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Capsule Diffusion 

Abstract: After diffusion temperature  and time,  the  most important  parameters in capsule diffusion source behavior are  the  dopant  vapor 
pressure  characteristics in the capsule. The  vapor  pressure behavior is a  function of the degree of homogenization of the Si-dopant sys- 
tem and  hence of the source preparation  technology.  Various  methods of preparing Si-As  source material are  discussed. Homogenized- 
source preparation is described  as it  relates to reproducibility  and  controlled capsule diffusion behavior. The  measurement of the kinet- 
ics of arsenic  vapor  pressure  development in a typical capsule  system  and  the role of vapor  pressure in determining capsule diffusion 
behavior  are described.  Finally, the  dependence of arsenic  vapor  pressure  characteristics,  and  hence of the diffusion, on  source weight- 
to-capsule  volume  ratio is  described. 

Introduction 
For tight control of the diffusion of an impurity into sili- 
con in a capsule diffusion process,  three  boundary condi- 
tions are of major importance:  temperature of diffusion, 
length of time of diffusion, and diffusion source  behavior. 
Probably the most  vital, and certainly  most difficult var- 
iable to  control, is the diffusion source  behavior.  Essen- 
tially, the relationship of source  behavior  to diffusion in 
a capsule may  be expressed by the following illustration: 

Dopant - Dopant - 
source  vapors 

Wafer - surface 7 

concentration 

- Diffusion 
7 

phenomenon 

The  degree of equilibration in the  expression  above is 
a function of the  dopant  source e dopant  vapors.  The 
dopant  vapor behavior, in turn,  depends largely on  the 
dopant  source composition  and to  some  extent upon the 
temperature behavior. For a  controlled diffusion phenom- 
enon,  the wafer surface  concentration  must  be controlled 
and,  hence,  the  dopant  pressure  behavior of the  source. 

It is inconvenient  to control the impurity vapor  pres- 
sure  behavior by using an elemental  impurity, even in 
capsule diffusion, since  the weight involved would be 
extremely small and  the  vapor  pressure would change 
with diffusion time. Accordingly, for  the commonly  used 
capsule  dopant  sources,  the  dopant impurity is incor- 
porated  into intrinsic  silicon,  which is then  pulverized 
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ing, the  three different techniques  described below have 
been  used  primarily for incorporating the  dopant im- 
purity into silicon. 

Mixture of arsenic  and  silicon 
The simplest  method for making an  arsenic diffusion 
source would be a mechanical  mixture of pulverized ar- 
senic and  intrinsic silicon. The major drawbacks in this 
case  are inhomogeneity in mixing and  the  concentration 
change  that  occurs during diffusion into  the silicon 
powder. 

Freeze-out  source 
Another commonly  used method  for preparing an ar- 
senic-doped  material  as a diffusion source employs the 
addition of a weighed amount of arsenic  into molten sili- 
con.  The  dopant is allowed to dissolve and  the solution 
is  then  frozen,  powdered,  and used for diffusion. During 
this process,  the molten  mixture  continuously  loses the 
dopant,  because of extensive vaporization  before the 
solution, represented by point A in the  phase rule dia- 
gram[ l ]  of Fig. l ,  can be  frozen.  The freezing process 
as  such is a nonequilibrium cooling phenomenon.  Various 
phase boundary  conditions are  capable of generating, in 
addition to  the substitutional  solution of As, silicon alloy 
phases  such  as silicon monoarsenide and diarsenide, in 
varying  relative proportions depending  strongly and 
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strictly  upon the  amount of As dissolved in silicon and 
the cooling cycle. Precise control of the time  and  tem- 
perature in this technique is mandatory for  the  proper 
composition of this  multiphase system  and,  hence,  for 
the reproducibility of the  freeze-out  source. 

Single-crystal  sources 
Single-crystal sources  are  prepared by the  Czochralski 
method of pulling crystals  from a molten mixture of sili- 
con  and arsenic, followed by pulverization. This tech- 
nique incorporates much better equilibrium control  as 
compared with the  freeze-out method. However,  since 
the segregation coefficient between  arsenic  concentra- 
tion in the melt and the crystal is low (0.3), the concen- 
tration of the melt near  the liquid-solid interface increases 
to a  value that allows some incorporation of the  unstable 
phases in capillary cores in the growing crystal,  espe- 
cially in the high-concentration  range. Good results would 
be expected with this technique only for  concentrations 
of about 10'' ~ m - ~ .  

Sources  prepared by these  three  techniques  do suffer 
from limitations.  Because of their multiphase nature, it is 
difficult to produce  exactly  the  same composition from 
time to time. Thus  each  source would require a  different 
set of diffusion conditions.  Since we  are  interested in 
impurity diffusion concentration,  but only  within the 
maximum solid solubility limit[2] as shown in Fig. 2, 
and also in the equilibrium  conditions  during the diffusion 
process in a  capsule, the diffusion source must represent 
a  homogeneous  substitutional  solution of the desired 
concentration of the impurity  into silicon. The diffusion 
results from such a source would then  be consistent and 
reproducible. 

The  technique [ 2 ]  described below in the experimental 
section  involves  the  preparation  methodology for  the one- 
phase substitutional  solution of As in Si, the  results of 
which are described here  as "homogeneous diffusion 
sources." 

Experimental 

Homogeneous  diffusion  source  preparation [2] 
A two-step preparation  process is employed: 1) Prepare 
a master  source of 20 atomic  percent  arsenic  concentra- 
tion. 2) Dilute  the  master  source with  intrinsic Si pow- 
der  to a  suitable concentration; follow with thermal 
homogenization. 

Preparation of master  source 
1 )  Intrinsic polycrystalline silicon of 99.999%  purity 

(Dow  Coming) is ground to less than 150 pm (100- 
mesh  size). 

2 )  Weighed amounts of the silicon powder  and  arsenic 
of 99.999% purity (Gallard & Schlesinger  Co.) are 

I Atomic o/r arsenic 

Figure 1 Phase diagram for Si-As system. 

Figure 2 Solid  solubility of As in Si, vs temperature 
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loaded into a capsule with  cavities at  each  end (Fig. 3). 
The  tube is then  evacuated  to a pressure of <5 X low6 
mm Hg while the silicon cavity is maintained at 475" C 
and the  arsenic cavity at 200" C for 60 min to eliminate 
adsorbed gases. The  tube  is then  sealed under vacuum. 
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Figure 3 Schematic of preparation  method for the thermally 
homogenized  Si-As solid solution (master  source). 

Figure 4 Apparatus used for vapor  pressure  measurements. 
(a) Schematic; (b) laboratory arrangement. 

End view of the 
deflection needle Spoon (Bourdon) gauge r 

Y- 
1 I L Glass wool L Thermocouple well 

- To vacuum system and 
mercury manometer 

4) The  entire  capsule is placed in the 1050" C zone  for 
1 hour and is then removed, silicon cavity-end  first. 

5 )  The resultant  multiphase Si-As alloy mixture  contains 
conglomerates  formed  during  the initial transfer of 
arsenic  to silicon. The material is therefore repulver- 
ized to 150 pm (100 mesh). 

Use of this master  source  for preparing sources of 
lower  concentrations allows a controlled vapor  pressure 
of arsenic  that is less  than 2 atm  at  temperatures  up  to 
1050°C for any concentration of arsenic[ 11. Preparation 
steps can then be  carried out in a single zone when the 
master  source is used. 

Dilution of master source  and homogenization 
To prepare  sources of various concentrations,  the 

master  source is added  to 100-mesh  intrinsic silicon pow- 
der in predetermined amounts.  This  mixture is then  evac- 
uated to 5 X mm Hg and  heated to 425°C under 
vacuum for 60 min and sealed. 

The  capsule is placed in a furnace  at 1050" C for 50 
hours  to  ensure thermal  homogenization. The  resultant 
mixture is then  sieved  through a 100-mesh screen  and 
used  for diffusion. 

The resultant  Si-As  composition is then characterized 
by the radio-tracer technique.  The  source  behavior  for 
capsule diffusion can subsequently be characterized by 
the techniques described below. 
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3) To allow As diffusion into Si under controlled As 
pressure,  the  capsule is then  placed in a two-zone 
furnace with the  arsenic cavity at <625"C and  the 
silicon cavity at 1050" C (Fig. 3) until all the  arsenic 
transfers  into  the silicon  cavity. 

Diffusion  source  characterization by vapor pressure 

Since  the  capsule diffusion control is a function of the 
dopant  source e dopant  vapor  pressure e wafer dif- 
fusion, the kinetics of dopant  pressure  development in a 
capsule  were  studied  as a  function of source  concentra- 
tion and  temperature.  For a controlled diffusion in the 
capsule,  the  dopant  vapor  pressure should  quickly  ap- 
proach  the equilibrium value so that a constant impurity- 
vapor  environment is maintained  during the diffusion 
process. 

Studies of vapor  pressure kinetics were performed on 
source materials prepared by all the  techniques  described 
above. Use  was made of a quartz manifold, Fig.  4(a), 
consisting of a Bourdon gauge[3], which is highly sensi- 
tive to  pressure differentials of 0.5 Torr.  The gauge is 
surrounded by  a transparent  quartz  jacket, which is 
further  connected  to a mercury  manometer through a 
side arm.  The gauge is connected  on  one  end  to a long 
deflection needle,  which further magnifies the  response of 
the gauge, and  on  the  other,  to  the sample cell provided 
with a thermocouple well. 

The sample cell was filled with 0.033  g of doped ma- 
terial per  cubic  centimeter of the  free volume. The 
"jacket" and the "cell" were  then simultaneously  evac- 

kinetics 
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uated  to a pressure of <5 X mm Hg. The  source 
and  Bourdon  gauge were  then baked at 425" C for  one 
hour  and sealed under vacuum. After  the  stopcock  on 
the side arm of the  jacket  was  closed,  the manifold was 
demounted  from  the high vacuum  and  mounted and 
aligned in front of a  movable furnace maintained at a de- 
sired temperature.  The  jacket side arm  was then  con- 
nected to a mercury  manometer, Fig. 4(b),  with  provision 
made for regulating the  gas  pressure in the  jacket  to null 
the deflection of the  Bourdon needle. The needle deflec- 
tion was  monitored  through  a cathetometer  and calibrated 
against  known pressure differentials. The  furnace tem- 
perature  was controlled  within 0.5" C of the desired 
temperature.  The  furnace  and material temperatures 
were monitored  and recorded by a two-channel Leeds 
and Northrup  recorder.  The validity of the  source tem- 
perature  measurements  was verified by measuring the 
vapor  pressure of elemental arsenic during heating. 

After  the calibration procedure was completed,  the 
furnace was  moved over  the  apparatus as  shown  and the 
needle  deflection and manometer reading  were  periodi- 
cally noted. The gas pressure in the  jacket  as  determined 
by the  manometer reading  was periodically adjusted as 
desired. The  measurements were  continued for up to 36 
hours after  the equilibrium was established. 

To determine  the  dependence of effective source  con- 
centration  on  source weight-to-capsule  volume  ratio, the 
vapor  pressure kinetics  measurements were  repeated  for 
various amounts of the  source material of each original 
dopant  concentration.  The new rate of vapor  pressure 
development  and  the new equilibrium vapor  pressure 
representing the effective source  concentration  were  thus 
determined. 

Diffusion  procedures and characterization 
To evaluate  the diffusion characteristics of the doping 
sources,  capsule diffusions were performed for various 
concentrations of arsenic in the  powdered  source and 
for various diffusion temperatures and times. Identical 
diffusion procedures were  used in each case. Our con- 
ventional quartz  capsules  [4] were  acid-cleaned,  rinsed 
with deionized water,  and baked at a temperature higher 
than  that used for diffusion. P-type silicon wafers (1 0-cm 
resistivity, 1.25 in. dia. and  (100) orientation) were used 
as a  vehicle for the experiment.  The  source weight-to- 
capsule volume  ratio was determined and kept constant 
for a comparison study of vapor  pressure kinetics  and 
diffusion characteristics.  The starting furnace  tempera- 
ture rise  time was the  same  for both the  vapor  pressure 
kinetics  study  and the diffusion experiments. A calcu- 
lated amount of the  source  was loaded into a diffusion 
boat.  Wafers were  cleaned with buffer etch, rinsed  with 
deionized water, and  dried before being loaded  into the 
diffusion boat.  Two wafers  were  used for  each experi- 
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Figure 5 Vapor  pressure  and  source  concentration vs time for 
four diffusion sources.  Source A: 1 .O% As, freeze-out  prepara- 
tion;  source B: l.O%As, thermally  homogenized; source C: 
0.58%As, thermally  homogenized; source D: 0.25%As, pul- 
verized doped single crystal. 

ment. The diffusion capsule containing the loaded boat 
was evacuated  to 5 X 10-6mm Hg pressure, baked at 
500" C for 30 min to eliminate adsorbed  gases,  and sealed 
off. The capsule  was  then  placed into  the flat zone of a 
diffusion furnace, which was profiled and  maintained at 
a  desired temperature.  On completion of the desired dif- 
fusion  cycle, the  capsule  was  quenched in cold  water. 
The wafers were then removed, rinsed,  and dried. 

The wafer diffusion was  characterized by determining 
the  surface  concentrations of arsenic.  Incremental  sheet 
resistance, plasma resonance, and neutron activation 
techniques  were used. 

Results and discussion 

Vapor  pressure  kinetics 
Figure 5 shows  the  vapor  pressure kinetics of four dif- 
ferent diffusion sources  at 1050" C .  The  corresponding 
time-dependence of the effective source  concentration, 
as  derived  from  the  dopant concentration-to-equilibrium 
vapor  pressure relationships of Fig. 6[2], is also  shown 
in Fig. 5. Curves A and B of Fig. 5 represent  two  sources 
with the  same  arsenic  concentration (1 .0 atomic %) but 
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Figure 6 Equilibrium arsenic  pressure vs Si-As alloy composi- 
tion (X,4s) determined[2] by radiotracer  and chemical  tech- 
niques. 

prepared by two different techniques.  Source A was  pre- 
pared  by the  freeze-out method described in the introduc- 
tion. Source B, on  the  other  hand,  represents a one-phase 
chemically  homogenized diffusion source  prepared by the 
technique  described in the experimental  section. Curve C 
represents  another homogenized  solution of 0.58 atomic 
percent  arsenic  concentration.  Curve D represents a 
0.25 atomic  percent  arsenic  source  obtained by pulveriz- 
ing a doped single crystal  as described in the introduction. 

It is evident  from Curves A and D that  the doping ma- 
terials prepared by the  second and  third techniques 
(freeze-out  mixture, and  doped single crystal)  show a 
significant transient  behavior  for  the first 20 hours,  after 
which they behave like homogenized sources, of a con- 
centration  representative of the  arsenic  concentration in 
the  source. 

For all practical parameters of diffusion these materials 
would exhibit  time-dependent source  concentrations, 
exhibiting as much as twice the final concentration during 
a good first portion of the diffusion cycle.  Homogenized 
sources,  as  represented by B and  C on  the  other  hand, 
approach  the  steady  state condition at a rate closely re- 
sembling that of the  source  temperature, Fig. 7, and ac- 
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Figure 7 Sample temperature vs time. 

cordingly will exhibit the time-independent source con- 
centration behavior. Also, on examination of the basic 
shapes of the kinetic profiles A and D, it is apparent  that 
it would be extremely difficult to  reproduce  such pro- 
files with  sample-to-sample preparation by the  same  tech- 
nique. The homogenized sources,  however, representing 
the nontransient behavior  as in B and C,  would be ex- 
pected  to  be easily reproducible. 

The  source  behavior  as  presented in  Fig.  5 takes  into 
account  the depletion of the  dopant  due  to vaporization, 
which depends upon the  source weight-to-capsule  volume 
ratio and the  rate  and uniformity of depletion. The higher 
the  temperature, time of diffusion, or  source  concentra- 
tion, the  greater is the  degree of depletion, and  thus  the 
greater is the deviation of the effective source  concentra- 
tion from  that of the  true  concentration. 

From  the examination of kinetic profiles in Figs. 8(a) 
and (b) at 1050" C and  for various source weight-to- 
capsule volume  ratios for homogenized sources, it is 
observed  that  the  deviation  from  the  true  source con- 
centration  due merely to depletion  can be as high as  35% 
for a source weight-to-capsule  volume  ratio of 0.033 gm- 
~ r n - ~ .  However, a more  important  observation  from  these 
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kinetic curves discloses that  even  under  the most severe 
depletion conditions,  such  as noticed in Figs. 8(a) and 
(b), the depletion observed in each case is approximately 
the  same  as would be  expected  from  the  equation  de- 
scribed below in Eq. (8), which assumes a fast and homog- 
eneous depletion  throughout the bulk of the  source ma- 
terial. The homogeneous  depletion implies that  the 
arsenic from the bulk of a  crystallite diffuses out  to com- 
pensate  for  the  arsenic leaving  from the surface in such 
a way as  to maintain uniform concentration throughout 
the crystallite. 

This phenomenon is quite interesting.  Although the 
inward diffusion of arsenic  into silicon powder is quite 
rapid, due  to  the polycrystalline nature of the source 
particles with the crystallite  size being quite  small, the 
subsequent but-diffusion rate of arsenic  observed  here 
is almost instantaneous. Possibly the high concentra- 
tion diffusion causes significant lattice  degradation of the 
silicon material. The  dependence of arsenic diffusivity 
upon  its  doping concentration in silicon[6] could be re- 
lated to  the  same phenomenon. 

Under  the  fast and  homogeneous  depletion conditions, 

effective concentration  (at.%) 
= true  concentration  (at. %) - depletion (at.%) ; (1) 

where 

depletion (at.%) 

- - N A S  (vapor) 
N s i  + original N,,  (solid) - N,,  (vapor) 

x 100 (2) 

and 

NAs (Vapor) = 4NA, f ~ N A S , ,  

since N,, (monatomic) is negligible in vapor. Also,  since 

NAs (solid) - N A s  (vapor) << Nsi ,  

Eq. (2) can  be approximated  to 

depletion (at,%) = 
N A ,  (vapor) 

Nsi 
x 100. 

Assuming  ideal  gas  law  behavior, we  have 

P,V, P,V, 
"- - 
NIT, N,T,' 

Using  Avogadro's  law, 

1 X 22400 - PAS (Torr) x V (ml) 
- 

1 x 273 760 NAs (vapor) X T ( K ) '  

From (3)  and (4), 
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Figure 8 Effect of depletion on concentration at a diffusion 
temperature of 1050°C. True source concentration (a) 1.72 at. 
%; (b) 2.9 at. %. 

Now using the equilibrium relationship[5] 

As, e 2 As,, 

we have 

4PAS4 + 2PA, = 4P + K k VK2 + 4PK, (6) 

K 

2 
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Table 1 Effect of depletion on concentration. 

Ratio of 
source wt. to 
capsule vol. Conc. IO50" C 1 oon. c 

Effective concentration (at.%) 
True" 

(grn-crnP) (at.%j Exp.' Calc. Exp.' Calc. Exp." Calc. 

0.033  0.55  0.5 0.5 0.5 0.5 0.5 0.5 1 
0.033 1.2 
0.033 1.35 

1 .0 1.02 

0.3 1.72 
0.05 

1.61 1.60 
1.72 

0.033 
1.22 

1.72 
1.22 

1.10 
0.3 2.9 2.65 

1.1 1 

0.033 
2.64 

2.9 1.72 1.72 
0.033 4.0 2.24 2.2 

950" c 

1 .o 1.03 

Lion using Fig. 6. 
"Determined by equilibrium vapor Pressure measurementb  uslng 2 grn-~m-~  sample so that  the  erbenlc depletion was negligible. The vapor pressures were converted to concentra. 

where P is the total arsenic  pressure in Torr.  From  Eqs. 
( 5 )  and (61, 

depletion (at.%) = ~ X - 
273 V 
T Nsi 

X 
(4P + K 2 d K 2  + 4 P K )  1 

760 
X" 

224 

" 
273 Msi 
T R  

X -  - 

X 
( 4 P  + K 2 VK2 + 4 P K )  1 

760 x -3 ( 7 )  224 

where Msi is the atomic weight of Si (=28) and R is the 
source weight-to-capsule  volume  ratio in g m - ~ m - ~ .  Sub- 
stituting Eq. ( 7 )  in Eq. ( 1 )  gives 

effective concentration  (at.%) 

= true  concentration  (at.%) - ~ x ~ 

273 Msi 
T R  

( 8 )  
(4P + K k d K 2  + 4 P K )  1 

\-, 

X 
760 X -. 224 

Table 1 compares  the experimental  values of the  true 
and  effective source  concentrations with the  correspond- 
ing values  calculated using Eq. (8) for various tempera- 
tures and source weight-to-capsule  volume  ratios. The 
experimental data  are derived from  vapor  pressure mea- 
surements  such  as  described in Figs. 6 [ 2 ]  and 8. The 
close  agreement  between the calculated and  the measured 
values also indicates that  the SiO, surface of the  capsule 
must also  be relatively passive and does  not substantially 
contribute  to  the depletion of the  source.  This agree- 
ment demonstrates  the significance of Eq. (8) in applica- 
tions to  capsule diffusion operations.  For example, a 
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positions  through  variations in the value ofR, assuming, 
of course, a  knowledge of the equilibrium vapor  pressure 
of arsenic  over  the new composition. 

Relationship  of diffusion  surface  concentration to 

Table 2 presents  the  vapor pressure-determined source 
concentrations and the diffused-surface concentrations  as 
determined by neutron  activation, plasma resonance, and 
incremental sheet  resistance techniques. 

As  observed,  the diffusion concentrations determined 
by neutron activation  and the effective source  concentra- 
tions  determined by vapor  pressures  are in good agree- 
ment. 

Each  one of these  techniques  accounts  for  the total 
amount of arsenic  present in the alloy form. This  observa- 
tion demonstrates  the  capsule equilibrium  phenomenon. 
The incremental sheet  resistance,  and,  to a larger extent, 
the plasma resonance  technique,  on  the  other hand, de- 
termine the  concentration of electrically active  dopant 
concentrations only.  Accordingly, for  true diffusion con- 
centration values above 3 X 10" ~ m - ~ ,  the  dopant  con- 
centration values  determined  by these techniques are 
relatively  much  lower. 

vapor pressure  characteristics 

Summary and conclusions 
Homogenized diffusion source technology  can provide 
a controlled and predictable  vehicle for  capsule diffu- 
sion because of equilibrium conditions. Characterization, 
by vapor  pressure kinetics, of the homogenized sources 
provides a sensitive and realistic  method for predicting 
diffusion behavior. With polycrystalline source particles 
in a homogenized diffusion source, there is homogeneous 
and fast depletion of the  dopant  from  the  source  to  vapor; 
hence,  the  effective  source  concentration is predictably 
related to  the  source weight-to-capsule  volume ratio 
for a given temperature. 
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Table 2 Relationship of diffusion  surface concentration  to  vapor  pressure  characteristics. 

Effective  source  Diffusion  concentration ( c d )  
conc.  from  vapor 

pressure  Incremental 
Temperature  measurements  Neutron  sheet  Plasma 

(" C )  activation"  resistance resonance 

1050 
1050 
1050 
1000 
1000 
1000 
950 
950 
950 

2.5 x IO'" 
5.0 x IOzo 

2.5 X IOzo 
5.0 x IOzo 
1.12 x 1 0 2 1  

2.5 x lo*" 
5.0 x lo*" 
1.12 x IO*' 

1.12 x lo*' 

2.3 X IOzo 
5.0 x 10'' 
1.07 X IOz1 
2.3 X 10'' 
5.0 x IOzo 
1.07 X loz1 
2.3 X lozo 

1.07 X 10" 
5.0 x IOzo 

1.2 x 10*0 
2.5 X lo2" 
1.8 X 102" 
3.7 x 10'0b 
2.5 X IOzo 

6.4 X IOzo" 
4.6 X IOzo 
9 x 19'" 

2.3 X IO'" 
3.1 X IOzo 

2.3 X 10" 
4.0 X IOzo 
3.5 x lo*' 
2.35 X IO2' 
4.6 X 10'' 

2.1 x IOZ0 

source  concentrations. 
"Neutron  activation  surface  concentrations  were  determined  for 1050" C diffusions and were  assumed  to be the  same  at  other  temperatures,  since they are the same  as  the  effective 

'Because of extremely shallow junction  depth, this result is somewhat  inaccurate. 
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