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Dislocation-Induced Deviation of 
Phosphorus-Diffusion Profiles in Silicon 

Abstract: Deviation  of  phosphorus-impurity  profiles  in  silicon  from  ideal  ones  under  the  diffusion  condition of high  surface  concentra- 
tions is well  known.  Diffusion  of  high  concentrations of phosphorus  is  also  known to cause  generation  of  dislocations  with  edge  char- 
acter  in  silicon  wafer  surfaces. A major  cause of the  deviation  of  the  phosphorus  profile is shown to be  solute  accumulation at these 
dislocations.  The  dislocation-precipitated  profile is calculated for the  ideal  complementary  error-function  diffusion  profile  of  phos- 
phorus  with lo2‘ atoms/cm3 of surface  concentration,  using  Ham’s  model  of  stress-assisted  precipitation  on  dislocations.  The  results 
are  shown  to  account  for  most of the  major  features of the  experimental  diffusion  profiles. 

Introduction 

Diffusion  profiles in silicon are known to deviate  con- 
siderably from the theoretically  expected  complementary 
error function (for constant solute concentration source) 
under the conditions of high  surface concentration and 
shallow diffusion:-3 Various  reasons  may  be  advocated 
for this  phenomenon.  These  include (1) concentration 
dependence of  diffusivity: (2) state of ionization of the 
impurity, (3) effect  of the built-in  electric field: (4) time 
needed to reach  a constant-source condition at the glass- 
silicon  interface, (5) movement  of the surface during diffu- 
sion  caused by  silicon oxidation, (6) solute precipitation: 
and (7) dislocations  created during diffusion or existing 
before  diffusion, 

Tannenbaum’s phosphorus profiles obtained by diffusion 
from a constant source in single-crystal  silicon  wafers are 
well known.’ These  profiles  were  measured  by  using both 
the electrical and radio-tracer techniques. Our own meas- 
urements,  using the same  techniques under almost the 
same  diffusion  conditions, are represented in Fig. 1 ; the 
pertinent diffusion  conditions are given  in the same  figure. 
The major significant feature, as seen from both Tannen- 
baum’s and our own phosphorus-distribution curves, is the 
existence of a large  difference  between the electrical and 
the radio-tracer profiles. This difference has been inter- 
preted  by  Tannenbaum to be due either to precipitation of 
phosphorus or to the decrease in the electron  mobility; 
however, Tannenbaum favors the former interpretation. 

Since the diffusion of high concentrations of phosphorus 
is known to induce  dislocations  in  silicon, the dislocations 
may  be  considered to be important sites for precipitation. 
Phosphorus precipitated  along  dislocations  would  become 
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explain the large  difference  between the two  profiles in 
Fig. 1. Researchers  have  often  speculated about this effect 
of dislocations on the impurity profiles in silicon.  However, 
no attempt seems to have  been  made  yet to apply the dis- 
location  precipitation  model in a quantitative manner to 
the silicon  diffusion  profiles. The intent of this paper is 
to examine  quantitatively the effect  of the diffusion-induced 
dislocations on the diffusion of high concentrations of 
phosphorus. The various other reasons that have  been 
advocated for the deviation of diffusion  profiles  (under 
conditions of high  surface concentration) will  be  neglected 
for the purpose of the dislocation  model. 

Before  proceeding to investigate the effect  of dislocation 
precipitation in detail, it is necessary to make  clear the 
significance of the electrical  profile in Fig. 1. It should be 
understood that this profile  represents the total (and not 
only the ionized)  impurity  concentration. Irvin’s standard 
curves5 of resistivity  versus  impurity concentrations were 
used for the profile  determination. Those curves are based 
upon measurements  in  uniformly  doped  crystals, and the 
measurements are direct wherever possible-radiotracer, 
calorimetric, and densitometric.  Consequently, the electri- 
cal profile  automatically takes into account percent  ioniza- 
tion, impurity band conduction, and  the possible  precipita- 
tion in bulk-doped  crystals. The dislocation-precipitation 
effect,  however,  will not be  seen from the electrical meas- 
urements  because  Irvin’s  curves  refer to the concentrations 
in uniformly-doped  crystals.  Dislocations are created  only 
when impurity gradients exist-that is,  only during diffu- 
sion. The ratio-tracer profile  includes both the total phos- 
phorus (as represented by the electrical  measurements) and 
the  dislocation-precipitation. 



I DIFFUSION DEPTH IN MICRONS 

Figure 2 Experimental  dislocation  distributions for phos- 
phorus diffusion ( C .  > 10" atoms/cm2) to a depth of about 
2p in a silicon wafer. 

I X  IN MICRONS 

Figure 1 Diffusion profiles of phosphorus  in silicon; com- 
parison of the distribution  obtained by radio-tracer  measure- 
ments  (total  phosphorus, see also Kooi'') with that obtained 
by resistivity measurements (electrically active phosphorus). 
Both sets of measurements were obtained from two samples 
identically diffused for 16 min. at 1050°C; open-tube diffu- 
sion from a P205 diffusion source. 

It is  well established that at high concentrations of 
phosphorus (C. > loz1 atoms/cm3)  diffusion introduces 
dislocation  networks  having a density of about 5 X lo9 
cm/cm3 at the surface.' The network  density  decreases 
rapidly  with penetration and merges into the background 
dislocation  density at a depth of about 3p. Figure 2 
shows the dislocation  distributions,  determined  experi- 
mentally  by  electron  microscopy' and by chemical  tech- 
niques, for the diffusion  conditions given in Fig. 1. There 

I exists a variation  in the dislocation distribution from wafer 
to wafer and the curves 1 and 2 in Fig. 2 represent the 
upper and lower  limit,  respectively, of these  variations. 

According to Prussin's theory7 of diffusion-induced 

misfit dislocations, the dislocations  would  be  expected 
to travel much  deeper towards the junction. The anchoring 
forces  due to the formation of nodes and solute pinning, 
however,  cause  shallower penetration of dislocations 
generated at the surface  early in the diffusion. The genera- 
tion of dislocations as indicated by  slip  line structures 
is found to begin  with a phosphorus surface concentration 
as small as 2 X 10'' atoms/cm3,  measured  electrically. This 
would  imply that the effect  of dislocations, if any, on the 
diffusion  profiles  would  be  seen  first at this surface con- 
centration and become  more  evident at high  concentra- 
tions. 

The diffusion-induced  dislocations  have  predominant 
edge character and consequently, under the conditions of 
supersaturation, phosphorus atoms can  be  expected to 
precipitate  along the dislocations and at other strain centers 
in the silicon  matrix.  Electron  microscopy  gives  evidence 
of both general  precipitation in the matrix and at the 
 dislocation^.^ Figure 3 is a transmission  electron  micro- 
graph  representing  extensive  precipitation on the diffusion- 
induced  dislocation  lines in a phosphorus-diffused  silicon 
wafer.  Although the usually  observed  dislocation  precipi- 
tation is not as high as seen in Fig. 3, the evidence is 447 
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strong enough to indicate that dislocations are a major 
factor in causing diffusion profiles of phosphorus to 
deviate from those expected. 

z 
P 104 

Theory 

Dislocation precipitation 

We will assume that the dislocations cause only a redistri- 
bution of the solute and do not involve any change in the 
flux entering the surface of a silicon wafer if the wafer is 
held at a given diffusion temperature under constant 
impurity concentration. This means that the area under the 
profile, J E i  C(x, t )  dx, is unaltered by the presence of 
dislocations. (In the above expression C(x, t )  is the im- 
purity concentration, which is a function of time t and 
distance x, and x i  is the junction depth.) 

The solid solubility of phosphorus in silicon at 1050°C 
according to Trumbore' is ~1 X 10" atoms/cm3. Evi- 
dently there is supersaturation of phosphorus in the 
immediate neighborhood of the surface when the total 
surface concentration (i.e., that obtained by the radio- 
tracer technique) exceeds the value of the solubility limit. 
The concentration of the impurity above this 
limit will be considered to be under the influence of the 
dislocation strain field. The value for solid solubility given 

Figure 3 Transmission electron micrograph showing pro- 
fuse precipitation at diffusion induced dislocations P, Q and 
R in a (100) oriented silicon. White contrast lines are ridges 
from which dislocations have escaped. 
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Figure 4 Resistivity as a function of net donor concentra- 
tion. The circles are the compiled data of Irvin.5 At con- 
centrations about 6 x 10'' cm-' it is generally assumed that 
the mobility p = 75 cm2/volt-sec, given a straight line ex- 
trapolated to 8 x lozo ~ m - ~  at p = 10-4~-cm, on this plot. The 
dots are the result of calculating values of the mobility which 
force the distribution obtained from resistivity measure- 
ments to agree with that obtained from the tracer measure- 
ments. The inset shows the divergence of the two concentra- 
tion determinations at high concentrations. The abscissa of 
the inset is the same as that of the graph (Tannenbaum's 
data). 

by Trumbore, however, need not be regarded as the most 
accurate one. Since there exists a wide discrepancy in 
the values of solid solubility of phosphorus: it was decided 
to use that particular value which can be inferred from 
Tannenbaum's curve of resistivity vs. donor concentration 
(Fig. 4). The point at which the electrical measurements 
begin to diverge from the radiotracer measurements in 
Fig. 4 has been regarded as the beginning of phosphorus 
precipitation. From this figure, we can infer that the most 
probable value for the solid solubility of phosphorus in 
silicon under the conditions of diffusion is about 10'' 
atoms/cm3. This value is about half that found by 
Abrikosov et al.ll in the Si-P system. We will use here a 
value of phosphorus solubility (at 1050OC) of 2 X 10" 
atoms/cm3. 

It is well-known that if a solute atom in a solid solution 
strains the crystal lattice appropriately, it will interact 
with the stress field of a dislocation." Hence, in a super- 
saturated solution, the precipitation on dislocations may 
be significantly enhanced by stress-induced drift as com- 
pared with drift that would result solely from diffusion 
currents due to concentration gradients. 

In the presence of both the stress field, characterized by 
an interaction energy V(r), and gradients in the excess 
solute concentration Ce(r ,  t), the solute current density is 

J = D ( O C ,  + C . / k T V  V ) ,  (1) 

and 
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Figure 5 Diffusion boundary conditions for dislocations 
which are treated as hollow cylinders. 

for an edge  dislocation.  The  terms rand 0 refer to cylindri- 
cal coordinates around the dislocation. Cottrell and Bilby13 
proposed that in the initial period  of  precipitation 
( t  + 0), D V C can  be  neglected. The condition D V C = 0 
is  usually  referred to as the drift approximation. Hamr4 
re-examined the Cottrell-Bilby theory and has given a 
comprehensive  analysis of stress-assisted  precipitation on 
dislocations. He included a DVC term  in his analysis. 

In the model, a regular array of dislocations  is  first 
replaced by a single  dislocation of “capture radius R” at 
the center of a cylinder of radius r,, the original length of 
dislocation  line  per unit volume  being 

L = (m-3)”. (3) 

This arrangement, with appropriate boundary  condi- 
tions,  is  shown  in  Fig. 5. On the surface of the cylinder, the 
normal component of current density equals zero; that is, 
J ,  = 0 at r = r,. Taking into account the competition 
between dislocations, and also the gradient  between R and 
rs, Ham shows that the time-dependence of the pre- 
cipitated fraction, W, on dislocations  is given  by 

w = 1 - exp (-A: Dt), (4) 

where 

A: (2/r,)*[ln (rJR) - (3/5)]-’. (5) 

The precipitated  concentration of the solute CD per unit 
volume  is  then  calculated to be 

c, = w[Tc.(r: - R 2 ) ] L .  (6) 

Determination of the precipitation amount from Eqs. 
(4), (5 )  and (6) involves an estimate of the capture radius R. 
The  value of R is  given  by 

R = [( Ae0.58)/(4k T ) ] ,  (7) 

where 

A = (3/7r)Gba3e, (8) 

with G = shear modulus, b = Burgers  vector, a = lattice 
parameter, and e = Ar/r, the atomic misfit parameter. 
Using G = 7.6 X 10” dynes/cm’, a = 5.43 A, Ar = 0.07 
for phosphorus, r = 1.17 A, and b = 3.84 A, A = 25 X 
lo-” dynes-cm’. For 1000°C, R is  then  calculated to be 
about 60 8. In iron,I4 where  dislocation  precipitation 
effects are significant, R is about 14 A. Therefore, for 
silicon, which has a more  open  lattice and a larger  lattice 
parameter and Burgers  vector, R = 60 A seems reasonable. 
Assuming R = 60 A, for different r , / R  values  (i.e., for 
different  dislocation  densities) W vs. (Dt)/rf curves  have 
been calculated, as shown in Fig. 6. It is  difficult to estab- 
lish the limits for the values  of R near its “true value.” The 
true value  may  be  as  small  as 30 A since the effect of 
temperature was not taken into account in evaluating 
Eq. (8). On the other hand, there exists the possibility of 
coulombic attraction between  dislocations  acting  as  ac- 
ceptors and the positively  charged  phosphorus  ions.  This 
effect  could  increase R. It is  difficult,  however, to assess this 
effect at the diffusion temperature in an almost  degenerate 
extrinsic  silicon.  Therefore, it was  decided to use R= 60 A 
for the calculations of the dislocation-precipitated  profiles 
CDW. 

Precipitation mechanism 

A necessary  condition for precipitation  in  any  two-com- 
ponent  phase  is that the phase  must  become  thermody- 
namically unstable and tend to decompose into other 
phases.  This  requirement  is  usually  accomplished by 

Figure 6 Time-dependent  precipitated  fraction, W ,  on dis- 
locations as a function of Dt/rSa, obtained using Ham’s 
model. 
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Figure 7 Illustration of the  method for calculating C, (x ) .  
Using Eq. ( 6 ) ,  and  assuming  the  dislocation  concentration 
L to  be  constant  over any interval Ax, Cp(x) can  be  cal- 
culated  to give discrete  values for each  Ax-thick  “slice”  of 
the  wafer.  The  number of dots  shown in  each  slice is 
schematically  proportional to L. 

quenching. The dislocation  precipitation as proposed here, 
however,  is not according to this mechanism. It takes about 
2 seconds or less in our experimental  set-up for the diffused 
wafer to cool down from the diffusion temperature to 
80O0C, at which the atomic  mobility  almost vanishes. The 
precipitated fraction W depends on the dimensionless 
parameter Dt/ri in Eq. (4) and consequently  becomes 
negligibly  small. A significant contribution toward disloca- 
tion precipitation  would require very large  values  of D, 
about 500 times  larger than the usual value of D = 5 X 

cm2/sec at 105OOC. While  such  high  values are  not 
ruled out, quenching  experiments do not indicate any 
conclusive  effect on the profiles. (In spite of these dif- 
ficulties, we will  calculate later the amount of precipitation 
involved during quenching,  making  some  qualifying as- 
sumptions.) The precipitation  mechanism we do assume 
to be  operative is as follows. 

The high state of strain introduced by  diffusion of large 
amounts of phosphorus with considerable  atomic misfit 
in silicon is responsible for producing  dense  misfit  dis- 
locations  in the matrix during diffusion.  Yield  stresses  of 
magnitude > 10‘’ dynes/cm2 are generated.  Such  “cold- 
work”  also introduces stored energy in the crystal. We 
have  in our problem the two  processes of cold-work and 
annealing operating simultaneously  during the diffusion 
of high amounts of phosphorus. (It is  well  known that 
dislocations are generated when the surface concentrations 
correspond to the solid  solubility  limit.) The cold-worked 
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mally-activated  self-diffusion.  Solute atoms then will 
propagate to the dislocations or  to other discrete strain 
centers and cause  precipitation.  This  also  means that the 
lattice during  diffusion  is not under true static equilibrium 
but is continuously  working towards establishing  equilib- 
rium. During diffusion-anneal the strained lattice attempts 
to maintain in solution an impurity content of not more 
than the “solubility”  limit,  corresponding to the thermo- 
dynamic  stability.  This  is  exactly  what  is  indicated by the 
value of C, (see  Fig. 1) measured by electrical  methods 
which do not measure the impurity that is out of solution; 
i.e., along  dislocation lines. 

With  these  considerations in mind, we will  now  investi- 
gate the practical consequences  of  dislocation  precipitation 
through both of the mechanisms  discussed  above. 

Results 

For the purpose of evaluating the dislocation-precipitated 
solute profiles under actual diffusion  conditions, the follow- 
ing  assumptions  will  be  made: 
(1)  Dislocations do  not become saturated. 
(2)  Solute atoms trapped by dislocations are removed  from 

(3) The dislocation distribution of curve 2 in Fig.  2,  which 
was obtained experimentally,  will  be  assumed to exist 
prior to diffusion  (although in reality the dislocation 
dispersion in the interior of a wafer is also  a  time- 
dependent  process). 

(4) In the absence of dislocations, a strict complementary 
error function will  be  assumed as the solute profile. 
This function is given  by 

c = CJI - erfc (x2/4 ~ t ) ” ] ,  (9) 

where 

the main  diffusion  field. 

C = solute concentration at x and at time t ,  
x = distance  perpendicular to and from the wafer 

surface, 
C, = constant surface concentration, and 
D = diffusivity. 

(5) The precipitated amount will  be  calculated as illus- 
trated in  Fig. 7 for a thin  slice Ax at a depth x in the 
diffusion  profile,  assuming  a  uniform  concentration 
in the slice. Competition for solute between  slices 
will  be  neglected. 

Precipitation during diffusion 

With  these  assumptions,  let  us  consider the effect  of  dis- 
location precipitation  following the cold-work-anneal 
mechanism. Let us consider  a  hypothetical phosphorus 
diffusion  having  a  complementary error function distribu- 
tion (see  curve 1, Fig.  Sa)  with the surface  concentration 
C. = IOz1 atoms/cm3.  Diffusivity  will  be taken to be  con- 
centration-independent and its value  will  be  assumed to be 

M. L. JOSH1 AND S. DASH 



2 

0.5 1.0 1.1 

L 

k"-""" SOLID SOLUBILITY LIMIT' AT  1050'C 

L \ c \ 

t I 

I I I I  
0 0.5 1 .O 

Figure 8 Deviation of phosphorus-diffusion  profiles from the expected (erfc) distribution. Diffusion  is  assumed to take place 
in  highly  intrinsic  silicon  (n-type, 50-0 resistivity). D = 5 x cmR/sec; f = 16 min. (a) Precipitation during diffusion. 
Curve 1 is the ideal (erfc)  distribution; curve 2 is the precipitated  profile C,. Curve 3, the total-phosphorus (radio-tracer) 
profile, is also the sum of curves 1 and 2. Curve 4, the electrically-active  phosphorus  profile, is obtained by subtracting 2 
from 1. The shaded area is the  deviation of the total-phosphorus distribution from the ideal, and changes  sign at point A, 
the intersection of curves 3 and 4. The curves 3 and 4 are expected to be coincident  below  point A, as  shown  schematically 
in the illustration. (a) Precipitation during  quenching  (precipitation  time, 2 sec). Curve 1 is the ideal (erfc) distribution; 
curve 2 is the precipitation  profile, C,. Also shown is the dislocation  density, L. 

5 X cm2/sec for diffusion at 105OOC. Diffusion is 
assumed to take place over a period of 16 minutes. The 
hypothetical phosphorus diffusion profile obviously cannot 
represent  impurities  in true solution. It represents the 
sum total of the impurities  in  solid  solution and impurities 
(not  in true solution) prior to their transport to the disloca- 
tions. We will therefore use this  hypothetical  curve  only 
as a measure of  excess concentration under  the influence of 
dislocations. 

Using Eq. (4), values of W for various  dislocation 
densities under  the diffusion conditions specified above 

were obtained and  are given in Table 1. Table 2 gives the 
values of C, (atoms/cm3) for various dislocation densities 
L and excess concentrations. The excess concentration 
should be  remembered as  the concentration in excess  of the 
solid  solubility limit. The precipitated profiles C,(x) for 
the dislocation distribution (given by curve 2 in Fig. 2) 
are shown in Fig. 8 for diffusion with C, = loz1 atoms/cm3. 

The distribution of the electrically active phosphorus is 
obtained by subtracting the precipitated profile C,  (curve 
2) from  the ideal  erfc-distribution (curve 1). The total- 
phosphorus profile is represented  by  curve 3, which was 45 1 
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Table 1. Values  of  precipitated  solute fraction W for 
various  dislocation  densities.* 

Dislocation density, 
L, cm/cm3 Dt/ra2 Precipitated fraction, W 

5 x 109 1.9  0.98 
109 

107  0.0158  0.005 
108 

106  0.00186 0.0002 

1.58 0.71 
0.186 0.10 

~ 

*Diffusion  conditions: D = 5 X 10-13 cmz/sec; T = 1O5O0C; t = 16 
min. 

~~ 

obtained as the sum of curve 1 and curve 2. Since the 
assumption is made that  the dislocations  only redistribute 
the total amount of the material entering the wafer after 
time t ,  then if an area is added to curve 1 near the dis- 
located  surface, an equivalent area must  be subtracted 
from point A  onwards as shown in Fig. Sa. Consequently 
a  shallower junction depth, due to depletion of the im- 
purity flux in  the dislocation-free  region of the diffusion 
zone, is expected.  Such an effect  is  actually  encountered 
in pra~tice.'~ The curves 3 and 4 from point A onwards 
are shown  only  schematically in Fig. Sa and represent the 
electrical and  the  total phosphorus profiles  simultaneously. 

Precipitation during quenching 

It will  be appropriate at this stage to explore the conse- 
quences  of the mechanism  of precipitation during quench- 
ing. We are, however,  required to assume the highest 
possible  value of the solid-solubility  limit data: uiz. %loz1 
atoms/cm3 at 1050°C,  in order to obtain some  significant 
values of C,. This diffusion  profile is then expected to 
follow the ideal erfc distribution with C, = loz1 atoms/cm3 
(see  Fig.  8b) prior to removal of the diffused  wafer from 
the diffusion  furnace. The precipitation  time  will  be taken 
to be 2 seconds, during which the wafer cools down to 
850°C according to our observations.  At this temperature 
the atomic  movement  is  frozen  considerably and  the 
reduced  solid-solubility  limit is 3 X 10" atoms/cm3. All 
the phosphorus concentrations in excess  of this solubility 
limit  will  be under the influence of the dislocation  field. 

We must  use the same  diffusion constant as in previous 
calculations, uiz. 5 X cm'/sec at 1050°C,  since this 
constant is valid for all the phosphorus distributions 
following the ideal erfc functions. It is  also  known that 
the values  of D decay  rapidly  with the temperature. We 
will not consider this, however,  since it will  be  informative 
to know how large an  amount of precipitation should be 
expected under conditions that may  exaggerate the precipi- 

452 tation effects. 

The dislocation-precipitation  curve C, vs. x obtained 
for the precipitation  during  quenching is shown  in  Fig.  Sb. 
The procedure  used to obtain this  curve  is  identical  with 
that used for obtaining precipitation  during  diffusion. 
Figure Sb shows that the amounts of precipitation during 
quenching were  very small and consequently do not 
significantly  affect the ideal erfc functions. 

It may be argued that the value of D used in calculating 
the precipitated fraction W is rather small.  Tannenbaum, 
for example, has shown the concentration  dependence of 
D, which  increases from 5 X to lo-" cm'/sec for 
the phosphorus  concentration  range 10" to 10" atoms/cc. 
The value of D could  be as large as 10-l'  cm2/sec, but it 
does not seem justifiable to use  so  large  a  value  here, for 
the following  reasons : (1) The high  values of D are cal- 
culated from non-ideal  experimental  profiles.  Our  objective 
is to derive the non-ideal  profiles from the ideal erfc dis- 
tribution. (2) The experimental ideal profiles  give the con- 
centration-independent  value of D % 5 X cm'/sec. 
(3) The use of D = lo-" cm2/sec in order to obtain the 
hypothetical  curve 1 in  Fig.  Sa,  gives junctions  considerably 
deeper than are experimentally  obtained. (4) The high 
value of D = lo-" cm2/sec at phosphorus concentration 
loz1 atoms/cm3 is based upon the Boltzmann transforma- 
tion of the radio-tracer profiles. The transformation tech- 
nique assumes that x and t are involved  separately, i.e., 
can  be  expressed as a  single  parameter 17 = x/2(t)'. This 
is obviously not true when precipitation effects are in- 
volved  in  a  diffusion  profile. 

When calculations are deductively  compared  with  experi- 
ment then, it seems  more appropriate to use the lower 
value of D. Experimental information in  correlation  of 
the larger  values is not available at present, and such 
calculations  would  be  speculative in this discussion. The 
use of the larger  values,  however, cannot be  ruled out. 
An impurity acted upon by the strain field  of a  dislocation 
may  diffuse  considerably  faster. 

In summary, therefore, we shall state that for D = 5 X 
cm'/sec, the effects of precipitation  during  quench- 

ing do  not cause  significant  deviation from the ideal dif- 
fusion  profile. 

Discussion 

The major  consequences of the dislocation  precipitation 
occurring  during  diffusion  as seen from Fig. Sa are: 

(a) There exists  a  large  difference  between the electrically 
active impurity profile and the total phosphorus profile. 

(b) Impurity profiles  measured by electrical  measurements 
should indicate almost a flat curve near the surface 
where the dislocation  density  is the highest. 

(c) There should be  a  certain amount of "pile-up'' of the 
total phosphorus near the surface. 
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Table 2. Values of C,. 

Dislocation density, L,  
Excess concentration, atornslcrn3 

cm/cms 5 x 1 0 2 1  2.5 X 1021 1 0 2 1  5 x 1 0 2 0  2.5 X 1020 1020 

5 x 109 4.7 x 1 0 2 1  2 . 4  x 102’ 9 . 4  x 1 0 2 0  4.7 x 1020 2.4 X 1020 
109 3 . 5  x 1021 

9 . 4  x 1 0 1 9  

1 . 7  X 1 0 2 1  6.9 X 1 0 2 0  

109 
3 . 5  x 1020 

5.0 x 1 0 1 9  

1 . 7  X 1020 
2.5 x 1 0 1 9  

6 .9  x 1 0 1 9  

1 . 0  x 1 0 1 9  
107 2.5 x 1 0 1 9  

5.0 X 10’8 2 .5  X 10’8 1.0 x 10’8 
1 . 3  x 1 0 1 9  5 .0  x 1 0 1 8  

1.0 x 10’8 5 . 0  x 1017 
2.5 X 10’8  1 . 3  x 1 0 1 7  

2.0 x 1017 
5 . 1  X 1Ols 

1 . 0  x 1 0 1 7  5.0 x 1017 2 .0  x 10’6 1 0 6  

All of these characteristics seem to be consistent with the 
general features observed in the experimental curves 
shown in Fig. 1. According to the assumptions of this 
model,  diffusion of phosphorus with C ,  = 2 X lo2’ 
atoms/cm3 or less should not cause any deviation from 
the expected ideal distribution. This is also observed in 
practice.’ 

It is  possible that some of the assumptions made for the 
purpose of calculating the profile C, could have been 
responsible for exaggerating the dislocation effects. Par- 
ticular mention should be made in this respect of the 
assumptions (3) and (5) noted in  the section, Results. 
We arbitrarily assumed  in (3) a static distribution of  dis- 
locations from the beginning of the diffusion  process. In 
reality, the dispersion of dislocations into the interior 
should follow the diffusion  in order to compensate for 
the strains continuously being created by the inward- 
diffusing atoms. According to Prussin, a much deeper 
penetration of dislocations is expected, as shown in Fig. 2. 
The solute pinning is primarily responsible for the observed 
shallow distribution of the dislocations. In the absence of 
sufficient experimental knowledge regarding the kinetics 
of the dislocation dispersion inside the diffusion  zone, it 
was decided to postulate the existence of the dislocation 
distribution given  by curve 2 in Fig. 2 from the very 
beginning of the diffusion. In doing this, we assumed the 
same diffusion time f for the precipitation at all  the levels 
of the dislocation profile. This could have caused a higher 
estimate of the values of W, particularly for the lower end 
of the dislocation distribution. This should not, however, 
affect our calculations seriously  since the major contribu- 
tion to the profile C ,  comes from the high density of 
dislocations near the surface. The dislocations near the 
surface should be involved  in accumulating the solute 
almost all the time during diffusion. 

Assumption (5) also needs some explanation. Com- 
petition for solute between  slices  (Fig.  7)  was  neglected 
since electron microscope observations have indicated 
that the majority of dislocations lie in planes parallel to 

the surface of diffusion. Also, according to the Prussin 
model of diffusion-induced dislocations, the dislocations 
created during diffusion must lie  in the planes parallel to 
the diffusion plane for stress relief, and their Burgers 
vectors must be in those same planes. For these reasons, 
the cross-connections between dislocation nets lying on 
different  planes parallel to the diffusion surface were not 
considered to be important in the evaluation of C,. In 
addition, not much  is known of the density and distribu- 
tions of these cross-connections. From this, it will be 
apparent that we have neglected “pipe diffusion” along 
these cross-connecting dislocations with a lengthwise 
concentration gradient. (It should be borne in mind that 
the dislocation precipitation phenomenon and “pipe 
diffusion” along dislocations are two distinctly different 
processes.) These reasons, then, are used to justify the 
fifth assumption and the scheme of evaluation of C ,  as 
illustrated in  Fig. 7. 

It should be re-emphasized that the term “electrically 
active phosphorus” is equivalent to the total phosphorus 
in true-solid solution. This also implies that the C ,  value 
as obtained from the electrical profile should not exceed 
the solid solubility limit. The curve 4 in Fig. 8b does ap- 
proach this condition. If the value of C ,  obtained from 
the electrical curve does not exactly correspond to the 
solid solubility limit, it means only that we have not been 
able to precisely calculate and subtract from curve 1 the 
exact amount of phosphorus that is out of true solution. 

In conclusion, therefore, it can be stated that the pro- 
posed dislocation-precipitation model can adequately 
explain the major features of the deviations of the phos- 
phorus-impurity profiles from ideal ones. The nearly flat 
curve of the concentration of the electrically active phos- 
phorus versus x near the surface has been interpreted by 
Kooi” as an indication of the presence of interstitial 
states which  diffuse  very  quickly. The calculated amounts 
of precipitation on dislocations as shown here and the 
corresponding evidence  (Fig. 3) account for the  actual 
experimental differences  between the electrical and the 453 
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radio-tracer profiles.  Therefore, it is not necessary 1 ;0 
assume the existence of an extra-fast interstitial diffusion 
component. The phenomenon of partial ionization of phos- 
phorus has also been  shown  by  researchers‘ to be inade- 
quate to explain the flatness of the electrical  profile near 
the surface. Thus the proposed  dislocation precipitation 
model  is perhaps the best  explanation for the large dif- 
ference  between the electrical and the total phosphorus 
profiles. 

Beyond the precipitation of impurities on dislocations, 
there exists  general  precipitation of phosphorus in the 
silicon matrix, which could  also  make a substantial con- 
tribution to the precipitated  profile C,. However, it has 
not yet  been  possible to assess  this  effect  quantitatively. 
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