
in thé stability of the solution, As previously stated, the value
of R, AT/ AY2 , must be chosen between zero and one half in
order to obtain a stable solution to equafion (1-3) by the explicit
method. If the numér'ical solution is to be general, then equation (2-16),

which accounts for the oxide growth and the electric field, must be
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solved. For this equation the range in which R must be chosen for a

stable solution may not be the same., For a predeposition, the elec-
tric field is significant, but there is no oxide so that an equation
different from equation (2-16) is solved. In the case of a drive-in
that starts out in an oxidizing ambient, the concentration near the
surface drops rapidly. The electric field is negligible, in this case,
after the impurity concentration drops below the intrinsic concen-
tration and still another equation is solved,

A single value for R which gives the smallest error for each
of these conditions cannot be found for the explicit method. The
implicit method should give better results in general because the
dependence of solutions on the value chosen for R is greatly reduced.
Fewer calculations are required to show the effect of an ambient
change, but more computation is required for each prediction of the
impurity profile., If one hundred increments in the Y-coordinate
are used and R is one fourth, the explicit method requires about
three seconds of execution time on the UNIVAC 1106, Under the
same conditions, the implicit method requires about thirty seconds
of execution time; but by choosing R to be unity, better results are
obtained and the execution time is comparable to that of the explicit
method.

The solutions given by Grove were simulated numerically for an

oxide growing on a wafer with a constant initial background doping
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Figure (4-1). Comparison of Predicted Results with the Results
of Grove.

level. Since reported values of diffusion parameters vary widely,
the diffusion coefficient and segregation coefficient given by Grove
was used. The result of this diffusion is given in Figure (4-1).

The circles represent the extremeties of experimentally measured

concentration,
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L }
1.0 2.0
*)

distance from surface {(cm x 10~
Figure (4-2)., Comparison of Predicted Results with the Results
of Kato and Nishi
The diffusion data given by Kato and Nishi was also simulated.
Figure (4-2) is a comparison of the cormnputer solution 2nd the ex-
perimental measurements. The impurity profile given is for a short
predeposition followed by a fifty minute drive-in in an oxygen ambient.
The diffusion coefficient and segregation coefficient used were the

values reported by Kato and Nishi,
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Figure (4-3). The Effect of the Electric Field on a Predeposition.
Figure (4-3) shows a calculated impurity profile with the electric
field considered and one in which the field term has been removed
from the diffusion equation., These profiles are for a predeposition
with boron at 980 degree centigrade for one hour, The most signifi-
cant difference in these two profiles is that the profile calculated
with the field-aided term included shows more impurities in the
semiconductor. The effect of these added impurities as a function
of the predeposition température is shown in figure (4-4). The
per cent change in sheet resistance and junction depth were

obtained by comparing the results of computations of impurity
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Figure (4-4). The Effect of the Electric Field as a Function of
Temperature.

profiles with field aided diffusion and with the field equal to zero,
For these calculations the surface concentration was assumed to be
constant at 4,0 x 1020.

In some cases the ambient is changed several times during a
diffusion in order to shape the impurity profile to give some desired
electrical characteristic.. Table (4-1) shows four diffusion schedules

with several changes of ambient and a comparison of calculated and

experimental values of sheet resistance and junction depth,
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AMBIENT
CONDITION
_ TIME (MINUTES)
oy B ) 4
. N, 14 14 8 8
o, 15 15 10 10
H,0 10 10 10 10
0, 5 5 5 5
N, 10 10 10 10
0, 60 0 0 60
N, 10 0 0 60
R, (MEASURED) 160 140 150 200
R, (CALCULATED) 188 149 172 206
X; (MEASURED) 2.0 1.3 1.2 2.0
Xj (CALCULATED) 2.08 l.44 1.2 1.98

! Table (4-1). Some Predicted and Experimental Results
for Several Ambient Changes.

Some results which show the effect that the oxide growth has on
impurity profiles as time progresses are shown in Figures (4-5)
and (4-6). Figure (4-5) shows that for phosphorus the oxide rejects
the impurities and pushes them inward keeping the concentration
near the surface relatively high. For the boron profile, Figure (4-6),
the concentration near the surface is depleted. A comparison of the
two figures shows that the boron profile contains fewer impurities

than the phosphorus profile.
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Figure (4-5). Profile Evolution for Phosphorus in an Oxidizing Ambient
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Figure (4-6). Profile Evolution for Boron in an Oxidizing Ambient
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5. PREDEPOSITION DIFFUSIONS

deposition diffusion: (1) a gaeous impurity source such as diborane
or phosphine is mixed with carrier gases of nitrogen, oxygen, and
argon; (2) a liquid source such as POCl;3 is uéea with a carrier
gas mixture which bubbles through the liquid; (3) a solid source
such as bqron nitride wafers or P205 is used with a carrier gas;
(4) a doped oxide source is deposited on the wafer surface either by
pyrolytic techniques or by ''spin-on' methods using a liquid emulsion
which is dried and baked.

The first three methods require that the surface concentration
be maintained at the solid solubility limit in order to obtain control
of the impurity profiles. High surface concentrations result in lattice
strains which are not always annealed out by subsequent drive-in
diffusions. These lattice strains may produce deleterious effects in
terms of device performance. Consequently, there has recently been
a good deal of interest in method (4) which can produce predeposition
profiles with acceptable control and lower surface concentrations. The
other methods are also widely used and method (1) was studied in this
work.

The diborane predeposition procedure is usually carried out in
a furnace at about 1,000° C. (980° C. in the furnace at MSFC.)

The carrier gases are No , at 4,000cc/min flow rate, O9, at 120cc/min,

and argon at 22cc/min with 1 percent diborane in the argon. The
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diborane argon mixture is supplied for times ranging from about 15
minutes to 60 minutes. A layer of boron glass (B9Og) is formed
with a thickness up to about 1,200 Angstroms. This layer is quickly
dissolved in a 10:1 HF etch. There is an inter-layer which is a
solid mixture of boron-silicon-oxygen which is resistant to the HF
etch. The layer ranges from about 100 to more than 200 Angstroms
according to ellipsometer measurements (which may not be reliable.)

Exactly how much of this recalcitrant layer that rémains after
the 10:1 HF etch is dependent upon the time used for the predeposition.
The data obtained at this time indicates that for a 15 minute pre-
deposition, the layer is almost completely etched away in HF., The
surface sheds water readily, and a subsequent short drive-in diffusion
in N2 does not produce a dramatic drop in the sheet resistance. For
a 30 or 60 minute predeposition, the layer which remains after an
HF etch is about 200 Angstroms thick, water clings to the surface,
and a short drive-in in Ny (5-10 minutes) produces a drop in the
sheet resistance by a factor of four. An eich cycle in hot (105° C)
nitric followed by a 10:1 HF eich is effectiive in removing the layer.
Three cycles seemed to be sufficient. A short oxidation (5 minutes)
at 1150° C followed by a 10:1 HF etch is also effective in removing
the layer.

Wafers which were predeposited for 30 and 60 minutes were

divided into two groups. Half of the wafers were etched (HNO3+HF)

and half were not. These wafers were ihen subjected to drive-in
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diffusions in Ng at 11500C. for a total time of 50 minutes. The wafers

were removed at intervals and the sheet resistance checked. Of course,

there is an ambiguity- concerr;ing the effective time because of the
heating and cooling times; however, the results are shown in Figure 5.1.
Apparently, the boron-rich interlayer .serves as an effective unlimited
source for a period of 50 minutes. Since the chemical composition

of the interlayer is unknown, any calculation of the total number of
impurities based on tle layer thickness must be considered to be

purely speculative. An estimate based on the assumption that the

layer is roughly a 50 percent mixture of B5O3 and SiO, gives 1016cm, -2
for the effective Q of the source. This is sufficient to maintain a

saturated surface concentration for roughly an hour at 1150°C.

40 o ' .
\ 60 min.letched f ‘
J)_J_‘ o—— 0 'f
u——u-—_: ...... -
g ——————————
30 \ H J’ ~~~~~~~~ [~ ——:}
1\ ke S ey, e —— b— . L
1 R PR A7 Sk Rt B
Ohms min. . -
b\\ | etched —L—/ .
20 [_.p N ' |
{;?{; "30 min,
n 0 >~ / no etch.
\\\ /r ]
S N nd S S —
N ‘Q\\\§~>?ﬁ 60 min -
’ ’ no etch.
0 j J i (
0 10 20 30 40 >0

Minutes

Figure 5.1 Sheet Resistance vs. Time for Drive-in Diffusion in
Nitrogen at 1150° C with Boron-Rich Surface Layer.
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If the wafers with the boron-rich interlayer are placed into an
oxidizing ambient, either dry oxygen or steam, the results are quite
different. The sheet resistance at first holds steady with the drive-
in time and then begins to increase. The increase will continue until
such a time that the impurity gradient at the junction is too low to
maintain a space charge layer. Then the junction becomes ''leaky"
and the resistance measured is no longer related directly to the
resistance of the diffused P-layer above the junction. Apparently, the
oxide begins to grow between the boron-rich layer and the silicon, and,
no doubt, some transformation takes place within the layer. Con-
sequently, the layer is masked from the silicon, and probably dilated,
so that it no longer supplies impurities at a rate which maintains a
saturated surface concentration.

The best model which one can construct at this time on the
basis of the available data is as follows. An effective surface source
with strength Qg (crn_2 ) is assumed for all predeposition times be-
tween 30 and 60 minutes. The value chosen for QS1 is approxi-

mately 3.5 X 1016 em™2.

I'or 15 minutes or shorter predep times,
Qg1 = 0. In order to incorporate this predep model into the overall
two-step diffusion model, the following scheme is employed: (1) For
a drive-in in a No ambient, the flux of impurities at the surface is
calculated and integrated with respect to iime. The surface concen-

tration is assumed to be at the solid solubility limit until the inte-

grated flux is equal to Qg). Then the flux is set to zero. If Qg
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is incorrect, then the model eventually becomes invalid. However,

in most practical cases only a short drive-in in Ny is required, so

‘that this is not a severe limitation. (2) For a drive-in in an oxi-
dizing ambient, the surface flux is assumed to be zero until an
oxide 800 Angstroms thick is grown. Then the flux is assumed to
follow the law dependent upon the oxide growth rate, the segregation
coefficient, etc. The model is to some extent arbitrary, and other
models may give equivalent results. A more rigorous approach
would deal with the chemical conversion of the interlayer plus the
oxide growth and diffusion through the oxide. This is obviously a
very involved problem requiring micro-chemical analysis of thin
layers for boron, silicon, and oxygen content. Until such empirical
data are available, the present model is no more nor less speculative
than any other.

The curves given in Appendix V for diborane predepositions
without removal of the boron-rich layer were obiained using the model
described in the preceding paragraph. The curves are calculated
using the "'explicit' integration program whick is given in Appendix IV.
The program as given has a set of instructions to generate the input
data. These instructions may be easily replaced with read instructions
or other instructions to input the data. The program uses ihe fol-
lowing data: (1) RS1, the sheed resistance after the predeposition,

(2) TE1l, TIl, ihe predep temperaiure and time (degree C., and

minutes,) (3) TE2, the drive-in temperature (deg. C), (4) T1l, T2, T3,
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the drive-in are obtained by assuming that the field-aided diffusion
during the predep results in an effective diffusion constant of 2D.
Then the surface c.oncentration is adquted to give the correct sheet
resistance for the predep, RS1l. This is done by a subprogram
called FINDNO(RS1, LA, NO). Practically, this usually results

in a junction depth after the predep which is too deep and gives a
bias to the junction depths for drive-in., Sheet resistance values
seem to agree fairly well. The junction depth error is roughly

.2 microns for a 60 minute predep.
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\ _ 4
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Figure 5.2 Sheet Resistance and Junction Depth vs. Time for
BoHg Diborane, Predeposition Diffusion.

»

(Circled point calculated by including time in 02)
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The sheet resistance after the predep can be calculated fairly

accurately by taking into account the aiding electric field. Curves

, are shown in_f‘—i_gt_lr:a_(_g.a) for sheet resistance versﬁ‘sr predep time
at 980°C. It is questionable whether or not it is practical to cal-
culate the predep prorile using the program including the field aided
effect each time the drive-in profile is calculated. There are several
difficulties which must be resolved, one being the problem of recon-
ciling the two choices of ''regions for the solution." If one chooses
a reasonable region for solving the drive-in problemn, this region is
ineviiably too large for an accuraie numerical integration for the
predep profile. On the other hand, choice of iwo regions, one for
predep and one for the drive-in, requires a coordinate transformation
type of operation to translate data calculated using a finer grid to a
description with a coarser grid. However, one accomplishes this,
extra computing time and added program complexity are required.
At the moment it is not certair that the increase in accuracy war-
rants this approach, bui it is being counsidered. it seems now thai
the most practical approach is %0 use the sheet resistance data as
input data to solve the drive-in problemn.

The "explicit'' program can also be used to simulate pre-
depositions using boron-nitride waters ifor diffusion sources. in this
case, the predep sheet resistance is calculaied from iformulas based
on Goldsmith's (et.al.) data.1®  Fur ihis option, the conirol index

ICON is set equal io zero.
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6. CONCLUSIONS AND RECOMMENDATIONS

The model and program described in this report is useful for
calculating junction depths and sheet-resistances for practical two-step
diffusion processes. In cases where the model has been compared
with empirical data, the results for junction depths have agreed to
within less than 10 percent, better than the uncertainty of measurement
for some individual measurements. Sheet resistance data agrees well
in some cases. Experimental data shows that the sheet resistance
after a diborane predep is sometimes errstic, Variations of as
much as 8ohms from the average of 27 ohms for a 60 minute
diborane predep have been observed. The program cannot, of course,
cope with this problem. More controllability of the process is needed
and this requires more understanding of the physics and chemistry
of the process. When the experimental values for the predep sheet
resistance are used io predict the value afier drive-in, the predicted
value agrees within 10 percent of the measured value.

There are some practical eifects knowr: fo te missing from
the model. The non-linearity introduced with very heavy phosphorous
concertrations and resulting ir the ''emitter-dip'' phenomena are not
modeled in the program. This is not a severe limitation for dif-
fusions used for MOST devices. There is also a iendency to get
away from this type of difiusion vecause of the deleterious effects
produced as well as the unprediciable nature of the process. The

complexity of the conversion of the impurity-rich interlayer upon
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subsequent oxidaiion has not been modeled. More experimental

data will be required before a more accurate model can be constructed.

One feature' of the model which is d-t—eficient and will be sﬁb-
sequently remedied is in the method of calculating the sheet resistance.
The sheet resistance is obtained by integrating the conductivity from
the surface to the junction. Some of the data in Appendix V are ob-
tained using the resistivity of the diffused concentration rather than
the net concentration. In most cases, this does not matter,but
for a light doping it will. The other problem is that the junction
becomes leaky when the impuriiy concentration .is light and the gra-
dient at the junction is low. A calculation for the impurity gradient
at the junction will be inserted to indicate when the calculations are
unreliable. Practically such a diffusion is useless, but one would
wish to know when such results will be obtained.

Additional studies should be made to apply these programs to
diffusions from doped oxides and from the boron-nitride type source.
Curves can be obtained for the boron nitride predepositions and the
program can be used to study fthe P-well diffusions used in CMOS

work. This problem is very diificult because the P-region must be

"lightly doped and the junction must be deep. Consequently, it is

very difficuli to produce a junction which is not leaky or ''lost"
altogether because the diffused region becomes N-type.
Further studies are needed to improve the model for the

impurity -rich interlayer. In this case, data are needed to learn
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what is actually happening physically., Chemical analysis of the layer
before and after oxidation is needed. The program should be modi-
fied so that the predep profiles calculated using the field-aided model
are readily incorporated into the computations for the drive-in dif-
fusion. Subsequent work will integrate the features of the explicit
and implicit programs and utilize the field-aided predep model if
the accuracy improvement is felt to warrant the complication.

At this point the programs can be used to simulate a variety
of diffusions and for experimentation. Further attention will be
given to simplifying the procedures for using the programs. This .
will probably result in several programs, each incorporating the
basic integrated program mentioned above but differing in the input

data and output data instructions.
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l B APPENDIX I
|

NORMALIZATION AND EXPLICIT DIFFERENCE APPROXIMATION

The diffusion equation is normalized so that it can be written in
terms of dimensionless time and space coordinates. The normal-

ization factors are given in the following two equations;

5T (6-1)
T=_fr_ (6-2)

where 7 is the total diffusion time.

Writing an equation with this type of normalization facilitates
the choice of increments to be used in a numerical solution.

The equation is normalized by using the chain rule for differ-

entiation. As an example, the time derivative is rewritten as

| follows;
oN 1 . IN 6-3
at T 3T (6-3)

The normalized diffusion equation is given in the following

equation.
2 dX
3N _ _¥N T o o , 3N 3 ap N\ (6-4)
at 3v2 D dt dY 3y Y p



The time and space derivatives are approximated by finite

differences,
i+l i
on _ N - N (6-5)
°T AT
i i
aN _ Nju1- N (6-6)
Y ~ AY

The superscripts i+l, i, and i-1 indicate that N is evaluated
at times T+ AT, T, and T-AT respectively. The j subscripts are
analagous for the spatial coordinate.

Substituting the finite differences into the diffusion equation

gives the following difference equation.

Nt + / 2| [+N
Y 'Nj-l R+Nj 1-GA+R (pj-l - %) pj- + il
(6-7)
GA+R+R(p, ., -p)/pP
[ LT
_ AT
R= —— =
AY
dx
GA TAT o o
DT AY dt

In equation (6-7) all unsuperscripted variables are assumed to
be evaluated at time T,

With the first and last values of N given from the boundary
conditions, the difference equation can be used iteratively to predict
the impurity profile at the next time instant if the present profile

is known.
I1-2
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IMPLICIT DIFFERENCE METHOD

The implicit method is similar to the explicit method except
that the spatial derivatives are written in terms of the impurity

concentration at the next instant of time.

N1.+ _ N1+].
oN __J* J-1 (7-1)
oY DAY
2 Ni+L ot N
AN _ Tl i+ (7-2)
3 y? AYZ

Substituting the finite difference derivatives into the diffusion
equation gives the following difference equation.

1 _ i+l i i i+l
NJ = NJ-]. [R - R/4( Pisl - pj—l)/pj-L - GA/2:|+NJ. [- l - 2R

+R(F’ji:f'l - ZPJi.+ pj_l)/Pj]* N;ii[R+R/4(p;+l - p;-1)/ pj+1
+ GA/Z:' ‘(7-3)

In equation (7-3) there are three unknowns, i.e., the three values
of impurity concentration. If j runs from zero to J, where JAY is
the largest value of Y to be considered, then there are J-2 equations
in J-2 unknowns to be solved simultaneously, These equations can

be written in the form of a matrix equation as is shown in equation

(7-4).



N i+l ] | i+ﬂ
1 - ANg B C Nl
i i+l
N
2 ABC NZ
i i+l
N, ABC N
3
. - . , (7-4)
i+l
N AB m
J-2 C N;_,
N}_l _ CNHL AB Ni+1
L T 1 LI

In this equation A, B, and C are the coefficients of Nj-L' NJ_,
and Nj--l respectively; and they vary in both time and space. Since
the coefficient matrix is tridiagonal, equation (7-4) can be easily
solved by Gaussian elimination for all of the next values of impurity
concentration. The first and last elements of the column vector on
the left-hand side of equation (7-4) each contain two terms. The
boundary conditions determine the second term in both cases; and

since the boundary conditions are included in the matrix, the

solution to equation (7-4) will depend on these boundary conditions.

I1-2
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(o 2N o TN o TN o

40

10

301

IMPLICIT PROGRAM LISTING

FROGRA FOR CALCULATING IMPURITY PROFILE»JUNCTION DEPTH,
AND SHEET RESISTANCE FCGR TwO STEP DIFFUSION IN SILICOW
DIMENSICN N(200)»A(200)98(200)+E(200)DA(200)CON(200)
REAL NGoLAPNBIN

REAL*6 115 » ANMLy ANP L #AQ
NICTISEXP(2Le25) /({300,012 6010%) ) *15E10%EXP(~(6620,
$=2,08%T)/TI*eT*¥ (L ,5)

RAIN3» 4 ) ZNI/2 e +SQRTINI* 22/ 4 e +N LK% D)

Nb IS THZ BACKGRUUND DOPING » PER CC

NB=1.0815
" PREDEP TIME(MIN) » TEMP(DEGC o) e LRIVE=IN TEMP(DEG+Co )
TIME I W (HINY 92 (MIN) v AN STEAM(MIN)

PO IS 140 FOR PREDEP,e==== ~0-0(0K BLANK) OTHERWISE

TOT IS TOVAL ORIVE-IN TIME IN MINUTES
READ(H,1U)TILeTEL TE2eTLe T2 T20PD»TOY

FORMAT(BF1043)

IF(PDeGTe0e) XK=0.0

WRITE o SGAITILeTEI e TE2eTLo 12273

FORMAT (! v96030.2)

IF(TI1.LELC,OISTOP

DIZ8e0+F AP (=42 E3/(TEL4+2T7540))
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TI1=T11%6040

TOT=TOT*60.0

T2=T2+71

T3=T3+72

T1=T1*A0.0

T2=T72%60e0

T3=T3%::060

CALCULATIUN OF OXIDE GROVTIH RATE PARAMETERS
COZ0 1714 AP (=23 1ES/LTEZ2+2734))
COZZeITHEAP (=22 TEZ/ (V28T 350 ))

BOZ0 eBLEL=2FEXP (=5, 2E3/ (TH24272.))

BOZQe Lol =GxE X (=L o 4EZ/(TF242T7356) )

Tiaz7ts

DIFFUS 10N CONSTANT CM*xx2/SECLLGRON GIVEN)
D=t #lt 2P (=l Q. SES/(TE2+2734))
IF(PLGT e e 91D TIZ2ZD1/0%TIR2
IF(TI2.LE£.0.0)60 TO 6

LAZ2 e GSaT(U1*T L)

NU=4E20

WENOXL ¥ e 504

ALFPHAZD o 45

GAUSST AN CSTIMATION OF JUNCTIGKN DEPTH
XJ= (i o D TOTHALOG(Q/ INDF (S LU RTOT) 2% (0 5) 1)) 22 (. 5)
CALCULATIUN OF MURMALIZATION FACTOKS
XO0=SART(U*TOT)

DXZ3e*%KJ/ (100 e*X0)

DT=DX*%2
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30U

X=0.

RT=DT*TOT
RX=DX*Xx0
MSIFIX(1./707)

M=MRTI2/TQT

JRIFIX(3exXJ/ (X0%DX))

1F{PDLTe10)60 TO 300

SET INITIAL CONDITION FROM COMPLEMENTARY ERROR FyUNCTION
DO 1 I=1l.y

NCDYSNORERFCOX/ZUSGRTLI*TE) *#240))

X=X+UX e X0

CONTINGE

60 TU 40

CONT INUE

L=2

CTREDT/ X x%E)

DO 3 L=letw
GETERMINATION GF AMBIENT COGRNOITIGK
IF (LR TLTTAICOK=CS
IFALART LT T2ICOXZECO

IF (LARY « LT« T3)BOK=US
IF(LERT LV T2)0B0OX=10
OXO=SOX/ (L0A/COX+E e BXK)
IE(LART o T TLIIXO=0,
XK=XK+XD*RT

JO=J=-1

N(JYZ0,.0
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SET BOUNUARY CONDITION ACCORDING TO AMBIENT CONDITION
NCL)=ZN(2) 7 IRX % (3 3=ALIHA) #NDX0./[i+1+0)

IF (PN 6T o 1095) MELYTHD

DO 2 12,40

GAZ AHXRT/RX*DX0O

ANMIZDLGLE(N(I~1))

ANPI=D- L INCI+1))

T=7te

IF(PDeGToue ) T=TE

CALCUL, TE IRTHINSIC CFNRIER CCLOCLENTRATION
AG=L LC14273,0)

AUSNI(TEZ2¢273.0)

AO=LBLE {ay)

NS=0BLE GilId)

CALCUL/ TE HOLE CORCENTRATTOM

TRANLIZR CAnMLeAD) 4140
RAN2ZRACANPLY AQ) #1410

RAMSRA(ME AN +1 .0

IF(L.LY.2)RAN=1.0

IF (Lol Te2IRANIZI WG

IF(LLT 2 ) RANETLW0

CALCUL/TE TERMS FOR MATRIX EQWUATIOM
ACIY =i/ G o # CRANZ=RANT Y ZRAML=GA/2 s U 4R
BIIT=1 e um2 e #IIFRA LLARD ~2 o *RANTRANL ) 7RAN
EOI)IZR/8 0% GRANZ~RANL) ZKAN2HGA/ 2 . (41 '
DA(I)Y=<N(1)

2 CONTINGE
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C CALL SUBROUTINE FOR SOGLVING MATRIX EQUATION
DA(2)=DA(2)=A(2) &N(1)

DACJOY=DA LU0 =EC(J0) 2N(Y)

CALL TRIDAG(2ry JOrArBeL oDAWN)
3 CONTINUEL
GO TouC
4 CONTINLC
6 CONTINUE
DO S5 I=2eu
Can(I=1)
C G(C) FITS IRVINS DATA FOR CONGUCTIVITY
CON(I=1)=G(C)
YSIaRX~2 e ¥RX
Nl=T-1
WRITECHeyGIM{T=1) Y
99 "FORMAT (Y 1e2E200%)
C FItD JUNCTION DEPTH
IFIMOI) oL TeNB)GO TQ 30
S CONTINUE
c CALCULATE SHEET RESISTANCE
30 RERKS{ICON#i1 o RX)
T3=T3/6000
TIZ=T1/60.
122727600
T3273-72
T2=T2-T1
WRITE(G220)RoYeT19T2: T30 XKeACQ
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20 FORMATI(Y s V/,7615.3)
GO TO uo0

END

REALL FUNCTION  6(CX)

CNz AB5(CK)

IF(CAeilLToysl) GO T03
IF(CNGGTeUel) AZ1.0
IF(CHGTaye0) B1T742E~17
IF{CHGTolebE +10) AZ0a.65
IF(CNeTaleSE +10)R=3.3E-11
IF(CHeGTec e 4E418) AZ0.332
IF(CN.aT.c.hE*i&)B:l.h?h-l%
IF(CN«Teie5E419) AZ0.966
IF(CNeGT ol e BEH19) =l ok~17
G0 TO 5

IF(CeGTaGe0)) AZLaN
IF(CHeGTapeti)iz2,E~16
IF(CHia T e 3eHE1S) AT04837
IFUCHeGTa3eHE1S) UZ0e9TE=1N
IF(CNeCT a1 e01T) AZNGHUS
IF(Ch ST el e 0817132649309
IF(CirienToeGeBELA) ATG9h
TF(CH BT a9 318 =2 E~10
IF(CilsTeve F19) AZ0.744
IF(CH.5Tepse E19)321.435~10
IF(CiatiTac e 3BLZ20) BI1le0UE~0
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IF(CNeGTe2e35E20)A=0.156

G = Bx(CnN%™A)

RETURH

N0

FURNCT TGN pSOCOH e X))
DIMENS G Condig)
SURZY -1

XECGel

DO 1 [=1lepy

=140
IFCL/2« Do GaldBz2a 0
IF(Ief sel)lim) et
IF(lelai)B1e0

SUMzSi s #CONIT ) =R

- CONTINE

RENDX/ 3. %5UM
RS=le/id
EETURN

G

SUCROUT LWL TRIDAG(IIF s v Aei3oCoDr V)

UIMEHSI0OHN A(ZUU)rﬁ(ZOO)pC(QUO)oD(EOUi-V(ROO)
DOUELE PRECISICN piTA(200) e GAMMA(200)
BETALJIFIZHJF) |
GAMMACF ) =DOJF) 7BETAJF)

GEP1ZJE 4]
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DO 100 ISJFP1sL
BETA(I}ZH (1) =A(T)*C(I~1) /BETA(I~1)
100 GAMMACIIZ{N!;)=i (1) #GAMMALI~1)) /BETALT)
LASTSL «JF
VL) =6GaMMA L)
DO 200 KZ1sLAST
=LK

09 VETIRGAMMA (T ) =-CLL RV IT+1)/BETALT)

FUNCT TSN ERFCOA)
DIMENSICR Z{15)sn(19)
DOUBLE PrRECISION X
REAL 2 /e 0GB3L 492609 1,215612.269C003.657215.0425350
*7-5659-10¢12022«13«15028:16~6544020.77647925.62389f
4312407512 38.53008048.026087
REAL W £+216230,382120,263020 126429 440206085536+
Fel2 1280114670 08509 2226500042270 039218r 014565
e 0l 365r ¢ L0005/
SUM=U o
00 1 Iz1e15
X=Ztl)Y ek
SUMZAU AR LT R UXP (=X x5+ X)
1 CONTIRN:
ERFCR SURREXP (=AY 22, 0/5GRT (56 14159)
RETURN

END I11-8



APPENDIX Iv

EXPLICIT PROGRAM LISTING

C PROGRAN FOR CALCULATING IMIITY PROFILF» JUNCTICN DEPTHY
C ANDG SHEET RISISTANCE FON Tar STEP DIFFUSION 148 G5 100N
DIMENSION NOL100) e NDY (106 s CONIIGN) o YPL2Q0) o2 10002
REAL Re®Oioil0eLAOND
C IF PLUT OF HIRY IS5 DESIRLL 12000 Teil FIRST CARD guTPT:Q,
C OTHERY LSE MAKE THE CARD GUTE YT .
QU TG ey
QUTFTZ 7 ad)
IF(QUTIPT el Tole0) WRITE(6»L00)

100 FORPAT(/« e TUISPREDEP TEMP. DEGaCa o TE2ZDRIVE~TMN TEMP L (IEG.C.'/
AIRGITPRFDEP SHEET RESTISTANCE +RG2Z0RIVE-Tr SHEDT PESTQTYAMS 0 0
EVOHNS /T AJSJUNCTION DEPTHeMICHONS s XOZOX I THYCHMZ GG
% IN O ANGSTROMSY/YTUAN2)Z TIME Ity NITRGGEN, TODY o TIiMEY
0 IN OXYGEN'/'T(H20) = TIME IN STEAMe ALIL TN MINGTERT//
RKIGX e ' TEL Yy 7 X P TER2V 27X e TRGSLY 07X e TRG2Y e TN P XN 0O "XV
XCXo VT C2) e 5Xe ' T(O2) e sXe T (HZC) /)

C NB IS THE BACKGROUND LOPING « PER CC
NB=l.0015
C PREDER TIMEGAINY o TEMP(DEGCo ) pDRIVE=TH TEMPIDICA( WY,
c TIME I welmIN) e 02 (MIN) o Al STAM (IR
C INITIML, VALUES OF DATA
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c SET ICON.LT.2 FOR A BORON NITRIDE PREDEP
1CON=2
T1=0.0
T2=0.0
ATS:O-b
IDAT=1
TIi1=17.
TE1=980.
TE221050.,
RS1=72.

DATA GENERATION PROGRAM
40 CONTINUE
IF(IDAT.GT+6) GO TO 504
122040
T3=0.0
Ti=T1+20.
IDAT=IDAT+1
60 TO 510
504 IF(IDAT.GT.12) GO TO 506
Vfl:O.O
T2=72+420,
T3=0,0 -~
IDAT=IDAT+1
| GO TO 510
506 IF(IDAT.GT«18) GO TO 508

T1:000
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508

510

194

T2=(3.0
T3=T3+20.

GO TO %10
TE2=TE2+50.
IF(TE2.GT.1200.) STOP
I0DAT=1

GO TO 40
CONTINUE
DIFFUSION CONSTANT CM*x2/SECIHORON GIVEN)

TTEL+27 3
CONG=0.

60 YO 200
Dlz=2.%i,C

T=TE2+47273.

- COND=2.

199
200
201

20

203

GO TO 200
v=CcC

GO 70 13
IF(T=1423,) 20102010202
TACTSALOG(T.84)%1273.%142347150
DOB:O.QS&-lS*EXP(TACT/1273.)/(S.b)
GO TO 203
TACTEALOG(6.249) #1423 %147 54/500
DOB=0.65E=-12%EXP(TACT/1473.)
GO TO 2G3

DC=DOR*EXP(-TACT/T)
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13

14

15

18

IF(COND«LTels) GO TO 198

60 TO 199

LA 04SQRT(60.*D1%xTI1)

IFCICOn=2) 14915015
ALNRSZ18419-1 e 38E~25TEL1=6e 2UE~2¥TI 1+ 7 E~4* T 1 %%2
RS1ZEXP (ALNKS)

QSL=0.0

QSI=0.0

CALL FINDINO(RSLLAPNO)Y

60 T0 18

CALL FINDROIRS1eLAYMNO)

WSI=0.0

SET QSL==ji«.0 IF OLASS INTLRLAYER 1S REMOVED.
OSL=3.5E16~0.564xNOXLA

QSL=-1.0

- T2=T2+T71

T3=T3+12

Ti=T1%*u0.u

T2=T72*r0eU

T3=T3%6060

OXIDATION RATE STEAM(CS AND BS) AND 02(CO AND BO)
COZ0. 1712 XP(=23.1E3/(TE24273.))
COZ2¢ITHLAP (=22, 7E3/(TE242734))
BO=2. 18E~Y*EXP (=14 4ES/(TE242720))
BSZ0 6526~ EXP (=5, 2E3/(TE242734))
TOTAL TIMe FOR GAUSSIAM ESTIMATION
TI12=T3
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¢

C

300

Q=NO*LA*.564
ALPHAZD s 45
GAUSSEIAN ESTIMATION OF dUNCTION UEPTH
DIFFU ION éONS- INTEGRATED OVER REGION QOF 2*XJ
Xz (4o xDATI2#ALOG(Q/INBE(Z A 0ADATI ) 22 (,5) ) ) ) %2, 5)
NORMALIZING FACTORS
XO0=SQRT(D*T12)
DXZ2e%Xd/(2006%X0)
UXZ2e%XJ/7(1006%X0)
DTz=0X*xxz/ (L)
RT=0T%T1e
RXZDX& K0
R=0T/(0X*x2)
MEIFIX(1./70T)
JEIFIX{Z e xXJ/{XD4DX))
“K=0o
INITIALIZRATION OF CONCENTRATION
LO 1 T=zieu
NI =MNOrERFCIX/LA)
A=X+0L X0
1 CONTINUE
CSSTH L1 H(TE2) xx(1,599)
GOU=D e 5HO4XNOELA
X02z0,60)
WRITE(or300)XJrDoaRXeGSLPQSUICSRS
FORMAT (/r6E1063)

L=2



(@]

OO

21 CONTINUE

122

126

140

NDT (J)=N(J)

BOUKDARY CONDITION AT S1-SI-02 INTERFACE

IF(L*RT-T1) 1206+1200122

IF(L*RT=T2) 124,1240126

OXIDATION AND DRIVE~IN WITH SYEAM

IMPURITY FLUX AT SURFACE ASSUMED CONSTANT UNTIL GLASS IS
REMOVED 0K TRANSFORMED

TIMESZABS(L*RT=T2)

XKZDSH ( (1o ¥8 o ¥ (CSxx2 S TIMELG/BGHE o0 (CGa82) 2 (X02%%2) /(1355 2)
*+4 o ¥CSeX02/BS) x4 (46 =2 o0}/ {2+ %CS)

[F(@SL.LT.0.0) GO TO 142

IF(XK=Si.E=6) 14001400142

DX0=C.

G0 TO 16U

142 UX0 ZC57(1e+0ex (CSx22) % 0 TIMES ) /uSttex(CSxx2) % (502%%2 )

124

7/ LBEAE 44 o kCEEXO2/85) 2% (o 5)

GO TO 16U

OXIDATION AND DRIVE-IN IN DRY CXYGEN

IMPURITY FLUX AT SURFACE ASSUMED CONSTANT UNTIL GLASS
LAYER IS TRANSFORMED

TIMEOZABS(L*RT~T1)

¥02z80H ({1 e+ ok (CO*¥2) xTIMEO/BO +8.E=6%C0/BOY %% (8} ~14)/
*(2.#C0O)

IF(QSL.LT.0.0) GO TO 146

IF(X02=8.E=6) 1441440146
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144 DX0=0.0
GO TO 1€0

. GO0 TO 160

E c DIFFUSION IN NITROGEN - ACCOUNTS FOR BORON GLASS NOT
i
; C REMOVE!D FROM THE SURFACE BY THE HF ETCH

120 IF(@SL.LT.0.0) GO TO 152
IF(QSI-QSL) 15001500152
150 F=0x(Ca5=n(2))/RX
DQSI=F*RT
QSI=QSI+UQSI
DX0=C.
G0 70 162
152 F=0.0
DX0=0.0
60 TO 162
160 F=(ALFHA=3:33)2DX0%xN(1)

162 GAZQ4DFRT/RX*DX0

JU=Jd=1
C THIS 1S A ARTIFICIAL BOUNDARY COWNDITION TO MAKE N(X)
C FINITE AT 2%XJ AND EQUAL TO GAUSSIAN VALUE

IF(LeGT LUINDTIU)ZQ/ (1. 794 5GRT DAL ERT ) ) 2EXP (= (JeRX) %22) /
* (Lo *DELRRT)
c INTEGRATIUGN OF NORMALIZED GIFFUSION LQUATIONS
BO 2 I=2,40
NOT (L) =REN(I+1) 4 (1 e=2 *xR+GAV =N (I ) + (R=GA) 2N (I=1)

IF(NDTOI) oLTe 14 0E=15)NDT(I) =14 0E-15
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2 CONTINUE
IFIN(L)+(DX*XO0*F ) /DsLT4 0 )F=~NDT(2)*D/ (RX)
NOT (L) =0xExx0/0+N0T(2)
DO 3 I=lyy
NUD)YENDT D)
3 CONTINUE
IF(L+GE«i} GO TG 6
L=L+] |
GO TO 21
4 CONTINUE
6 CONTINUE
k=2
DO S Iz2ey
JAKE NEXT INSTRUCTION CARD ¢ C=N(I-1) FOR P-TYPE
MAKE NEXT INSTRUCTION CARD »C==N(I=1) FOR N=TYPE
S CENCI-1)
G(C) USES IRWIN'S CURVE FORMULAS
CONtI=1)=6(0)
NlzI=-1
YSIxkX~2e%RX
YP(K)ZQ*EXP (= (P*xRX) %2/ (4« +0*T12) ) /SORT( 3+ 14%02T12)
YP(K=1)=N(I=-1)
Z(K=1)=I#KX
P=N1
YP(1)=yP ()
ZKY=Z(K=1)
K=K+2
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IF(N(I=1) LTeNBoANDeMII) L.T-N(I~1))GO TO 30

5 CONTINUE

C INTEGRATION FOR RSeSHEEY RESISTANCE
‘f"_"'_"“'_"'BO"'RS25RS(COHFH1FRXT'““_"_'""—"""’“”‘_‘* T
IF(CUTPTe(ToleB) CALI. FLOTLZeYPpK=2NA»Y)
XKZES# (L 40 #x (C52%2) % {TA=T2) /11644 0 2 (G222 X (X022 22D/
*(HS242) +ih xCSEXO2/NSI m{,5)-1.0)/(265C5)
T1=T1/60.
T2=TE8/60.
T3=T37¢0ey
T3=T3=72
T£=T2-112
1IF(CUTP Vet:Tols0) WRIT&(&vaﬁfwwrYoTlvT29T3'XK'TFR
20 FORMAT (/7 i0Xr 'SHEET RESISTAKCI S Y 9F8e2//7 e 10N e S INCT IONY
0 CEPTI [y CMETeE10.8/ /708G O 5ME IN NITROGEN IN ¢
BVMIRUTES = YeFDel//e 20XtV EME TN OXYGEN IM ¢
FOMINUTES = el 0e1//02C e e TIHE IN STEAM IN MINUTES = %)
2FQo1// 920X e CORXIDE THICVHESS IN Cv = CeFE10e2/70
#IOX 00 YE~IN DIFFUSTION TEMP IN Ge Co = *eFO0.1)
’ AKAZL o« 8EXK
WYHzlebEaxy
IFCOUTHT i T21600) WRITE(GCe22ITLA»TH2ARGL RS2 YMeXKAPT1oT2,T3
22 FORMAT (/9 }0XeCGH 10,52
400 CONTINUL

w0 To 40

END
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SUBROUTINE FINDNO(RS1sLAsNO)

FINDNO IS BASEN ON THE RELATION SHIP FOR RS FOR AN ERFC
PROFILE.  IT WAS CALCULATED FROM A NUMERICAL
INTEGRATION» AND THEN FITTEL WITH A PIECEWISE
CONTIMUOUS FUNCTiON.

KEAL NC/LA

GAVEZ1.0/(RS1#LA)

ALPAZ, 3E=10

ALPEZ o260 =10

ALFPC= . 3690=16

BETAS0.64b

BETR=0.842

BETC=0,956

IF (GAV: ~1554) Ue6eh

IF (GAVE «LTol400) GO TO 6

© ALOGCZALOG (GAVE/ALPR) /BETE

GO TO 16

ALOGC=ALOG{GAVE/ALPC) /BETC

GO TO 10

ALOGC=ALOG(GAVE/ALPA) /3ETA

G0 TO 10

NOZEXP (ALGGC)

RETURN

END

REAL FUNCTION ERFC(U)
IF(U=1.0) 3:5¢5
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13

15

. N=31

60 TO 15

IF (U=2.0) 7+5+9

N=41

GO 70 15

IF(U=2,5) 11013913

N=b61

60 T0O 15
IFLEXP(=Us22) o LT el E~LS)ERFCZ1E~15
IF(EXP(=Ut2) o LTeleE~15)RETURN
ERFCZEXP LY ~U**2) / (1.772%1)

GO0 T0 17

SU=0.0

DX=U/ (is1}

X=0.0

1=l

B=2.0

‘ IFCLI/72% 2.EQal)EE=4 .0

IF(1.EGa1) B0
IF{3eEqen}) 37240
ER= EXp(Da=X2%2)
GUz SU+ER*H
X=X +Dx
I=1+41
1F (N=1) 2;1'1
CONTINUE
S=DX/3.045U
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17

ERFC =140 =2.0%5/1.772
CONT INUE
RETURN

END

REAL FUNCTION G(CX)

CNz= aBs(CX)

IF(CXel.T7e0e0) GO TO 3
IF(CNeGT#0+0) A=1.0
IF(CN«GTe0e0) BI7.2E~17
IF(CNGTe1e5E +16) AZ0.6S
IF(CNeGTeleSE +10)3=3.3E~11
IF(CN.GTe2.0E+18) AZ0.832
IF(CNeGT a2 UE+18)BZ1.4T7E~14

IF(CN.GT+¢1e5E+19) A=0.966

) IF(CN.6T0105L+IQ)B:“0(_"17

GO TO 5

IF(CNGTUe0) AZLL0
IF(CNeGTe0e0)B=2E~16
IF(CN.GTe345E15)A=0.837
IF(CNGGTe345E15)B=6.97E~14
IF(CNeGTe140ELT) AZ0.543
IF(CNeGT el e0EL17)B826.93E~9
IF(CNeGTe9e5E18) AZ0.9%
IF(CNeGTe9e5EL18)BZ2.E-16
IF(CNeGTete E19) A=0.744
IF(CNeGTe6e E19)B=1,42E~12
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IF(CNeGTe235E20)A=0.456
IF(CNeGT«2+35E20) B=1.08E=6

6 = BALCNxEA)

RETURN

END

FUNCTION KS(CONeieDX)
DIMENSICHN CONIN)
SUNZ0 O

X=040

DO 1 I=1leN

B=2e0
IF(I/2%2¢EQ01)E=90
IF(leERe1)B3Z160
IF(leEQeNIB=160

T SUMZSUMACONTT) *B
CONTINUE
R=DX/ 3« *¥SUM

RS=1e/R

RETURN

END

SUBROUTINE PLOTIXL1eY1eMeNEeXY)

REAL Ni

DIMENSION X1(250)Y1(250)Y 0 AKRAY(45,101)
DATA  AST DASH BARBLANK/Lri* e 1H=91H1e1H /

(O 19 L=1.U5 .
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19

20

22

12

14

DO 19 MI1s101
ARRAY (LeM)= BLANK
CONTIMUE

D0 20 F=1,101
ARRAY (1#) =DASH
ARRAY (45 » M) =DASH
CONT INUE

DO 22 L=1.45
ARRAY (L» 1) BAR
ARRAY (L s 11)SLAR
CONTINUE

CMAXZAGS (Y1(1)=Nd)
CMINZARS (Y1(1)=Ng)
XMAX=X1 (8)

00 4 I=2¢N

- Z1ZABS(Y1(I)~NB)
IF(Z1.6T.CMAX) CMAX=Z)

IF(Z1.LT.CMIN) GO TO 12

GU TO 14
CMIN=21

GO TO 14

IF(Z31eiTe2eD) 2121.0

Z2TALO510(Z21)

LE(85e=lexZ2)

ME(101.%(X1(I))/AMAX+.S)

IF(LeLTo1) L=1

IF(L.GTou5)  L=45



IF(MelToel) M=1
IF(MeGT.101) M=I101

ARRAY (LeM)ZAST

30

80

84

&6

88

CONT INGIE

XIMZ1eElaxd

WRITE(6030) CMAXeCMIN2XJM

FORMAT(1H1210X» *CMAXS *rEB8.305Xe 'CMIN= *9EBe325Xy

* ' XJ(MICRONS)= ' rF6.3/)

L=1
WRITE(5080) (ARRAY(LoM)e M=10101)
FORMAT(* ¢ 10H===mm cmewery 101A1)
L=2 |
WKITE(6r82) (ARRAY(LeM)oM=10101)
FORMATLTY t2lHlet CH(X) 'v101A1)

L=3

-WRITC(He8y) (ARRAY(LeM)eMmM=310101)

FORMAT (' t91H1rOXe101A1)

L=y

WRITE(ced6) (ARRAY(LoM)ei=1r101)
FORMAT(* *oll1e? PER CC *9101AL)
1T=1

DO 32 L=5.45

EXZ10.v%((L=1)/8)

CX=1.E21/eX

IF((L=1) et G (U4XxIT)) GO TO 4l
WRITE(6r36) (ARRAY(Leii) $M=1r101)

FORMAT(Y *¢e1H1e9X»101A1)
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GO0 TO 32
40 VIRITE(6090) CXes (ARRAY(LeM)eM=1,101)
90 [FORMAT(?! 992H] eE6e192H==¢101A1)
IT=IT+1
32 CONTINUE
WRITE (¢e0y)
94 FORMAT(® ®to1HIrOXelHIeOXe1HIeOXo 1HIrOXe 1 J2OX21HIo9X e 1H I X0
1H 1o 9X» 1 JrOXe1H1»9X ¢ 1H 32 3X)
XAAZ2. £ 34 RMAX
XAB=4 o £ 3% XMAX
XACZo £ 35 XMAX
XAD=8 . £ 3+ AMAX
XAEZ L e LU &XHAX
WRITE(eGE) XAALXABe XACe XAD» XAE
96 FOKMAT (/ rlUX'lHU'17X'F502vISXPFb-ZO15X'F5.2015X0F5;20
*105X L. 2)
WRITE(Hr3g)
96 FORMAT( /:45Xe*X ~MICRONS')
RETURN

END

IV-16



APPENDIX V
JUNCTION DEPTH, SHEET RESISTANCE,
and OXIDE THICKNESS CURVES

The curves given in this appendix are for drive-in diffusions in
nitrogen, oxygen, and steam at drive-in temperatures of 1050°C,
1100° C, 1150°C, and 1200°C. The predeposition diffusions are
assumed to be the 72 ohm or 27 ohm diffusions carried out at 980°C
that are done at MSFC. The 72 ohm predep is for 17 minutes in
diborane followed by 7 minutes in Oy. The 27 ohm predep is for 60
minutes in diborane followed by 6 minutes in Ng. All the boron glass
is assumed to be removed for the 72 ohm diffusion, but the boron-
rich interlayer is assumed to remain for the 27 ohm diffusion. The
explicit integration program listed in Appendix IV was used to generate
the data. Experimental data is given on graph V-5 which has some
scatter in the resistance after predeposition. All experimental data
points are for 1150°C diffusion and are shown as circles with data

spread indicated by a vertical bar.
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