
INCREASING GAS GAUGE PRESSURE SENSITIVITY USING NOZZLE- FACE SURFACE
ROUGHNESS BACKGROUND  Field of the Invention [0001] The present invention
relates to an apparatus and method for detecting  very small distances, and
more particularly to proximity sensing. Related Art [0002] Many automated
manufacturing processes require the sensing of the  distance between a
manufacturing tool and the product or material surface  being worked. In
some situations, such as semiconductor lithography, the  distance must be
measured with accuracy approaching several nanometers. [0003] The
challenges associated with creating a proximity sensor of such  accuracy
are significant, particularly in the context of lithography systems. In
this context, in addition to being non-intrusive and having the ability to
precisely detect very small distances, the proximity sensor can not
introduce  contaminants, cause minute temperature changes, or come in
contact with the  work-surface, typically a semiconductor wafer. Occurrence
of either situation  may significantly degrade or ruin the semiconductor
quality. [0004] Different types of proximity sensors are available to
measure very  small distances. Examples of proximity sensors include
capacitance and  optical gauges. These proximity sensors have serious
shortcomings when  used in lithography systems because physical properties
of materials deposited  on wafers may impact the precision of these
devices. For example,  capacitance gauges, being dependent on the
concentration of electric charges,  can yield spurious proximity readings
in locations where one type of material  (e.g., metal) is concentrated.
Another class of problems occurs when exotic -2  wafers are made of or
contain deposits of non-conductive and/or  photosensitive materials, such
as Gallium Arsenide (GaAs) and Indium  



Phosphide (InP). In these cases, capacitance and optical gauges may provide
spurious results. [0005] Air gauge sensors typically emit a dehydrated,
filtered air flow onto a  surface (e.g., the silicon wafer) and then
measure its back pressure to  determine distance between the measurement
nozzle and that surface. More  sensitive air gauge sensors use both
reference and measurement nozzles  emitting an air flow onto reference and
measurement surfaces to determine  surface distances. An air gauge sensor
is not vulnerable to concentrations of  electric charges nor electrical,
optical and other physical properties of the  wafer's surface. Current
semiconductor manufacturing techniques, however,  require that proximity is
gauged with high precision of the order of  nanometers. Earlier versions of
air gauge sensors, unfortunately, often do not  meet today's lithography
requirements for precision. Today's requirements for  nanometer
repeatability and registration accuracy are more stringent than what  is
currently available in the industry at large. Additionally, earlier devices
do  not meet today's needs for dimensional stability throughout specific
temperature ranges. [0006] What are needed are systems and methods for
providing precise,  nanometer-scale measurements by a gas gauge proximity
sensor that also  exhibits dimensional stability. SUMMARY  [0007]
Traditional air gauges operate with a flow rate according to the laminar
flow regime. A gas gauge according to an embodiment of the present
invention operates with a flow rate that corresponds to flows in the
transitional  region between laminar and turbulent flow. The transitional
region includes  flows having a Reynold's number between approximately 2100
and 5100. [0008] In the transitional regime, the pressure drop across the
surface of the  nozzle face increases as the friction factor of that
surface increases with -3- 



increasing Reynold's number. Surface friction factor values are based on
two  surfaces, the nozzle face and the measurement surface. While the
silicon  wafer measurement surface cannot be interfered with, the nozzle
face surface  may be roughened to effectively increase the friction factor
across the nozzle  surface. The surface may be roughened, for example and
without limitation,  by shot-blasting the nozzle face to various "sand
roughnesses;" flame-spraying  a rough oxide coating on the nozzle face;
machining circular, concentric rings  into or protruding out of the nozzle
face; machining numerous, small  hemispherical depressions either into or
out of the nozzle face while  staggering their arrangement; and/or
introducing dozens of staggered pins into  the nozzle face. The nozzle face
surface area and its roughness is important in  dealing with the pressure
drop of an air gauge within the transitional flow  regime. [0009] Noise
generated by the increased flow rate may be attenuated by using  one or
more Helmholtz attenuators. [0010] Further embodiments, features, and
advantages of the invention, as  well as the structure and operation of
these various embodiments relative to  the invention are described in
detail below with reference to accompanying  drawings. BRIEF DESCRIPTION OF
THE FIGURES [0011] The present invention is described with reference to the
accompanying  drawings. In the drawings, like reference numbers indicate
identical or  functionally similar elements. [0012] FIG. 1 is a functional
diagram of a gas gauge proximity sensor. [0013] FIG. 2 is a cross-sectional
diagram of a nozzle in a gas proximity  sensor. [0014] FIG. 3 is a graph
illustrating Reynold's number versus friction factor  that identifies the
four flow regimes, namely laminar, critical, transitional, and  turbulent,
and the effect of surface "relative roughness" upon each regime. 



-4- [0015] FIG. 4 illustrates the radial variation of Reynold's number
across a nozzle face for various gas flow rates. [0016] FIG. 5 illustrates
the theoretical amount of gain (relative pressure drop  per gap-height
change) available for a gas gauge nozzle according to an  embodiment of the
present invention. [0017] FIG. 6 is a cross-section of a nozzle having
saw-tooth cuts according to  an embodiment of the present invention. [0018]
FIG. 7A is a cross-section of a nozzle having hemispherical  protrusions
according to an embodiment of the present invention. [0019] FIG. 7B is a
surface view of a nozzle having hemispherical depressions  according to an
embodiment of the present invention. [0020] FIG. 8 illustrates a nozzle
having a Helmholtz attenuator according to  an embodiment of the present
invention. [0021] FIG. 9 is a flowchart of a method of sensing distance to
an object  according to an embodiment of the present invention. DETAILED
DESCRIPTION [0022] While the present invention is described herein with
reference to  illustrative embodiments for particular applications, it
should be understood  that the invention is not limited thereto. Those
skilled in the art with access to  the teachings provided herein will
recognize additional modifications,  applications, and embodiments within
the scope thereof and additional fields  in which the present invention
would be of significant utility. [0023] FIG. 1 provides a diagram of gas
gauge proximity sensor 100. Gas  gauge proximity sensor 100 is one type of
proximity sensor that can be  improved through use of one or more
embodiments of the present invention,  and is not intended to limit the
scope of the invention. Gas gauge proximity  sensor 100 includes gas
pressure regulator 105, mass flow controller 106,  central channel 112,
measurement channel 116, reference channel 118,  



snubber 120, snubber 122, measurement probe 128, reference probe 130, -5-
bridge channel 136 and mass flow sensor 138. Gas supply 102 injects gas at
a  desired pressure into gas gauge proximity sensor 100. [0024] Central
channel 112 connects gas supply 102 to gas pressure regulator  105 and mass
flow controller 106 and then terminates at junction 114. Gas  pressure
regulator 105 and mass flow controller 106 maintains a constant flow  rate
within gas gauge proximity sensor 100. [0025] Gas is forced out from mass
flow controller 106 into channel 112 with  an accumulator 108 affixed to
channel 112. In some situations, a snubber can be placed between mass flow
controller 106 and junction 114. Sensor 100 has I  two snubbers 120 and
122, placed at each leg of the flow split at junction 114. A snubber
reduces gas turbulence and consequent noise introduced by the gas  supply
102, and also acts as a resistive element. In other embodiments, other
types of resistive elements such as orifices can be used, although orifices
will  not reduce turbulence. [0026] Upon exiting mass flow controller 106,
gas travels through central  channel 112 to junction 114. Central channel
112 terminates at junction 114  and divides into measurement channel 116
and reference channel 118. Mass  flow controller 106 injects gas at a
sufficiently low rate to provide laminar and  incompressible fluid flow
throughout the system which minimizes the  production of undesired
pneumatic noise. Likewise, the system geometry can  be appropriately sized
to maintain the laminar flow characteristics established  by mass flow
controller 106. [0027] Bridge channel 136 is coupled between measurement
channel 116 and  reference channel 118. Bridge channel 136 connects to
measurement channel  116 at junction 124. Bridge channel 136 connects to
reference channel 118 at  junction 126. In one example, the distance
between junction 114 and junction  124 and the distance between junction
114 and junction 126 are equal, which  



helps flow symmetry and gas gauge performance. [0028] All channels within
gas gauge proximity sensor 100 permit gas to flow  through them. Channels
112, 116, 118, and 136 can be made up of conduits  (tubes, pipes, etc.) or
any other type of structure that can contain and guide gas -6- flow through
sensor 100. It is desirable that the channels do not have sharp  bends,
irregularities or unnecessary obstructions that may introduce pneumatic
noise, for example, by producing local turbulence or flow instability. The
overall lengths of measurement channel 116 and reference channel 118 can be
equal or in other examples can be unequal. However, the lack of symmetry
may hinder the performance of sensor 100 and require additional flow
correction factors. [0029] Reference channel 118 terminates into reference
nozzle 130.  Likewise, measurement channel 116 terminates into measurement
nozzle 128.  Reference nozzle 130 is positioned above reference surface
134.  Measurement nozzle 128 is positioned above measurement surface 132.
In the  context of lithography, measurement surface 132 is often a
substrate,  semiconductor wafer, stage supporting a wafer, flat panel
display, glass  substrate, a print head, a micro- or nano-fluidic device or
the like. Reference  surface 134 can be a flat metal plate, but is not
limited to this example. Gas  injected by gas supply 102 is emitted from
each of the nozzles 128, 130 and  impinges upon measurement surface 132 and
reference surface 134. As stated  above, the distance between a nozzle and
a corresponding measurement or  reference surface is referred to as a
standoff. [0030] In one embodiment, reference nozzle 130 is positioned
above a fixed  reference surface 134 with a known reference standoff 142.
Measurement  nozzle 128 is positioned above measurement surface 132 with an
unknown  measurement standoff 140. The known reference standoff 142 is set
to a  desired constant value representing an optimum standoff. With such an



arrangement, the backpressure upstream of the measurement nozzle 128 is a
function of the unknown measurement standoff 140; and the backpressure
upstream of the reference nozzle 130 is a function of the known reference
standoff 142. If standoffs 140 and 142 are equal, the configuration is
symmetrical and the bridge is balanced. Consequently, there is no gas flow
through bridging channel 136. On the other hand, when the measurement
standoff 140 and reference standoff 142 are different, the resulting
pressure -7- difference between the measurement channel 116 and the
reference channel  118 induces a flow of gas through mass flow sensor 138.
[0031] Mass flow sensor 138 is located along bridge channel 136, for
example, at a central location. Mass flow sensor 136 senses gas flows
induced  by pressure differences between measurement channel 116 and
reference  channel 118. These pressure differences occur as a result of
changes in the  vertical positioning of measurement surface 132. For a
symmetric bridge,  when measurement standoff 140 and reference standoff 142
are equal, the  standoff is the same for both of the nozzles 128, 130
compared to surfaces  132, 134. Mass flow sensor 138 will detect no mass
flow, since there will be  no pressure difference between the measurement
and reference channels.  Differences between measurement standoff 140 and
reference standoff 142  will lead to different pressures in measurement
channel 116 and reference  channel 118. Proper offsets can be introduced
for an asymmetric arrangement. [0032] Mass flow sensor 138 senses gas flow
induced by a pressure difference  or imbalance. A pressure difference
causes a gas flow, the rate of which is a  unique function of the
measurement standoff 140. In other words, assuming a  constant flow rate
into gas gauge 100, the difference between gas pressures in  the
measurement channel 116 and the reference channel 118 is a function of  the
difference between the magnitudes of standoffs 140 and 142. If reference
standoff 142 is set to a known standoff, the difference between gas
pressures  



in the measurement channel 116 and the reference channel 118 is a function
of  the size of measurement standoff 140 (that is, the unknown standoff
between  measurement surface 132 and measurement nozzle 128). [0033] Mass
flow sensor 138 detects gas flow in either direction through  bridge
channel 136. Because of the bridge configuration, gas flow occurs  through
bridge channel 136 only when pressure differences between channels  116,
118 occur. When a pressure imbalance exists, mass flow sensor 138  detects
a resulting gas flow, and can initiate an appropriate control function.
Mass flow sensor 138 can provide an indication of a sensed flow through a
visual display, audio indication, computer controlled system or other
signaling -8- means. Alternatively, in place of a mass flow sensor, a
differential pressure  sensor may be used. The differential pressure sensor
measures the difference  in pressure between the two channels, which is a
function of the difference  between the measurement and reference
standoffs. [0034] Proximity sensor 100 is provided as one example of a
device with a  nozzle that can benefit from one or more embodiments of the
present  invention. These exemplary embodiments of the present invention
are not  intended to be limited to use with only proximity sensor 100.
Rather the  exemplary embodiments of the present invention can be used to
improve other  types of proximity sensors. [0035] FIG. 2 is an illustration
providing further detail of an exemplary  measurement nozzle 202. Nozzle
202 may be similar to, for example,  measurement nozzle 128 of FIG. 1. In
FIG. 2, nozzle 202 is proximate to an  object or measurement surface 204.
Nozzle 202 has a nozzle face 206 that is  substantially parallel to surface
204. Nozzle face 206 is separated from  surface 204 by a distance 208. Gas
typically flows out of the nozzle in the z  direction through an orifice
210, and then radially outward between nozzle  face 206 and surface 204.
The pressure drop of the gas across nozzle face 206  



is indicative of the height of distance 208. Effect of Flow Rate on
Performance [0036] As indicated above, the distance between a measurement
nozzle and a  measurement surface (e.g., distance 208 between nozzle face
206 and surface  204 of FIG. 2) may be determined by outputting a gas
stream at a steady rate  and measuring the pressure drop (also referred to
as the backpressure) of the  gas stream across nozzle face 206. To improve
the performance, the  correlation between the local pressure drop and the
gap height is increased.  For a given gas flow rate and gap-height, the
pressure drop can be related to a  friction factor of the nozzle face times
the radial length of the nozzle face. [0037] Previous gauges have operated
at a gas flow rate in the "laminar flow"  region. Such a flow rate has been
sufficient for the level of measurement -9- needed by these systems.
However, these laminar flow gas gauges are not  sensitive enough to
accurately measure distances in the nanometer range. To  increase the
performance of the gauge such that it has nanometer-level  measurement
sensitivity, the gain of the gauge must be increased. To increase  the
gain, the nozzle pressure drop per unit change in nozzle height from the
measurement surface must be improved. [0038] Increasing the friction factor
across the nozzle face increases the  pressure drop across the measuring
surface. However, the physics of this  pressure drop scenario only works
for nozzle surfaces whose local Reynold's  number is in a "transitional
flow" region rather than the laminar flow region.  The Reynold's number
(Re) is calculated as follows: [Re = pVD ], (Eq. 1)  P where p is the
density of the gas, V is the radial velocity of the gas over the  nozzle
face, D is the local characteristic dimension of the flow (which in a gas
gauge nozzle is the diameter of the nozzle defined by the complex geometric



relationship of Eq. 2), and p is the viscosity of the gas. [0039] FIG. 3 is
a logarithmic graph illustrating Reynold's number on the  horizontal axis
and friction factor on the vertical axis. FIG. 3 is commonly  referred to
as a "Moody plot." Further description of the Moody plot may be  found in,
for example, L.F. Moody, "Friction Factors for Pipe Flow," ASME  Trans.,
vol. 66, pp. 671-684, 1944, which is incorporated by reference herein  in
its entirety. [0040] Previous gas gauges operated at flow rates having a
Reynold's number  of approximately 200-300. As illustrated in FIG. 3, such
a flow rate is in the  laminar flow region. The laminar flow region is
defined by curve 302. At a  Reynold's number of approximately 2100, gas
flow rates begin to change from  the laminar flow region into a
transitional flow region. The transitional flow  region is defined by curve
304. As the Reynold's number increases, the flow  rates begin to switch to
a fully turbulent region, defined by curve 306.  Increasing the Reynold's
number is typically avoided when operating in the -10- laminar flow regime,
as it decreases the friction factor of the nozzle, and  thereby decreases
the gain available from the gauge. However, when the  Reynold's number is
increased past the laminar flow regime to the transitional  flow regime,
the friction factor begins to increase as the Reynold's number  increases.
[0041] The flowfield of a nozzle operating in the transitional region is
opposite in frictional performance to that of traditional nozzles operating
in a  laminar flow region, where the friction factor slowly decreases with
increasing  Reynold's number. The sensitivity of this frictional decrease
is measured by  the differences in slopes between curves 302 and 304 of
FIG. 3. Curve 302,  which follows the Hagen-Puiseuille law of frictional
flow, has a slope of about  in, = -1.0, while curve 304 has a slope of
about m2 = +1.39. While the sign of  the slope of curve 304 marks a
reversal in frictional affect, what is significant  



is that curve 304 exhibits about a 39% steeper slope. The change from the
laminar flow region to the transitional flow region physically implies a
channel flow undergoing a velocity profile change. The velocity profile
changes from a parabolic velocity distribution to a modified, truncated
hyperbolic velocity distribution. Friction within the transitional flow
region  influences nozzle flow pressure drops since the friction factor
changes most  dramatically within this zone, as seen by the positive
steepness of the slope of  curve 304. An increase in Reynold's number
thereby results in a sensitivity  increase in relating pressure drop to
nozzle distances from the plate, yielding a  more responsive relative gain
with gap height measurements. [0042] As can be seen in Eq. 1, the Reynold's
number is dependent on the  density of the gas used, the radial velocity of
the gas over the nozzle face, the  complex characteristic diameter of the
nozzle, and the viscosity of the gas  used. If the same gas (such as, for
example, air) is used in the transitional  flow nozzle as was used in the
laminar flow nozzle, the density and viscosity  of the gas cannot be
changed. The only way to increase the Reynold's number  is to either
increase the velocity of the gas through the nozzle or to increase  the
characteristic diameter of the nozzle. [0043] Given the difficulties
inherent in increasing the diameter of the nozzle,  the Reynold's number is
increased in an embodiment, of the present invention  by increasing the
velocity (also referred to as the flow rate) of the gas through  the
nozzle. A traditional laminar flow gauge typically exhibits a volumetric
gas flow rate of approximately 1000 sccm (standard cubic centimeters per
minute). Increasing the Reynold's number to a transitional flow regime
having  a Reynold's number of approximately 2100 while varying only the
flow rate  results in a flow rate of approximately 6800 sccm. [0044] FIG. 4
illustrates an exemplary change in Reynold's number at various  positions
extending radially outward from orifice 210 across nozzle face 206  in FIG.
2 for different gas flow rates. The radial position of the measurement  



in mm is illustrated on the horizontal axis, while the Reynold's number for
gas  flow in the gap between the nozzle face and the measurement surface is
illustrated on the vertical axis. The change in Reynold's number as the
radial  position increases is indicative of two events: 1) the change in
pressure drop  of the gas across the nozzle surface due to the local
friction factor changing  with local Reynold's number, and 2) the constant
change in the local  characteristic dimension (D) of the flow as it moves
radially outward. D  changes as a function of the change in the local
hydraulic diameter (DJ) of the  nozzle face as the flow exits radially, and
is defined as follows: [D _ D = 2;rD,H (Eq. 2)  ;TD,. + H where Dx is the
local diameter of the flow moving out radially, and H is the  measured gap
height of the nozzle. [0045] Curve 402 illustrates the pressure drop for a
traditional laminar flow  nozzle (e.g., flow rate of approximately 1000
sccm). The Reynold's number  for curve 402 is between approximately 230 and
approximately 625. Curve  404 illustrates the pressure drop for a
transitional flow nozzle at a lower flow  rate (e.g., flow rate of
approximately 6800 sccm). The average Reynold's  number for curve 404 is
approximately 2900. Curve 406 illustrates the  pressure drop for a
transitional flow nozzle at a higher flow rate (e.g., flow is _12_  rate of
approximately 9000 seem). The average Reynold's number for curve  406 is
approximately 3900. As illustrated, the pressure drop across the nozzle
face is greatest for curve 406. Because the pressure drop is greater, the
transitional flow nozzle operating at a higher flow rate is more sensitive
to  small changes in pressure than a transitional flow nozzle operating at
a lower  flow rate, which is still more sensitive to pressure changes than
a laminar flow  nozzle. 



[0046] FIG. 5 illustrates a theoretical amount of gain available within a
transitional versus laminar friction factor regime according to nozzle
operation. Gain, as used herein, is determined by finding the local slope
of a  given curve of pressure drop versus gap height calculated at 135
microns. The  nozzle cap height in microns is illustrated on the horizontal
axis, while the  total pressure drop in kPA across the nozzle face is
illustrated on the vertical  axis. Curve 502 illustrates a theoretical gain
of a laminar flow nozzle  operating at a flow rate of approximately 1000
seem. The gain of curve 502 is  approximately 0.024 kPa/micron. Curve 504
illustrates a theoretical gain of a  transitional flow nozzle having a
relative roughness of approximately 10-6  (e.g., a smooth surface)
operating at a lower flow rate of approximately 4900  seem. The gain of
curve 504 is approximately 0.512 kPa/micron. Curve 506  illustrates a
theoretical gain of a transitional flow nozzle having a relative  roughness
of approximately 10-6 operating at a higher flow rate of  approximately
6800 seem. The gain of curve 506 is approximately .983  kPa/micron. Curve
508 illustrates a theoretical gain of a transitional flow  nozzle having a
relative roughness of approximately 0.05 operating at a higher  flow rate
of approximately 9000 seem. The gain of curve 508 is  approximately 1.759
kPa/micron. [0047] As illustrated in FIG. 5, a theoretical improvement in
gain from about  0.024 to about 0.512 kPa/micron (a gain of about 21X) can
be achieved by  transitioning from a laminar flow rate (e.g., curve 502) to
a low transitional  flow rate system (e.g., curve 504). Further, a
theoretical improvement in  nozzle gain from about 0.512 to about 0.983
kPa/micron (an overall gain of -13- about 41X), and even to about 1.759
kPa/micron (for an overall gain of about  73X) can be achieved by
transitioning from a laminar flow rate (e.g., curve  502) to a high
transitional flow rate (e.g., curve 506 and curve 508,  respectively). 



1- [0048] While FIG. 5 illustrates the gain in terms of absolute gains, the
relative gain may also be determined by theoretically treating the flow as
if it were  always laminar. To determine this relative gain, the isolated
instance of  increasing the nozzle flow rate and corresponding pressure
drop is evaluated  strictly using the laminar flow correlation, without
considering the actual  physics of the existence of a transitional region.
Such results indicate the strict  relative gains from flowing at a rate of
approximately 6800 sccm (as compared  to approximately 1000 sccm) and using
the original laminar friction factor of  curve 302 in FIG. 3, extrapolated
to a Reynold's number of about 2900. This  produces a relative gain of
about 0.82 kPa/micron (a gain of about 39X).  When this relative gain
result is compared to the absolute gain results of about  0.983 illustrated
in FIG. 5, it is evident that an additional increase in gain of  about 20%
may be obtained by moving into the transitional flow regime of  curve 304
of FIG. 3. Such flowfield transitions are naturally obeyed in flows  when
triggered by a nozzle face with a relative roughness greater than
approximately 10-6, which is the relative roughness of a smooth surface.
[0049] In terms of absolute gain, increasing flows by a factor of about
seven  (from 1000 to 6800 sccm) results in a significant nozzle gain
improvement by  a factor of about 41 and greater up to a Reynold's number
value of about 5000.  Increased flow-rates enable operation in the
transition region, where nozzle  pressure drops increase from approximately
5 kPa to over approximately 225  kPa. In addition to increasing pressure
drops, such losses also reduce the need  for high instrumentation
sensitivity, as the higher gain allows less sensitive  pressure transducers
to be used for measuring resultant gap heights. Nozzle Face Roughening -14-
[00501 Previous gas gauges operated at a laminar flow rate having a
Reynold's number of approximately 200-300. At such Reynold's numbers and up
to a  



Reynold's number of about 2100, surface relative-roughness of the nozzle
face  (RR) has virtually no effect on the pressure drop. Relative-roughness
is  defined as the ratio of the height of repeatable surface irregularities
to the  hydraulic diameter of the nozzle geometry and gap height
combination as  shown in Eq. 2. At Reynold's numbers in the transitional
flow regime  (2100<Re<5100), however, the friction factor of the nozzle,
which is  correlated to the gain of the gauge, is a variable depending upon
the roughness  of the nozzle-face surface. As indicated by curves 308 in
FIG. 3, increases in  the roughness of the nozzle face help increase the
maximum attainable friction  factor up to a value of about 0.1. In the
transitional flow region, experiments  show that the friction factor
attainable is dependent on the roughness of the  nozzle face over which the
gas flows. For smooth nozzle faces, a maximum  friction factor of
approximately 0.045 is attainable at a Reynold's number of  approximately
3000. For nozzles having a very rough surface (RR>0.05), a  maximum
friction factor (fyRANS/rJoNAL) of approximately 0.08 to  approximately
0.10 is attainable at Reynold's numbers of approximately 4200  to
approximately 5100. Consequently, the pressure drop (AP) for a given gap
height (H) over the nozzle-face surface ((L) ) also increases propor- D BAR
tionately with increasing Reynold's number as follows: AP = .frr wslrloN P
= (7x107 * Reia9 )r D 8H D1 + 4/7 J P 2 ], Eq. 3  (D)BAR z z 2 l` where Do
is the outer diameter of the nozzle-face surface and Di is the inner
diameter of the nozzle-face surface. [00511 FIG. 5, as described above,
illustrates the theoretical gain of the nozzle  available in a transitional
flow regime. Whereas curve 506 illustrates the gain  of a transitional flow
nozzle at a higher flow rate, the gain is based on a nozzle  having a
relatively smooth surface. Curve 508 illustrates the theoretical gain 



-15- of a transitional flow nozzle whose surface has been roughened, when
the  nozzle is operated at a higher flow rate. [0052] Compared to
traditional laminar flow nozzles, then, increased  performance of a gas
gauge can be obtained by roughening the surface of the  nozzle face and
operating the gauge in the transitional flow region. [0053] The nozzle face
may be roughened by adding specific surface  irregularities to it. For
measurement of heights in the nanometer range, the  surface irregularities
may be, for example, nano- or micro-irregularities.  There are various ways
to roughen the nozzle surface. [0054] In one example, the nozzle-face may
be shot-blasted to various  equivalent "sand roughnesses" to a level
defined by a Moody plot for flow  resistances, such as FIG. 3. In another
example, a rough oxide coating may be  flame-sprayed on the nozzle face.
[0055] In still another example, the nozzle face may be machined into
various  configurations. In one embodiment, circular, concentric rings are
machined  either into or protruding out of the nozzle face. FIG. 6 is a
cross-section of  exemplary nozzle face 602. As illustrated in FIG. 6,
rings 604 may be, for  example, saw-tooth cuts. The flow of gas 606 across
nozzle face 602 is  inhibited due to the increased friction factor and flow
rate in the transitional  flow region. FIG. 7A illustrates another
embodiment, in which numerous  small, hemispherical depressions 704 are
machined either into or out of nozzle  face 702. To prevent flow channels
from developing across nozzle face 702,  the arrangement of depressions 704
across nozzle face 702 may be staggered. [0056] In a further example,
dozens of staggered pins may be introduced into  the nozzle face by, for
example, using silicon etching techniques to create an  array of pins on a
silicon chip that is then epoxied to the face of the nozzle.  The pins may
have a diameter of, for example, approximately 10 microns and  a height of,
for example, approximately 10 microns. 



[0057] Increasing the roughness of the nozzle surface also increases the
possibility that the nozzle will receive false feedback or pushback from
air  interacting with the roughened surface. Such false feedback may be
-16- minimized by, for example, starting with a high roughness inside the
nozzle  face and transitioning the level of the roughness as the radial
distance from the  nozzle is increased. In another example, the reference
nozzle may also be  roughened so as to cancel out the effect of false
feedback from the roughened  measurement nozzle surface. [0058] To reduce
the effect of temperature on the nozzle, the nozzle may be  made from a
material that is resistant to thermal expansion. An example  material is a
hybrid iron-nickel metal such as Invar. [0059] FIG. 9 is a flowchart of a
method 900 for sensing a distance to an  object from a nozzle, according to
an embodiment of the present invention.  Method 900 may be used, for
example, with a gas gauge. In step 902, the  object is provided within a
measuring range of the nozzle. The object may be,  for example and without
limitation, a substrate or semiconductor wafer  surface. The surface of the
nozzle facing the object may be roughened as  described above. [0060] In
step 904, a gas is supplied in a space between the nozzle and the  object.
The gas may be, for example and without limitation, air. The gas is
supplied in the space with a flow rate that corresponds to a Reynold's
number  flow in the transitional region between laminar flow and turbulent
flow. [0061] In optional step 906, noise generated by the supply of gas is
attenuated.  The noise may be attenuated, for example, as described below.
[0062] In step 908, a pressure drop across the nozzle face is sensed. The
pressure drop is indicative of the distance to the substrate surface. Noise
attenuation [0063] The nozzle gap Reynold's number used in existing systems
is  



approximately 200-300, with a nominal nozzle gap height of about 135
microns. Such a system requires an airflow of approximately 1000 seem.
Operation above a Reynold's number of approximately 2100 requires a flow
rate of at least approximately 3400 sccm. Although the gain is
theoretically  increased when the nozzle is operated at such a high flow
rate, the noise -17- generated by such a high flow rate may disrupt the
sensitivity of the nozzle  unless the noise is abated. [0064] This noise
may be attenuated by the muffling effect of the nozzle face  surface
irregularities. Nozzle pressure drop increases with increasing nozzle  face
roughness for a given transitional flowfield, since the local boundary
layer buildup forms local recirculation zones which act to attenuate
acoustic  noise emanating from the nozzle throat. Acoustic noise emanating
from the  nozzle thus abates with increased flow rate. The positive slope
in the friction  factor correlation of curve 304 in FIG. 3 shows that the
pressure energy from  the nozzle's radial flow is being positively dampened
at an exponential rate of  m2 = 1.39, plus a factor correlating to
increased roughness. This is in direct  contrast to the negative slope
relationship existing for all laminar flow friction  factors where surface
roughness is immaterial to pressure loss and consequent  noise attenuation.
[0065] Considering that a negative friction factor slope (as in laminar
flow)  causes the pressure energy to decrease with increasing Reynold's
number, a  nozzle operating at a laminar flow rate exhibits poor noise
abatement  compared to a nozzle operating at a transitional flow rate.
Therefore, while  previous, laminar flow nozzles exhibited poor noise
abatement when the flow rate was increased, transitional flow nozzles do
the opposite and aggressively I  abate noise through the introduction of
roughened flow surfaces. [0066] Snubbers have been successfully used to
attenuate noise. These  systems force the flow through a labyrinth of
irregular channels that cause a  



reduction in flow turbulence and its corresponding noise. Snubbers have
been  used in air gauges as, for example, snubbers 120 and 121 in FIG. 1.
Snubbers  are very useful as noise attenuators when gauge flows exceed 1000
sccm.  Their use at strategic flow turns and splits may increase during
nozzle  operation at increased flow to achieve a transitional flow regime
with  enhanced performance gain. [0067] Additionally or alternatively, the
Helmholtz effect may also be used to  act as a muffler in attenuating the
noise from acoustic pressure pulses. - 18 Strategically-placed Helmholtz
sound absorbing cavities (referred to herein as  Helmholtz attenuators) may
be used to attenuate unwanted nozzle noise. FIG.  8 illustrates a
cross-section of a gas gauge nozzle 800 having Helmholtz  attenuators 802
and 804. I  [0068] As illustrated in FIG. 8, Helmholtz attenuators can be
discrete, local cavities arranged parallel with the airflow and
specifically designed to absorb  unwanted acoustic frequencies. A Helmholtz
attenuator, such as attenuator  802 or 804, is essentially a cavity covered
by a false working wall containing  multiple perforations that allow
pressure pulsations (that is, noise) to expand  normal to the flow
direction. The pressure pulsations are then trapped in the  cavity, which
absorbs the pulsations. [0069] FIG. 8 illustrates two regions of nozzle 800
where the introduction of a  Helmholtz attenuator can dramatically
attenuate pressure pulsation noises.  Attenuator 802 is located inside the
barrel of the nozzle, where upstream- generated noise is absorbed or
muffled before the noise escapes the nozzle  throat region. Attenuator 804
is located within the face of the nozzle to reduce  noise from the gas
passing through gap 806 and escaping nozzle 800. So that  attenuators 802
and 804 do not interfere with the pressure measurement of the  gas gauge,
attenuators 802 and 804 are located at places in the nozzle that do  



not affect the friction factor. Further, the surface of attenuator 804
(that is, the  area between the holes in attenuator 804) may be roughened
in accordance  with the rest of the nozzle face. Arrows 808 and 810
illustrate the path of the  gas exiting the nozzle in an outward direction.
[0070] As is well known to one of skill in the art, a Helmholtz attenuator
can  be tuned to a particular acoustic frequency by selecting specific
geometric  hole sizing, geometric hole spacing and cavity dimensions of the
Helmholtz  attenuator. The properties of a Helmholtz resonator (e.g., hole
sizing, hole  spacing, cavity width, etc.) are determined by the frequency
of the noise to be  abated. [0071] Some noise is useful for logic
correction within feedback loops, such  as noise caused by temperature
fluctuations or noise caused by the electronics -19- of the system, and
should not be removed from the system. Other noise, such  as noise caused
by increased airflow, needs to be removed. Once the  frequency band of
noise to be removed is determined, the diameter of holes in  the plate of
the Helmholtz attenuator, the spacing of the holes, and the cavity  depth
are designed so as to remove noise at that frequency band. If multiple
frequency bands are to be abated, multiple Helmholtz attenuators may be
used.  Alternatively, a single Helmholtz resonator having multiple
compartments  may be used, where each compartment is optimized for a given
frequency  band. Conclusion  [0072] While various embodiments of the
present invention have been  described above, it should be understood that
they have been presented by way  of example, and not limitation. It will be
apparent to persons skilled in the  relevant art that various changes in
form and detail can be made therein  without departing from the spirit and
scope of the invention. [0073] Exemplary embodiments of the present
invention have been presented.  



The invention is not limited to these examples. These examples are
presented  herein for purposes of illustration, and not limitation.
Alternatives (including  equivalents, extensions, variations, deviations,
etc., of those described herein)  will be apparent to persons skilled in
the relevant art(s) based on the teachings  contained herein. Such
alternatives fall within the scope and spirit of the  invention. Thus, the
present invention should not be limited by any of the  above described
exemplary embodiments, but should be defined only in  accordance with the
following claims and their equivalents. [0001] Further, the purpose of the
foregoing Abstract is to enable the U.S.  Patent and Trademark Office and
the public generally, and especially the  scientists, engineers and
practitioners in the art who are not familiar with  patent or legal terms
or phraseology, to determine quickly from a cursory  inspection the nature
and essence of the technical disclosure of the application. -20- The
Abstract is not intended to be limiting as to the scope of the present
invention in any way. -21- WHAT IS CLAIMED IS: 1. An air gauge for sensing
a distance to an object, comprising:  a gas supply system configured to
supply a gas; and a nozzle coupled to the gas supply system and arranged to
supply the  gas from the gas supply system to a space defined between the
nozzle and the  object; wherein the gas supply system is arranged to supply
the gas with a F  flow rate that corresponds to a flow in a transitional
region between laminar flow and turbulent flow within the space between the
nozzle and the object.  2. The air gauge of claim 1, wherein the nozzle
comprises an output face  provided with an orifice for supplying the gas to
the space between the nozzle  and the object. 



3. The air gauge of claim 2, wherein the output face comprises a surface
irregularity configured to increase a friction factor of the output face in
an  outward direction from the orifice to an edge of the output face. 4.
The air gauge of claim 3, wherein the surface irregularity on the output
face of the nozzle includes concentric rings formed in the output face. 5.
The air gauge of claim 3, wherein the surface irregularity on the output
face of the nozzle includes concentric rings protruding out from the output
face. 6. The air gauge of claim 3, wherein the surface irregularity on the
output  face of the nozzle includes at least one of a plurality of
hemispherical  depressions or a plurality of hemispherical protrusions on
the output face. -22- 7. The air gauge of claim 1 or 2, wherein the gas
supply is arranged to  supply the gas at a flow rate that corresponds to a
local Reynold's number  higher than at least one of approximately 2000 and
2100 between the output  face and the object. 8. The air gauge of claim 1,
2, or 7, wherein the gas supply is arranged to  supply the gas at a flow
rate that corresponds to a local Reynold's number  lower than at least one
of approximately 4200 and 5100 between the output  face and the object. 9.
The air gauge of claim 1, 2, 7, or 8, wherein the gas supply system
provides gas across the output face at a flow rate in a range of
approximately  3400 standard cubic centimeters per minute to approximately
9000 standard  cubic centimeters per minute. 10. The air gauge of claim 2,
wherein the output face of the nozzle  comprises: a surface of the nozzle;
and a washer formed with a set of surface irregularities and coupled to the
surface of the nozzle. 



11. The air gauge of claim 1, further comprising a noise attenuator located
in the nozzle. 12. The air gauge of claim 11, wherein the noise attenuator
is a Helmholtz  resonator located on the output face of the nozzle. 13. The
air gauge of claim 12, wherein the surface of the Helmholtz  resonator has
a surface irregularity that increases a friction factor of the  surface.
-23- 14. The air gauge of claim 11, wherein the noise attenuator is a
Helmholtz  resonator located on an inner wall of the nozzle. 15. A method
for sensing a distance to an object from a nozzle,  comprising: providing
the object within a measuring range of the nozzle; and  supplying a gas in
a space between the nozzle and the object;  wherein the gas is supplied in
the space with a flow rate that corresponds to a flow in a transitional
region between laminar and turbulent  flow. 16. The method of claim 15,
wherein supplying a gas comprises supplying  the gas across an output face
of the nozzle provided with an orifice for  supplying the gas in the space.
17. The method of claim 16, wherein supplying a gas further comprises
supplying the gas across a surface irregularity on the output face of the
nozzle,  wherein the surface irregularity increases a friction factor which
increases a  pressure drop along the output face in an outward direction
from the orifice to  an edge of the output face. 18. The method of claim 16
or 17, wherein supplying a gas further  comprises: supplying the gas across
the output face of the air gauge nozzle,  wherein the output face has
concentric rings formed in the output face.  



19. The method of claim 16 or 17, wherein supplying a gas further
comprises: -24- supplying the gas across the output face of the air gauge
nozzle, wherein the output face has concentric rings protruding out from
the output  face. 20. The method of claim 16 or 17, wherein supplying a gas
further  comprises: supplying the gas across the output face of the air
gauge nozzle,  wherein the output face has at least one of a plurality of
hemispherical  depressions or a plurality of hemispherical protrusions on
the output face.  21. The method of claim 15 or 16, wherein supplying a gas
further  comprises supplying the gas at a flow rate that corresponds to a
local  Reynold's number higher than at least one of approximately 2000 and
2100  between the output face and the object. 22. The method of claim 15,
16, or 21, wherein supplying a gas further  comprises supplying the gas at
a flow rate that corresponds to a local  Reynold's number lower than at
least one of approximately 4200 and 5100  between the output face and the
object. 23. The method of claim 16 or 17, wherein supplying a gas
comprises:  supplying the gas across a washer formed with a set of surface
irregularities added to a surface of the nozzle. 24. The method of claim
15, further comprising: attenuating, in the nozzle, noise produced by an
air gauge.  25. The method of claim 24, wherein attenuating noise comprises
attenuating noise using a Helmholtz resonator located on an output face of
the  nozzle. -25- 26. The method of claim 24 or 25, wherein attenuating
noise further  



comprises attenuating noise using the combined use of at least one snubber
placed at a strategic air gauge flow turn and a Helmholtz resonator located
on  the output face of the nozzle. 27. The method of claim 24 or 25,
wherein attenuating noise further  comprises attenuating noise using a
Helmholtz resonator having a surface  irregularity that increases a
friction factor of a Helmholtz resonator surface.  28. The method of claim
24, wherein attenuating noise comprises  attenuating noise using a
Helmholtz resonator located on an inner wall of the  nozzle. 29. The method
of claim 15, wherein supplying a gas comprises supplying  gas at a flow
rate in a range of approximately 3400 standard cubic centimeters  per
minute to approximately 9000 standard cubic centimeters per minute. 30. The
method of claim 15, wherein supplying a gas comprises supplying  a gas flow
sufficient to create a local Reynold's number between the nozzle  face and
the object that generates a transitional flow regime. 


