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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.

Tnis 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. 1In 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 9N (1-1)

where F is the fluxdensity of particles, N is the concentration of
impurity atoms (per cm3), and D is the diffusion coefficient

(cm2 [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
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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

—_— = —— (l-Za)

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

3N _ 3 |, BN} : (1-2b)
3t dx | ij

The diffusion coefficient is assumed to be constant and equation

(1-2) becomes

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

d X

Solutions to equation {l-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 solutions are for diffusions called pre-
depositions. A large concentration of impurities are diffused slightly
beneath the surface of a semiconductor wafer. There is a heaVy con-
centration of irmpurities in the armbient surrounding the wafer, and it
is assurned that the surface concentration remains at a constant value
equal to the solubility limit of the impurity in the semiconductor.

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
N(0,t) = N
N, t) = 0 (L-4)
N(x,0)= 0 x20

where N0 is the solubility limit.

The solution to {1-3) is then2

_ X
N(x, t) = N, ERFC(ZJ‘DT) (L-5a)
where
2 Y 2
ERFC(y)=1 - -u 1-5b
(y)= 7= Oexp( ) du. ( )

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 concéntration. In order to
get a solution for the impurity profile after drive-in, the profile
after the predeposition is approximated by

No’ x <h

N(x, 0) = (L-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.

3N
D-g- =0 (L-8)
X|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

2
N(x, t)= Q exp |~ X (1-9)

P-N junctions are formed by diffusing into a wafer that has a
doping level that is opposite in polarity 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

Q
9 (1-10)
Np VDt 7T

X =/4Dt 1n

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 be controlled
accurately.
Another important parameter is the sheet resistance defined by
equation (l-11). for an ""N-type'", or donor impurity, diffusion.
Ny

]
1_= QUn B dx (1-11)
Rg _ :

0

In equation (l-11), Rs is the sheet resistance, q is the electronic
c:harge,p.n 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 resistanqes in M-O-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

Do - B (2-1)
t A

In this equation x, 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 (2-3). 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 growiﬁg 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).

_Equilibrium concentration in the silicon (2-2)
"Equilibrium concentration in the oxide’




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 tha.t‘
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 impurities 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 0.4:5.6

With a2 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).

4 dx
A (2-4)
at dt

Therefore there is an instantaneous flux of particles because of the

moving boundary which is
dX,
F]. = -oC

N(Y! t)’ YZO' (2'5)
dt ’

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

Fp = - D—gp- (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=- Do °C . 2 Cly, t). (2-7)

dy dt
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Conservation of impurities at the boundary requires that the

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

flux in the oxide and the flux in the semiconductor at the boundary

gives
dN ' 3C dXo
D3y | y=0t - Do—sy—| y-0- = (K- —g— N(0,t) (2-8)

where C(0,t) is replaced by KN(O, 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

aN dX
D_W YZO:(K-d)'TO N(O)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 dX
ON o N "o 3N (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 equilibriu.m. 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.

- _ op -
0= -q Dp—-—ay_ l-qupEp (2-11)

From equation (2-11), where Dp a.nd},l,p are the diffusivity and

mobility of holes respectively, the electric field is obtained as

given by equation (2-12).

kT ap
qp 9y

E-

(2-12)



In equation (2-12), Dp/}_Lp has been replaced kT/q from the Einstein
relation.

The impurity atoms will have a drift velocity which is given by
equation (2-13),

v:-,_LE (2-13)
where ;,L is the mobility of impurity atoms, and the 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).

dX

o
F:-D_al\_j—d
3 dt

N - LEN (2-15)

13

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

which accounts for oxide growth and field aided diffusion is

2
3N _ 3N 95 aN
= z t g

- -
+ 5y (HEN). (2-16)

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

the high temperai:dres 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)
pn= niz ' (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
N N
p=—+|—y— +nf (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 dx 2
ON _p °N %o N N (2-19)

at ayz dt dy ay2

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,



but the boundary condition for predeposition is not calculated f;'om
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),

n; = 3.85 x 101 73/2 exp f_leiTL) (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), i; 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(L +f) (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 .(Z-H)) has been used by Grove9 to model diffusion with
a growing oxide for wafers with a constant initial doping, and Kato

. .. 10 . . . .
and Nishi =~ have used this equation to approximate the solution

for the impurity profile for the more general case,

15
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3. COMPUTATIONAL 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+] i i P i i Nt
. = RN, + N 1-GA +R [ (P, , -P3)/P; -2] +N;,
NJ R j-1 J{ j-1 J j j+l
. i i i -1

{[GA + R+ R (P}, -PL) [ P}, 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)
ING

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 ) 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 I-1 times to obtain the final 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 c¢quation (3-1). The value of R is restricted
to certain limits for stable soiutions. 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 simultancously, but for this method each predicted value of
concentration depends on all of the previous values and on the
predicted values, The implicit 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 6rder in which the calculations proceed
for a computer solution to the diffusion e¢quation is shown in Figure
(3-1). A cofnplet'e 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

E

Calculate terms for matrix equation
and solve by Gaussian elimination
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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

18
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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)
[LJ«AY.(K o) —2 DJ
dt

The oxide growth rate is calculated from equation (2-1) according
to the ambient condition. The ambient 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 programm 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
becé.use the increments will be smalier,

Although the predeposition can be numerically simulated to get
the initial condition before drive-in, it Was found that the impurity
profile after the drive-in was not affected significantly by the
deviation from a complementary error function, equation (l-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 canno’; be accounted for empirically. This
tvpe of diffusion can be handled nurnerically by a slight alteration
of the program given in Appendix Iil.

The sheet resistance is determined by numerical integration
of equation (3-4).

Lo (T

R - |G dY (3-4).
S 0 )

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

1L
of impurity concentration by Irvin,
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4. RESULTS

Both the explicit and implicit methods have been used to solve
the diffusion equation. The explicit program has been run on the MSU
UNIVAC -1106 and the MSFC Xerox Sigma V. Checks on computational
accuracy have been méde 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 {ime 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 the stability of the solution, As previously stated, the value
of R, AT/ AY? , must be chosen between zero and one half in
order to obtain a stable solution to equation (1-3) by the explicit
method. If the numérical 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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I ]
1.0 2.0

distance from surface {(cm x 10-4)

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 cormputer solution 2nd the ex-
perimental measurements, The impurity profile given is for a short
predeposition followed by a {ifty 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 thuse added impurities as a function
of the predeposition temperature 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)
(a) (b) (c) (d)
N 14 14 8 8
2
o 15 15 10 10
H,0 10 10 10 10
o, 5 5 5 5
N, 10 10 10 10
o, 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
X'j (CALCULATED) 2,08 1.44 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

There are several methods used for accomplishing the pre-
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 POCly is used with a carrier
gas mixture which bubbles through the liquid; (3) a solid source
such as boron nitride wafers or P9Og 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. AConsequent].y, 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 Ng , at 4,000cc/min flow rate, Og, 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 N, (5-10 minutes) produces a drop in the
sheet resistance by a factor of four. An etch cycle in hot (105° C)
nitric followed by a 10:1 HF eich is effective 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 (HNOg+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 concerning 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 the 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 B9Og3 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.

~ - ‘: /. | 4 - B ‘-' .
_“~-b_~t]~-————fu—/l'——- N I
Ohms | 30 min. o -
b\ | —e '

\ etched —_
20 o\
\B\ 30 min.
n o > o / no etch. _
= \\ /‘!
10 ... _ .. \L \J'}r'":— — o o
._ ===
B | 60 min. 3
’ | no etch.
0 ) | i :
0 10 20 30 40 50
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. Appa.r'ently, 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 (cm_2 ) is assumed for all predeposition times be-
tween 30 and 60 minutes. The value chosen for QSl is approxi-
mately 3.5 X 1016 cm™2. For 15 minutes or storter 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 Qgj. 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 N9 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 obidined using the model
described in the preceding paragraph. The curves are calculated
using the '"'explicit' integration program whichk is given in Appendix V.
The program as given has a set of instruciions to generate the input
data. These instructions may be easily replaced with read instructions
or other instructions to input the data. The program uses the fol»;
lowing data: (1) RS1, ihe sheel resistance after the predeposition,

(2) TE1l, TIl, the predep temperature 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 concentration is adjgsted to give the correct sheet
resistance for the predep, RS1. This is done by a subprogram
called FINDNO(RS]1, 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.

OHMS MICRONS
\
\\ ~ MSFC|17+7 prdcess
. .
80 \ /’ .8
\\ gr\\ Xj,A”/’ —
\L \ _// L -t - -
60 \\ — < 6
\ 1. % Pl /______ (N Fialld—
N P {Rog—TIgxra
// ~ -~ \/ aided)
P - 4
40 ///> == .
[/ \\ T ——
e —~—
: —
20 - ///» _‘fﬂ.
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/ ' i
0 —— X !
0 20 40 60 80 100 120
Minutes

Figure 5.2 Sheet Resistance and Junction Depth vs. Time for
B2H6 Diborane, Predeposition Diifusion.

b4

(Circled point calculated by including time in 02)
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The sheet resistance afier the predep can be calculated fairly
accurately by taking into account ihe aiding electric field. Curves
are shown in Figure (5.2) for sheei resistance versus 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
diff iculties which must be resolved, one being the problem of recon-

' If one chooses

ciling the two choices of ''regions for the solution.'
a reasonable region for solving the drive-in problem, this region is
inevitably too large for an accuraie numerical integration for the
predep profile. On the other hand, chwoice of two 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 cormplexity are required.

At the moment it is not certair that the increase in accuracy war-
rants this approach, bui it is being considered. It seems now thai
the most practical approach is %o use the sheet resistance data as
input data to solve ihe drive-in problem.

The "explicit'' program can also be used to simulate pre-
depositions using boron-nitride wafers for diffusion sources. 1in this
case, thie predep sheet resistarce is calculaied from tormulas based
on Goldsmith's (et.al.) dat:a.]3 For this option, the control 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 errsiic. Variations of as
much as 8ohms from the average of 27 obhms 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 experimenial values for the predep sheet
resistance are used o predict the value afier drive-in, ithe predicted
value agrees within 10 perceni of thie measured value.

There are some practical eifects knowrn: fo te missing from
the model. The non-linearity introduced with very heavy phosphorous
concentrations and resulting i 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 fendency 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 oxidation 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 deficient and will be sub-
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 resistiviiy of the diffused concentration rather than
the net concentration. In most cases, this does not matter,but
for a light doping it wiil. The other problem is that the junction
becomes leaky when the impurify 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 indicéte 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 the P-well diffusions used in CMOS
work. This problem is very difficult becduse the P-region must be
lightly doped and the junction must be deep. Consequently, it is
very difficuli to produce a junciion 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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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;

T (6-1)
T= fr (6-2)

where 7 is the total diffusion time.

Writing an equatiop 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;
aN 1 3N
at T AT (6-3)

The normalized diffusion equation is given in the following

equation.
2 dX
3N _ _3d'N e T o o , 3N 3 ap N| (6-4)
at 3y2 D dt 3Y 3y | 3Y p



The time and space derivatives are approximated by finite

differences.
i+l i
oN - NJ - Nl (6_5)
°T AT
i i
N _ Nj,1- 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.

j =N, , R+N,[l-GA+R|(p. , - p)/p. - 2[|+N,
j-1 J L5 j+l
(6-7)
GA+R+R(p._, - pP)/pP
,: i+l J j+l
_ AT
R="—"7
AY
dX
GA= TAT oC °
JDTAY  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,
1-2



APPENDIX 11

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.
Ni+ i+
AN J*} - Nj-l

= (7-1)
dY 2AY

' i+l il s
aZN _ NJ+1 - ZN] +NJ-}

= (7-2)

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

i il i i i+l
NJ - NJ‘l [R - R/4( Pj¢l - pj—l)/pj-[ - GA/2]+Nj [- 1 - 2R

i i i+l i i
*R(Pj.,;1'29%+p. )/ P. +N'+l R+R/4(p, . -P )/p
Joo5-10 ) J J#L -1 g4l

+ 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 - AN
Ny
N
3
Ni-2
i i+l
LNJ_l - o]

B C
ABC
ABC
ADC
\. AB

i+l“
i+l

1+l

i+l
N2

i+l

| J'lJ

(7-4)

In this equation A, B, and C are the coefficients of Nj-L’ N,

and Nj~-1 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 left-hand side of equation (7-4) each contain two terms.

The first and last elements of the column vector on

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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APPENDIX I11
IMPLICIT PROGRAM LISTING

FROGRAK FOR CALCULATING IMPURITY PROFILE»JUNCTION DEPTHe
ANG SHEET RESISTANCE FGR TwO STEP DIFFUSION IN SILICOK
OLMENSICN N(200)¢A(200)8(200)¢E(200)0A(200)CON(200)
REAL NErLAINBIM

REAL*E 1150 ANMLs ANPL e AD
NICTIZSUXP(21e25) /70 (300.0)#&(1.5))*1,5C10%EXP(~(6820,

*=2,08%T)/T)*T*%([.5)

RAINI» iU ) ZNI/2e +SQART IN3I*22/3 e +NUX¥Q)

N IS THE BACKGROUND DOPING ¢ PER CC

NB=1.0E£10

" PREDEP TIME(MIN) p TEMPA{DEG-Cs) e LRIVE=IN TEMP(DEGeCo)»
TIME I ne(MIN) v G2 (MIN) e AN STEAMIMIN)

PU IS 1.0 FOR PRLDEPer==m=m 0-0(0K BLANK) OTHERWISE

TOT IS TOWAL DRIVI-IN TIME IN MINUTES

46 READ(H 10 TILeTEL TE2eTLeTReTIePD TOT
10 FORMAT(8F10.3)
IF(FPDeGTe(e) XK=040
WRITE G SUGLITIL»TETeTEL2eT1e T22T3
301 FORNMAT(' '96510.2)
IF(TI1.LELC.QISTOP

DIZBe 0+ AP (=42 E3/(TEL4+2T340))
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TI1=TI1*60.0

TOT=TOT*580«0

T2=T2471

T3=T3+12

T1=T1*60.0

T2=T72%60.0

T3=T3%4060

CALCULATIUN OF OXIDE GROWTit RATE PARAMETERS
COZQe )71 AP (=234 LE3/Z(TEZ2+2734))

COZZ 374 AP =22 TES/ (V2457 356))

BOZO s EE=2FEXP (=G 2E3/7(TE2+2734))

GOZ2e 1o =GREXF (=10 o HEL/(TFRZ42T735346))

TiazTs

DIFFUS IO CONSTARNT CM%xa2/SECLLGRON GIVEN)
Dot *E u P (=40 SE3/(TE242734) )

IFPU 3T 90 TIZ2ZD1/70%TI2
IF(T12.LL£.0.0)60 TO 6

LAZ2 e GaLukT(D1*T11)

NUZ4 E2C

@INO*L %o %04

ALPHAZL o 45

GAUSSTI AN ESTIMATION OF JUNCTION DEPTH
XJZ (i o DR TOTHALOG (Q/ (ND¥ (30 L4XRTOTI #% (o511 ) ) 22 (05)
CALCULATIGH OF MURMALIZATION FACTOKRS
X0=GORT (J*TOT)

DX=3e%xXJ/ (1006 %X0)

DT=DX*%2
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RT=DT*TOT
RX=0X%X0
MSIFIX(1.707T)
MIMRTID/TQT
JIIFIX(3exXJ/ (XO%0X))

'X=0.
1IF(PD.T«10)G0 TO 300
SET INITIAL CONDITION FROM COMPLEMENTARY ERROR FUNCTION
DO 1 I=1lrJ
NODYSNORERFCAXZUSGRTUI*TI ) #2406 )
X=X+DX X0

1 CONTINUE
60 TU 40

300  CONTINUE

L.=2

TRELT/ZLX*R%Z)
DO 3 LYo
DETERMINATION GF AMBIENT COGNDITIGK
IF (LR 7L 1 TAICOK=CS
IFALERT oLV T2 CUXECQ
IF(LERT e T T3)BOX=US
IF(LERT L1 T2)13B0X=i30
OXOz=GEOX/(L0A/COX+E o 2XK)
IF(LART LT TLIEXOZ0,
XKZXK+GXDART
JO=J=1

MlJ)Y=0.0
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SET BOUNUARY CONDITION ACCORDIMNG TO AHMBIENT CONDITION
NCL)ZMN(2) /7 (RXA (30 3=AL I'HA)Y %NX0/[341.0)
IFPDeGTe(1oD5) N{Z) NG

DO 2 1I=2»,u0

GAZJH4S%RT/RX2DXO

ANMIZDGLE (NCI=1))

ANPL1ZD-L e INCI+1))

T=Tt<

IF(POeGToue ) T=TE L

CALCULATL IATIRINSIC CFNRIER CCiOENTRATION
AOZt L (1+273,0)

AUSNI(TER2¢273.0)

AO=LBLE (A)

NS=DEbe GedId)

CALCUL/TE HOLE CONCENTRATIONM
TRARNLER CANML e A0 41,0
RAN2ZRACANPLIAQ) +1 . 1

RANZSRA(MS AN+ 4y

IF(LeLTe2)RANTL. @

IF(LLTe2)RANLIZI WG

IF(LeLT.2)RANEST .0

CALCULATE TERMS FOR MATRIX EQUATLOM
ALD) T~/ 4 o # (RAMZ=RANT )Y /RAML=GRA/2 U4
BUO1)T=1eu-2e tRERA(RARND~2 e *RANYRANL) ZRAN
ECI)ZRA0 0 0% LHANZ~KANL) ZRAM2+GA/ 2, 0412
DA(TI)=<N{(])

2 CONTINGE
IT1I-4



99

o]

CALL SUBROUTINE FOR SOLVING MATRIX EQUATION

DA(2)=DA(2)~A(2)=N(})
DALJOIZRALCUI0) =EC(UO) =N )

CALL TRIDAG(2e JOrsArBeL 2DACN)
COMT INIIE

GO Touo

CONTINLEC

CONT INUE

DO 5 I=2»,y

C=N(I=1) |
G(C) FITS IRVINS DATA FOR CORGUCTIVITY
CON(I=~1)=GI(C)

YSJ2RX=2 6 %RX

Niz=T~1

WRITE (HeyGIn(I=1) oY

"FORMAT(* ve2E206%5)

FItD JUNCTION DEPTH

IFIN(I) «LTeNBIGO T0O 30

CCONTINUE

CALCULATE SHEET RESISTANCE

RERKS(CONsi1 o RX)

T3=T3/60.0

T1=T1/60.

12=727/60.

75:73—72

T22T2-T71

WRITE(6'2U)R0YoTer2vT5vXKoAO
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20 FORMAT(Y tet '/,7¢15,3)
GO TO w0

END

REAL FUNCTION GUCX)

CN= AB5(CK)

IF(CAeiTaUel) GO TO3
IF(CNeGTaUe0) AZ1.0
IF(CHNGTeye0) B=7.2E-17
IF{CH«GTaleBl +10) ASD.BS
IF(CiNebTaleHE +1lo)RZJ.3E-11
IF(CHeGTagotttit18) AZ0.332
LF (N sT e o GE41EIB1 4TE-14
IF(CNeGTe1a5E419) AZ0.966
IF (CNeGToledF+19)u=lob~17
GO TO 5

IF(CHeCGTa(ie0)) A=LaN)
IF(CHGT el BZ2,E~16

IF CiHieGT a3 5E1IE)AZ0837
IF(CHN. 6T« 3eHELH) UZ0e97E~1N
IF(CNGT 1 eDE1T) AZNGSAS
IFACNeGT el et 171 326.935~9
IF(CirietTeGaRELA) AZ(.9%
IF(CNe:T egeBEIL) IZ2E~10
IF(CilauTene F19) AZ0.744
IF(CHe5Togse E19)A3T1e43E5~18
IF(CHo 0T o e 3BL20) [IR1eNU4E=6
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IF(CNeGT ez e3SE20)A=0.156
G = Bx(Cn%*xA)
RETURH

ND]

FUNCT TGN BSOCON e XD
DIMENS TGN COMN)
SUNZY -4

X=Ce

OO 1 Izlep

E=t.0
IFCL/0e2 oG Idid=2o 0
IF(Ief 5ol )e0
IF(TeilaindBo1.0
SUMS i +CON (T ) 28

© CONTIRUE
RENX/3.%5uM

RS=2 e /i

EETURN

SUCROUT Ll TRIDAG(UF v A»3eCrDrV)

UIMEHSION A(ZUU)eﬁ(ZOO)oC(EUO)oD(ZOUioV(ZOO)
DUUELE PRECISICN bLTA(2UO)rGAMMA(EODS
BETALJM) 2 (UF) |
GAMMACUF ) =DOJF) ZGETA(JUF)

JEPIZUF 4]
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DO 100 I=JFPirL
BETA(I) =D (D) =A(Y)*CLI-~1Y/BETA(I~1)
100 GAMMACLI={D ! 1=A(])*GANMACI~=1))/BETACT)
LASTSL ~JF
VCL):GAMMA(L)
DO 200 K=1¢LAST
I=L =
200 WLIEGAMMA(I)I=COLI AV (1+1)/BETALT)
RETURY

BREHY

FUNCTION ERFCOR)

DIMENSION Z(181sn (15)

nouplyE PrECISION X

REAL Z /e 0GB3Ly sUQ2ED1 1215612269900 3.667215.425330
745659, 10,1202201361302801005U4492077647725.6238%9»
$31.40751938.03065048.026087

REAL % Fe2186239,302129 2630200126429 00200085538,
Fel2 12 11467008599 282080422700 0,302182014565

%5 01G365r e LODNDH/

SUMZ0 .

OC 1 I=1e15

A=FA)Y b

SUEZLZUAtR LT ) REXP (X k2 4+ X)
1 COMTIfE

ERFC= SUHREXP (=AY 22, 0/SaHT(562415G)

EETURN

END I1I-8



APRENDLIX  Iv
EXPLICIT PROGRAM LISTING

PREGRAM PR CALCULATING IMITY PRCFILF o MUNCTICN DEPTHY
ARG SHEET RISISTANCE FOR Taf STy DIFFUSION 1 S 100
DIMENSION HO100) e NDTCLOOY s CONIIDO) o YPUL2O0 Y o /L0 0

REAL Nokﬁi?HOrLAvNG

IF PLUT OF HUAY 15 DESYRLU oA Teill FIRST CALD UTpT=z,
OTHERYLSL MAKE THE CARDY GUTEYTU.u

QUTP T e

CUTFTZ a0

IF(OUTIT e lLTole0) wWRITE(B,100)

100 FORMAT(/ e *TULIZPREQED TEMPL DEGaCa o TE2ZNRIVE~IM TEMP, IEG.C. 1/
AVRGITPRTDEP SHEET RESISTANCE #RS2ZD0RIVE=TR SHECT UESTSYAMNS 0 0
RVOHNS /P AJTSUNCTION DEPTHeMICRONS e XQZOX L0 THICHL GG
29 TH OACGRTROMSY/YTIN2YZ YIWE In NITROGEMy TLODY o TiMe
£ IN OXYGEN'Z'T(H20) = TIME IN STEAMe AL IN SIINGTEALY//s
LG e *TULI g 7Xo YTE2Y o 7Xe TRSL 27X e PRS2V P TX e "X ) 0 "D
*¥EXe YT 2) 165X ' T(O2) Y esXe ' THZC) /)

NB 15 ThE BACKGROUKD DROFING ¢ PLR CC

NB=1.0015

PRECER TIME GAIN) s TEMP(DEGeCe ) s URIVE=Lii TEMPADICo(als
TIME 75, W2 (Il 02 GAINY ¢ Al STOAMGMIND

INITINML. VRALUES OF DATA
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SEf ICON.LT.2 FOR A BORON NITRIDE PREDEP
ICOoN=2
T1=0.0
T2=0.0
_T3:0-b
IDAT=1
TI1=17.
TE1=980.
TE2=1050.
RS1=72.

DATA GENERATION PROGRAM
40 CONTINUE

IF(IDAT.GT«6) GO TO 504

T2=0.0

T3=0.0

T1=T1+20.

IDAT=IDAT}1

GO 710 510
504 IF(IDAT.GT.12) GO TO 506

712040

T2=T2+20,

T3=0,0 o

IDAT=IDAT+1

| G0 TO 510
506 IF(IDAT.GT.18) GO TO 508

Ti=0.0
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T2=0.0
T3=T3+20.
IDAT=I0CAT+)
GO TO 510
508 TE2=TE2+30.
IF(TE2.GT.1200+) STOP
10AT=1
GO TO 40
510 CONTINUE
DIFFUSION CONSTANT CM*x2/SeCL{HORON GIVEN)
T=TEl+2T73e
CONLi=0 .
60 T0 200
198 Dlzz.*iC
T=TE2+5735.
- CONL=Z,
GU TO 200
199 D=CC
GO TO 13
200 IF(T~1423,) 201,201,202
201 TACTZALOG(7.84)%1273.%1423.7150e
DOB=0eLHE=13*%EXP(TACT/1273¢)/7(20)
GO TO 203
202 TACTZALOG(6.249) #1423.%1473¢/50
DOB=0«6SE=12%EXP(TACT/1473,)
GO TO 2G3

205 DC=POBR#EXP(-TACT/T)
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13

14

15

18

IF(CONDLTels) GO TO 198

GO TO 199

LAZ2 . 0#SQRT(60.*%D1%xTI1)

IF(ICOnN=2) 14r15.15
ALNRSZ18¢1921 e 38E~2*TEL=G e 2LUE~2%TI 147 E~4*TI 1 xx2
RS1=EXP ALNRS)

QSL=0.0

GSI=0.0

CALL FINDNOIRSLeLAINOY

GO TO 18

CALL FINDROIRSLeLAMNOD

@SI=0.0

SEY QSL==i.0 IF OGLASS INTERLAYER 1S KEMOVED.
QSL=3.5E16=0.564xNO*LA

QSL:- 1 » Q

- TexT2+71

T3z=T3+412

T1=T1%:0.u

T2z72% 06y

T3=T73%6040

OXIDATION RATE STEAM(CS AND BS) AND 02(CO AN BO)
COZP 171 XP (=23, 1E3/7(TE24273.))

COT2. 7L AP (=224 7E3/(TE242736))

BO=2¢ 18E-g*EXP (=14 J4ES/(TE2+2T 20 ))
BST04052E~9%EXP (=B,2E3/ (TE24273.))

TOTAL TIve FOR GAUSSIANM ESTIMATION

TI2=73
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Q=NO*LA*, 564

ALPHAZC 145

GAUSSIAN ES5TINMATION OF JUNCTION DEPTH
DIFFUSION EQGNSe INTEGRATED OVER REGION OF 2*XJ
Xz (4o xDATI2®ALOG(Q/ (NBE (3, 10xDATIZ) %% (0 D)) ) )20 ()
NORMAL1ZING FACTORS

XO=SORT(O*TI2)

CXZ2exxXJ/(2004%XQ)

UCXZ2e%xJ/7(100.%X0)

OT=CX*xg/ (La)

RT=DTxT1&

RX=DX& X0

REUT/LOR*%2)

MZIFIX(1./0T)

JEIFIX{(Z+xXJ/ (XO04DX))
X=0

INITIALIZATION OF CONCENTRATION

CO 1 I=xired

NI =NOrERFCOX/LA)

A=X+HDA X0

1 CONTINUE

CES=R L1 (TE2) ¥x(16595)
GSUTZD«SHENOELA

X02=0,.0

WRITE (g e 300)XJrDeRX e GSLrQSUPCHS

300 FORMAT(/r6E10.3)
L=z
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21 CONTINUE
NDT (J)=N(J)

BOUNDARY CONDITION AT SI-SI-02 INTERFACE
IF(L*RT-T1) 120,120,122
122 IF(L*RT=T2) 1241240126
OXICATION AND DRIVE-IN WITH STEAM
IMPURITY FLUX AT SURFACE ASSUMED CONRSTANT UNTIL GLASS IS
REMOVED OK TRARNSFORMED
126 TIMESZABS(L*RT—TZ)
XKSES*((Lotg e (CS8x24TIMEL/BSHY ¢ (CGa22) % (X02%%2) /(RS n2)
A48 o kCSEX0S/BSI 2% (o5 =1 .03/ L2 2(S)
IF(ESL . LT.0.0) GO To 142
IF(XK=5.E=~6) 1400380142
140 DXo=d.
G0 TO 16U
142 DXO SCS/(Letuoex(CS*x2) % ( TIMES ) /uStuex(CS*xx2) xx02% %2
¥/ (BEx% T+ kCSEXD2/7BS) ¥ (o 5)
GO TO j6u
CXIDATION AND DRIVE-IN IN DRY CXYGEN
IMPURITY FLUX AT SURFACE ASSUMED CONSTANT UNTIL GLASS
LAYER IS TRANSFORMED
128 TIMEQ=ABRS(L*RT~T1)
¥02z8C* {{Le+iakx (CO*x*%2) *TIMEO/BO +8.E-6%C0O/BO)**(,5)~ie )/
*(24%C0O)
IFCQESL.LT.0.0) GO TO 146
IF(X02-8.L=6) 1lu4dr1l84s 146
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c

144

146

120

150

160

162

DX0=0.0

GO TO 1€0

DXO =CO/{1e+tex(COxx2)%( TIMEO )/BO+8+E=6%CO/BO)#%(,5)
GO TO 160

DIFFUSION IN NITROGEN = ACCOUNTS FOR BORON GLASS NOT
REMOVED FROM THE SURFACE BY THE HF ETCH
IF(QSL.LT.0.0) GO TO 152

IF(QSI-QSL) 15001500152

FED*(CH%=15(2) ) /RX

DOSI=F#RT

QSI=@SI+iQSI

DX0=0.

GO0 TO 162

F=0.0

DX0=0.9

60 TO 162

F=(ALPHA=3033) 20X0%xN(1)

GAZQ « 4H*RT/RX*DXO

JozJ=~1

THIS 15 A ARTIFICIAL BOUNDARY CONDITION TO MAKE N(X)
FINITE AT 2%XJ AND EQUAL YO GAUSSIAN VALUE
IF(LeGTeLUINDTID) =0/ (1 792 5GRT (DAL ERTIIAEXP (= J*RX ) #22) /
* (4o *DxL xRT)

INTEGRATIGN OF NORMALIZED UIFFUSION EQUATIONS

DO 2 I=2,40

NOTCD) =R (I+1) 4 (1e=2. xR+GAIEN(T) ¢+ (R=GA) &N (I=1)

IF(NDT(I) LT e1e0E=15)NDT(I) =14 0E-15
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2 CONTINUE
IFINCIY+(OX4AX0%F) /DsLT .0, )F==NDT(2) %D/ (RX)
NOT (1) =DisExx0/D4+NDT(2)
DO 2 Iziru
NLI)YENDT (L)
3 CONTINUE
IF(L+GEW.i) GO TO 6
LoL+1 |
GO TO 22
4 CONTINUE
6 CONTINUE
K=2
DO S Iz2ey
MAKE NEXT INSTRUCTION CARD » C=N(I=1) FOR P=TYPE
MAKE NEXT INSTRUCTION CARD ¢C==N(I-1) FOR N=TYPE
S CENLI-Y)
G(C) USES IRWIN'S CURVE FORMULAS
CONLI=1)=6LC)
Nlz=I=-1
Y=1kKRX=2 e #RX
YP(K)ZEHEXP (= (P*RX) %42/ (4« %0%T12) ) /SORT( 3+ 14%D=T12)
YPK=1)=N(I~1)
Z(K=1)=I#RX
P=N1
YP(1)=YP{g)
Z{K)=Z(K=-1)
KoK +2
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IF(N(I—l).LT.NB.AND.N(I).LT.N(I-I))GO T0. 30
5 CONTINUE
INTEGRATION FOR RSeSHEEY RESISTANCE
30 RS2ZRS(COMe M1 e RX)
IF(CUTPTGTele8)  CALIL FLOTCZaYPK=2,NO»Y)
XKSESH (Lo t0ex{CS52x2) % IV RT2) /iS4l o 2 LLE242) X (X022 x2)/
*(HGOR#2) 3 ¥CSHX02/NS) 2 o 5y~ 1. 0 /(26405
T1=71/60.
T2=T2/800
T3=T3/¢:06u
T3zT3-72
TazTe=11
IF{CUTI T ei:Tole ) WRiTa(&vzﬁgwurYlevTRvavXKvTFH
20 FORMAT(//920X2 'SHEET RESISTARCIS  '9FBe2//7 9 10N e " INCTION®
¥V DEPT)! Jon CMIYeELIDS/ /e tGie fiME IN RITROGEN IN ¢
ROMINUTES = TeF9a1//e 20X S TIME TR OXYGEN IN ¢
ROMINUTES = o001 //0 20 e o TIRE IN STEAM IN MINUTES = 9
£FGe1//0 LOX e POKIDE THTICMHESS IN Ci = Tef10e2/ /0
210X, 'O YE=LN DIFFUSTION TEHMP IN ULGe Co = ¢rFO.1)
AKAZ L 8exK
YM=1leEa*y
IFCOUTHT i T2300) WRITE(OHe22)ITLLeTE2eRSG1eRE2eYMeXKAPT19T2,T7T3
22 FORMAT(/2 10X, CGEL0 5D
400  CONTIMUE
GO To 0

ENG
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10

SUBROUTINE FINDNO(RSLeLANNO)

FINDNO IS5 BASED OM THE RELATION SHIP FOR RS FOR AN ERFC
PROFILI. IT WAS CALCULATED FROM A WUMERICAL
INTEGRATION» AND THEN FITTED WITH A PIECEWISE
CONTIMUOUS FUMNCTLON.

KEAL NCeLA

GAVE=1.0/(RS1*LA)

ALPAZ, 3E~10

ALPESsG20E=14

ALFC=. 369 =10

BETA=0.64p

BETB=0.842

BETC=0,956

IF(GAV: ~155.) troefy

IF(GAVE eLTel#)e) GO TO 8

" ALOGC=ALOGUGAVE/ALPB) /BETH

GO TO 106
ALOGC=4ALOGIGAVE/ALPC)Y /BETC
¢O0 7O 10
ALOGC=ALOG(GAVE/ZALPA) /3ETA
GO TO 10

NOZEXP (ALQGC)

RETURN

END

REAL FUNCTION ERFC(U)
IF{U=1.0) 39595
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11

13

15

- N=31

G0 TO 15

IF(U=2.0) 7+9+9

N=H41 |

G0 TO 15

IF(U=2,5) 11¢13¢13

h=61

GO TO 15

IFCEXP(~Ur%2) oLTe1cE~LG)ERFCE1.E~15
IF (EXP (=U%%2) oLTo L oE~15) RETURN
ERFCIEXP (ya=U%*2) / (1.772%U)

GO TO 17

SUz0.0

OX=u/ (1i=1)

A=0,0

ISl

B=2.0

CIF(I/2% 2.EQe1)62440

IF(1.EGe1) B=le0
IF{IeEQen) 27240
ERZ EXe (fa=X5%2)
sUz SU+ER«D
X=X +DX
ITI+1
IF (N=1) 25101
COMTINUE
S5=DX/3,Cx5U
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ERFC =1.0 “200*5/10772
17 CONTINUE
RETURN

END

REAL FUNCFION
CN= ABS(Cx)

G{Cx)

IF(CX.LT-UoO) G0 10 3

IF(CN.GToO-OJ Azi.0

IF‘CNCGTOOOO) 8:7025‘17

IF(CN.GT-IoSE t16) AzG.65

IF(CNcGTOICSE *16)8

=33E~1}1
IF(CN.GT-ZO

bE+1g) A=0,83
IF(CN.GT.Z-QE+18)B=1.#7E-1#
IF(CN.GT.I-

S5E+19) A=0.966
'IF(CN-

GT:loSL*lQJBZQ.E
60 10 g

>

-17

3 IF(CN'GTOUOO) A=lo0

IF(CNoGTOOOO’B:EQE”lﬁ

IF(CN.GTc3oSEIS)A=O.837

IF(CN.GT.505£15)826o97E"14

IF(CNoGT01.0E17) AZ0.543

IF(CNoGTcl00517)5:6-935“9

7.905518) A
IF(CNoGTQ9o

IF(CN, o 0.9,
5518)83205°16
IF(CN.GToﬁo £19} A0.744
IF(CN.GTobc E19)821043E“12
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IF(CNeGT 224 35E20) A=0.456

- JFACNsGT+2035E20) B=1.08E=6
6 = BA(CNxEA)

RETURN

ENG

FUNCTION KS(CONsieDX)
DIMENSICON CON‘N)»
SUNZ0eD

X=040

DO 1 I=1sN

B=260

IF(I/242eEQ2 1005060
IF(1eERe1)BT160
IF(]1.EQ.N)B=1.0

- UM SUMHCON(T) *B
CONTINUE
REDX/ 3« ¥SUM

RS:1Q/R

RETURN

END

SUBROUTINE PLOTUXLeY1oHeNGeXD)

REAL Ni

DIMENSION X1(250) »Y1(250Y 0 AKRAY (450101)
DATA AST;DASH»EAR:BLANK/IH*!lH-olH]le /

(O 19 L=1»45 ‘
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19

20

22

12

14

DO 19 Ms1s101
ARRAY (LeM)= BLANK
CONTINUE

00 20 NZ1,101
ARRAY (1) =DASH
ARRAY (45 » M) =DASH
CONT INUE

DO 22 LzL.45
ARRAY (LLe 1) SBAR
ARRAY (L0 101) SLAR
CONTINUE
CMAXZALS(YL1(1)=Ng3)
CMIN=AFRSIYLI (1) =Ng)
XMAXZ=X1()

DO 4 I=2¢N

- Z1ZABS(YL1 (1) =NB)

IF(Z1.6T«.CMAX) CMAX=Z1
IF(Z1.LT.CMIN) GO TO 12
GU TO 14

CMINZ=Z21

GO TO 14

IF(Z1eiTa2e0) 212140
Z2=AL0G10(21)
L=(89.=UexZ2)
MT(1014%(X1(I))/AMAX+S)
1IF(LeLTel) L=1

IF(L.CTe45) L=45
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IF(MelTol) M=1
IF(MeGT.101) MI101
ARRAY (LoeM) =AST
4 CONTIMUIE
XUMZ 1. ElnXJ
VRITE(6030) CMAXeCMIN2 XJM
30 FORMAT(1H1210X» *CMAXS " +1EB3eSXr *CMINT *»E8¢375X,
IV XJIMICRONS)I='eF6637)
L=1
WRITE(6080) (ARRAY(Let)e M=1el01)
80 FORMAT(' ¢y10H=m=mmmecw~; 101A1)
L=2 |
WRITE(6r82) (ARRAY(LeM)eMT1e101)
82 FORMAT(' telkiler CUX) '2101AY)
L=3
-WRITE(6e84) (ARRAY(LeM)eM=10101)
84 FORMAT(' *»)lHI1rOXe101A1)
L=y
WRITE(6e36) (ARRAY(LeM)eM=1r101)
86 FORMAT(' *o1H1er? PER CC *el01AL)
IT=1
DO 32 L=5¢45
EX=10ev¥((l.=1)/8)
CX=1.E21/eX
IF((L=1) et Go (4%xIT)) GO TO 40
WRITE (6 38) (ARRAY(LvM)9M=1'}01)

88 FORMAT(' *91H3e9X»101A1)
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GO TO 32
40 VWRITE(6090) CXe (ARRAY (L ¢M)oM=14101)
90 CFORMAT(' *¢2H] rEQelr2H==0101AL)
IT=IT+1
J2 CONMTINUE
WRITE (& 004)
94 FORMAT(® toiHIrOXeIHIrOXe1HTeOXe LHTeOX e LEt e OX e LHIoOX» 1H T X
®1HJ»OX»1HIrOXe 1H12OXr2H 1L 9X)
XAAZ2.E 3EAMAX
XADB=H o E 3% XMAX
XACZO - £ 36 XMAX
XAD=8 o L 38 AMAX
XAEZ L E4aXMAX
WRITELG e Qe XAAeXAD e XAC» XAD» XAE
96 FORMAT(/ ,lux.1&0»17x:r5.2.35x'Fb.2'15va5.2.15x-F5}2'
*10Xy 8. 2)
WRITYE{h»9g)
06  FORBAT( /Z+45Xe "X ~MICRONS')
RETURN

END
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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, 11500C, 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 No. 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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