
J. H. Keller 
R. G. Simmons 

Sputtering  Process  Model of Deposition  Rate 

A model of the sputtering process  has  been developed that  predicts  the deposition rate of a sputtering system  with 
parallel-plate geometry.  By using  data for sputtering yield vs voltage  obtained from an ion-beam sputtering system,  the 
model applies a new theory for computing  the  backscatter  of  the sputtered material,  and,  from  the  results,  predicts 
deposition rates. The model also  considers the  effects of charge exchange in the sheaths, and of re-emission  of  sputtered 
material at the  substrate.  The model is valid for magnetic,  tuned  substrate, driven substrate, and controlled area ratio 
diode systems.  Comparison with observed  deposition rates  shows good agreement for  clean systems. An experimental 
APL program that  uses  the model has  been written. 

Introduction 
In sputtering silicon dioxide and  other  dielectrics, the 
deposition rate is a function of power, target  voltage, 
pressure, magnetic field, and wafer temperature, regard- 
less of the  sputtering  system  used. Both the deposition 
rate  and  the functional dependencies,  however, differ 
from system  to  system.  The differing deposition rates and 
observed functional dependencies given in, e.g., Refs. 
[ 1-51 point out  the need for a consistent model for  sputter- 
ing. 

This  paper  describes a generalized model for  sputtering 
systems, and a computer program that predicts the  rate of 
deposition in a given system.  In developing the model, 
data from the following system  types have been used: 
magnetic field, tuned substrate, driven or biased  sub- 
strate,  and controlled area  ratio  diode  systems.  These 
systems  are  described in Refs. [I] and [6-91. All are paral- 
lel plate types, and the  study  has been limited to SiO,. 
Theoretical  and empirical data  for  the effects of energy, 
backscatter of material,  re-emission, and geometry  have 
been incorporated into the model. 

This  paper  is a detailed  description of the  “sputter 
transport and  accumulation  model” presented in Ref. 
[lo]. We briefly describe  the physics of the  model;  the 
derivations of the relationships  involved in the program 

are given in Appendices  A  and B. Also,  predicted  and 
observed deposition rates  are  compared;  curves of rate vs 
pressure, target  voltage,  and  spacing are  discussed. Fi- 
nally we describe  the experimental APL program  written 
for use in calculating  deposition rates.  This  interactive 
program prompts  the  user  for a set of conditions as  input, 
and  then  predicts the deposition rate  for  that  set of condi- 
tions. 

The model 
The physical processes  and  the resultant parameters  are 
as follows: 

Physical process 
1.  Ions and energetic neu- 
trals  crossing  the target 
dark  space 
2 .  Emission of target ma- 
terial 
3. Transport of sputtered 
material from target to  sub- 
strate, including backscat- 
tering  by  gas 
4. Re-emission of material 
from the  substrate 

Resultant  parameter 
Energy with which these 
particles  strike the  target 

Target sputtering rate 

Transmission coefficient 

Deposition rate  and  re- 
emission coefficient 

These  processes  are illustrated in Fig. 1.  

Copyright 1979 by  International Business Machines Corporation. Copying is permitted without payment of royalty provided that (1) 
each reproduction is  done without alteration and (2) the Journal reference and IBM copyright notice are  included on the first page. 
The title and abstract may be used without further permission in computer-based and other information-service systems. Permission 
to republish other excerpts should be obtained from the Editor. 24 

J. H. KELLER AND R. G .  SIMMONS IBM J. RES. DEVELOP. VOL. 23 NO. 1 JANUARY 1979 



Particle energy 
To  determine  the yield from  the  target, we must deter- 
mine the energy  distribution of the particles that  strike the 
target. At low pressures, below 1.3 Pa (0.01 torr; 1 torr = 

1.33 x 10' Pa),  most of the particles are ions  with  energies 
close to  that of the  bias voltage across  the  target  dark 
space. At high pressure,  however, charge exchange plays 
an  important role in reducing the mean  energy per par- 
ticle, while the  total energy of all the particles  remains 
nearly constant. 

For  ease of calculation,  the particles that strike the tar- 
get can be  broken down into four groups: 

1 .  Ions  accelerated through the  dark  space without suf- 
fering  collisions or charge exchange. 

2. Ions formed  somewhere in the  dark  space and then ac- 
celerated  the remaining distance without suffering 
charge exchange. We  will assume  that  these ions  are 
produced by charge  exchange. 

3. Energetic  neutral species  produced by charge  ex- 
change with ions that originated in the plasma. 

4. Energetic  neutral species produced by secondary 
charge  exchange in the  dark  space. 

Having  made this  breakdown,  one can  compute the en- 
ergy distribution as a  function of pressure  and  dark space 
thickness. This  computation is given in Appendix A. 

The  four  groups  are diagrammed in Fig. 2. The relation 
derived in Appendix  A for  the energy  distribution of the 
particles  times their energy E is given by 

E( V )  = eVN( V )  

or 

+ J,V,S(V, - V) exp (- (1) 

where V, is the target  bias  voltage, d is the  dark space 
thickness, 8 is the Dirak delta function, e is the  electron 
charge, V is the potential, N is the number  density of par- 
ticles, hi is the  mean free  path of ions, and J ,  is the ion 
current density  through the  dark  space.  To  show  that  the 
theory is reasonable,  the  energetic particle current pre- 
dicted  by Eq. (1) is compared  to  the ion current measured 
by a retarding  potential  instrument for a  pressure-dark 
space thickness ( p d )  of about 7.3 Pa-cm (0.055 torr-cm) 
in Fig. 3. 

The  curve of the distribution of the energy of the parti- 
cles E(V) for a p d  value of 7.3 Pa-cm (0.055 torr-cm) is 
shown in Fig. 4. This product  corresponds  to  the oper- 

,Substrate  sheath 

Figure 1 Physical processes of the sputtering model. 

Ions 
Energetic 
neutrals 

""" 

Figure 2 Energetic particles striking the target. 

ating  conditions near 13 Pa (0.1 torr), zero  magnetic field, 
and 13.56 MHz.  As Fig. 4 shows,  the mean  energy per 
particle at this pressure is reduced to  about 3/4 of the  tar- 
get  bias voltage V,. 25 
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Figure 3 Theoretical energetic  particle current (---) and  ex- 
perimental ion current (-) vs  the relative  retarding  potential 
(VIVO) ( p d  i= 7.3 Pa-cm, 0.055 torr-cm). 

Target  emission 
Data  on yield (molecules per ion) as a  function of ion en- 
ergy were obtained  with  a system  that  sputters dielectric 
materials  with  a  neutralized ion beam of a given energy. 
In this way a curve of yield vs ion energy was obtained 
(Fig. 5) .  To put the  data  into a more useful form,  the yield 
data were  divided by the ion energy to give a curve of 
“yield  efficiency,” in molecules per keV of energy, vs the 
voltage of the  sputtering  argon  ions  (see Fig. 6) .  This 
curve  shows  an optimum sputtering energy somewhere 
between 300 and 800 eV. 

To  obtain a yield from a target in a  sputtering system, 
we assume  that  the neutral  argon  particles sputter  at the 
same rate  as argon  ions  with the  same  energy.  This  as- 
sumption is borne out by the  experimental  data  for met- 
als,  and by the  currently  accepted theories of the  sputter- 
ing mechanism. Thus, by integrating the yield efficiency 
times the energy  distribution of the particle flux that 
strikes  the  target, one can  obtain  the target  sputtering 
rate. 

Material  transmission 
As the  sputtered particles  move across  the plasma,  they 
collide with the neutral gas.  The collisions slow some of 
the particles and  backscatter  others.  In this  section we 
derive a diffusion theory  for computing the percentage of 
particles that  reach  the  substrate.  Such particles can be 
divided  into two groups: those  that  reach  the  substrate 

1 

E 
Relativevoltage, V / V ,  

Figure 4 The  energy distribution of particles  vs  the  relative 
voltage (V/VJ  ( p d  = 7.3 Pa-cm, 0.055 torr-cm). 

and  suffer  only  forward scattering, and those  that  are 
backscattered  (scattered  through  an angle of 7r/2 radians 
or larger)  and  then diffuse to  the  substrate. 

The derivation starts with the ideas  and theory of G. 
Ecker and K. G. Emelens [ 111. They  present  the problem 
of the  sputtered particles diffusing to  the  substrate, but 
only for a linear  subsonic diffusion (Fick- or Schottky- 
type diffusion). As will be seen,  this subsonic diffusion is 
valid only for extremely high pressures. 

K. B. Persson [12] presents a general theory  of dif- 
fusion that goes farther  than  those commonly presented. 
It is valid for  both  supersonic  and subsonic diffusion, and 
also for  the  creation and  annihilation of particles; it is de- 
rived for a  plasma of two  components. In this paper, Pers- 
son’s  general diffusion theory is applied to the  problem of 
sputtered material moving toward  the  substrate. 

For this paper,  “streaming” means supersonic dif- 
fusion, Le., diffusion in which the average  velocity is 
greater  than  the  thermal or random velocity of the parti- 
cles.  “Diffusion” means  subsonic diffusion, which is 
what is usually considered in diffusion theories. 

To  determine what  percentage of the  sputtered material 
reaches  the  substrate, we assume  that  the particles start 
from the target  and stream  toward  the  substrate.  This  as- 
sumption is supported by Stuart  and Wehner’s data [13], 
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which show  that  the particles have  an average velocity 
about 1.5 times their Maxwellian thermal  velocity.  Their 
average velocity is reduced by collision,  and  some  parti- 
cles,  after suffering large-angle collisions or multiple colli- 
sions,  have  zero  net velocity toward the substrate.  These 
particles, considered to be lost  from  the  streaming,  then 
diffuse to  either  the  target or the  substrate.  The remaining 
streaming  particles reach  the  substrate with  a  velocity 
equal  to  their  thermal velocity. This is the normal  bound- 
ary condition for a gaseous diffusion process.  The  “lost” 
particles  produce a density  gradient across  the target-to- 
substrate spacing and  thus  set up  a process of diffusion 
toward  the  target,  the  substrate, and the walls of the  sys- 
tem.  In simple terms,  this  theory  accounts  for scattering 
of the streaming  particles and  the diffusion of particles 
after  scattering. 

Why consider  both streaming  and diffusion? If we con- 
sider  only  streaming, we could account  for no loss of par- 
ticles except by annihilation. The particle velocity would 
always  have to be no  greater  than the  thermal  velocity, 
and the particle  density would be greatest at  the sub- 
strate. If we considered  only  subsonic diffusion, we 
would meet the  opposite limitations. No particles would 
reach  the  substrate without suffering large-angle colli- 
sions,  and all the particles would have an  average velocity 
smaller  than their  thermal velocity. This would contradict 
observations of velocity distributions  at low pressure for 
both  metal  and SiO, targets [13, 141. Hence, both  stream- 
ing and diffusion must  be considered. 

To simplify the  theory,  the streaming  and diffusion of 
particles to  the wall will be taken into account by the geo- 
metric factor calculated by Schwartz,  Jones, and Maissel 
[IS]. This  factor allows  the diffusion analysis to be one- 
dimensional. 

The derivation of the  resultant  equation  for  the percent- 
age of sputtered material  reaching the  substrate  is pre- 
sented in Appendix  B  and is given by 

where D is the target-to-substrate spacing, A is the mean 
free path of the material,  and M* is the mach number  of 
the  sputtered material at  the  target or at low pressures. 
Time-of-flight data indicate that M* = 1.5. By curve-fit- 
ting this equation  to  experimental  data, we found  a pA 
value = 8 Pa-cm (0.06 torr-cm). 

Recently, F. Sequeda [16] has measured the  sputtered 
particle  density  and  deposition rates in the region of 
p D  = 30 Pa-cm (0.25 torr-cm). W. D. Westwood [17] has 
also discussed sputtered  material;  however, it should  be 

I Ion energy (keV) 

Figure 5 Sputtering yield in molecules per ion vs  the ion en- 
ergy. The  standard deviation of the points is 0.03 molecules  per 
ion or about five percent. 
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1 2 3 4 

Figure 6 The yield efficiency (molecules/keV) vs the ion 
energy. 

noted that  the  above A is equivalent to his qlh.  The value 
of 8 Pa-cm is still higher than  that of Ref. [ 171, and is 
closer  to  the calculations in Ref. [18]. 

Re-emission  coefficient  and  accumulation  rate 
At low pressure ( p D  = 4 Pa-cm, 0.03 torr-cm),  the trans- 
mission of the  sputtered material across the  target-to-sub- 
strate spacing is nearly  unity. In this case,  the accumula- 
tion rate (incident rate minus the total  re-emission  rate) is 
nearly  equal to  the target yield times one minus the re- 
emission coefficient of the  substrate. This expression is 
exact if the sticking coefficient of the target is unity. 
When the sputtering pressure is increased,  however,  the 
situation is complicated by the backscattering of material 
to  both  the  substrate  and  the target. 

To  solve  for  the accumulation  rate in terms of the target 
yield, pressure, and  re-emission coefficients, the follow- 
ing definitions are made: 
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Figure 7 Normalized particle  flux vs pressure for  a  target-to- 
substrate  spacing D of 2.5 cm. Curve 1 shows the  ratio of deposi- 
tion  rate to the sputter yield Y .  Curve 2 shows the  fraction of 
particle  flux  reaching the substrate. For these curves, Us = 0.1 Y ,  
RE, = 0.35, RE, = 0.41, and  the  temperature was 350°C. 

I Pressure (Pa)  

Figure 8 Deposition rate vs pressure. The curve represents the 
theoretical values, and  the data points are those for two studies 
conducted in these laboratories by H. Koenig (A) and P. Huang 
(0). 

deposition rate = accumulation rate 
RE, = reflection coefficient of the  substrate 
RE, = reflection coefficient of the target 
p = transmitting coefficient for  the  sputtered material 

(fraction of material that  leaves  the target  and 
reaches  the  substrate) 

a* = total re-emission  coefficient,  i.e., the re-emitted 
material is equal  to a* times  the total material in- 
cident  on  the  substrate 

Y = sputtering rate of the  target, exclusive of RE, 
Y, = sputtering rate of the  substrate, exclusive of RE, 

We assume  that Y and Y, are  due  to energetic particles,  as 
seen in the  above  sections.  Thus, RE, and REt are inde- 
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pendent of target  and substrate voltages. We also assume 
that RE, and RE, are  functions of temperature T ,  and have 
used 

RE = a + 6T for 100 < T < 500°C; 

p, Y,  Y,,  RE,, and RE, are  assumed  to be independent of 
one  another.  To find the deposition rate and a* as  func- 
tions of Y ,  Y,, p, RE,, and RE,, one  can solve the simulta- 
neous  equations of emission,  transmission, and reflection 
at the  target, sputtering gas, and substrate. This is similar 
to solving for  the  transmitted light through three inter- 
faces. The solution is given by 

Deposition rate = 

For SiO,, it was  assumed  that RE = 0.2 + 0.00058 T 
(in "C). This is in fair agreement with the  data published 
by Maissel et  al. [19]. 

Equation (3) shows  that if@ << 1 ,  i.e.,  ifpD is greater 
than 8 Pa-cm (0.06 torr-cm),  the functional dependencies 
are  very complicated. If p = 1 ,  Eq. (3) reduces  to 

Deposition rate = 

Y( 1 - RE,) - Y,( 1 - RE,) - Y(l - a*) 
- 

1 - RE,RE, 1 - RE,RE, 
. (34  

Figure 7 shows  a  plot of the  ratio of the deposition rate 
to Y vs the  pressure,  where D is equal  to 2.5 cm, Y, = 0.1 
Y,   RE,  = 0.41, RE, = 0.35, and T = 350°C. Also shown 
(curve 2 )  is D, the  percentage of particle flux reaching  the 
substrate, vs pressure (D = 2.5 cm). 

Discussion 
Predicted  and observed deposition rates  are  compared in 
Table 1 .  At present,  the largest error in the program is 
believed to be due  to  the neglect of target-edge  effects. 

Figure 8 is a curve of the deposition rate vs pressure for 
a fixed spacing D of 2.5 cm.  This  curve shows the opti- 
mum pressure. Below the  optimum,  the target yield drops 
because  the target voltage increases with  decreasing pres- 
sure;  above  the  optimum,  the  backscattering of the sput- 
tered material reduces  the deposition rate. 

Figure 9 shows a  logarithmic  plot of deposition rate  vs 
pressure  for a spacing D = 3d  (d is the  dark  space thick- 
ness).  When D < 2-3d, the  sputtering plasma becomes 
unstable or is extinguished, and  the resulting depositions 
are nonuniform. For  curve 1 ,  the target power  density 
was held constant  at 2.5 Wlcm'; by  decreasing  D as  the 
pressure is increased,  the  optimum  pressure  increases  to 
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Table 1 Comparison of predicted and observed deposition rates. 

System  Power  Pressure  Spacing  Temperature  Deposition  rate Error 
( k W  torr)  (Pa) D (“C)  (nm/min) in 

(cm) Observed  Predicted  prediction 

Driven 
~~ ~ 

0.93 
(out of 0.85 
phase) 0.95 

0.95 
CARE 1.6 

2.4 
1.6 
2.4 

10 
10 

1.3 2.5 

40 
1.3 
5 

3.1 
3 .1  

40 5 
75 10 

3.1 

75 
2.5 

10 2.5 
135 18 2.5- 
135  18 2.5 

250 
250 
250 

70 
295 
370 
296 
370 

35.6 
29.7 
32.0 
38.0 
34.0 
50.0 
26.0 
41.0 

41.0 
34.2 
38.4 
42.4 
31.8 
47.5 
23.9 
39.4 

+ 13 
+ 13 
+ 13 
+ 1 1  
- 7  
- 5  
- 9  
- 4  

about 10 Pa (0.08 torr). For both curves  the  phase of the 
substrate voltage was  assumed  to  be similar to  that of a 
controlled area ratio system (180 degrees).  Curve 2 shows 
the deposition rate plotted  vs pressure  for a constant wa- 
fer  temperature (3SOOC for a  n+-type wafer); the curve  was 
obtained by computing  wafer temperature  as a function of 
power and  pressure.  Here,  at low pressures,  increases in 
the  deposition rate  are  due  to  decreases in the target volt- 
age;  at higher pressures,  increases  are mainly due  to in- 
creased  gas cooling of the  wafer, and thus  attributable  to 
increases in the target power. 

APL program 
This section describes  the experimental APL program that 
calculates  deposition rates  for an arbitrary parallel plate 
sputtering system.  The main program (or function) uses 
the  above  theory  to calculate  deposition rates for SiO,. 
This  program is applicable to magnetic as well as non- 
magnetic systems, provided the target  voltage is known 
for  the system.  It is an interactive program, which prompts 
the  user for input and  then calculates the  predicted depo- 
sition rate.  The  predicted  rate is for a clean  system. If 
a system contains large amounts of water  vapor (because 
of insufficient pump-down,  leaks, or other  sources of oxy- 
gen or oxygen radicals)  the deposition rate may be  sub- 
stantially below that predicted by the program. 

At present, if the target  voltage is not known,  the pro- 
gram will calculate  a rough estimate of the target voltage 
for  some nonmagnetic systems. 

Perhaps the  most important input  required by the pro- 
gram, which is not always known, is the target power or 
the  target power density.  This is because the matching 
network  losses may dissipate an appreciable part of the 
power that is input to  the  system.  These  losses  are di- 
rectly  proportional to 1) the  target voltage squared, 2) the 
capacitance  between  the target and  the target shield, and 
3) the rf resistance of the coil in the matching network. 
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Figure 9 Logarithmic  plot of the theoretically calculated (solid 
curves) and experimentally obtained (A) deposition rates for 
D = 3d (see curve 1)  where the phase of the  substrate voltage 
was 180 degrees for a constant target power density of 2.5 W/cm2 
(curve 2), and for a constant wafer temperature, 350°C for a 
n+-type wafer (curve 3). 

Appendix  A 
This appendix  gives the derivation of the energy  distribu- 
tion of the ions  and energetic neutral species,  due  to 
charge exchange,  that  strike  the target. The following as- 
sumptions  are  made in the derivation: 

The  cross section for ion  collisions  and charge  ex- 
change  does not  change  with energy.  The  cross  sec- 
tion for symmetrical charge  exchange usually de- 
creases with energy, but for the  range of ion energies 
of interest, this decrease is sufficiently small. 
The ions  originate in the  plasma; Le., the  percentage of 
ions that originate  from  ionization  by electrons is 29 
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small.  This  assumption is fairly good for rf sputtering 
plasmas operated at pressures below 66 Pa (0.5 torr). 

3. The  electric field  is constant  across  the  sheath. 

The third  assumption  greatly reduces  the complexity 
for  the  fourth  group of particles defined in the particle 
energy  section. While the  third assumption is not  exact, 
the  results of the derivation have been compared with the 
results of Davis et al. [20] for  the  ions;  agreement within 
+1S% was  obtained. This error is small compared  to  the 
error in the  estimates of the mean free  path,  the  errors 
due to the  second  assumption, and the  estimate of the 
sheath  thickness. Davis' results  for  the ions, in turn, 
show good agreement  with experimental  data. 

With  reference to  the definition in the particle  energy 
section,  the  number density  and the energy  density cur- 
rent  distributions for the first group  are 

N(V) ,  = Joexp ( -d /h i )  S(V, - V ) ,  (AI) 

E(V),  = JuVoexp ( -d /h i )  S(Vu - V ) ,  (A21 

where J ,  is the number of ions  entering the  sheath per 
second, V, is the  dc bias across  the  sheath, d is the  sheath 
thickness, and hi is the mean free path of the ions. For  the 
second group, 

but 

dJ 
dx - Xi e w -  
" 

and 

dx d 
dV V,  

Thus, 

- 

and 

The third group is identical to  the  second,  due  to  the 
constant electrical field assumption;  thus, 

N(V) ,  = N ( V ,  (AS) 

and 

E(V),  = E(V), .  (A61 

The fourth  group is composed of the  particles that  start 
from rest  somewhere in the  sheath and are  accelerated  to 

an energy V before suffering charge exchange. The num- 
ber  of particles per  second is given  by 

and 

Thus,  the total  energy  distribution of the ions and neu- 
tral species striking the  target is given by 

+ J ~ V , S ( V ~  - V )  exp ( 1 )  

Appendix 6 

Diffusion of sputtered  material 
This  appendix  gives the  derivation of the  current of sput- 
tered  material that  reaches  the  substrate  as related to  the 
material sputtered from  a target. 

Streaming The first part deals with the derivation of the 
particle current  from a target  that  is only forward  scat- 
tered as it crosses  the  space  between  the target and sub- 
strate, D. The analysis will be  one-dimensional, as dis- 
cussed in the diffusion section. 

From  the continuity equation, 

d 
dx 

v . nu = - (nu) = -nvi, 

where n is the streaming  particle density, u is the average 
velocity,  and vi is the  rate  at which  particles are  lost from 
the  stream,  i.e.,  the  rate  at  which particles are  backscat- 
tered. 

From  the momentum equation, 

where M is the average  mass of the streaming sputtered 
particles and vc is  the collision frequency of the streaming 
particles. By using Eq. (Bl), Eq. (B2) may be written  as 

Mnu - - finuv, = n - kT - - Mnuvc. (B3) 
du dn 
dx  dx  dx 

IBM 1. RES. DEVELOP. VOL. 23 NO. I e JANUARY 1979 



In order  to make Eqs. (B1) and (B3) a  closed system of 
equations, we  will assume  that both kT and v are con- 
stants.  These  assumptions  can be  related to  the following 
condition: 

BY using Eq.  (BI) and  the assumptions of constant kT and 
v ,  we get 

nkTu, 
-Mnvu, = ~ - Mnvuc, 

v 

or 

From time-of-flight measurements, 

Muz = 2kT; 

therefore, 

2u 
u. = 3. 
' 3  

Use  Eqs.  (Bl)  and (B4) and  integrate with respect  to x to 
get 

where To is the particle flux at  the target and A = v/uc.  
Thus,  the flux  of the streaming  particles r, decreases  ex- 
ponentially with distance,  as would be expected.  The im- 
portant feature of the  derivation is that we now have  a 
value of vi that is consistent with  the  exponential decrease 
of rs. 
Diffusion We can now write the continuity  and  momen- 
tum equations  for  the  sputtered material that diffuses 
back to  the  substrate  and target after being scattered  out 
of the  streaming flow. The  continuity equation is 

- n u  = +nqui = 3 exp(-  E), d 
dx 3A 

where n and v now refer to  the diffusion particle  density 
and the average  velocity,  and ns is the  streaming  particle 
density. Likewise, the momentum equation  becomes 

dv kT dn 
dx 3A M dx 

nv - + nvuc + exp (- $1 = (- TI-. (B9) 

In theory, we can  get  the particle current  due  to dif- 
fusion, "rd", by simply integrating Eq. (B8). This in- 
tegration gives 

rd = nv = 1 2 exp (- dx ,  
2x 

or 

rd = -To exp (- hj + C, 2x 

where C is a  function of A and  the spacing D between  the 
target and  substrate.  The  constant C determines  the divi- 
sion of the particle current  between  the target and  the 
substrate. 

In order  to find C, we can linearize Eqs. (B8) and (B9) 
and use the approximate boundary condition that n = 0 at 
the  boundaries.  Then rd is 

dn 
dx ' 

-D* - 

where  the diffusion constant  D* = kT/Muc,  and  the con- 
stant C is thus defined. To make Eqs. (B8) and (B9) lin- 
ear, we can make the  normal diffusion assumption  that 
v2 << k T / M .  This  assumption is fairly good except  near 
the boundaries. By using v 2  << k T / M ,  Eq. (B9) becomes 

kT dn 
m u c  = [- lil) 
Taking the derivative  with  respect to x and using Eq. 
(B8), we obtain 

Integration gives 

By applying the boundary  condition  that n = 0 at x = 0 
and at x = D ,  we get 

By using rd = (kT /Muc) (dn /dx) ,  Eq. (B12) becomes 

Thus 

and Eq. (B13) is consistent with Eq. (B10). 

We can now find the  total particle flux Tt by adding 
Eqs. (B13) and  (B7);  this  gives 

(B14) 
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