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Air Film System for Handling Semiconductor Wafers 

In an  automated fabrication facility, the thin,  fragile silicon wafers in which semiconductor circuits are formed  must be 
transported to and from processing  stations with a minimum of contact with other solid objects so as to minimize dam- 
age,  contamination, and consequent lowering ofproduct yield. This task has been undertaken for  some  time  now, in IBM 
and elsewhere, by systems based  on a lubricatingjilm of  air as  a means for levitating and moving wafers.  However, due 
to inherent motion instabilities and specijic control needs,  some solid contact  is typically involved in effecting prescribed 
wafer motion. The need for solid contact control is greatly reduced by the airjilm  system described in this paper.  It  is 
based  on a surface conjiguration that  combines two fluid  mechanics phenomena  to generate a supporting airjilm that 
provides  and  guides wafer motion. Wafer  transportation and positioning  are  achieved with the air jilm operating in 
conjunction with special control device  techniques. 

Introduction 
The  production of electronic modular circuits in thin and 
fragile silicon wafers  involves a variety of complex  pro- 
cessing steps.  These  operations  require considerable  han- 
dling of the  wafers, which must  be done in a way that 
minimizes damage  and  contamination and  thus  avoids 
lowering of product yield. The  processor  stations in such 
a facility are all connected to  an atmospherically  con- 
trolled wafer  delivery apparatus  that performs the  func- 
tions illustrated in Fig. 1. The  wafer  transport  apparatus 
must provide-with a minimum of contact with other 
solid objects-a rapid,  secure,  clean,  and  dependable de- 
livery of wafers to  the  stations.  Because of the  extent, 
configuration, and  requirements of the  system, various 
difficult motion  control functions  are involved. Not only 
must the  apparatus  transport wafers over different  dis- 
tances,  but it must also  have  means  for stopping, posi- 
tioning,  redirecting,  and  providing other specific motions. 

For  some time now, in IBM  and  elsewhere, wafers 
have been  moved on a lubricating film of air in an effort to 
minimize physical contact. Generally  speaking, the im- 
plementation of this idea entails the  use of flat perforated 
surfaces through which a continuous supply of air  under 
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Figure 1 Typical motion control functions of a wafer delivery 
apparatus. 
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Figure 2 Wafer levitation (a), movement on an air film (b), and 
constrained linear motion (c). 

pressure  is  forced  (see Fig. 2 ) .  These  surfaces  are  either 
of a porous  sintered material or a material  containing an 
array of small  holes. When a wafer is placed over  the  air 
streams issuing  from the  surface, a  cushioning air film is 
formed  which supports  it.  The wafer is moved and ma- 
neuvered by the impulse action of air  streams issuing 
from appropriately  oriented  openings. In addition,  to  con- 
strain  wafer motion in a prescribed  manner, various 
forms of solid  contacting means  are typically required. 
For  example, in linear transportation  over a distance,  the 
effects of low sliding friction and momentum of the mov- 
ing wafer  cause it to diverge from  the desired direction. 
Consequently,  as illustrated in Fig. 2 ,  contacting bound- 
ary guides limit its lateral motions.  Other motion control 
examples  where solid contact is involved  include the wa- 
fer stopping and positioning operations indicated in Fig. 
1. Essentially, a wafer is stopped  at a given  location and 
held in contact with the  surface by the suction force  pro- 
vided by vacuum ports.  Upon  removal of the  force,  the 
wafer,  again floating on  the  air film, is propelled by air 
streams in either  the  same or a different  direction. For 
processes  such  as serial number identification, the 
stopped  wafer is rotated in place  on  the  air film to a spe- 
cific, position where it is again held, identified, released, 
and  transported  out in a given direction. This  orienting 

operation  requires considerable  positioning accuracy  and 
in the  past  has been done by techniques involving contin- 
uous edge  contact.  Because of the physical contact  en- 
tailed in effecting such specific wafer motions, past efforts 
in developing air film apparatus  have sought particular 
materials and  constraint designs to minimize damage. 
Other efforts have  focused  on  creating supporting motive 
air films with added motion control capabilities in an  at- 
tempt to eliminate, or at  least  decrease,  the incidence of 
wafer contact. 

In automated wafer handling apparatus currently  used 
at  IBM, a particular construction of surface openings is 
employed to  generate  an  air film with such control charac- 
teristics [I]. In essence,  air  streams  at small inclinations 
with the  surface and issuing from a central  row of ori- 
ented,  louvre-type openings  move the wafer  linearly. 
Other  air  streams from rows of similar  openings, directed 
inward towards  the travel direction,  are intended to  keep 
the moving wafer centered. This arrangement is reason- 
ably effective in providing control.  However,  some  con- 
tact still occurs because of the overriding  influence of 
complex motion instabilities associated with the  nature of 
the  air film. Characteristically, both pitching and rolling 
motions are induced as  the film propels  the wafer  linearly 
and  simultaneously constrains  its lateral  motion. This  be- 
havior is  ascribed  to  the  absence of any  constraint  on wa- 
fer  motion  normal to  the  louvred  surface.  Furthermore, 
these  characteristic motions are  sensitive  to  and  are aug- 
mented by slight misalignments in the  surface  and/or  the 
air louvre  orientations.  Another sensitivity is associated 
with the  enclosures placed over  the film surfaces  for  at- 
mospheric control  purposes.  The film air accumulating  in 
the  enclosed volume  must  be continuously vented at  nu- 
merous locations and in a smooth, controlled manner. 
This is difficult to  do in practice,  and  the natural occur- 
rence of small deviations causes flow disturbances within 
the  enclosure which aggravate the  above behavior. Con- 
sequently,  these induced unstable motions  tend to  coun- 
teract  the intended  lateral  constraining effect of the  air 
film, and  some contacting occurs. 

In addition to  the  air  elements  for linear transportation 
of wafers,  air  track  intersections  and orienting com- 
ponents  are needed for  the  other motions  indicated in Fig. 
1. These  components  also use louvre-type  air openings  in 
particular  orientations,  and  various  forms of physical 
contact  are involved in the  execution of the required  mo- 
tions. Thus, while this  general system  represents a con- 
siderable advance in automated wafer  delivery, some 
likelihood of wafer  damage still exists. 

Physical contact in the transportation  and positioning 
of wafers is substantially reduced by the  air film system 
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developments  described in this paper. Basically, edge 
contact in all wafer movements  is completely  eliminated. 
In  stopping  operations, wafer surface  contact  is  involved, 
but  under greatly mitigated conditions.  The  system is 
based on a  supporting air film that  embodies  the suction- 
generating and flow-redirection actions of two fluid me- 
chanics phenomena. This causes  the film to  exert, simul- 
taneously, a net  attraction  force on the wafer in addition 
to  pronounced  directed  forces  acting in the plane of the 
wafer surface.  The overall action of the combination of 
forces is such  that  an essentially uniform air film thick- 
ness is maintained while constraining  wafer motion in di- 
rections normal to  and parallel to  the  air film generating 
surface.  Thus, motion instabilities  stemming from effects 
such  as  enclosure flow disturbances  and  surface mis- 
alignments are more effectively resisted. 

The  air film is generated by a  perforated surface  that is 
implemented in different configurations for accomplishing 
the basic control functions  illustrated in Fig. 3. In  con- 
trast  to  the existing louvre-type  system,  its  operation 
characteristically  involves  higher air  stream velocities in 
order  to  create  the film. In  one  version, higher  air  supply 
pressures are required, while  in a second version, the flow 
supply pressures  for the two systems are comparable. For 
linear transportation with either  version, the supporting  air 
film propels the wafer essentially parallel to  the air  track 
surface, while constraining its lateral  and vertical motion. 
For  the  intersection and  orienting components,  the  air 
film acts in conjunction with other control techniques, 
which also utilize certain aspects of  fluid flow phenom- 
ena.  These  techniques, operating  synergistically with the 
controlling characteristics of the  air film, provide  typical 
control functions  such  as: sensing the  presence of a wafer 
entering a given  location (e.g., an  intersection) and gener- 
ating a pronounced  pressure signal; activation, by  this 
pressure signal, of a means for stopping  the wafer without 
the need of an external vacuum source;  and  other  con- 
trols associated generally  with centering,  rotating, redi- 
recting, and accelerating a wafer on  the  air film. For  the 
wafer  orienting function, positional accuracy is achieved 
by an  arrangement of photo-electronic position-sensing 
and  actuating  devices operating in conjunction with cer- 
tain of the  above control techniques. 

The following sections  describe  the underlying fluid 
mechanics  principles and  their application to air track, in- 
tersection,  and orienting components  for a wafer  delivery 
system. 

Basic  air film surface 
The air film generating  surface is  described with reference 
to  the  track  structure  shown in Fig. 4. It  consists of a 
bilaterally  symmetrical arrangement of flat surfaces  sepa- 
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Figure 3 Components of the new air film system. 
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Figure 5 Surface structure parameters. 

rated by channels.  Each  channel  has a rounded  sidewall 
which blends tangentially with an  adjacent flat region. 
Air,  under  pressure in the feed  manifolds, is supplied to 
the surfaces by rows of long holes which  terminate in the 
flat regions in locations  essentially midway between 
bounding channels.  These  holes  are all inclined towards 
the  track  centerline  at angles 4 and p, as shown in Fig. 5. 
Consequently,  the velocity v of an air jet issuing from  any 
such hole has  components v n  and up  normal to  and parallel 
to  the  track  surface,  respectively.  The inclination of v for 
each pair of opposing rows of holes is at a particular set of 
angles C$ and p. The variation of this inclination with the 
hole rows  is  such  that  the  planar angle p is largest for  the 
innermost rows  and smallest for  the  outermost  rows. 
Thus,  as  shown in Fig. 4, p, > p, > p, for  row pairs 1, 2 ,  
and 3 ,  respectively. In addition,  the magnitude of the  air 
jet velocity v from each pair of rows is also varied by 
means of pressure  (p)-mass flow rate (riz) conditions in the 
appropriate feed  manifolds, so that velocity is largest for 
the  outer  rows and  smallest for  the  inner  rows.  Thus,  for 
manifold supply pressure  settings p 3  > p ,  > p 1  corre- 
sponding to  particular air  flowrates n i 3  > ni, > nil ,  the 
relative  velocity  magnitudes are  such  that v3 > up > v l .  
Finally, the  track configuration considered  here  contains 
air film holes  which are all of the  same  diameter d and of 
slightly different  length I depending on their inclination 
angles. In  another version of the  air  track, which will be 
discussed  subsequently,  the inclined  hole diameters  for 
each pair of rows  are  also varied so that dl < d, < d3 for 
row  pairs 1 ,  2 ,  and 3, respectively.  In  that configuration, 
air is supplied to  the film holes at  the  same  pressure  from 
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By combining the action of two fluid mechanics  phe- 
nomena,  the inclined air  jets impinging against the wafer 
surface  produce a  supporting air film that  exerts multi- 
directional forces on the wafer. The  net  attraction  force 
stems  from  the influence of the suction-generating or Ber- 
noulli flow phenomenon [ 2 ,  31. Here,  we call it the  “axi- 
radial” effect because of its  particular  operative flow ge- 
ometry. As  illustrated in Fig. 6, the  air  jet issuing axially 
from an inclined  hole  (Fig. 5 )  impinges  against the wafer 
surface  and abruptly turns  to  expand in an essentially 
radial direction.  The  jet  thus  produces a flow momentum 
force in the n direction which acts  to  overcome weight 
and  repel  the wafer  from the  surface. At the  same  time, 
the  flow, in turning to  expand in the radial direction,  sepa- 
rates  to  some  extent from the  track  surface in the vicinity 
around  the hole. Because of this  expansion and separa- 
tion, a region is created  between  the wafer and  the  track 
surface in which the local static  pressure is lower  than 
atmospheric  pressure.  Downstream from  this  region, the 
flow is reattached  to  the  surface,  and  the  pressure in- 
creases in accordance with flow behavior in a passage of 
increasing  cross-sectional area. Owing to the relative in- 
fluence of the suction  region, a net  attraction force is gen- 
erated which is sufficient to  counteract  the effect of the 
opposing  momentum force. Thus, instead of being re- 
pelled, the wafer is  drawn  to  and  constrained  on  the  air 
film. As will be discussed subsequently, this  overall pres- 
sure variation is associated with a complex flow behavior 
in which both inertia and viscous force effects are  pres- 
ent.  Characteristically,  the radial static  pressure variation 
along the wafer  surface is  as  illustrated by the solid curve 
in Fig. 6. Because of the hole inclination,  the flow separa- 
tion varies around  the film hole region with an  accom- 
panying  change in the  extent  and magnitude of the  suction 
effect. Due  to  the  presence of an  inherent equilibrating 
action,  the  net effect of pressure variation in an  angular 
direction around  the hole is to maintain an essentially uni- 
form air film thickness. Any tendency of the  wafer  sur- 
face  to tilt is  thus continuously counteracted.  The  attrac- 
tion force  on  the  entire wafer is provided by the aggregate 
axi-radial action of the multiple air  jets.  The  resultant 
flow action  produces a uniform air film  of a thickness  de- 
pendent  on dynamic force equilibrium  conditions that 
vary with flow supply  conditions for a given track geome- 
try. 

Both attraction  and surface forces  on  the wafer are  en- 
hanced by the  “Coanda” effect [4]. This  effect, in which  a 
tangentially  entering flow smoothly changes direction and 
follows a curved  surface  boundary, is implemented by the 
channel construction in the  track  surface.  Refemng  to  the 
bottom of Fig. 6, the  entering axi-radial  streamlines 
“bend”  around  the suction  region and subsequently  be- 
come essentially parallel to  the flat surface downstream 
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from the hole. Here  they  encounter, in part,  the effect of 
the  curved  surface and turn  to follow it.  This action ex- 
tends  the suction region as illustrated by the  pressure var- 
iation curve in Fig. 6. The  extension is most pronounced 
In the direction of the hole  inclination p,  viz . ,  along the 
p axis towards  the  curved  surface (Fig. 5). For  other 
radial directions from the  hole,  this  extended effect is di- 
minished and is nonexistent for  the exiting  radial flow that 
does not encounter  the  curved  surface. By this basic  ar- 
rangement,  the  attraction effect is  enhanced,  as well as 
the  resultant of the boundary-layer-induced  frictional 
forces  acting  on  the wafer surface in the p direction. 

A main reason for  the  Coanda effectiveness here is the 
inherent  characteristic of the flow to  enter  the  channel in 
an essentially  tangential direction.  The induced flow is, in 
large part,  exhausted in axial directions within the  chan- 
nel passage and  thus below the plane of the track surface. 
This action  causes a  reduction in cross-interference flow 
effects between opposing film hole rows  and  thus  en- 
hances  both  the  attraction  and  planar frictional forces  act- 
ing on the wafer. The resultant surface  force  action, by 
the symmetrically opposed  rows of air film holes,  con- 
strains  lateral motion while moving the wafer in an axial 
direction. Concurrently,  the  resultant  attraction  force 
continuously constrains motion in the normal  direction so 
that  the wafer  moves  essentially  parallel to  the  track  sur- 
face. 

In a sense,  the  air film produced by the surface (Fig. 4) 
can  be  considered as a “control” flow volume  comprising 
an essentially constant film thickness  and bounded on ei- 
ther side by the track  and  wafer surfaces.  The  force field 
associated with this  control  volume produces  the wafer 
motion characteristics  described qualitatively above. 
This force field and  hence  the motion control ef- 
fectiveness  is,  for a given surface  geometry,  dependent  on 
the inclination (angles 4 and p)  and flow velocity (v) of the 
air jets in each pair of opposing film hole rows. A quan- 
titative  description of this and  other  parametric relation- 
ships is not tractable owing to  the  extreme complexities 
of the  overall problem. Consequently,  our  developments 
were based largely on  experimental  studies in conjunction 
with certain supporting  analytical  efforts. We proceed 
with a further discussion of the fluid mechanics structure 
and performance of the  air film by first focusing on  char- 
acteristics of the axi-radial flow. 

Basic  aspects of the  axi-radial  effect 
Consider a  particular representative flow model of the 
phenomenon as depicted in Fig. 7. Here, a flat circular 
disk of diameter D and weight W is supported  on  an  air 
film of constant  thickness h .  Perfect radial  symmetry is 
assumed so that  no unbalanced  horizontal forces  exist, 
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which would cause a corresponding motion of the disk on 
the low-friction air film. Air at a gauge pressure p ,  and 
steady mass flow rate riz is supplied to  the film flow pas- 
sage by a hole of diameter d and length I ,  perpendicular to 
the disk. The radial pressure variation along the disk sur- 
face reflects the influence of both inertia  and  viscous 
forces in the flow. At low Reynolds number  viscous 
flows, the  presence of accelerations in the radial inlet re- 
gion produces significant inertia effects. For the special 
case of steady, incompressible, and purely  radial flow be- 
tween parallel plates,  studies [ 2 ,  3 ,  51 have  shown  the  ex- 
istence of a depressed  pressure region due  to  these addi- 
tional  effects. For  example,  the  analysis by Livesey [ 5 ]  
provides an approximate  radial pressure distribution of 
the form 

6pm r 
rph3  r,  4r2h2p r: 

P1 - P2 = - (1) 

where p l ,   p z  are,  respectively,  the  pressures  at radial lo- 
cations r l ,  r2; p and p are  the density and coefficient of 
viscosity, respectively. The  second  term on the right- 
hand  side represents  the  pressure  change  due  to  inertia 
effects and is of opposite sign to  that of the viscous pres- 
sure  drop. A depressed  pressure region is therefore in- 
dicated and,  as Livesey shows,  the inertia  effects are suf- 
ficiently large to  cause this condition  at  quite low Rey- 
nolds numbers. For the axi-radial flow configuration,  this 
pressure  behavior is even  more  pronounced  due  to aug- 
mentative flow acceleration  effects  occurring in the inlet 
region. Thus,  even  for  incompressible viscous flow, as in 
the  present application, the radial pressure variation is of 
the  form illustrated  qualitatively in Fig. 6. In the  model, 
this  variation is the  same in any radial  direction because 
of the  axisymmetric flow conditions. 

In2"  3 m 2  [ '  "_  r;), 

The impinging flow exerts a  normal  momentum force 
Pn acting at  the stagnation point  at  the  center o of the 
disk. Because of the  pressure  variation, this force is con- 
currently opposed by an  average  suction  pressure loading 
& acting over  the  surface  area A of the disk.  This results in 
constrainment of the disk at a given air film thickness h ,  at 
which an equilibrium of vertically  acting forces  exists 
such  that Pn - A& - W = 0. Application of the impulse- 
momentum  principle for  steady  and assumed  one-dimen- 
sional flow conditions at  the hole  inlet ( s )  and exit (e) re- 
gions of the flow passage results in 

ups + - - 2 r  prdr - W = 0, 

where a is the inlet  hole flow area  and p is  the gauge pres- 
sure  acting  on  the disk at r .  The  forces Pn and A& are  thus 

Pn = up, + - and ( 3 )  

m 2  

Pa C" (2 )  

m 2  

Pa 

A& = 257 prdr. loDi2 
Characteristically,  as  the supply flow rate is changed, 
these  forces  assume different values while their  difference 
remains a constant equal to W [Eq. (2 ) ] .  Their  individual 
values at a  given flow rate  are  thus coupled to a particular 
spacing, h. Consequently, h varies with flow rate in a 
manner  that reflects the relative  influence of these  forces. 
A comprehensive theoretical treatment of these  charac- 
teristics, which are coupled  with flow in a  passage of vari- 
able spacing, is extremely difficult and is not available. 
Some quantitative  estimate of this behavior can be ob- 
tained by use of radial static  pressure variations such  as 
illustrated by Eq. (1) or improvements  to this approxima- 
tion as given in [3 ] .  However,  this  approach ignores ef- 
fects  associated with axial flow turning into the  radial  in- 
let region. The  pressure variation in the vicinity of this 
region thus differs quantitatively from that  predicted by 
purely radial  viscous flow analysis. 

The  developments described in this paper were under- 
taken by first conducting  preliminary  experimental stud- 
ies of the axi-radial characteristics with appropriate mod- 
els. With these  observations  as a guide,  air film surface 
models were developed embodying  the axi-radial and 
Coanda effects. The configurational  details  and  experi- 
mentally determined  performance characteristics of these 
surface  models are described subsequently.  From  the ini- 
tial axi-radial flow studies  conducted  under laminar flow 
conditions, it was generally observed  that  the l / d  ratio of 
the inlet  hole (Fig. 7) has  an  important influence on  the 
flow stability.  This influence is evidently  related to  the so- 
called hydrodynamic  entrance length  required for  the 
flow to  reach a developed laminar  state [ 6 ] .  The l / d  ratio 
required to  achieve this developed  state is given by the 
condition 

1 
- > 0.058Re, 
d 

where Re = 2 m / p &  is the flow Reynolds number.  For 
l / d  ratios  less than the  Eq. (5) condition,  the undeveloped 
flow issuing  from the hole at  location i has  an  apparent 
adverse effect on the  suction generation mechanism. We 
observed  that  the  decreased  attraction capability is gener- 
ally reflected by larger  air film thicknesses  and by tenden- 
cies toward instability or flutter of the  constrained  disk. 

Other  studies were made of the effect of hole  inclina- 
tion on  the uniformity of air film thickness. We observed 
essentially uniform thicknesses  for inclination  angles 
ranging from  zero  to approximately 50" with the vertical. 
This characteristic is evidently due  to  an inherent equili- 
brating action associated with the  asymmetric  pressure 
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distribution in the air film. For this  condition to  exist,  the 
resultant  moment exerted by the  pressure loading  must 
counteract  the  surface tilting moment  due  to  the action of 
the normal  momentum force. 

Combination of axi-radial and  Coanda effects 

Considering a single hole and  the  adjacent  “Coanda” 
channel  (Fig. 5 ) ,  the combined flow action produces 
forces on the wafer as illustrated in Fig. 8. The  planar 
force Pp acting in the direction of the velocity component 
u p  ( i .e . ,  the p axis) is the  resultant of the frictional forces 
due  to  the flow boundary layer effect [6]. The variation of 
the velocity component up with normal  distance in the air 
film is as illustrated for a direction i-i normal to  the p axis. 
The axi-radial flow induced into  the channel by the 
Coanda effect promotes an extension of the suction re- 
gion (Fig. 6) and  increases  the magnitude of the velocity 
gradient at  the wafer surface. This action  increases flow 
shear  forces  and  thus  the  force P p  is augmented in the p 
direction. For  the given force P,,, the  extended suction 
behavior  increases  the Afi force  and  thus  enhances  the 
Stability of the air film. The  force P p ,  with components Pa 
and P, ,  thus  imparts motion to  the vertically constrained 
wafer in the axial (a)  and transverse ( t )  directions,  respec- 
tively. The combined  action of the  two flow phenomena  is 
effectively achieved for a range of surface configuration 
dimensions T, R ,  E ,  and B (Fig. 5). Basically, for a hole of 
given I ,  d ,  and inclination 4 ,  a minimum flat surface re- 
gion around  the hole ( e . g . ,  a circular region of radius T - 
R )  is required for  the  proper  development of the axi-radial 
effect. We have  observed  that a range of surface areas 
above  this minimum is effective.  Similarly, the  channel 
dimensions satisfying given minimum requirements  also 
have a range of values for which the coupled Coanda  ac- 
tion is effective. The radius R for given T, E ,  and B can 
have different  practical  values above a minimum for  the 
air track application. For  other  surface configurations, 
such as  for  the intersection and  orientor applications, the 
value of R can be relatively smaller. In a later version of 
the wafer orientor, which will be described  subsequently, 
a value of R = 0 has been found  to be  practical. In this 
case,  the  Coanda effect has been reduced  to flow over a 
“step” region as provided by the channel with vertical 
sidewalls.  Because of the  nature of this kind of flow con- 
figuration,  a part of the  directed axi-radial flow is still in- 
duced  into  the channel by attendant expansion  effects. 
While the effect of this  action is less than that with a 
rounded sidewall surface, it still provides a sufficient aug- 
mentation of the  force P p  for this  particular application. 

Referring to Figs. 4 and 9, the  above discussion is ex- 
tended  to  the air  track  configuration  containing three 
pairs of symmetrically opposed  rows of air film holes. 
Corresponding to  the previously described variation of air 

u ~ l i b r ~ u n i  air film 

into channel 
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Figure 8 Applied wafer forces due to the combined flow action. 

jet velocity, the  forces  for row pairs 3 ,  2 ,  and 1 are  such 
that Pps > Pp2 > P p ,  and Pn, > Pn, > P,,. The  air film 
“control” volume exerts on the  wafer a total  normal  mo- 
mentum force equal to CP,  and  an  average  attraction 
force F, = HA&. The wafer is  thus  constrained on the  air 
film  of a uniform  thickness h in accordance with the  ex- 
tended force equilibrium condition of Eq. (Z), viz., 

C P ,  - F, - W = 0. (6) 

The wafer is given axial motion by a  resultant force Ra 
equal to  the  sum of the planar  axial force  components  act- 
ing on its  surface, viz., 

Ra = CP,, (7) 

where CP,  = C(Pa,  + Pa, + Pa,) and Pa, > Pa, > Pas. The 
oppositely directed  transverse  force  components, P,,  < 
P,, < P,,, act  to  keep  the moving wafer  centered with re- 
spect  to  the  track  symmetry  axis a. When the  center of 
gravity (C. G.) of the wafer is  on  the a axis,  the  sum of 
these  forces on the left side of the symmetry  axis R,, is 
just balanced by the sum of the  forces  on  the right, R,,. If 
the  wafer C. G .  moves in the t direction,  an unbalanced 
force, 

AR, = R,, - Rtr,  (8) 
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Figure 9 Air  track  operating  performance characteristics. 

is created which acts  to  restore  the motion. The AR, force 
increases with displacement in the t direction because of 
the opposing effect of increasing PI forces acting on  an 
increasingly  larger part of the displaced  wafer surface 
area.  The effectiveness of AR, in restoring symmetrical 
axial motion is  enhanced by the implemented  variation in 
the magnitude and direction of the P,  and Pa forces in the 
transverse direction. The  overall result of this arrange- 
ment is  that  the generated force field acts not  only to ef- 
fectively restore  the desired motion,  but  also  provides a 
stronger  resistance  to any  initial  deviation  from  this con- 
dition. 

Some performance  characteristics of the  track  air film 
are illustrated in Fig. 9. For a given wafer weight W ,  the 
variation of h withp, = 1/3(pl + p 2  + p 3 ) ,  while comply- 
ing with the  force equilibrium condition of Eq. (6), is as 
shown. Due to the intrinsic action of this  condition, a 
variation in W (e.g. ,  such  as would be encountered with 
wafers in different stages of processing) is reflected by a 
shift to a different  equilibrium value of h.  The variation 

of m = m + m, + n i 3  exhibits  an appreciable range 
where it is essentially  insensitive to the value of p,. This 
range is coupled  to a similar kind of behavior in the 
variation of h and  is a typical characteristic of the  axi- 
radial flow action.  The flexible vertical  constraining prop- 
erty of the  air film is  thus manifested at  an essentially 
constant h over a given  operating range of p , .  We have 
observed  that  the effectiveness of the constraining air 
film is realized for  an appreciable  range of supply  pres- 
sure conditions  which, in turn, affords a considerable 
practical advantage. 

The axial  velocity of the wafer is controlled by varying 
p ,  and  thus  the force Ra [Eq. (7)]. A wide  range of velocity 
and acceleration conditions is achievable  while ef- 
fectively  controlling  wafer  motion in the normal and 
transverse directions. With increased p,, the planar forces 
R,, ,  R,, and  therefore AR, [Eq. (8)] are  enhanced.  The  typ- 
ical variation of AR, with displacement t of the wafer C. 
G. from the a axis is as  shown in Fig. 9. The variation is 
approximately linear in a range of practical interest, t , ,  
and we define an air film “spring  constant”  for this range 
as K = ARJt,. In view of the essentially uniform con- 
straint of wafer motion in the  normal  direction,  the  action 
of AR, in restoring  symmetrical  axial motion is involved 
with an equation of motion of the general form 

d2t dt  
rn 7 + c -  + Kt  = rnF(a, r ) ,  

dr dr 

where r denotes  time; c ,  an  air film “damping constant”; 
rn, the  wafer mass W i g ;  and F ,  a function of a and r .  The 
term c(dtldr7) represents  the damping force variation with 
t and r ;  and Kt  is the restoring force AR, for  the range 0 5 

t 5 t,. A wafer moving at a  given axial velocity and dis- 
placed a distance t = to at time = 0 (see Fig. 9) must 
recover symmetrical motion ( t  = 0) in the  shortest pos- 
sible distance aL. This distance is influenced by momen- 
tum of the moving wafer and by the magnitude of t,. The 
decaying  oscillatory  behavior of t with respect  to  the a 
axis is  associated with the  underdamping condition for 
which c < 2 a .  Measurements of c and K were made 
for various film hole  inclination patterns (4, p), in con- 
junction with different air  jet velocity  variations ( i . e . ,  by 
adjustment of manifold pressures p l ,  p2, and p J .  The 
basic film hole arrangement  and flow supply conditions 
reflect a maximization of c and K values while complying 
with the underdamping condition. This results in an  en- 
hanced recovery capability and a stronger  resistance  to 
deviations from symmetric4  motion. 

0 Air  track  dimensions and general  operating  conditions 
The  air  track (Fig. 4) was designed to  accommodate  two 
wafer sizes  at  the  same  operating  air supply  conditions: 
viz., D = 82 mm (W == 5 g) or D = 57 mm ( W  == 2.4 g) 
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wafers. The approximate surface configuration dimen- 
sions  (Fig. 5 )  are: t ,  = 95 mm, T = 9.5 mm, R = 3.2 mm. 
E = 1.8 mm,  and B = 3.2 mm. With regard to spacing of 
the air film hole rows, some  variation is possible without 
sensitive influence on  the wafer  motion. The spacings in 
the  present design are t ,  = 22 mm, t ,  = 51 mm,  and t ,  = 

73 mm. Each  pair of rows  contains  air film holes of diam- 
eter d = 0.34 mm,  and  the holes are uniformly spaced at a 
distance u = 19 mm. The  arrangement is such  that  the 
holes in each  row pair are aligned  with respect  to  the t 
direction at any  axial  location a .  This location pattern  and 
hole  spacing represents  one of several different arrange- 
ments that were  investigated and  found  to be  essentially 
equally  effective. The average  length / of all the film holes 
is approximately 1.8 mm. The film hole length for  each 
pair of rows is slightly different because of the different 
inclination angles 4 and p. These angles are: 4, = +2 = 

4, = 22" and p, = 64", p, = 45", p, = 26". Air is supplied 
to  the film holes  from  internal feed manifolds of diameter 
6 = 13 mm. The supply pressures p 1  < p 2  < p3 for  the row 
pairs are  set by using the  corresponding stagnation pres- 
sures of the issuing air  jets  as  the basic  indicator. For ex- 
ample,  the  pressure pl,  and hence  the flowrate nil, is set 
by placing a manometer total pressure  tube  over a given 
film hole. The desired  stagnation pressure is then  ob- 
tained by adjustment of the  value p , .  We observed  that 
the stagnation pressure settings  can be varied over  an  ap- 
preciable  practical  range  without adverse effect on per- 
formance. Typical  operating settings  for  row pairs I ,  2, 
and 3 are, respectively: 125,375, and 750 mm of manome- 
ter  water column. For this condition,  the approximate  av- 
erage  supply pressure, p ,  = 1/3 ( p ,  + p 2  + p 3 ) ,  is 1 1  X IO3 
Pa;  and  the corresponding  mass flowrate, riz = kl + k2 + 
k,, per  meter of track length is approximately 2.5 X 

lo-, kg/s. The air  supply connections  to  the manifolds are 
located at  track length intervals of approximately 6 me- 
ters.  Because of flow pressure  drop,  the  above stagnation 
pressure  values, adjusted  at  a  given transverse  location, 
vary with axial distance along the  track.  Due  to  the flow 
resistance  characteristics of the  rows of small film holes, 
these  pressures  decrease in an  approximately linear  man- 
ner and  at essentially the  same  rate.  Consequently,  the 
maximum stagnation pressure  decrease  for a track length 
of 6 m is approximately 30 mm water column for  each of 
the  above  settings.  The  performance of the  air film is es- 
sentially  unaffected by this decrease in the  pressures. 

The  track configuration is constructed from  aluminum 
in a width  larger  than t ,  in order  to  accommodate a  plas- 
tic cover  for  atmospheric  control  purposes  (see Fig. 3). 
Thus,  the overall width is 133 mm and its thickness is 
21 mm. The  entire configuration is constructed by an  ex- 
trusion process in track lengths of approximately 2 me- 
ters. Following a surface  smoothing machining operation, 

the film holes are drilled in the  structure. Satisfactory 
track operation  does not require  an  overly sensitive  hori- 
zontal  alignment of its surface.  For  example,  surface  de- 
viations of approximately 0.1" from  the horizontal do  not 
adversely affect the  control capability of the  air film. In 
operation,  dry filtered air is supplied to  the covered track 
at axial intervals  as noted above.  The  air accumulating in 
the  enclosure,  at a pressure slightly higher than  atmo- 
spheric,  is  vented  at various  axial locations  on  the  cover. 
An important  characteristic of the  air film is  that  its  con- 
trol  effectiveness is not reduced by irregularities in the 
venting operation.  Thus, venting requirements  are not 
stringent. With regard to motion  stability characteristics, 
measurements of c and K [Eq. (9)] were made  for  both 
wafer sizes  under various  velocity and displacement con- 
ditions. For a typical  operating  velocity of 0.5 m/s and  an 
extreme displacement to = 1/2 (tw - D ) ,  the recovery  dis- 
tance aL for both sizes  was less than 1.2 meters (Fig. 9). 
For smaller  values of to and/or axial  velocity, the  recov- 
ery  distance uL was reduced. On the  other  hand,  for a 
velocity greater than the  above  value, say 1 .O m/s, and for 
displacements to of the  order of 1/4 (t ,  - D) ,  recovery 
also occurred in a distance  less  than 1.2 meters  for  both 
wafer cases.  For  the  above flow supply  conditions,  the 
average damping and  spring constants indicated for  either 
wafer  size are  on  the  order of c = 0.018 N/m/s and K = 
0.27 N/m. Typical  equilibrium  air film thicknesses h for 
the  above operating conditions  are  on  the  order of 
0.1 mm. 

As noted  previously, another version of the air track 
was developed in which air is supplied to  the film holes at 
a  reduced and common pressure p = p ,  = p 2  = p s .  The 
purpose of this effort was to  extend application of the 
track  to very low operating pressure  conditions,  such  as 
those  associated with blower air supply equipment.  This 
equipment is used in operation of the  existent louvred 
system discussed previously. The configuration and di- 
mensions of this  version of the  track  are  the  same  as  those 
described above, with the  exceptions of the air supply ar- 
rangement and  the film hole aspects. Basically, in order  to 
obtain the low  operating pressure  conditions, larger  diam- 
eter ( d )  film holes are used  with an  average length ( I )  ap- 
proximately the  same as for  the  above  track. In view of 
this construction,  the / / d  ratio of the holes is somewhat 
less than 0.058Re [see Eq. ( 5 ) ] ;  consequently, this condi- 
tion reduces  the axi-radial flow action  to some extent.  To 
compensate  for this the film hole diameters  are varied so 
that dl < d, < d, for row  pairs 1, 2, and 3, respectively. In 
addition,  the corresponding angles PI, p2, and p, are in- 
creased for  the  same angle $ as in the  above  track. By this 
configuration, the flowrates riz,, m 2 ,  k, at  the  common 
supply pressure p are  distributed in a way which com- 
pensates  for  the effect of reducing the / / d  ratio of the 369 
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Figure 10 Axi-radial  sensor  operating principle. 

holes. The film hole diameters  and inclination angles are: 
dl = 0.4 mm, d, = 0.7 mm, d, = 0.9 mm, and p, = 72", 
p, = 55", p, i= 32", where 4 = 22" for all the  holes.  Because 
of reduced  pressure  drop  effects,  the  air feed to  the film 
holes requires supply connections  at track  length inter- 
vals of approximately 2 m instead of 6 m, as in the  pre- 
vious case. Typical  operating conditions  for  the  track  are 
p = 150 mm of water column and riz = m, + riz, + riz, = 
6 X kg/s per  meter of track length. The  correspond- 
ing equilibrium air film thickness h associated with the 
condition of Eq. (6) is approximately 0.15 mm. The  per- 
formance  characteristics of this  version of the  track  are 
similar to,  but quantitatively less effective than,  those  for 
the  other  track.  However, this situation is not appreciable 
from a practical standpoint,  and  satisfactory perform- 
ance  for  either size wafer is still obtained. 

Wafer  motion  control  techniques 
As  indicated  previously, the  basic film surface is imple- 
mented in different constructions  for accomplishing the 
wafer  motion  functions  illustrated in Fig. 3 .  In  the  per- 
formance of these  functions,  the  air film acts in con- 
junction with other evolved control  techniques,  as de- 
scribed  below. 

Position  sense and signal generation 
This  technique utilizes a particular  aspect of the axi-radial 
effect to  detect a wafer  moving over a given  location on 

the air film. The  presence of a wafer is manifested as an 
abrupt  pressure  increase, which is used to  actuate a con- 
trol device  to be described  subsequently.  Its  basic  opera- 
tion is illustrated by means of Fig. 10, which shows a hole 
located  normal to and  terminating  in a flat part of the film 
surface. Air is supplied to  the  hole from a source  separate 
from that supplying the  air film holes.  The  air  jet  at a  mass 
flowrate m, and  an  upstream  pressure p,, issues from the 
surface at a velocity greater  than  that from the  surround- 
ing air film holes.  As the leading edge of the moving wafer 
passes  over  the  jet,  an  abrupt  suction region is created 
which, in turn, abruptly increases  the  pressure  to p,, 
while the flowrate decreases  to m,. By nature,  this flow 
action operates synergistically  with the  air film character- 
istics; hence,  its  control capabilities are not disrupted by 
the  generated additional  suction  effect.  This technique  is 
highly effective for a broad range of sensor hole  dimen- 
sions and flow supply conditions. In the  present appli- 
cation, a length-to-diameter ratio of approximately 8 is 
used with a hole diameter of 1.0 mm. In operation,  the 
supply  flowrate at dl is adjusted so as  to obtain the  re- 
quired  resulting pressure p, , .  As  illustrated in Fig. 10, the 
sensor hole is fed from a relatively  smaller diameter  hole; 
e . g . ,  approximately 213 that of the  sensor hole. Thus,  the 
operating pressure p,, is always maintained at or some- 
what  below atmospheric. Typical  operating  values of p,, 
are  on  the  order of 14 X IO3 Pa  and  are  generated  over 
time intervals  on  the  order of 0.1 to 0.2 second. 

Stop  technique 
A wafer moving on  the  air film is  stopped  at a given loca- 
tion by a technique which utilizes the aspiration property 
of an  air  jet [6]. The implementation of this technique is 
illustrated by the  air  track  arrangement in Fig. 1 1 .  Here, 
air jets  are positioned so that  they  issue in a  direction par- 
allel to  and along the  lower or floor region of the  channel. 
Because of the localized entrainment  action,  air is aspired 
down  into  the channel and  carried away by the  jet 
streams.  This  behavior manifests itself as a generated 
suction effect which is most intense  at  the  jet exit  region 
and  gradually decays in a downstream direction due  to 
the increasing entrainment of air.  As in the  case of the 
sensor  technique,  these  jets  are  fed from  a separate  air 
source.  The wafer, moving on  the  air film over a  location 
containing these  jet  devices, is stopped by initiating this 
air jet  action.  The ensuing suction effect strongly aspires 
the  air film into  the localized channel regions,  which re- 
sults in the stopping and constraining of the wafer at  the 
given location. 

Characteristically, this stopping  action  occurs  abruptly 
but uniformly and is achieved  by  using an  appropriate 
distribution of air  jet  devices  at  the  location.  The  stopping 
process may or may not  involve planar  contact  between 

I. A. PAIVANAS AND J.  K. HASSAN IBM J.  RES.  DEVELOP. VOL. 23 NO. 4 JULY 1979 



the  wafer  and  the film surface structure. In one  set of con- 
ditions,  stopping  takes place on a squeezed, much re- 
duced,  air film thickness separating  the  two  surfaces. At 
higher aspiration  power (i .e. ,  with  increased  air jet flow) 
and other conditions equal,  the film thickness becomes 
vanishingly small and light surface  contact ultimately oc- 
curs. Typical air  jet hole constructions  are approximately 
3.5 mm long  with  a  cross-sectional area of 30 X IO-’ m2. 
Air is supplied to  the  aspirator  jet  devices  at  pressures  on 
the  order of 20 X lo3 Pa.  The  desired aspiration effect is 
fairly insensitive to minor variations in the supply pres- 
sure.  Thus,  the operating pressure  adjustment is a simple 
procedure. 

In the wafer sense-stop  operation illustrated by Fig. 11, 
the leading  edge of the moving wafer passes  over  the axi- 
radial sensor which abruptly generates a pressure p,,  (Fig. 
10). This  pressure  activates a flow supply to  the  aspirator 
jets which results in stopping of the wafer. When the flow 
supply to  the  sensor is turned off, ps2 is reduced to  zero 
and  the flow supply to  the  aspirator  jets is turned off. The 
wafer is thus released  and proceeds  to move  along the 
track by the action of the  inclined air film holes. This 
basic operation is applied in different forms with other 
techniques in the intersection and  orientor  control  func- 
tions,  as will be described subsequently. 

Other motion control aspects 
Controlled axial motion on the  track is provided by the 
inclined air film holes,  as explained  previously. In addi- 
tion,  pairs of inclined air jets fed  from a separate  air 
source  are used at given locations in order  to obtain spe- 
cific motion  control.  Basically, these additional jets, 
which also utilize the axi-radial effect,  redirect  and/or ac- 
celerate  wafer motion ( e . g . ,  as  at  an intersection). Hole 
dimensions and inclination angles  are  about  the  same  as 
in the  case of the film holes. Various  arrangements and 
sizes can be used to  achieve specific motion control in 
given axial, radial, or rotational directions. 

For wafer rotation, while maintaining  normal and radial 
direction constraint (viz., an  orientor  requirement),  tan- 
gentially directed and opposing pairs of these  jets  impart 
the  desired motion control.  As in the  case of the  ai-radial 
sensor,  the  action of these  additional  “driver”  jets  com- 
plements the  characteristics of the  air film. Thus,  stable 
motion control is continuously  maintained. In addition to 
these  control  aspects,  arrangements of extra  air film holes 
operating in a different manner  are used in the inter- 
section and  orientor  components. Basically, their  use is 
associated with enhancing the  operation of symmetrically 
positioning  a  wafer on the air film of these  components. 
For this purpose,  these additional  holes are inclined and 
distributed  on a circle concentric with and of a diameter 
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Figure 11 Illustration of the air jet aspirator technique for stop- 
ping  a wafer. 

slightly larger  than  that of the wafer  located in a centered 
position. The action of these  “peripheral”  air  jets  both 
accelerates centering of the  wafer  and  enhances  its  con- 
strainment in the symmetry  position. Once  the wafer is in 
this position, it is subsequently accelerated  out in a par- 
ticular  direction by a pair of driver  jets  at a given adjusted 
velocity (viz.,  the intersection  function).  Alternatively, as 
a part of the specialized  orienting function,  the  centered 
wafer is rotated in place on  the  air film by tangentially 
directed  driver  jets  as  described  above. Upon  completion 
of the  other  aspects of this function,  the wafer is acceler- 
ated  out  as in the  case of the  intersection. 

Finally, it is again noted for  general emphasis that in 
the basic action of these  driver  and peripheral jet  arrange- 
ments,  the  inherent controlling characteristics of the  air 
film are  predominant in maintaining stable motion.  This 
has been observed  to  be  the  case  for a wide  variety of 
such  arrangements. As an  extreme  example, a wafer 
moving along an air track  can be decelerated by pairs of 
driver  jets inclined  against the direction of motion. By 
placement of these  jets  at  particular locations  along the 
track,  deceleration is accomplished while the  air film 
maintains a continuous  and uniform constraint of the mo- 
tion in the vertical and horizontal directions. 
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Figure 12 One  configuration of the  air  track  intersection. 

Air  track  intersection 
One configuration of the  intersection  componenl  for  per- 
forming the  wafer control function illustrated in Fig. 3 is 
shown in Fig. 12. The  component utilizes  the track  struc- 
ture  and  is  equipped with the  above control techniques 
consisting of an axi-radial sensor  and  an  arrangement of 
driver,  peripheral film hole,  and  aspirator air jets.  In addi- 
tion,  the  intersection region contains  three pairs of trans- 
verse rows of air film holes  which are opposed in a  sym- 
metrical pattern. All the hole sizes, spacing dimensions, 
hole  inclination angles, and flow supply  conditions are  as 
described previously for  the  track (Fig. 4). By opposing 
the holes in this manner,  the  air film constrains  the wafer 
in the position  indicated. The peripherally  located air film 
holes are  placed along a  circle of a diameter D' = D + 2d. 
The  three  driver  air  jet  holes, of diameter 0.4 mm and 
6 mm in length,  are symmetrically arranged with respect 
to  the  intersection  center  and  are  spaced  at a distance of 
approximately 32 mm apart.  Their inclination  angles are 
all the  same, viz. ,  p = 45" and 4 - 22". These  jets  are 
implemented in the  track by means of separate,  inserted 
devices.  The flow supply arrangement is such  that  the 
middle device  operates with either  one of the  other  two 
devices.  Thus,  two independently  controlled  pairs of 
driver  jets  are provided. The  sensor dimensions are  as 
given above,  and  the  aspirator  devices inserted in the 
middle channels (see  Fig. 11) are 10 mm long and  have 
the hole  dimensions given above. 

The motion control function of the intersection is illus- 
trated by means of Fig. 13. The wafer enters  the  inter- 
section  region from  either of two  directions. As it passes 
over  the  sensor  jet,  the  aspirators  are  actuated  and  the 
wafer is stopped in an  asymmetric position. The  suction 
effect of one  aspirator  device is sufficient to  cause this 
action,  as illustrated for  the  case of the wafer entering in 
the  lateral  direction.  For  either  entrance  condition,  when 
the  sensor, and  therefore the  aspirators,  are  turned off, 
the  wafer  continues into the  intersection  area. By turning 
the  sensor  on and off, the  corresponding intermittent op- 
eration of the  aspirators  causes  the wafer to move toward 
the  symmetry position in a series of steps. In general, af- 
ter  three or four  such  aspirator  pulses,  at time intervals of 
approximately 0.2 second,  the  wafer  is located in the  cen- 
tered position  where it is constrained by the  air film. In 
practice,  the pulsing operation  is performed  automatically 
by an  adjustable electronic device which produces  the  re- 
quired flow interruptions. In this application, the  device, 
which can  be  adjusted with respect  to on-off time  inter- 
vals as well as number of flow interruptions, is actuated 
by the  sensor  pressure ps2 generated when the wafer is 
initially stopped  at  an off-center  position. Thereafter,  the 
sensor flow is turned on and off until the centering opera- 
tion is accomplished. Once  centered,  the wafer is acceler- 
ated  out in either of the  two  directions by actuation of 
driver  jets 1 and 2 or jets 2 and 3. In this operation,  the 
aspirators  are  actuated  to hold the wafer in the  centered 
position, while the pair of driver  jets is turned on. When 
the aspirators  are turned off by interrupting the  sensor 
flow, the  driver  jets propel  the wafer  out  on  the  track  air 
film. As an  alternative  procedure,  the  aspirators  are  not 
turned on and  the  wafer,  constrained by the air film, is 
moved out by simply activating the  appropriate pair of 
driver  jets.  In  either  case,  the acceleration of the  pro- 
pelled wafer  can  be varied by adjusting  the supply flow to 
these  jets. 

The  intersection can accommodate  the  two wafer sizes 
noted  previously. For the smaller wafer, a second circle 
of peripheral film holes  (not shown) of a diameter D' = 
D + 2d is also included. Otherwise, all the  other  features 
and operations  as  discussed  apply  to this  wafer size  as 
well. Apart  from the film and  peripheral hole pattern 
shown in Fig. 12, other  patterns  have been  investigated 
and found  to be of comparable effectiveness. For ex- 
ample, in one such intersection  model,  just  three  con- 
centric circles of holes are used where  the holes in each 
circle have a particular set of optimized 4 and p inclina- 
tion angles,  and  the  diameters D' of the  two larger circles 
are  such  that  both wafer  sizes can be accommodated. 
Thus,  transverse  rows of  film holes are eliminated, and 
the  total  number of holes at  the  intersection is decreased. 
Finally, these intersection developments based on  the  air 
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track structure of Fig. 4 pertain also  to  the  second version 
of this track which was  described previously. Thus,  cor- 
responding  versions of intersections, in which the  air film 
holes are supplied at  the  same  air  pressure,  have  also 
been developed. 

Another type of intersection was  also developed  which 
subsequently formed the basis for  the new orientor  com- 
ponent illustrated in Fig. 14. The  basic  air film surface in 
this intersection  is implemented as a symmetrical configu- 
ration  with respect  to  the  intersection  axes. Air film holes 
of the  same dimensions  and spaced approximately as in 
the air track  are all inclined at  the  same 4 and /3 angles in 
the direction of the  center; viz., 4 = 22” and /3 = 26”. All 
holes are fed at  the  same  supply  pressure of approxi- 
mately 150 mm of water  column.  Their  arrangement  is 
such that  for  either size  wafer in the  centered position 
some of the film holes are  always  located  around  the wa- 
fer periphery to  enhance stability. The centrally located 
aspirator  embodies  four  air  jets  as  shown.  The  driver  jets 
have  the  same dimensions and  locations as in the pre- 
vious type of intersection.  The  operation of this type of 
intersection  equipped with an axi-radial sensor (not 
shown) is identical to  that  described  above. Finally, as 
discussed earlier with regard to  the general film surface 
features  and dimensions, the  radius of the  Coanda  chan- 
nel surface in the intersection (and  orientor) can  be essen- 
tially zero without adverse effect on performance. 

Wafer orientor 
In the  orientor  component  based  on  the  above inter- 
section  configuration  (Fig. 14), the axi-radial sensor is not 
used;  the wafer  position sense  and  aspirator control func- 
tions are performed  instead by a photo-electronic device 
arrangement.  Two rotation-causing jets  are used at  each 
radial  location  with inclination angles /3 = 0” and 4 = 22”. 
These  jets  are of essentially the  same dimensions as 
the film holes and  are also  fed (here) by the  air film sup- 
ply. The optics of the control device  consists of two  sets 
of “rough”  and “fine” diodes.  These  diodes  sense  the 
edge as well as  the notch in the wafer. The  diodes, 
mounted in a control  arm as shown,  are all exposed  to 
light from  sources located in the  intersection. When the 
wafer enters  the  intersection, in any rotational position,  it 
passes  under  the  control  arm  and  comes in between the 
diode  sets  and  the light sources. When the light to  diode a 
is blocked off, control  circuits  actuate  the  aspirator flow, 
thus stopping the wafer in an off-center  position. Sub- 
sequently,  the  aspirator pulsing operation is applied auto- 
matically to  center  the wafer at  the intersection.  When 
this step  is  accomplished,  the  aspirator is turned off and 
the wafer rotates in place  until its  notch  passes  under  the 
rough orienting set of the five diodes.  The sensing of light 
by diode c, while an  outer  diode d is stili blocked from  the 
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light source by the wafer, indicates  that  the  notch  is in the 
rough orientation position.  When  this happens,  control 
circuits  actuate  the  aspirator pulsing action  to rotationally 
step  the  wafer  to  the fine set of two  diodes. When both 
these  diodes  are  exposed  to light through the  notch,  the 
wafer is in the oriented  position and  the  aspirator  stays 
on,  thus holding it in place. Operations  such  as serial 
number readings are  then  performed,  and  subsequently 
the  aspirator is turned off and  the wafer is moved out  on 
the air track by driver  jets.  This  describes  the basic  mo- 
tion control  operation. 

In  one variation of this operation,  to  further  enhance 
the controlling characteristics,  the  aspirator flow supply 
is coupled to  that of the film holes in such a way that  when 
the  aspirator is actuated,  the film hole flow is turned off. 
Thus, during  pulsing, mitigated surface contacting occurs 
due  to  the cushioning effect of the momentarily inter- 
rupted film hole flow. In  the  oriented position, the wafer 
is held in  direct contact with the film surface by the  con- 
tinuous aspirator  action.  Since this step involves no  rela- 
tive  motion between  the  surfaces, deleterious  effects due 
to  contact  are essentially eliminated.  The  aspirator puls- 
ing action, involving a  particular pattern of small and vari- 
able time intervals, is such that  the overall  orienting oper- 
ation is performed in 10 to 12 seconds. This  time  period 
can be varied to some extent by  adjusting the flow supply 
conditions.  Finally, the  inherent orienting  precision of 
this technique is better than k0.04 mm with respect  to  the 
horizontal and vertical directions in the fine diode  set  re- 
gion. 

The basic orientor  construction described above is for a 
wafer of a particular  size as  related  to  the location of the 
diode-light source  system. An orientor having a dual wa- 
fer size  capability  can also be constructed in which the 
latter  system  is provided  with a location indexing capabil- 
ity. In  connection with other configurational aspects, wa- 
fer  orientor  constructions  can  also be  based on  the  above 
air  track  type  intersections,  as well as  on variations of the 
surface  structure in Fig. 14. As one example of the  latter 
situation, a later version of the  orientor  incorporates  es- 
sentially  only the  center  channels irr conjunction with a 
smaller number of air film holes.  In this  design, the  diode 
and light source locations are  reversed. As another  ex- 
ample of this,  orientors  have  been  constructed  elsewhere 
in  1BM which  use  a sharp  edge  channel  construction  in a 
Y configuration. In this design,  both symmetrically  lo- 
cated  aspirator  and vacuum pump  devices  have been  in- 
vestigated for  the wafer stopping  function.  The  vacuum 
pump  device is essentially as effective as  the  aspirator; 
however,  more operational  complexity is involved  with 
its use. 

Discussion and conclusions 
The  air film system  developments  described  here  provide 
an effective means  for accomplishing  complex  handling 
functions in an  automated  wafer delivery  system under 
practically contactless  conditions. Motion instabilities 
and solid  contacting of wafers are essentially  eliminated. 
Its  constituent  air  track,  intersection,  and  orientor  com- 
ponents  feature simple low cost  construction  and installa- 
tion advantages. This is exemplified by the  extruded 
aluminum air  track  construction.  The surface  machining 
and  hole drilling operations  are readily  performed by es- 
sentially standard  techniques.  Thus,  the  cost  per unit 
length of track is lower than that  for  the existing air  louvre 
system.  Because of its simple and  robust  construction, 
the system can  be readily implemented in various lengths 
and arrangements. Since its  operation is relatively less 
sensitive to horizontal  alignment,  installation and  sub- 
sequent maintainability requirements  are facilitated. The 
low pressure  compressed air  supply requirements of the 
system are  moderate.  However, higher supply flow pres- 
sures  are  required relative to  that  for  the louvre system. 
In  the version of the  system which operates with  blower 
air supply equipment,  the pressure-flow  operating  condi- 
tions are comparable. The performance capabilities of this 
latter version are  somewhat  reduced;  however, this is not 
appreciable  from a practical standpoint, and controlled, 
stable  wafer  motion is continuously  provided. Tests  on 
both versions of the  system  have indicated a wafer con- 
tamination control effectiveness equivalent  to  that of the 
louvre system. 

The basic air film generated by the combined  axi-radial 
and Coanda effects embodies a unique capability to uni- 
formly control wafer  motion  in the  vertical  and  horizontal 
directions. This control is intrinsically flexible; hence, 
variations,  such  as in wafer weight andor  in surface  tex- 
ture,  are smoothly accommodated.  Furthermore,  the  sys- 
tem resists wafer motion instabilities.  When these condi- 
tions do  tend  to  occur,  its damping characteristics rapidly 
restore  the desired motion control.  The  Coanda  channels 
greatly reduce  cross-interference flow effects between 
film holes and  thus augment the coacting  planar and  at- 
traction forces  on  the wafer. If the  channels were  not 
present, with other conditions equal,  the  cross flow ef- 
fects would  greatly reduce  these  forces  and  thus  the  con- 
trol  capabilities of the film would be  much less. 

The  present  developments  can readily be  extended  to 
handle  wafers  larger  than the  present  sizes.  For  example, 
track  models have been constructed  for 127 mm and 101 
mm diameter wafers. In particular, a “universal”  air 
track model has  been  designed in which the  number  and 
arrangement of the  air film hole rows  and  channels  are 
such that all four wafer sizes  can be accommodated  at  the 
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same flow supply  conditions. Furthermore,  the  present 
intersection  and orientor  developments  can  be readily ex- 
tended  to  accommodate  these  larger wafer sizes. 

At this time, a number of orientors,  intersections,  and a 
quantity of air  track  are in use  at various  locations in 
IBM. 
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