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ABSTRACT

A model has been developed that can account for both front 

and back "autodoping" effects during epitaxial growth as well as 

impurity redistribution during further high temperature processing. 

The model incorporates three dopant fluxes, i. e., 1) the flux from the 

solid into the gas phase at the rear of the wafer, 2) the flux from 

the solid to the front surface of the wafer, and 3) the flux from the 

bulk gas phase into the boundary layer near the front surface of the 

wafer in which transport of dopant occurs by diffusion only. The 

redistribution of impurities both within the solid semiconductor and 

in the gas phase are investigated from a theoretical viewpoint. Nu­

merical solutions are obtained using the Crank-Nicolson method. A 

computer program is presented that can handle the simultaneous redis­

tribution of five dopant elements, during processing steps such as 

epitaxial growth, oxidation, and ion implantation. Implications of 

differences between this approach and previous work is discussed. 

Calculated results are presented to illustrate the variety of prob­

lems that may be solved using this mathematical approach.

The evaporation coefficient of boron in silicon in a hydro­

gen ambient was experimentally determined to be,

h - 1.674 x 107

where h is in mi crons/min, the energy is expressed in eV., and temper­

ature is in OK. This equation was determined in the temperature range 
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from 1190 to 1380 C. These results allowed the accurate prediction of 

boron back surface "autodoping" effects during epitaxial growth.

Radial as well as in depth concentration versus distance plots were 

experimentally deteimined illustrating boron autodoping for both 

lightly and heavily doped substrates. Excellent agreement between the 

numerically determined concentration profiles and the experimental 

data for boron autodoping is obtained using the experimentally deter­

mined values of the evaporation coefficient.
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INTRODUCTION

The distribution of impurities in epitaxial grown silicon 

layers plays a major role in the operation of diodes, transistors, and 

integrated circuits. The impurity redistribution that occurs during 

silicon epitaxial processing and semiconductor device fabrication is 

dependent upon processing times and temperatures, diffusivities, 

evaporation rates, and segregation coefficients of the dopants in the 

solid and gaseous phases. A model for the redistribution process 

would enable one to assess the critical steps in the fabrication 

sequence and predict the effect of process changes on the impurity 

distribution in the semiconductor. A typical device processing 

sequence may consist of fifteen discrete high temperature steps that 

affect the impurity redistribution. Since the results of the prior 

step form the initial conditions for the present step analytical solu­

tions to the diffusion or transport equations are not available. 

Therefore a sequential numerical technique is the obvious choice to 

solve this type of processing problem. At present only fragmentary 

parts of this problem have been solved and no complete model exists.

The purpose of this dissertation is to derive the boundary 

conditions necessary to describe the epitaxial growth and device fab­

rication process, and then to solve the diffusion equation in the 

solid in conjunction with these boundary conditions using a numerical 

solution. In order to test the numerical model the evaporation coef­

ficient of boron in silicon will be experimentally determined. Using 

this evaporation data predictions concerning the transport of boron 

- 3 -



during epitaxial growth will be made and tested against experimen­

tally determined concentration profiles of boron in the epitaxial 

layer. Once the accuracy of the computer model has been established 

experimentally a number of semiconductor processing problems will be 

simulated and the calculated impurity concentration versus depth 

results will be compared with the experimental values.

Background - Epitaxial Growth

Since the largest single unknown in calculating the impuri­

ty redistribution during device fabrication is the redistribution due 

to epitaxial growth this process step will be treated in great 

detail. The prior efforts on modeling the substrate and layer im­

purity redistribution during epitaxial silicon growth can be divided 

into three categories based upon the source of the impurity. The 

first and earliest approach involved the transfer of dopant from the 

front surface of the substrate, mixing of this dopant with the 

gas phase, and subsequent reincorporation of this dopant into the 

growing epitaxial layer. This treatment completely ignored solid 

state diffusion as the other major mechanism for dopant transport. 

The second approach to the redistribution involved the transport of 

dopant by diffusion in the solid only.The effects of the ambi­

ent gas phase were neglected. A more detailed analysis of this 

approach was made by Abe, et al/^ A numerical approach was used in 

order to treat the steps prior to the deposition of the epitaxial 

layer. The influence of the gas phase on the redistribution process 

- 4 -



was ignored and the case of slow layer growth was not successfully 

treated. The third approach to the redistribution problem involved 

the transfer of dopant from the back surface of the wafer into the am­

bient and its subsequent incorporation into the growing epitaxial 

layer/6’8) However, the effects of solid state diffusion were 

ignored.

All three approaches have been used and the results of the 

models have been verified over a limited range of experimental con­

ditions. The three approaches give a wide range of predictions when 

applied to any one common system. Since front and back surface 

evaporation and diffusion of dopant are all occurring simultaneously 

throughout the epitaxial growth and other high temperature processing 

steps, a model incorporating all of the three approaches would pro­

vide a better description of the process.

The type of dopant transport phenomenon that will predomi­

nate in a given epitaxial deposition cycle is a function of the dis­

tribution of dopant in the substrate along with the dopant intention­

ally added to the gas phase. Three dopant fluxes must be considered 

to completely define the boundaries of the gas solid composite sys­

tem. The first flux is that between the solid and the gas at the 

back boundary. This flux is the one that has been treated by 

Joyce et al. /6) Shepherd/^ and Skelly^ as the sole contributing 

factor to the "autodoping" phenomenon. A similar flux existing at 

the front surface of the wafer gives the rate of transfer of dopant 

from the solid to the front gas-solid interface. This flux is of 

5



great importance in understanding autodoping associated with the first 

few microns of growth.

After the first few microns of growth in normal epitaxy 

(i.e., lightly doped layer on highly doped substrate) the back trans­

port effect predominates. The third flux is that flux which controls 

the rate of transport of dopant from the bulk of the gas phase to the 

gas phase boundary layer near the front interface. In the gas phase 

boundary layer, diffusion is the sole transport mechanism. This 

flux can include intentionally added dopant as well as the dopant 

released at the back surface.

The following treatment will determine the three dopant 

fluxes and establish the boundary conditions for the problem. The 

doping of a layer with the same dopant as in the substrate as well as 

different dopant species is considered. Also non-uniform initial 

conditions are treated by the numerical method employed to solve 

Fick’s Second Law in the solid.

- 6 -



THEORY

The solution of the problem will involve the treatment of 

three regions, 1) bulk gas phase where all the dopant is uniformly 

distributed, 2) gas phase boundary layer where transport of dopant 

is by diffusion only, and 3) the solid where transport of dopant 

occurs only by diffusion. Figure 1 depicts a section of an epitax­

ial reactor with the wafer on a heated susceptor. The various 

sources of dopant are shown schematically. To reduce this situation 

to a one dimensional case consider a line z=zo, perpendicular to the 

wafer in the plane A-A. Figure 2 shows the concentration distribution 

along the line z=zo from the wall of the reactor, x=w to the back sur­

face of the wafer, x=b. This line also passes through the boundaries 

x=d and x=i which respectively separates the bulk gas phase from the 

gas phase boundary layer, and the gas phase boundary layer from the 

front surface of the wafer. All subsequent analysis of impurity 

redistribution problems will refer to the dopant movement along the 

line z=zo. A mathematical model describing the redistribution se­

quence can be formulated since the impurity redistribution with the 

solid and within the gas phase boundary layer is diffusion controlled. 

For a diffusion controlled process Fick's Second Law (for constant 

diffusivity, D) in one dimension is,

2
9C(x,t) _ D 9 C(x,t) (1)
-TF- ax2

where C(x,t) is the concentration and x and t are the spatial and time
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variables respectively. The one dimensional assumption is applicable 

to the case of uniformly doped epitaxial structures normally encoun­

tered in semiconductor device fabrication since the diameter to thick­

ness ratio of the wafer is usually greater than 150 to 1. For analy­

sis of sub-diffused substrates encountered in integrated circuit 

fabrication the one dimensional analysis does not strictly apply 

since transport of dopant from the diffused regions to the non-diffused 

areas occurs parallel to the surface of the wafer. This dopant trans - 

fer may still be analyzed in one dimension by treating the diffused 

and non-diffused regions as separate structures linked by an inter­

mediate gas phase. In order to obtain the boundary condition at the 

front gas-solid interface (x=i) the mass balance will be constructed 

about the interface. The flux F(i,t) in the solid at the interface 

x=i will then be expressed in terms of solid concentrations and con­

centrations of dopant in the bulk of the gas phase. Both of these 

concentrations may be measured experimentally.

As can be "suen Trom Figurethere are two sources of dopant 

that may enter the growing epitaxial layer by way of the gas phase. 

These sources are the flux of intentionally added dopant, F&, and the 

flux of dopant escaping from the back and sides of the wafer F(b,t) . 

These dopant fluxes will be used to define the time rate of change of 

dopant, Q" = dQ/dt, in control region I shown in Figure 2A. Let one 

consider the dopant flow into and out of region 1. This area is in 

the x-y plane between x=w to x=d and y=y^ to y=y^. The dopant 

entering this region consists of the flux of intentionally added

- 8 -
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impurities, F , plus some fraction (£.) of the flux of dopant es­
ain ...

caping from the back of the wafer f^F(b,t). Of this dopant entering 

region 1 across some will leave in the y-direction across y^. The 

rest will enter region 2 in the x-direction, toward the solid, cross­

ing the boundary, x=d.

Therefore the rate of change of dopant in region 1, , may

be written as

■ . QI ’ Fm " F.ut (2a)

or

Qr = {F + f.F(b,t)} - {[Fn + (f,-f)F(b,t)] 
*in out

+ [Fg(d,t) + fF(b,t)]} (2b)

Where "f” is the fraction of dopant from the back of the wafer that is 

crossing the boundary x=d, in the x-direction and going toward the 

solid. Fg(d,t) is the fraction of the intentionally added dopant also 

going toward the solid in the x-direction. Therefore [Fg(d,t) 

+ fF(b,t)] is the flux of dopant leaving region 1 and crossing the 

boundary, x=d.

Now let one consider the rate of change of dopant Qg (re­

gion 2, Figure 2A) in the gas-solid composite system between x=d and 

x=r. "r" is a point in the wafer where the concentration gradient is 

always equal to zero. For semiconductor device fabrication such a 

- 9 -



point always exists since wafers are usually ~ 250 microns thick, 

while diffusion lengths in the solid are almost never more than 10 

microns. To obtain QJ one first must integrate the concentration 

distribution in region 2 to obtain Q2. Q2 is the total number of 

dopant atoms per unit area in region 2.

i r
Q9 = f Cg(x,t)dx + / C(x,t)dx

Z d i
(3)

Where the synbol "g” refers to terms in 

a ”g" refers to terms in the solid. To 

equation (3) with respect to time.

the gas, while the absence of 

obtain Q2 one differentiates

Q2 = J dx + Cg(i,t) - Cg(d,t)
d

(4)

+ f t c(r>t) g-co,tJ “

The terms containing the expression ? dx, when a and 5 

a .
are arbitrary limits can be simplified using the following substi­

tution.

g g 2
/3Çdx = JD^-ydx = F(a,t)-F(B,t) 
a 9t a dxZ

which is the integral of Fick’s second law for constant diffusivity.

Using the above substitution in equation (4) and defining v^ - 

(where a is the position of a boundary in the x-di recti on) , one

- 10 -



obtains :

Qg = -Fg(i,t) + Fg(d,t) + v.Cg(i,t) ‘

- vdCg(d,t) - F(r,t) + F(i,t)

+ vmC(r,t) - Vj.CCijt) (5a)

Inspecting equation (5a) there are a number of terms that 

will go to zero. Since the boundary, x=r, is not moving, is zero. 

The velocity at x=d is set equal to zero since the movement of the 

front interface is small compared to thickness of the gas phase 

boundary layer. Therefore only the velocity v^ is non-zero. 

Since x=i is the only moving interface the subscript will be omitted. 

The flux at x=r is zero since "r" was defined as a point where the 

concentration gradient is always zero. Eliminating the zero terms 

from Q' one obtains

Q' = -Fg(i,t) + Fg(d,t) 

- y^^t) - 4e^f) ] 

+ F(i,t) (5b)

Since dopant only enters or leaves region 2 at the boundary 

x=d, one already knows the flux across ”d" from the analysis of region 

l, i.e., [Fg(d,t) + fF(b,t)]. This flux may now be set equal to to 

obtain the boundary condition at the front gas-solid interface.

F(i,t) = Fg(i,t) + v[C(i,t) - Cg(i,t)]

+ fF(b,t) (6)

11



The assumptions used to simplify Q and to derive the boundary condi- 

tion at the gas-solid interface, (x=i), are summarized below:

1. Bulk gas phase completely mixed at all times.

2. A linear concentration gradient exists across the 

stagnant gas phase boundary layer.

3. Dopant transport in the solid phase can be charac­

terized by Fick's Second Law.

4. The diffusivity of the dopant is independent of 

concentration.

5. The dopant escaping from the back surface of the wafer 

is not influenced by the flux of dopant at the front 

interface.

6. During growth, etching, or oxidation steps only the 

front solid interface is moving.

Equation (6) implies that the flux F(i,t) is not only a

function of dopant transported from the gas (Fg(i,t)), but is also a 

function of the dopant leaving the back surface or sides of the wafer 

(F(b,t)), as well as the velocity of the front gas-solid interface, v.

Equation (6) contains flux terms that cannot be easily

evaluated. Therefore the terms F(b,t) and Fg(i,t) will be approxi­

mated with the following relationships.

F(b,t) = -h[C(b,t) - kCg(b,t)]

and

Fg(i,t) = h[C(i,t) - kCg(i,t)]

(7)

(8)

- 12



These equations assume that the driving force for dopant transport at 

the interfaces, x=b and x=i respectively, is the concentration dif­

ference across the interface, "k" is the equilibrium segregation 

coefficient defined at zero growth rate as :

Cg(i,°°)

and

C(b,»)
Cg(b,«)

(9a)

(9b)

This type of flux approximation, (equations (7) and (8)) is used to 

describe a situation, at an interface, where a restriction to dopant 

transport exists (see Crank. The restriction coefficient h 

has the units of velocity, and will be referred to in this work as 

the "evaporation coefficient”. Grove^ has incorrectly referred to 

this constant as the "gas phase mass transfer coefficient in terms of 

concentrations in the solid. The evaporation coefficient is a con­

stant that depends upon the temperature, pressure, dopant species, 

wafer orientation, gas velocity, and reactor geometry, "h" effective­

ly keeps the ratio of concentrations on either side of an interface 

from reaching the equilibrium value as defined in equations 9a and 9b. 

At long times equilibrium will be reached and the dopant transport 

across the interface will cease. The evaporation coefficient there­

fore controls the time rate of approach of the ratio of concentrations 

on either side of an interface to its equilibrium value.

13 -



For large values of nhH (i.e., h >> /D/t) the escape of dopant will 

be diffusion controlled since all the dopant reaching a surface will 

rapidly transfer into the gas phase. Also for large "h” the back 

flux term will rapidly approach a constant value and have the same 

effect as an increased constant concentration level of dopant in 

the gas phase. For small values of "h" there will be a large time 

dependence of the flux at the front interface resulting in a graded 

dopant distribution in the growing layer. Substituting (7) and (8) 

into (6) and regrouping terms one obtains an equation for the flux 

in the solid at the front interface in terms of solid and gas phase 

concentrations and the constants h, v, and f.

F(i,t) = h[C(i,t) - kCg(i, t) ] (10)

- fh[C(b,t) - kCg(b,t)]

+ v[C(i,t) - Cg(i,t) ]

Equation (10) still contains terms of Cg(i,t) and Cg(b,t) which cannot 

be easily measured in practice. Since the distance between the front 

and back surfaces of the wafer is small compared to the total boundary 

layer thickness, ^0) we will assume Cg(b,t) = Cg(i,t) . Equations (7) 

and (8) still contain a term, Cg(i,t), which cannot be easily mea­

sured. One approach to this dilema would be to write the flux across 

the gas phase boundary layer (x=d to x=i) as

F = hg[Cm(t) - Cg(i,t)]

where Cm(t) is the mean gas phase concentration and hg is the gas 
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phase mass transfer coefficient. Then one could simultaneously solve 

the above equation in conjunction with equation (6) to eliminate the 

term Cg(i,t) in favor of the mean gas phase concentration Cm(t). This 

is a cumbersome method. Since the diffusivity in the gas is much 

larger (twelve orders of magnitude) than in the solid, and since the 

velocity of the gas-solid interface is small compared to the transport 

across the boundary layer, a simple relationship between the mean 

gas phase concentration and the gas phase concentration at the inter­

face will be assumed.

Cg = kg Cm(t) (11)

where "kg" is an arbitrary constant that will depend upon the gas 

velocity distribution in the boundary layer, "k ” is usually very 

close to unity for most conditions encountered during epitaxial growth 

and semiconductor processing.

Finally substituting (11) into (10) and assuming Cg(b,t) 

= Cg(i,t), one obtains the boundary condition at the front interface 

in terms of readily measurable or easily calculable quantities.

‘ F(i,t) = h[C(i,t) - ke Cm(t)] 

- fh[C(b,t) - ke Cm(t) ] (12)

+ v[C(i,t) - kg Cm(t)]

where k^ = kkg. This flux term F(i,t) completely describes the move­

ment of dopant both from the solid and from the gas across the front 
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gas-solid interface. The flux of dopant will only go to zero under a 

set of stringent conditions. These three conditions must be met 

simultaneously for a zero flux to occur.

1) The velocity, v, of the gas-solid interface is zero.

2) The concentration in the solid at the front interface 

must be equal to keCm(t) .*

3) The concentration in the solid at the back interface 

must be equal to keCm(t) .*

If one lets C^(t) = 0 and assumes that no dopant from the back is 

reincorporated into the growing layer (f=0) then equation (12) 

reduces to :

F(i,t) = (h+v) C(i,t)

which is Grove’sboundary condition for the solid neglecting gas 

phase contributions.

An alternate approach to the solution of the composite gas- 

solid system involves the solution of the transport problem in both 

the gas phase boundary layer and in the solid phase. This approach 

eliminates the assumptions about the fluxes at x=i and x=b inherent in 

the method outlined above. For practical reasons as outlined later, 

the approximation approach was chosen over the solution of the compo­

site system.

The boundary condition at the front gas-solid interface has 

been developed (equation (12)). Using this boundary condition in con­

junction with the boundary condition at the back of the wafer (equation
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(7)) one can solve Fick’s Second Law (equation (1)) in the solid using 

numerical techniques. In the next section the numerical solution will 

be developed to solve this system of equations for the concentration 

distribution in the solid.
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NUMERICAL SOLUTION

A number of numerical techniques have been used in the past 

to obtain solutions to a parabolic partial differential equation 

(e.g. equation (1)). The simplest approach is the forward finite 

difference method (FFDM). This technique suffers in two major re­

spects. The first of these is the poor approximation (only first 

order correct) to the time derivative of concentration. The second 

restriction is the limit on the stability criterion which requires 

2 
that the value of the dimensionless quantity R = D*At/(Ax)  can not 

exceed 0.5, where delta t and delta x are the time and spatial incre­

ments respectively. This limit on R forces one to employ very small 

values of delta t (and use extremely long computation times) if a 

stable solution is to be obtained. The implicit Crank-Nicolson 

Method (CNN) has the disadvantage of more mathematical operations than 

the FFDM but offers higher accuracy for the same total expenditure of 

computer time. Also there is no bound on the stability parameter "R" 

for interior points/^ Some problems may occur at a boundary when 

large values of R are used especially if a large concentration dis­

continuity exists. Since the CNM involves analogs for the various 

concentration derivatives centered in the time interval delta t they 

are second order correct. Another advantage of the CNM is the ease in 

which delta x and/or delta t may be varied. It is this flexibility 

that leads to shorter run times for the same level of accuracy com­

pared to the FFDM. For the initial stages of a problem where large
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changes in concentration with time are occurring one would like to 

use small values of delta t. In the final stages of the problem, 

where little or no concentration changes are taking place a much 

larger value of delta t would permit substantial savings in computer 

time. The spatial grid size delta x is usually only limited by the 

available amount of computer core storage.

The CNM analogs for the concentration derivatives necessary 

to solve equation (1), using the boundary conditions of (12) and (7), 

will be derived using a method similar to that employed by von Rosen­

berg. A plot of concentration C versus the spatial variable i, 

at different time levels, j, is shown in Figure 3. To find the val­

ues of concentration at the points (i+l,j) and (i-l,j) one writes 

the Taylor series expansion about the point (i,j). These expressions 

are given below:

C(i+l,j) = C(i,j) +
“ 3*C(i,j)  (Ax)" 
\ _ n n!

and

C(i-l,j)

(13)

(14)

where i and j represent the spatial and time variables. If one sub 

tracts (14) from (13), rearranges terms, and divides both sides by
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two delta x, the first derivative is obtained.

3C(iJ) = C(i+l,j)-C(i-l,j)
2Ax

3^^C(i,j) ÇAx)
E 

n=l
2n+l (2n+l)!

(15)

If we approximate the first derivative by neglecting the higher order 

terms one obtains :

aC(i, j) = C(iH,j)-C(i-lJ)
2Ax

(16)

This equation is said to be second order correct since the first term 

that is neglected is multiplied by the finite variable, delta x, to 

the second power. To obtain the second derivative one can add (13) 

to (14) , rearrange terms and divide by delta,x squared. The following 

equation results.

32C(i,j) _ C(i+l,j)-2C(i,j)+C(i-l,j)

3x2 (Ax)2

- 2 E 
n=2

a2nC(i,j) (Ax)2""2 

a/n (2n) !
(17)

If higher order terms are neglected then the second derivative, which 

is second order correct can be written as :
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3^C(i,j) = CCi+l,j)-2C(i,j)+C(i-l J) (18)

dx2 (Ax)2

To obtain a second order correct analog for the time deriv­

ative of concentration one uses the same method employed for the spa­

tial derivative. The Taylor series for the concentration is written 

about the point (i,j+1/2). The resultant equations are:

C(i,j) = C(i,j + 1/2) + % ^C(i,j+1^ (At} (19)

n=l at z •

C(i,j + 1) = C(i,j+1/2) + Z (-l)n (20)
. n=l at"

Subtracting (19) from (20), rearranging terms, and dividing delta t 

one obtains :

aC(i, j + 1/2) _ C(i , j+1)-C(i, j) 
at “ At

" a^'^cd,j+i/2) fAt 2n~2 i 
n=2 ~( 2’ ;

Neglecting the higher order terms one obtains the second order 

analog for the time derivative of concentration given below:

3C(i,j + 1/2) _ C(i,j + 1) -C(i,j) 
at " At

(21) 

correct

(22)
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To obtain the analog for the second partial derivative of concentra­

tion with respect to distance at the point (i,j+1/2), one takes the 

simple arithmetic mean of the second derivative at the point (i, j) 

and (i, j+1).

92C(i,j+1/2) _ 1 rC(i+l>j + l)-2C(i,j + l)+C(i-l,j+l)_
2 I ^,2

+ C(i+l>j)-2(C(i,j)+C(i-lJ)] (23)
(Ax)2

Substituting (22) and (23) into (1) one obtains the Crank-Nicolson 

finite difference equation for Fick's Second Law. This equation is 

second order correct in both the time and spatial variables.

The first partial derivative of concentration with respect 

to distance at the point (i, j+1/2) may be found by taking the average 

of the derivatives at (i,j) and (i,j+1) and is given below:

3C(i, j + 1/2) _ 1 dm -CU-T,5+T) ; (24)
3x 2 L Ax Ax

Higher order approximations to the derivatives may be obtained by 

using an off centered approximation^2^ rather than a simple arith­

metic average of the two analogs. Since these off centered methods 

bring added complexity with only a small addition in computational 

accuracy they will not be considered here.

The interior points (points not on a boundary) will follow 

equation (1). The second order correct analog for this equation can

- 22



be found by substituting (22) and (23) into (1) at the point (i,j + l/2).

C'- C 
o o
At

D
2

2 (Ax/
c;r 2co+ C-'1+ c+r 2V (25)

where the subscripts "+1", "0", and "-1" are shorthand notation for 

i+1, i, i-1 spatial values and the superscript " * 11 denotes the un­

known time level j = t+At, while the absence of the superscript de­

notes the known time level j=t. A more convenient form of (25) is to 

group all the unknown terms on the left hand side (LHS) and all the 

known terms on the right hand side (RHS). By using this grouping a 

tridiagonal matrix of grid equations can be developed that lends it­

self to rapid solution by computer algorithm (see von Rosenberg^ . 

Rearranging (16) one obtains:

("2 - - -C.r (2 - ^C„ - (26)

A similar equation can be written for the interior grid lines in the 

gas phase by replacing R with Rg, where

2 
Rg = Dg*At/(Axg)

where delta xg is the spatial increment in the gas phase and is not 

necessarily equal to the solid phase increment delta X, and Dg is the 

diffusivity in the gas phase.

The major problem in obtaining solutions for the gas-solid 

composite system using a numerical approach is that the diffusivity of 
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the dopant in the gas is about twelve orders of magnitude higher than 

the corresponding diffusivity in the solid. This means that to keep 

Rg within bounds (to prevent oscillation of the solution at the gas­

solid interface one must take delta xg » delta x. This implies that 

dopant rejected from the solid at the moving boundary must be incor­

porated into a very large volume of gas (S*Axg,  where S is the wafer 

surface area) resulting in a loss of sensitivity to effects in the gas 

phase near the solid-gas interface. Another argument against the com­

posite system approach is that small values of delta xg require large 

amounts of computer core for storing the gas phase information. 

Therefore this composite system approach was abandoned in favor of a 

solution that ignored the details of gas phase transport and approxi­

mated the fluxes at the gas-solid"interfaces using equations (7) and

(8). ‘

The CNM equation for the gas-solid interface will now be 

developed. In order to obtain grid equations that are second order 

correct at a boundary, the imaginary point concept must be employed. 

This concept involves the use of a fictitious point, not in the solid 

body. This imaginary point is eventually eliminated from the bound­

ary equation by direct substitution. The CNM analog for equation (12) 

is given below, where i=o is the interface.



- r Ic;r C-'1+ c.r c.J - 
4Ax

C'+C c+ c
* h keC“T—

c(+ c, c;+ c
- ^[~2—~

(27)

C? Co 

2

C+ C , m m. 
gl 2 ’

where C\ and C n are the imaginary points and Cm(t) is a constant 

over one delta t.

Equation (27) may be simplified by assuming that the time 

dependence of the mean gas concentration is known or that Cm(t) is not 

a function of time over the interval delta t. Also since the escape 

of dopant at the back interface is assumed independent of the dopant 

transport at the gas solid interface its time dependence can be easi­

ly calculated by treating the back surface boundary as a simple 

evaporation problem. Even if one were to neglect the time dependence 

effect of the back evaporating impurity over one delta t the error 

would be vanishingly small after the first few delta t’s. This is 

true since the surface concentration at the back interface C(b,t), 

rapidly approaches a steady state value, C(b,t) = C(b,t+At), for any 

reasonable value of the evaporation coefficient "h". Equation (27) 

will be rewritten using the following two assumptions: 1) Cm(t) is 

a constant and 2) C(b,t) = C(b,t+At). The resultant equation is then 

solved for the imaginary points:
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c:i * c,i = c;i ♦ c.i

c**  r
4Axh r O o „ ■ 
" — I—--------

4Axfh rr
"D LLb - keCml

(28)

4Axv 
D

- kg c™]

Substituting (28) into the CNM equation (25) written at the gas-solid 

boundary and arranging the unknown concentration terms on the LHS and 

the known terms on the RHS one obtains :

ri l Ax(h+v) -
U*  Co -1 ” R " ----- D----- •

<29)

- (hkeCm - fh[Cb- kgCj 

+ ^kgV

The above equation only has two unknowns and C' and 

therefore meets the requirements of the first equation of a tridiag­

on al matrix, i.e., the coefficient of the first unknown term is zero. 

In this case the first unknown term does not exist.

Using the same imaginary point approach the grid equation 

for the back boundary (x=b, Figure 2) can be developed in a manner 

analogous to (29). This equation is given below.
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, . , 2Axhk C_

In order to solve equations 26, 29, or 30 let ai, bi, and ci be the 

coefficients of the unknown concentration terms C^, C', and in a 

particular grid equation, and let gi equal the value of all the known, 

terms on the RHS of a grid equation. The equations for each grid 

point can be arranged in a tridiagnoal matrix and solved for the 

unknown concentration values at the time level t plus delta t with the 

aid of the following computer algorithm outlined below^ :

Bi = \ - r; ’ ei= CA 
1-1

Ti • si - ■ Yi= «i^i

ci Ci+1
Cr = 7r , and Cj = Yi -

A computer program called CASPER (Computer Aided Semicon­

ductor Processing and Epitaxial Redistribution) was written to solve 

the diffusion equation (equation (1)) using the boundary conditions 

of (7) and (12) and non-uniform initial conditions, using the 

Crank-Nicolson method. A detailed discussion of CASPER along with 

a six step sequential example is contained in Appendix A.

To test the accuracy of the CNM, a comparison was made with 

the known analytical solution for the moving boundary and evaporation 

problem (MBEP) where the gas concentration, Cm, is set equal to zero.
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The analytical solution to the moving boundary and evaporation prob­

lem as given by Grove et al. is presented below:

C(x,t) = erfc 
z 2/Dt

•exp[-^ (vt-x) ] erfc [ C~~) 3 +

.eXp{[^].[(vth)t-x]} erfc{[^^-]> (31)

u 2/Dt

where is the original concentration level in the solid.

Equation (31) was compared to the solutions obtained by the 

CNM for the following set of numerical conditions :

dopant---- boron

temperature   1294 C

2 .
diffusivity   0.0500 u /min

0.01 < h/(/57t) < io10

0.00 < v < 2.0 microns/min

substrate thickness ---- 5.0 microns

time — 5.0 minutes

First let us consider the evaporation case, (v=0), using the 

CNM solution. The accuracy of the CNM will depend not only upon the 

size of the time and spatial parameters delta t and delta x but also 

upon the rate of change of concentration in the interval delta x. 

The error relative to the analytical solution is defined below:
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Relative Error = Analytical- CCNM x 100 

analytical

A variable delta t Crank-Nicolson solution is used to solve equation 

(1) under the boundary conditions of equation (12) and the resultant 

numerical solution is compared to the analytical solution given in 

equation (31) . In this method a very small value of delta t is 

initially chosen. This value corresponds to an R value of 0.0001. 

With each successive solution of the grid equations, delta t is in­

creased by forty percent until the total elapsed time is expended. 

This technique offers good accuracy while allowing one to minimize the 

amount of computer time per total calculation. Figure 4 graphically 

displays both the analytical and numerical solutions to equation (1) 

using the boundary condition of equation (12) with hn=h/(/D/t)=10 

and v=0 (evaporation only). At the smaller values of hn the curves 

tend to flatten out. For the numerical solution delta x was varied 

from 0.005 to 1.0, i.e. the solid which was five microns thick was 

divided into a number of steps which varied from 1000 to 5. Even for 

the largest delta x, the numerical solution and the analytical solu­

tion cannot be resolved on this plot. The error associated with the 

evaporation solution is very small over the entire range of delta x 

that was investigated. The maximum error occurs at the gas-solid 

interface. For a delta x of 0.05, which is the interval size normal­

ly used, the error at the. interface is 0.4 percent. The variable 

delta t solution is highly accurate for the solution of the evapora-
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tion problem. This variable time interval solution is particularly 

useful in the treatment of long diffusion problems where little or no 

dopant movement occurs over a large part of the time cycle. For an 

eight hour oxidation cycle at 1100 C the computer run time was re­

duced by a factor of 230 when using the variable delta t solution. 

If the concentration distribution was continuously varying, a fixed 

interval delta t method would be preferred over the variable delta t 

solution.

To achieve the highest level of accuracy, using the CNM the 

smallest value of delta x consistent with the amount of computer core 

storage available should be chosen. For systems where the active 

diffusion zone is small relative to the total dimensions of the body 

under simulation, the smallest practical value of delta x that may 

be chosen, may still be too large to give the required level of 

accuracy desired. Therefore a numerical solution that allows the use 

of small values of delta x in the active diffusion region and larger 

values of delta x in regions where little or no transport of dopant 

is taking place, would allow one to conserve large amounts of compu­

ter core storage while significantly reducing the calculation time. 

This split grid or "variable delta x" approach will be developed be­

low. When treating a problem where little change in concentration is 

expected to occur at the interface (e.g., an evaporation problem with 

hn « 1.0), delta x may be taken large. But if one is working in a 

region where the concentration gradient is large i.e., the concen­

tration change over one delta x is greater than a factor of two, then 
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a small value of delta x should be used. This would result in a var­

iable delta x solution where delta x would be small in regions of 

large concentration changes and would be large in regions where the 

concentration gradient was close to zero. This type of solution can 

be accomplished as follows.

In Figure 5, let x=m be the boundary between a grid of in­

terval size delta x (on the left) and a grid of interval size delta 

y (on the right). The flux across the boundary is continuous as is 

the concentration distribution. Representing these two factors in 

equation form one obtains:

C(x=m,t) = C(y=m,t) (32)

and

D = D |y 1 = M (33)

. x=m y y=m

Write the CNM analog for equation (1) at the point x=m in terms of 

both delta x and delta y. The subscripts will be simplified in the 

following manner: let 0=m, -l=m-l, and +l=m+l.

C-r (34)
2 (ÛXJ

and
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C'- C 
o o

At [c-i- C- c+1] (35)

The imaginary points are those points which do not exist in the grid 

and will be eliminated from the equations at a latter step. The 

imaginary points in (34) are and while the imaginary points 

in (35) for the y-grid are and C y Writing the CNM analog for 

equation (33) one obtains : 

and

d A'r c-i
2 2 Ax

c+r C-1 

2Ax
(36)

p rc:r C-1
2 [ 2 Ay

c+r c-i
2Ay

(37)

M

M

where M is a dummy variable. Solving (36) and (37) for the imaginary 

points one obtains :

f c:t + C.! (38)

and

C:1 * C_J = + (39)

Substituting (38) and (39) into (36) and (37) to eliminate the imag­

inary points one obtains:
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and

C? Co

At
—2-2 [2C: - 2C' * 2C_j 

2(Ax)
2Co

4AxM, 
D J (40)

CJ- =o

At
^-2 [-2C? 2c;r 2V

2 (Ay)
2C

4 Ay Mi
D J (41)

Multiply (40) and (41) through by D over the grid variable to isolate

M:

AX Cp- co 

D At
- à [c -V c; c-r c.

2M 
D

(42)

and

* C'-CAy o o 
D At

° Ay ["Co - Co
, . 2M

- “D
(43)

Adding (40) to (41) to eliminate 2M/D one obtains :

D At
[c:rcô*c.i-co

ay [-co - C + C 
o ■+ 1

(44)

Multiplying (42) through by delta x, and
2 

substituting R for DAt/(Ax)

R
%

R

C "-C
AyAx o o 

D At c:r c.

-fCp^ W
o

(45)
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Rearranging (45) so that all the terms at time level j+1 are on the

LHS and all terms at the known time level j are on the RHS one 

obtains:

c;
1 1 Ay AXn
—™ I T

R R Ax Ay +1 Ay

-l^o ~ ~ " C+1 W (46)

Since small values of Ax/(/Dt) have been shown to lead to higher ac­

curacy one would use this solution in regions where rapidly changing 

concentration gradients occur. There are savings in both computer 

time and core, if one has a prior knowledge of where these regions of 

large concentration changes are occurring throughout the solid. The 

above approach was developed for a continuous material but it is also 

extremely useful in treating problems where a boundary or disconti­

nuity exists such as the gas-solid interface or the ^boundary between 

two phases. It allows one to choose values of delta x in each region 

that will result in the minimum total error for the smallest amount 

of computer core and time. There may be as many breaks in the grid 

size as is required by the particular problem under study. An exam­

ple of where this variable grid size solution would be useful is the 

growth (Figure 6), of a thick epitaxial layer at very low tempera­

tures such that the region between the layer and the substrate would 

have a very large concentration gradient, while in the substrate and 

in the layer the concentration gradient would be close to zero. If 

one tries to model this problem using a large value of delta x the
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transition region appears more graded than it actually is. If one 

tries to employ a very fine delta x solution large amounts of core are 

required since the regions in which the concentration gradient is zero 

may be twenty microns thick while the transition region may only be 

2 microns in size. The optimum treatment of this type of problem is 

to use a large value of delta x, Ax = 0.5 in the regions of small con­

centration change (i.e. the layer and the substrate) and to use a very 

fine delta x, Ax = 0.002 microns in the 2 micron transition region. 

Errors in the numerical solution occurring in the region of fine delta 

x are comparable to the errors that occurred when using a uniform grid 

size delta x=0.002. The savings in both computer run time and core 

storage for this particular problem is almost a factor of 10.

The errors resulting from the CNM treatment of the MBEP 

will now be discussed. In the growth mode, the following sequence is 

used to obtain a numerical solution:

a) Add on a growth step equal in size to delta x or some 

whole number times delta x. These steps are added on 

using Ca = keCm  where Ca is the concentration of the 

added step. For most elements, ke decreases with 

temperature and approaches unity with increasing growth 

velocity.

*

b) An adjustment is made to the concentration at the prior 

original interface to conserve mass across the added 

solid step and a region of equal size already in the 

solid phase. This is accomplished by averaging the 
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concentration of the added step with the prior interface 

concentration value.

c) The problem is now solved under static conditions using 

a fixed delta t method. One time iteration is usually 

sufficient.

d) Steps "a" through "c" are repeated until the specified 

growth is complete.

The errors resulting from the CNM solution to the growth 

case are somewhat larger than one obtains from the evaporation prob­

lem. A comparison of the analytical solution and the CNM for the MBEP 

for a number of values of delta x, and hn=10^®, vn = v/(/D/t) is shown 

in Figure 7. These results, are representative of values of the nor­

malized growth rates (0.2 to 2.0 microns/min), and are typical of 

semiconductor epitaxial processing. Since the examples are for boron 

other elements with smaller diffusivities will experience even smaller 

errors since vn > 50. Figure 8 is a plot of the absolute relative er­

ror in percent plotted over the same depth range as in Figure 7 for 

values of delta x, from 0.005 to 1.0 microns.

Errors in general are largest at the smallest growth rates 

and larger values of delta x. While the errors appear larger the 

further one gets from the original interface (x=0) the concentration 

gradient at distances far from the interface is also large. At a 

depth of 3.3 microns from the original boundary the concentration may 

have dropped by six orders of magnitude, while the concentration 

change over 0.05 microns is almost a factor of two. Therefore, errors
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less than fifty percent are really quite small relative to the large 

changes in concentration. Even when the calculated error is greater 

than 1000 percent (Figure 8 at a depth of -3.3 microns) a lateral 

shift in the concentration distribution of less than one delta x is 

all that is needed for perfect agreement. For a delta x = 0.005 the 

calculated error at a concentration level ten orders of magnitude be­

low Cs was only four percent.

In summary a numerical model has been developed that when 

compared to available analytical solutions yields highly accurate 

results. The CNM is used to solve the diffusion equation in the 

solid for arbitrary initial and boundary conditions. Savings in com­

puter time and core storage can be realized by using a variable incre­

ment size solution.

To computer actual impurity profiles in semiconductors using 

CASPER one must experimentally determine the value of the evaporation 

coefficient "h”. In the next section "h" will be determined for boron. 

Using the experimentally determined values of "h" the transport of 

boron from the substrate into the layer during epitaxial growth will 

be studied with both calculations and experiments.
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EXPERIMENTAL

Evaporation Experiments

Two different epitaxial reactors were used in this investi­

gation. Figure 9 is a schematic of the first reactor system. This 

system was used to perform the high temperature cycling for the evapo­

ration experiments. This reactor was of circular cross section and 

was water cooled. The inner tube was 60 mm i.d. fused quartz. Power 

was supplied using a 450 kHz radio frequency generator. The susceptor 

consisted of a graphite slab 25 cm long by 4.8 cm wide. The slab was 

made from General Electric pyrolytic infiltrated graphite. The sus­

ceptor was used uncoated after a one hour bakeout at 1450 C in hydro­

gen. The susceptor was supported in the reactor on a fused quartz 

sled. The standard cycle consisted of the following: 10 minutes 

nitrogen, 10 minutes hydrogen, raise power and stabilize (10 min.), 

one hour at temperature in 20 liters/min'of hydrogen, lower power, 

10 minutes hydrogen, 20 minutes in nitrogen. Precautions were taken 

to prevent moisture from condensing inside the tube when it was opened 

for loading or unloading of wafers. No cooling water was run through 

the system when the reactor was open. The flush schedule was arranged 

so that at least 300 volume changes of dry gas (~ l ppm (parts per mil­

lion) water) were passed through the reactor before the temperature 

was raised. Even with these precautions pitting of the silicon sur­

face was observed when the wafers were heated above 1050 C. Therefore 

silane was introduced during the initial nitrogen flush cycle to get­

ter any residual water that may have condensed on the reactor walls or
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the susceptor. This technique proved completely successful in elimina­

ting the pitting of the silicon surface.

All evaporation samples were held at temperature for one 

hour. The temperature was recorded using a Leeds and Northrop (L and 

N) automatic optical pyrometer (model no. 8641) which had been cali­

brated by L and N at five temperatures against a high precision auto­

matic optical pyrometer traceable to the National Bureau of Standards. 

The adsorption corrections for the two thickness of fused quartz, the 

cooling water, and the plexiglass safety shield were determined exper­

imentally in the following manner. A graphite block with two holes in 

it was placed in a resistance heated diffusion furnace. In one hole a 

Pt-Pt-10%Rh thermocouple was placed and the pyrometer was sighted on 

the interior of the second hole. The block was brought to temperature 

and the fused quartz and plexiglass were placed between the heated 

block and the pyrometer while the optical temperature was determined. 

The quartz and plexiglass were withdrawn and the optical temperature 

was again determined. This procedure was repeated at temperatures 

from 900 to 1350 C. It was found that a constant adsorption correction 

of 25 C was sufficient over the experimental range of temperatures 

used for the evaporation and growth procedures. Emissivity corrections 

were made using Allen'svalues for a polished silicon surface in 

vacuum.

Spreading resistance probe method was used to determine the 

net carrier concentration both as a function of depth in the epitaxial 

layer as well as across the surface of the wafer. To perform the 
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spreading resistance determination of the carrier concentration two 

metal probes, spaced about 10 mm apart, are lowered at a small veloci­

ty to the silicon surface. A load is then applied in the range of 40 

to 100 grams per point. A small d.c. current is then passed between 

the points so that a potential drop of about 10 millivolts exists 

across the probes. The total resistance of this metal probe silicon 

system is then calculated and it is this quantity that is called the 

spreading resistance (SR). In order to obtain a silicon resistivity 

from which the net carrier concentration may be calculated an empiri­

cal calibration is required since the geometry of the probe tip and the 

exact shape of the probe-silicon contact are not precisely known. This 

empirical calibration is obtained by first measuring the resistivity of 

bulk silicon wafers (uniform throughout) , with a four point probe to 

determine their resistivity.^ The SR was then determined on the 

same wafers and an empirical calibration curve was constructed. The 

depth resolution of the SR technique is such that when the probes are 

on the surface one is averaging the SR over about one micron in depth. 

A modified Schumann^) multi-layer correction was applied to the cal­

culated resistivity before conversion to carrier concentration was 

made. This correction factor takes into account the proximity of a 

concentration gradient or p-n junction along with the concentration 

level near this gradient relative to the concentration at the point 

being measured. Conversion of resistivity to concentration was accom- 

(21)
plished using Lee's fit to Irvin's data.
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In order to determine the evaporation rate of boron from 

silicon the evaporation rate of silicon, v, must first be known. 

The silicon evaporation rate is a measure of the loss of silicon 

from the substrate when it is heated in a flowing gas ambient. 

To determine the evaporation rate of silicon in a hydrogen ambi­

ent the following procedure was used. A lightly boron doped wafer 

io parts per billion atomic (ppba)], with 7000 A of thermally grown 

oxide was etched in a buffered hydrofluoric acid solution to remove 

the oxide film covering one half of the front surface. The rest of 

the oxide was protected by Kodak Metal Etch Resist during the etch. 

The photoresist was then removed and the wafers were cleaned using a 

mixture of nitric and sulfuric acids followed by a rinse in deionized 

water. The wafers were then scrubbed using a mild detergent, and 

rinsed again and spun dry. Following the drying, the wafers were 

heated in the reactor for a period of one hour.

After the high temperature cycle the remaining oxide was 

completely removed. The -step bs&n measured between the

area protected by the oxide during the high temperature treatment and 

the area that had been exposed to the ambient (20 liters/min hydrogen 

stream). This height measurement was performed using a Talysurf 

profilometer.*  Figure 10 schematically shows the evaporated and pro­

tected parts of the silicon surface and exactly what quantités were 

measured in the determination of the evaporation rate. A control

Commercial differential height gauge.
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was run with no thermal treatment to check for the attack of the buf­

fered hydrofluoric acid solution on the silicon wafer surface.

Etching of the silicon by the buffered solution was 0.05 microns or 

less. Therefore the measured step height was due entirely to the 

evaporation of silicon.

Once the evaporation rate of the silicon had been deter­

mined the next step was the determination of the boron evaporation 

rate. This was accomplished by measuring the concentration distribu­

tion of the boron in the silicon wafer after evaporation had been 

allowed to occur. This boron distribution was then fitted to calcu­

lated boron concentration distributions in which the only variable was 

the evaporation rate of the boron. The procedure that was used to 

determine the actual boron concentration distribution in the wafer is 

given below.

The wafers used to determine the evaporation coefficient of 

boron had to be heavily doped enough so that the surface concentration 

after evaporation was still above the background of the reactor. A 

ten minute deposition run was made at a rate of 0.4 microns/min to 

determine the reactor background concentration. The resultant re­

sistivity measured by four point probe on the epitaxial structure 

showed the system background concentration to be 2 ppba n-type. 

Therefore wafers doped to 4 ppma with boron were chosen for the evapo­

ration study. These wafers were grown by the Czochralski method and 

were oriented in the (111) direction. The wafers were sawed, chemi­

cally etched, and then polished with Syton abrasive (a colloidal
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suspension of silica in a basic solution). The cleaned wafers were 

subjected to one hour at temperature in a 20 liters/min hydrogen ambi­

ent. The range of temperature used was 1190 to 1380 C. After the 

evaporation heat treatment the resultant wafers were angle lapped at a 

nominal 0.5 degree angle using Linde A abrasive on a glass plate, fol­

lowed by a quick polish with Syton abrasive on a plexiglass plate. 

The prepared samples were measured on a Solid State Measurements 

ASR-100 Spreading Resistance Probe test set to obtain plots of spread­

ing resistance versus depth from the wafer top surface. This data was 

then fed into a computer program containing the empirical calibration 

data and was converted to uncorrected resistivity. Resistivity values 

were converted to concentration using Lee’s polynomial fit.

Boron Autodoping Experiments

The epitaxial reactor used for the boron "back” surface 

autodoping studies was a commercial Radyne unit shown in Figure 11. 

It differed from the first system in two respects: first the cross 

section was rectangular (38x76 mm), and secondly the gas flow used was 

108 liters/min (76 cm/sec). The susceptor was 9.5 mm thick and was 

tilted at an angle of 1.5 degrees from the horizontal. These two fac­

tors result in greater uniformity of deposition rate in both the 

longitudinal direction (direction of the gas flow), and in the trans­

verse direction (perpendicular to the gas flow) as shown by 

Takahashi.The susceptor used in this case was silicon carbide 

coated graphite with a layer of undoped silicon covering all surfaces. 

Two consecutive runs were made of 10 minutes each. Arsine was intro-
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duced during the deposition cycle to achieve an n-type doping level of 

about 10 ppba. Both runs were made with four 32 mm diameter wafers 

placed near the center of the susceptor as shown schematically in 

Figure 11. A deposition rate of 0.92 microns/min was achieved in both 

runs at a temperature of 1120 C. No preheat, HC1 etch, or post epi­

taxial growth heat cycle was employed. The wafers in the first run 

were all lightly doped p-type (100 ppba) . In the second run the first 

and third wafers were also lightly doped, while the second and fourth 

wafers (position relative to gas inlet end) were heavily doped with 

boron to about 200 ppma. It was these heavily doped wafers that would 

become the autodoping source. After the layer was deposited all 

wafers were measured at 25 micron intervals across the surface both in 

the direction of the gas flow, and in a direction 90 degrees to the 

gas flow. All measurements were made using an automatic spreading 

resistance probe with on-line correction capabilities. Selected wa­

fers were also profiled in depth for concentration.
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RESULTS AND DISCUSSION

Boron Evaporation

The evaporation coefficient of boron from silicon was de­

termined over the temperature range from 1190 to 1380 C. The measured 

evaporation coefficient enables one to calculate the movement of boron 

across gas-solid interfaces so that doping and autodoping during epi­

taxial growth may be accurately predicted. The following equations 

gives the value of the evaporation coefficient, h, at a boundary in 

terms of the concentration at the boundary and the flux of dopant.

_ D 3C(i,t)
" C(i,t) dx

(47)

Assuming the gas phase concentration of boron, Cg(i,t) is negligible 

compared to the value in the solid, C(i,t), then one only need deter­

mine the velocity of movement of the boundary, v, and the concentra­

tion distribution as a function of distance into the solid. During 

the evaporation experiments v is simply the evaporation rate of the 

silicon. If h is large compared to v, v may be neglected. For some 

elements this is the case, such as, antimony, arsenic, and phosphorus, 

but not for boron. The evaporation rate of silicon was measured ex­

perimentally and found to be 0.013 + 0.003 microns/min over the tem­

perature range from 1190 to 1380 C. This measured value is much smal- 
(17) 

1er than the value of 0.023 ± 0.005 microns/min determined by Tung. 

Tung observed gross nonuniformity of the evaporation effect which was 
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not observed during these experiments. His samples may have experi­

enced etching by residual water vapor in the system. This form of 

attack had been eliminated in this work by the addition of three per­

cent silane to the room temperature nitrogen flush.

The concentration was normalized using a value determined 

deep into the wafer 3/Dt), where the concentration gradient was al­

most zero, while the depth was normalized using the published diffu­

sivity of boron/22) This normalization was performed so that com­

parison between experimental and calculated results for the concentra­

tion versus depth distribution of boron could be easily accomplished 

for the determination of the boron evaporation coefficient. The rate 

of silicon evaporation was also normalized using the diffusivity of 

boron, DB, in the following manner.

vn = ——— (48)

Solutions were then obtained to Fick's Second Law for various values 

of the normalized evaporation coefficient, hn, where:

hn = -L (49)

These normalized solutions (equation (31)) were then plotted over the 

experimental data that had also been normalized, and a fit was ob­

tained between these solutions and the experimental values of hn. The 

normalized calculated concentration versus depth values at different 
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values of the evaporation coefficient are plotted in Figures 12 

through 15 at four different temperatures. At each temperature the 

normalized evaporation rate of silicon is different, varying from -1.0 

to 0 and this value is shown on each plot. The symbols (Figures 12 

to 15) are the experimental data while the solid lines represent the 

results of the analytical solution for different values of hn. One 

can see that by comparing the various analytical solutions that for 

values of hn over 6 the concentration versus depth plots are almost 

indistinguishable. Therefore it is extremely difficult if not impos­

sible to distinguish between high evaporation coefficients (hn > 20) 

using this type of data analysis. If one neglects the effect of the 

evaporation rate of silicon (largest effect at the lowest tempera­

ture), then no reasonable fit can be obtained between the experimental 

data and the calculations at temperatures below 1380 C. Exact analy­

sis of errors is difficult since some parts of a given concentration 

versus depth curve fit better than others. To obtain more precise 

results at larger values of hn, one must determine the concentration 

of boron right at the interface. This surface concentration value can­

not be determined experimentally by the spreading resistance technique 

that was used. Usually the first two or three points adjacent to the 

interface are lost as one traverses from the surface of the wafer to 

the beveled area. Also the concentration gradient is largest in this 

region so that the correction factor is playing a larger role and the 

resultant corrected values of concentration are less precise. If 

small times were used to limit the normalized value of h, then the
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evaporation effect would occur so close to the surface that no results 

(meaningful) could be obtained. The normalized values of hn were then 

converted to evaporation coefficients, by multiplying by /ü/t, and 

these results are summarized in Table 1.

The experimentally determined values of h are plotted

against one over the temperature in Figure 16. A least square first 

order polynomial was fit to an Arrenhius type of equation to produce:

h = 1.674 x 107 e-2-48/kT . (50)

where h is given in units of microns/min, the energy is in eV, the 

temperature is in °K, and the value of k used was 8.62 x 10 $ eV/°K.

An analysis of the errors in hQ and E were made using the Arrenhius 

form of the equation

h =h e-W 
o

Two worst case graphical fits were made to the data in Figure 16 and

the values of h and E were determined. The difference between the 
o

worst case fits and the least squares analysis was found to result in 

a worst case error of ± 28% in h. This error is based upon a varia­

tion in hQ from 2.4 x 105 to 1.2 x 1010 microns/min, while E varied 

from 1.9 to 3.4 eV. The value of h at 1275 C is within 20 percent 

" (4)
of the value determined by Grove at that temperature.

Boron Autodoping

To completely test the numerical model the contribution to 

layer doping from dopant escaping from the back and edges of the wafer
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TABLE I

Boron Evaporation Data

Temp 
°C

Run/
Wafer /D/t "Vn

h 
ym/min

1188 29D 0.011 1.15 4.4 0.048

1206 29U 0.013 1.05 5 0.065

1246 31D 0.095 0.80 5 0.095

1263 31U 0.11 0.68 5 0.11

1305 30D 0.034 0.43 5 0.17

1322 30U 0.036 0.32 5.1 0.184

1365 32D 0.050 0.05 10 0.50

1382 32U 0.057 0 10 0.57
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was calculated and is shown in Figure 17. The numerical model pre­

dicts that when a heavily doped boron substrate (200 ppma) is used a 

level of about 120 ppba is predicted for the epitaxial layer. A ma­

jor difficulty arises when trying to simulate back surface (back and 

sides) autodoping, i.e., one does not know what fraction of the back 

surface (effective area) of the wafer is contributing dopant to the 

gas stream. This fraction has been estimated by other workers study­

ing arsenic as between 0.9and 4^^ percent. The smaller value of 

effective area represents work done using silane in a single wafer re­

actor at 1050 C. Since only one wafer was present it was impossible 

to assess the results of the evaporated dopant on other wafers in the 

system. The authors also used a rather small total gas flow, i.e., 

2 liters/min. The larger value of effective area represents the re­

sults of a multi-wafer system using silicon tetrachloride at 1200 C. 

Both heavily and lightly doped substrates were present in the system. 

The way in which Shepherd calculated the effective source area for 

back surface autodoping, this area would increase as the number of wa­

fers went up, and also as the wafer diameter decreased. All of his 

data was taken at the center of the wafers.

Two factors had been neglected by the previous authors in 

their treatment of back surface autodoping. The first factor is that 

dopant released from the sides of the wafer must also be considered as 

a potential autodoping source, since this side area represents two to 

four percent of the wafer to surface area for normal semiconductor 

wafers. The second factor is that since the effective area of the
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source (back and sides) is much smaller than the area of the sink (top 

surface) one would expect to see a large decrease in transferred dop­

ant as one moved further from the source. If diffusion was the only 

transport mechanism in the gas phase adjacent to the wafer then the 

radial concentration profile (from the center of a given wafer out in 

any direction) , of transferred dopant would be the same in any direc­

tion relative to the gas flow. If other dopant transport mechanisms 

are present, dopant from upstream wafers would effect the ambient gas 

phase concentration and appear to give effects similar to intentional­

ly added dopant with the effect increasing in the downstream 

direction.

To test the back autodoping model and the evaporation coef­

ficient of boron two consecutive epitaxial runs were made. The first 

run (control run) only contained lightly doped wafers (0.1 ppma). The 

first and third wafers in the second run were also lightly doped while 

the second and fourth wafers were heavily doped with boron to a level 

of about 200 ppma. The surface concentration results across all 

wafers in the direction of the gas flow for the first run (all lightly 

doped substrates) are plotted in Figure 18. The results in Figure 18 

were obtained by spreading resistance measurements from the upstream 

(inlet) edge of wafer one, going in the direction of the gas flow, to 

the downstream edge of wafer four (exit end of reactor). Data was 

taken every 25 microns at the surface of the 9.2 micron thick epitaxi­

al layer. For this section longitudinal or axial will mean in the 

direction of the gas flow (inlet to outlet), while transverse will
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refer to data obtained perpendicular to the gas flow across the center 

of a given wafer. The concentration results displayed in Figure 18 

for run number one show a level of about 10 to 12 ppba, n-type, with a 

small rise in the dopant level from the leading edge of each wafer. 

This increase in concentration may be caused by boron autodoping from 

the lightly doped substrates or contamination from the susceptor. 

Since this run will be used as a control no further attempt will be 

made to explain the concentration profiles across these wafers. These 

results will be compared to the results of the second run and the dif­

ferences in concentration level and type will be used to characterize 

any autodoping that is present. Figure 19 is a transverse surface 

section taken across the center of the third wafer, and shows about a 

twenty percent difference in concentration from the center to the edge 

of the wafer. These results do not show the presence of any back 

autodoping effect.

The second run (wafers two and four heavily doped) , showed 

some very interesting autodoping effects. The longitudinal concentra­

tion profile across all the wafers on the susceptor is shown in Figure 

20. The first wafer is n-type until about 8 mm from its trailing edge 

(Figure 20). The concentration level over the first 20 mn (in the 

direction of the gas flow) shows no signs of autodoping and is charac­

teristic of the results of the first epitaxial run (control run). It 

establishes that the intentionally added dopant is n-type. Continuing 

across wafer ne 1 in the direction of the gas flow a p-n junction is 

encountered. The concentration then rises above 200 ppba, p-type, as
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one approaches the boundary between the first and the second wafer.

The second wafer (heavily doped) is completely p-type with 

extremely high values of concentration seen at both the leading and 

trailing edges. It appears that dopant released at the leading edge 

of the wafer is swept downstream across the wafer by the ambient gas 

because the autodoping effect is much more pronounced in the direction 

of the gas flow. Therefore diffusion is not the only mechanism for 

the transport of dopant in the gas phase. Looking at the transverse 

concentration profile (Figure 21) across the center of wafer no. 2 one 

again sees an autodoping effect at both edges of the wafer and a small 

peak in concentration in the central region. The transverse section 

does not exhibit the large directional effect seen in the longitudinal 

profile. Also the size of the autodoped region at the transverse 

edges is comparable to the size of the autodoped region at the 

trailing edge. This indicates that the effect of the gas flow on dif­

fusion of released dopant is negligible. The implication of this is 

that dopant released at an edge does get into the mean gas phase well 

above the surface of the wafer where the temperatures aré lower*  and 
- V *

the gas velocities higher. The shape of the transverse profile 

(Figure 21) near the center of the wafer may be due to the transverse 

variation in gas velocity above the susceptor.^ The increased con­

centration near the edges (Figure 21) is due to dopant transported from 

the back and sides of the wafer and diffusing perpendicular to the gas 

flow during epitaxial growth of the layer. The concentration above 

the surface of the third wafer (lightly doped) which does not contri-
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bute boron to the reactor ambient is also completely p-type. Again 

one sees the smearing of dopant (Figure 20) from the leading edge 

toward the downstream end of the wafer. The transverse profile 

(Figure 22) of this wafer (no. 3) does not show an increased edge con­

centration. This is expected since this wafer is lightly doped and 

therefore cannot contribute dopant to the gas stream for reincorpora­

tion through the autodoping process. The p-type dopant in this layer 

comes from wafers no. 2 and no. 4. At the trailing edge of wafer no.3 

dopant released from wafer no. 4, and diffusing upstream against the 

gas flow is present. The maximum concentration at both the leading 

and trailing edges of the wafer is less than on either of the heavily 

doped structures. The fourth wafer (heavily doped) also shows the 

smearing effect of the autodoped species. Also the minimum concen­

tration found on the wafer is higher than the minimum concentrations 

found on any of the previous wafers. This is further evidence that 

dopant released from the sides and the back of the heavily doped up­

stream wafer (no. 2) is also effecting the mean gas phase concentra­

tion downstream from the source.

The concentration versus depth plot taken at a point 15 mm 

from the leading edge on wafer no. 4, parallel to the gas flow is 

shown in Figure 23 along with the results of the numerical simulation 

using the CNM. The simulation was performed assuming one percent of 

the back and side area was acting as a source of the autodoping 

species. Errors in the simulation involve not only the source area 

but also the effective distribution coefficient between the gas and 
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the solid as well as the value of the evaporation coefficient. Even 

though agreement between calculations and theory (Figure 23) is excel­

lent the presence of the large transverse and longitudinal concentra­

tion gradients tend to complicate the interpretation. As one can see 

from Figure 20 (wafer 2) the concentration at the surface varies by a 

factor of ten from the leading edge of wafer to a point about 20 mm 

downstream. Therefore the problem can no longer be described by a one 

dimensional model and a more complex interpretation is needed. One 

could empirically determine f (the fraction of effective area acting 

as a source) as a function of position in the reactor. This approach 

could give a reasonable first approximation to the concentration pro­

files measured. A one dimensional approach would still be valid in 

systems (antimony substrates) that do not exhibit large transverse 

and longitudinal concentration gradients.

The concentration gradient over the top few microns of the 

layer for a multi-wafer system may also vary as a function of position 

from the source of the autodoping species. This is due to the fact 

that the time rate of change of the mean gas phase autodoping compo­

nent is different from that dopant that is transferred without going 

through the mean gas phase. Therefore downstream wafers should show 

a smaller slope in the gradient near the surface than upstream wafers 

due to the larger component of the mean gas phase effect with down­

stream position. This change in slope was experimentally observed 

even within one wafer.

As a check on the evaporation coefficient determined in the 

previous series of experiments these results are not valid due to the
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presence of the large transverse and longitudinal concentration gra­

dients. These results do indicate that the product, ke*f eh was chosen 

correctly as can be seen from the agreement between theory and data 

in Figure 23.

The extension of these results to a system in which chlo­

rine atoms are present during the deposition cycle (e.g., silicon 

tetrachloride, or dichorosilane) is not straightforward. Bloem^^ 

has shown that additions of HC1 to a reactor ambient will result in 

decreased doping efficiency of diborane. He postulates the formation 

of a stable boron chloride compound which ties up some of the avail­

able boron that would normally be available for doping or autodoping. 

This may explain why Grove^) using silicon tetrachloride as his sili­

con source did not report any autodoping when using heavily boron 

doped substrates. Oxide masking may not be as effective in preventing 

autodoping of boron as with n-type elements since the segregation 

coefficient for boron between the oxide and the silicon is about 

10^19^. Therefore the concentration of boron in the oxide layer would 

be larger than in the silicon. Depending on the relative diffusivity 

of boron in the oxide to the evaporation rate of boron from the oxide, 

one might even postulate that an oxide layer would act as a larger 

source of dopant during the initial stages of epitaxial growth than 

the exposed silicon wafer back and edges. The addition of HC1 to the 

ambient during epitaxial growth over heavily doped boron substrates 

may significantly reduce the boron autodoping effects.
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In summary a set of equations (1, 7, and 12) has been devel­

oped to describe the redistribution of dopant in a silicon wafer during 

semiconductor device fabrication. This set of equations was solved 

using the CNM. A computer program called CASPER (appendix A) was 

developed to facilitate the use of the CNM solution on actual sequen­

tial processing problems. The evaporation rate of boron was deter­

mined as a function of temperature and these experimental results were 

used to predict the back autodoping phenomenon from heavily boron 

doped substrates. Though the numerical model was unsuccessful in 

characterizing the distribution of dopant over the entire wafer diame­

ter due to the large longitudinal and transverse concentration gradi­

ents it was very successful in predicting the in-depth distribution at 

the center of the wafer where these gradients were negligible.

In the next section the computer program CASPER will be 

applied to a number of actual sequential device fabrication problems.
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ANALYSIS OF PROCESSING PROBLEMS

To design or modify a semiconductor device the single most 

important parameter is the concentration distribution in the wafer. 

This distribution affects every single electrical function of the 

device. Unfortunately, at present, no experimental method exists to 

determine this concentration distribution. Also, due to the complex 

boundary conditions and the non-uniform initial conditions that 

describe the concentration distribution, no analytical solutions to 

the redistribution problem exist. A typical integrated circuit 

device may experience 200 discrete processing steps and spend from 

four to eight months in the manufacturing line.

Historically, semiconductor device design has been a purely 

experimental procedure. A designer would start with a crude estimate 

of his final concentration distribution. From this estimate and the 

use of computer programs to calculate how the device would function 

electrically, the designer then fabricated a materials specification 

(i.e., epitaxial layer thickness and resistivity) along with a 

lengthy processing sequence (i.e., oxidation, diffusions, implants, 

and photolithographic steps). Since the estimate of the concentration 

distribution was very crude, the electrical properties of the initial 

experimental devices were usually not what the designer required. In 

most cases the device did not function at all. Since he could not 

calculate the affect of the processing sequence on the distribution of 

impurities in the wafer, the designer had to rely solely on experience 
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and judgment. He usually based his materials and processing changes on 

the measured distributions of simple parameters such as: junction 

depth, sheet resistance, breakdown voltage, and gain. In an integrated 

circuit, this may not always be a wise choice, but no other parameters 

are available. Usually a good designer will accomplish his goal in 

from one to three years. When the initial design is complete, the 

device is then transferred to the manufacturing line at low volume of 

production. If the device can be manufactured at a reasonable yield 

(one to ten percent) further optimization may be difficult. The 

manufacturing organization knows that a change in one part of the 

process to improve a certain parameter may have detrimental effects on 

other electrical parameters. Therefore the manufacturing organization 

resists further "improvements" by the designer. The cost of con­

verting a device from a designer’s conception into something that is 

manufactured at the level of over one million per year is extremely 

large. The high cost is primarily due to the inability of the designer 

to calculate how any processing sequence will affect the concentration 

distribution in the wafer, and consequently, the operation of the 

device. Therefore a cheaper and much faster method of device designer 

is sorely needed.

To design and optimize a semiconductor device one does not 

require an exact knowledge of the concentration distribution. The 

designer needs some means of performing experiments to optimize his 

design in a short time at a reasonable cost. Even though the designer 

cannot accurately describe his boundary conditions, he must be able to 
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determine how the material’s parameters and the processing sequence 

affect the electrical operation of his device. In many cases he would 

be satisfied if he could only predict whether a certain region were 

n or p-type even if he did not know the exact concentration level.

The computer program CASPER (Appendix A) offers the 

designer a powerful tool for performing processing experiments in a 

short time at a reasonable cost. With CASPER the designer can easily 

perturb a particular set of materials’ properties or a given pro­

cessing sequence to optimize the electrical charactersitics of the 

device.

In this section CASPER is applied to actual semiconductor 

processing problems supplied to the author by device designers. In 

most cases the designers could not accurately define the boundary 

conditions for the diffusion and "drive-in" operations. All experi­

mentally determined electrical parameters were obtained from the 

device engineers and represent averages taken over hundreds of 

thousands of processed devices. For every device that was simulated 

using CASPER the designers were extremely impressed by the speed and 

ease in which CASPER could deliver concrete suggestions for 

processing changes. In one case the confidence in CASPER's pre­

dictive powers was so high (and the alternatives very time consuming 

and expensive) that a particular standard processing sequence was 

completely abandoned based solely upon the computed results. The use 

of CASPER to alter and optimize semiconductor processing offers a 
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whole new approach to device design. CASPER has the potential of 

reducing the time from initial conception to high level manufacture 

of any new device with a tremendous reduction in cost.

In treating certain steps in the device fabrication se­

quence specific simplifying approximations were used. During a step 

involving oxidation of the silicon surface it is assumed that all n- 

type dopants have zero evaporation coefficients, i.e., no dopant is 

lost through the oxide. For p-type dopants the evaporation coef­

ficient is modified (lowered) and thirty percent of the dopant con­

sumed by the oxide is lost to the silicon. The values of the segre- 

(13) 
gat ion coefficient, k, were taken from the work of Shepherd. The 

limiting concentration allowed in the solid in all cases is the solu­

bility limit of the individual dopant species taken from the work of 

Trumbore.(20) Conversions from concentration to resistivity were made 

using the polynomial fit developed by T. P. Lee, which is used in 

the calculation of sheet resistance. Emitter diffusions were carried 

out under a constant surface concentration boundary condition, while 

base diffusions were simulated as a two step process consisting of a 

predep at low temperature followed by a high temperature drive-in step.

77c -



Example 1

In the first example, a p-n-p-p+ transistor, the fabrica­

tion sequence given in Table II was used. This example shows the 

power of CASPER in handling a sequential processing problem with up to 

eleven processing steps. This fabrication sequence is characteristic 

of most bipolar transistors with only the temperatures being varied. 

The starting substrate (initial conditions for the first process step) 

was uniformly doped with boron to the 10atoms/cc level. The first 

five process steps occur in the epitaxial reactor where the only added 

dopant is boron. All other processing steps except step number 8 are 

carried out in a standard fused quartz tube diffusion furnace.

Table III contains the calculated and experimental values of 

junction depth and sheet resistance for this device at various stages 

in the fabrication sequence. Figure 24 shows the net calculated con­

centration versus depth distribution in the device after boron emitter 

diffusion. The agreement with the results of the calculation using 

the accepted values of diffusivity^^ is not particularly good, 

because certain effects have been neglected in developing the model. 

Among the neglected effects are the concentration dependence of the 

diffusivity, field aided diffusion due to the motion of charged car­

riers , and defect generation (dislocations and vacancies) due to the 

strain associated with the large mismatch in size between the boron 

atom and the silicon atom in the lattice. Since all values of diffu­

sivity that were used in the calculation had been derived assuming 

some form of concentration versus depth distribution that characterizes
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the diffusion process, any experimental deviation from this function 

by the diffusing species will lead to an inaccurate value of the dif­

fusivity. For most calculated emitter impurity profiles the only re­

gion where one would expect the calculated concentration distribution 

to differ markedly from reality would be the high concentration re­

gion near the surface. In this region concentration dependent and 

field aided diffusion effects are probably present during the diffu­

sion process. One would therefore expect a flatter profile than is 

calculated with a steeper dropoff into the region where the concen- 

. 19
tration dependent mechanism would not be operative (C(x,t) < 1x10 

atoms/cc). On this p-n-p device the high frequency charactersitics 

are greatly affected by the slope of the concentration distribution 

near the base collector junction. Good agreement between the calcu­

lated and measured values of the device parameters can be obtained by 

using the CNM. To achieve this agreement one must modify the phospho­

rus diffusivity by a factor of 0.7 during the drive-in operation (step 

9), while the diffusivity of the boron should be enhanced by a factor 

of five during the emitter diffusion. Using these enhancement and 

retardation factors to obtain effective values of the diffusivity, one 

obtains excellent agreement not only with the junction depth measure­

ments but with the sheet resistance and Gummel number values as well, 

as can be seen in the columns designated "modified" in Table III. The 

CNM technique easily lends itself to an analysis of the predep, etching 

and drive-in cycles to optimize the high frequency response of the 

device.
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Example 2

In the second example an integrated circuit device pictured 

in Figure 25 is analyzed. This example shows how CASPER is used to 

isolate a critical step in the processing sequence relative to a given 

parameter (buried layer sheet resistance), that can be easily calcu­

lated from the resultant concentration versus depth distribution. In 

this structure the sheet resistance of the antimony buried layer must 

be kept below 20 ohms/square. It was found in some devices after pro­

cessing that the sheet resistance had exceeded this value. Since the 

antimony distribution itself was formed by a deep predep and drive-in 

process no analytical solution existed for the impurity distribution. 

Therefore the CNM was used to calculate this distribution and subse­

quently integrate it to obtain the sheet resistance of the structure at 

all subsequent processing steps. Rg is defined below:

— 83 -
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S X1

where q is the electronic charge and p(x) is the majority carrier mo­

bility. Table IV shows the change in antimony sheet resistance as a 

function of high temperature processing. Since this calculation 

established that the HC1 vapor etch was the principal culprit, further 

analysis was undertaken to reveal the extent of this effect. Calcula­

tions were performed simulating the HC1 vapor etching of the silicon 

surface, removing from none to two microns of silicon. Figure 26 shows
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both the calculated and experimental results for the percentage change 

in R versus the amount of silicon removed. The agreement between the 
s

predicted increase in R$ and the measured values is excellent. This 

calculation enabled the specification of the HC1 cycle as a function of 

the sheet resistance and therefore resulted in the more efficient 

utilization of the subdiffused wafers.

Example 5

Example three explored the movement of a minor impurity in a 

heavily doped substrate during epitaxial growth and subsequent high 

temperature processing. Again one is confronted with a problem with 

non-uniform initial conditions for the second and all subsequent steps. 

In this case the substrate was doped to 5x10 atoms/cc with antimony 

and the layer was intentionally doped with 2 x 10^ atoms/cc of phos­

phorus. The boron in the substrate (due to contamination of the poly­

crystalline silicon raw material or contamination during crystal 

growth) was believed to diffuse out during growth and form a p-region 

about one micron from the original interface in the epitaxial layer. 

In some cases this region apparently escaped detection after epitaxial 

growth but appeared to form sometime during subsequent high tempera­

ture processing. Figure 27 shows the calculated concentration distri­

bution for IxlO16 atoms/cc of boron originally in the substrate. The 

CNM solution showed that the p-layers did indeed grow with subsequent 

processing by almost a factor of 2.5. The calculation also showed that 

if the boron level in the substrate was less than 5 x 10 atoms/cc no
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layer could be detected by the MOS capacitance technique being used. 

This suggested that slices should be subjected to a high temperature 

soak directly after epitaxial deposition to enhance the presence of the 

p-layers if they existed. Figure 28 shows the comparison between the 

calculated width of the p-region before and after the high temperature 

processing steps. These calculated p-region widths are in good agree­

ment with the boron concentrations found in the substrates using the 

. . . (23)
ion microprobe. k

Example 4

Example four treats the problem of front surface antimony 

autodoping. This example explores a transport mechanism for antimony 

over and above the predictions of normal diffusion theory. The calcu­

lation of the concentration gradient between a substrate and an epi­

taxial layer should follow a simple ERFC function if the normalized 

. . (4)
values of evaporation coefficient and growth rate are both large.

Therefore when one requires a steep concentration gradient between the 

layer and the substrate for a particular device application, lower 

deposition temperatures coupled with faster deposition rates would 

achieve the desired result. Also to minimize the presence of any back 

autodoping effects a substrate dopant with a small segregation coef­

ficient should be chosen to prevent reincorporation from the ambient 

gas phase. Antimony fits all of these requirements.

It was therefore very surprising when one experimentally de­

termined the concentration gradient over a diffused antimony region and
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found that the substrate dopant had moved ten to twenty times further 

into the epitaxial layer than was predicted from simple diffusion 

theory. When one looked at the segregation coefficient for antimony, 

it is indeed lower than that of arsenic, phosphorus, or boron by at 

least an order of magnitude. Therefore a large activation energy must 

be required to transport antimony across a silicon gas-solid interface. 

Even though the evaporation coefficient of antimony is large an ad­

sorbed antimony layer may exist at the moving gas solid interface. 

This adsorbed layer would modify the concentration distribution between 

the layer and the substrate resulting in a flattening of the gradient 

instead of a monotonic increase in slope.

To account for the observed dopant anomaly by an enhanced 

diffusion phenomenon a factor of between twenty and two hundred would 

have to be applied to the accepted diffusivity. This type of 

explanation was used to explain the anomalous movement of phosphorus 

during epitaxial growth by Joyce.Since no valid reason exists for 

using an enhanced diffusion mechanism in this case the adsorbed sur­

face layer analysis was employed to treat this problem. CASPER was 

used to simulate an adsorbed surface layer whose transfer characteris­

tics with the bulk of the solid had the same velocity dependence as 

the segregation coefficient. A layer was epitaxial grown over a 

lightly doped boron substrate containing a deep antimony diffusion (10 

microns) in the top surface only. Therefore back autodoping was not 

possible since the back surface and edges of"the wafer were lightly 

doped with boron. A three micron layer was deposited in 4.5 minutes 
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at 1120 C using silane. The results of the simulation and the cor­

rected spreading resistance probe measurements are plotted in Figure 

30.

These results clearly show excellent agreement between the 

experimental data and the CNM solution assuming an adsorbed surface 

layer. For comparison the simple diffusion theory results (equation 

(13)), are also plotted. This effect over and above the movement of 

dopant predicted from normal diffusion theory shall be referred to as 

11 front surface autodoping". To further check the model another epi­

taxial run was made over the same type of diffused structure except 

that a smaller deposition rate was used to achieve the same three 

micron total layer thickness. These results are shown in Figure 31 

along with the accompanying simulation containing the front autodoping 

effect. Again the agreement between prediction andd experimental re­

sults is excellent.

Another startling fact is that even though the second run 

experiences a factor of four longer time at temperature, the position 

of the concentration gradient is almost the same. This makes sense 

in light of the fact that diffusion of antimony is a negligible quan­

tity at this temperature, so that the movement of dopant is due almost 

entirely to the front autodoping effect. The absence of almost any 

time dependence precludes an enhanced diffusion effect. At higher 

temperatures the front autodoping effect decreases as diffusion begins 

to predominate. At lower temperatures where diffusion is absent the 

front autodoping effect may explain the anomalous movement of antimony
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C241 
reported by Gittler. 1

Example 5

The fifth example deals with the back autodoping phenomenon. 

This example shows how CASPER may be used on a problem where multiple 

sources of dopant are present (i.e., intentionally added to the gas 

phase, diffusing from the substrate into the layer, and transported 

through the gas phase from the sides and back of the substrate). This 

effect involves the transport of dopant originally in the substrate 

through the gas phase and back into the growing layer. Therefore epi­

taxial layers deposited on lightly doped substrates would have a lower 

layer doping level than layers deposited on heavily doped substrates 

in the same reactor. Dopant from one substrate may affect other wafers 

in the reactor with the effect decreasing as the distance from the . . . 

heavily doped wafer in question. The back of the substrate which is 

unsealed during the deposition cycle is usually the prime source of 

this extra dopant after the first micron or two of growth. Subdif­

fused regions on the surface have been shown by Pogge to also give 

rise to the same autodoping effect though this source of dopant modi­

fies the impurity profile near the original interface more than in the 

layer far from the interface. Shepherd^ developed a mathematical 

treatment of the autodoping problem that considered the back surface 

of the wafer as the sole source of dopant that could enter the growing 

epitaxial layer over and above the transport of dopant by solid state 

diffusion. Using this approach and the initial conditions that the 
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distribution of dopant originally in the substrate was uniform he de­

veloped a calculation that involved a knowledge of the growth rate and 

the transport parameters of the dopant in both the gas and solid sys­

tem. His final equation ignores the effects of solid state diffusion 

so that his model is applicable from about two diffusion lengths from 

the original interface to the surface of the epitaxial structure. 

Figure 32 is a comparison between the autodoping model developed by 

Shepherd and the CNM solution of the same problem. The agreement is 

quite good between the two approaches. Both calculations were per­

formed assuming that four percent of all dopant leaving the back sur­

face was available for reincorporation into the growing layer. The 

conditions of growth were as follows: temperature 1200 C, time 6 min­

utes at a growth rate of 0.75 microns/min, and 114 minutes at a growth 

rate of 0.13 microns/min. The scatter in Shepherd’s data is a factor 

of five greater than the disagreement between his calculation and the 

results of the numerical model.
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CONCLUSIONS

In conclusion a one dimensional computer model has been 

developed that can predict the impurity distribution in a silicon 

wafer that has been subjected to a sequence of high temperature device 

processing steps. Particular attention has been paid to the modeling 

of dopant transport during epitaxial growth in order to explain both 

front and back surface autodoping phenomenon. The Crank-Nicolson 

method has been used to solve the resultant equations numerically to a 

high order of accuracy with the aid of a split grid approach to mini­

mize computer run time. The evaporation coefficient of boron in sili­

con has been determined in the temperature range from 1190 to 1380 C. 

Using these evaporation coefficient results it was shown that boron 

doped substrates are a large source of contamination during silane 

epitaxial growth. No front surface autodoping effects were observed 

and the concentration gradient between the heavily doped substrate and 

the lightly doped layer appears to follow normal diffusion theory. At 

present the accuracy of the predictions is only limited by the experi­

mental values of the constants employed in the analysis, e.g., dif­

fusivity, evaporation coefficient, and segregation coefficients. A 

better understanding of the dopant interchange at the gas solid inter­

face will permit extension of this model to the analysis of sub-micron 

epitaxial structures.
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APPENDIX A

Computer Program

The program CASPER*  (Computer Aided Semiconductor Processing 

and Epitaxial Redistribution) performs the sequential numerical solu­

tion of the diffusion equation using the Crank-Nicolson Method (CNM). 

The program can handle up to five dopant elements simultaneously. 

CASPER consists of a main program and fifteen major subroutines. The 

major functions of these routines are given below along with an example 

of the input and output of the program. This example will contain suf­

ficient information so that it may be used as a manual for the opera­

tion of the program.

*Available from Lehigh University Computer Center.

MAIN: Inputs data such as temperatures, times, growth rates, dopant 

species and concentrations. Calculâtes the diffusivities of all ele­

ments from stored data. Diffusivities may be supplied externally or 

modified by the user. Contains many input parameter default options. 

Guards against specifying a spatial grid too large for the program. 

Calls most of the major subroutines.

DEPTH: Calculates the depth from the front gas-solid interface to each 

grid line. For all processing steps except epitaxial growth, the zero 

value of depth is the gas-solid interface. For epitaxial growth simu­

lations the original gas-solid interface is defined as the zero of 

depth. Depth values are not stored by the program in order to minimize 

core storage.
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INITIAL: This routine initializes the concentration to a uniform level 

in the substrate for up to four different dopant elements.

HEADING: This routine prints out the heading information on each page 

of printed output.

IONIMP: This routine calculates and loads into core the ion implanted 

profile from the following information : ion dose and accelerator volt- 

(27)
age. Second order polynomials have been fitted to Gibbons data for 

the range and the standard deviation of gaussian implanted profiles. 

The stored values may be overridden by the user simply by specifying 

the range and standard deviation on the appropriate element card (see 

discussion of input and output below). No thermal treatment occurs 

during an ion implantation step. Only one dopant species may be im­

planted per step.

JNDPTH: This routine detects changes in the net concentration distri­

bution between n and p type material. Jbe -depth at which this transi­

tion occurs is defined as the junction depth.

OTPT: This routine outputs the concentration versus depth information 

for the net or total concentration (absolute value of the sum of the 

n-type dopants minus the p-type dopants). The concentration distri­

butions of each element is also printed out in column form. This line 

printer output may be deleted for all steps but the last step.

GENPLT: This routine performs the coding of the concentration versus 

-103-



depth information for plotting on a CALCOMP 900 off-line digital plot­

ting system. It allows the output of any size plot up to 30x125 

inches.

PLT: This routine plots the net concentration, for each processing 

step, as well as the concentration of each dopant species using a dif­

ferent symbol. Junction depths, sheet resistances and integrated net 

concentration are printed on each plot. Time, temperature, diffusivi­

ty, evaporation rate, growth rate, and oxide thickness are printed on 

every plot.

QPLT: This routine permits the plotting of the net concentration ver­

sus depth distribution under the control of the user for size and 

scaling of the plot. No heading information is supplied.

OXIDE : This routine assumes a parabolic oxidation rate for the oxide 

thickness and time specified. It then calculates the time necessary 

to oxidize away one delta x rrf -sdli-crm -as a fupr.tion of the amount of 

oxide already removed.

REMOVE: This routine is employed to simulate chemical etching opera­

tions in which no transport of dopant is occurring by diffusion.

SHTRES: This routine calculates the sheet resistance and integrates 

the net concentration distribution between all junctions and between a 

junction and the nearest gas-solid interface. When no junctions are 

present these parameters are calculated between the front and back 
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boundaries. Lee’s fit to Irvin’s curve is used to convert concentra­

tion to resistivity.

SUBSLN: This routine computes the analytical solution to the moving 

boundary and evaporation problem. The difference between the analyti­

cal solution and the results of the CNN are displayed in percent on 

the printed output. .

TTIME: This routine computes the delta t for the fixed time case 

based upon a given value of ”R". This initial delta t is then reduced 

by a factor of four orders of magnitude and is used as the starting 

point in the variable delta t solution. Epitaxial growth and vapor 

phase etching are fixed delta t operations while other types of pro­

cessing steps are solved using a variable delta t solution.

THOMAS : This routine contains the algorithm for solving the tridiag­

onal matrix of equations for the concentration values at the next time 

interval. It also contains the evaporation.coefficient and equilibrium 

segregation coefficient data by element as a function of temperature. 

The velocity dependence of the segregation coefficient is also calcu­

lated in this routine. Redistribution due to thermal oxidation at the 

front interface is also computed in this program. Adjustments to the 

size of the spatial grid due to oxidation, growth, or etching are made 

in this routine.

A typical set of input data for a six step sequential pro­

cessing problem is given below in Table Al. The sequence consists of 
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1) epitaxial growth, 2) oxidiation, 3) phosphorus implant, 4) oxida­

tion, 5) boron diffusion, and 6) oxidation. The substrate is doped 

with antimony while boron is added during epitaxial growth to form a 

p-type layer with a p-n junction. Pileup of n-type dopants at the 

front interface is seen to occur during the oxidation steps while the 

p-type dopant near the interface is depleted. Phosphorus is implanted 

into the silicon at step three while boron is again added at step 

five.

The solution of this six step problem using CASPER, involv­

ing approximately 400 grid points per step to describe the solid, took 

0.772 minutes of effective elapsed time on an IBM 370/165 computer. 

This included the line printer output as well the coding for a CALCOMP 

plot of the concentration versus depth for each processing step.

The following detailed description of the input stream 

found in Table Al will constitute a user's manual for CASPER. For this 

section all numbers found between brackets {} will refer to column 

numbers on the input card under discussion.

The first card contains twelve columns of literal informa­

tion {1 12), that will be printed on each plot and page of printed out­

put for each step. For this example the word "EXAMPLE" will be printed 

on each page and plot. The next parameter on this card is the ratio 

of delta y to delta x {22-28} and is 10 for this problem. The third 

parameter on this card is the number of spatial steps delta x wide 

{30-32}, and is 100 for this problem. The remainder of the spatial 

steps will be delta y large. When the epitaxial layer is grown it will
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TABLE Al

Example of Input

Card No.

1 EXAMPLE

2 5.00D18 10.0 100

3 6 01 4 1.00D12

4 1 01 3 1.00D15

5 7 03 2 1.00D14 150.0

6 1 05 1 1.00D20 5.0

7 9

8 0.01

9 EPI GROWTH

10 1120.00 6.000 3.0000 0.5000

11 7 OXIDATION

12 1100 60.0

13 7 PHOSPHORUS IMPLANT

14 100.00 1700

15 7 OXIDATION

5000

16 1050 120.0

17 7 BORON DIFFUSION

18 900.0 30.00

19 7 OXIDATION

5000

20 1050.00 120.0

21 9

5000
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be composed of spatial steps delta x wide. The only limit on size is 

the core storage allocated by the program. The version of CASPER used 

for this solution contains 2500 core locations for each of the five 

elements that could be used in a particular problem.

The second input card contains the concentration of the 

dopant in the substrate {1-7, 9-15, 17-23, 25-31). Up to four dif­

ferent dopants may exist in the substrate at the beginning of the 

problem. •

The next few cards, (four cards, there may be up to 39), are 

called "element cards" (EC). An EC is required every time a new dopant 

is introduced into the system and also to define the dopant species 

initially in the substrate. The EC are set up as follows. The first 

parameter is the code for a given element (dopant) species {1}. This 

code is given below.

1 = boron

2 = aluminum

3 = indium

4 = gallium

5 = arsenic

6 = antimony

7 = phosphorus

9 = end EC input stream

The second parameter on this EC (3-4), is the number of the processing 

step at which the dopant defined in {1} is introduced into the gas 
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phase or the solid. There is no limit on the number of processing 

steps in a particular problem. The third parameter is the boundary 

condition (BC) code (6), and is given below.

1 = Constant surface concentration in the solid

2 = Ion implantation step

3 = General boundary condition, dopant is transferred 

through the gas phase.

4 = Same as BC-3, except that back surface autodoping is 

considered.

In using BC 3 or 4 one must remember that the concentration supplied by 

the user is not the value of concentration that will occur in the 

solid. These input values are first multiplied by the effective segre­

gation coefficient and then must undergo transport across the gas­

solid interface which is controlled by the evaporation coefficient. 

The fourth parameter on an EC is the concentration in atoms/cc for 

boundary conditions 1, 3, and 4. For boundary condition 2 (ion im­

plantation) this parameter becomes the ion dose in ions/cm . This 

parameter is found in columns {8-14}. The last parameter on an EC 

again has a dual role. For ion implantation it is the accelerator 

voltage in KEV (16-22), while for any other type of BC this parameter 

becomes a factor which multiplies the internally calculated value of 

the diffusivity for that particular element. This parameter is usually 

used to obtain better agreement between the calculated and actual 

values of sheet resistance and junction depth for high surface concen-
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tration diffusions when the concentration dependence of the diffusivity 

is ignored in the solution.

The next card (number 8), contains the value of delta x, the 

spatial variable, expressed in microns {1-7}. For this example the 

value is set equal to 0.01 microns.

The following six pairs of cards (9-20) are called ’’step 

cards” (SC). The first card of each pair contains a number code {1}, 

and 72 columns of literal information {2-73} that will appear on the 

CALCOMP plot as well as each page of printed output for the particular 

step. The second SC in each pair contains the following input parame­

ters : temperature (degrees C) {1-7}, time (minutes) {9-15}, substrate 

thickness (microns) {17-32}, (this parameter needed only appear on the 

first SC). The rest of the input parameters are optional depending 

upon the type of processing step that is being simulated. The growth 

rate (microns/min) {33-39}, and the oxide thickness (angstroms) 

{41-47} are two commonly used optional parameters. Vapor phase etching 

is accomplished by supplying a negative growth rate to the program. 

The code number that appears in the first column of the description 

card and the operations that it controls are given below.

0 = initial step, not an oxidation

4 = chemical etch - removal without thermal treatment

5 = initial step, an oxidation

6 = non-initial oxidation step, no oxide thickness supplied

7 = any other non-initial step

8 = terminal card for ^particular processing sequence

-110-



9 = end job card

The CALCOMP output for each processing step is given in 

Figures Al through A6. All elements as well as the net concentration 

at the end of each step are shown using separate symbols. The curves 

consist of short straight line segments connecting all calculated 

points. At every tenth point a symbol is plotted. Pertinent infor­

mation is printed on each plot.

A brief step by step description of the CALCOMP output 

Figure Al to A6) will now be given for the input example shown in 

Table Al.

Figure Al shows the concentration versus depth results after 

step 1 (epitaxial growth). The concentration distributions for the 

substrate dopant (antimony) , the layer dopant (boron) , and the net 

concentration are all shown using different symbols. At a concentra­

tion level of ~ 1017 atoms/cc evidence of antimony front surface auto­

doping can be seen. A p-n junction occurs at -0.765 microns from the 

original interface or 2.24 from the front surface. From a depth of 

> 1.0 microns, the symbols are spaced 10 times further apart. This 

depth point corresponds to the break in the spatial grid between a Ax 

of 0.01 and a Ay of 0.1 microns. There is one symbol plotted for 

every ten grid points.

In Figure A2 (step 2) after a 5000 angstrom oxidation the 

zero value of depth is now set at the front surface. During the oxi­

dation boron has been depleted from the first 0.4 microns and the 

- junction is now at 1.96 microns. The oxidation consumed 0.22 microns 
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of silicon so that the junction has only moved 0.06 microns by dif­

fusion of the antimony.

In Figure A3 (step 3) one can see the ion implanted phos­

phorus distribution near the surface. CASPER has calculated the input 

dose and reports it as -1.OOE14 (third column second line on plot) 

while the sheet resistance of the implant is 486 ohms/sq. Two new 

junctions are now formed due to the phosphorus implant and they occur 

at 0.03 and 0.34 microns respectively.

Figure A4 (step 4) shows the redistribution of the phospho­

rus at 1050 C due to a 5000 angstrom oxidation. The junction nearest 

the surface (step 3) has disappeared as the phosphorus was piled up 

in the silicon at the oxide-silicon (front) interface. The second 

junction has moved in from 0.34 to 1.31 microns, while the sheet 

resistance of the phosphorus region has now dropped to 289 ohms/sq. 

The junction between the antimony from the substrate and the boron 

added in step 1 has moved from 1.96 (step 3) to 1.70 microns, but only 

0.06 microns of this junction movement is caused by diffusion. The 

rest of the apparent dopant movement is due to the loss of silicon at 

the front surface due to the oxidation (0.22 microns). The net con­

centration distribution (triangular symbols) no longer contains any 

region characteristic of the original boron distribution, since dif­

fusion of antimony and phosphorus have almost completely compensated 

the layer. Only the small region between 1.31 and 1.70 is still 

p-type as can be seen from the positive value of the integrated 

dopant (column three on plot).
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In step 5 (Figure A5) boron is again added, this time by 

means of a constant surface concentration diffusion (Card 6, 

Table A1). The boron diffusing in from the surface has formed a 

new p-n junction with the phosphorus at 0.13 microns. The phosphorus 

has been depleted due to evaporation from about the first 0.1 microns 

of the solid. The number of atoms/cm2 of boron added during the dif­

fusion is 4.22E14.

After the oxidation in step 6 (Figure A6) a large amount 

of the boron has been lost from the silicon through escape into the 

oxide. The concentration of boron has dropped below that of the 

phosphorus at the surface such that the first 0.41 microns are again 

n-type and a new p-type compensated region has been formed between 

0.41 and 0.59 microns. The compensated p-type region from step 5 

has disappeared due to diffusion of phosphorus from the surface to a 

depth of 1.5 microns where a minimum in the net concentration now 

exists instead of the p-region seen in Figure 5A.

A sample of the printed output (step 6 page 2) is repro­

duced in Table A2. The negative sign in the total concentration 

column, column 3, just indicates that the material at this depth is 

n-type. Junction depths, sheet resistance values and integrated net 

concentration values are found at the end of each printout for a 

given step.
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