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(57) ABSTRACT 

The present invention relates to microinterferometers and 
the application of such to pro?le surface geometries. A 
representative method for pro?ling a target surface of an 
object includes: illuminating the target surface With an 
incident light beam through a phase-sensitive, re?ective 
diffraction grating, such that a ?rst portion of the incident 
light beam is re?ected and a second portion of the incident 
light beam is diffracted upon being transmitted through the 
diffraction grating; receiving interference patterns produced 
from the ?rst portion of he incident light beam re?ected from 
the diffraction grating interfering With the second portion of 
the incident light beam re?ected from the target surface; 
measuring the intensity of the interference patterns to deter 
mine the distance to determine the distance between a 
reference point and the surface; varying the position of the 
object relative to the diffraction grating; and processing the 
measured distances to pro?le the surface of the object. 
Systems are also provided. 

1h xp/////////////// 
102 I 

1 
I 
r 
1 
1 

1 

Controller 

w 

Processor Light Source 



Patent Application Publication May 11, 2006 Sheet 1 0f 5 US 2006/0098208 A9 

M4 

4 3,, 

M2 

FIG. 1 





Patent Application Publication May 11, 2006 Sheet 3 0f 5 US 2006/0098208 A9 

“‘“//////////////// 
102 

I 
I 

I 
I 

I 
I 

I 
I 

I 

I 
I 
I 

150 

\ 
180 

1- 1 1 
74-154. 4. 

1 

:1 1- 1 
1".) 1. 1.. 

1. 

+1 

------—---------- --- 6- ----------------+—--- 

156 

100 

101 

159 

104 

Controller 

Light Source 

142 

rl. O S S e C m P 

FIG. 4 



Patent Application Publication May 11, 2006 Sheet 4 0f 5 US 2006/0098208 A9 

| 100 

252/‘| 

Processor 

ZQQ 

FIG. 5 



Patent Application Publication May 11, 2006 Sheet 5 0f 5 US 2006/0098208 A9 

250 

300 

FIG. 6A 

334 

250 

350 

FIG. 6B 



US 2006/0098208 A9 

SYSTEM AND METHOD FOR SURFACE 
PROFILING 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority to the following 
co-pending US. provisional applications: a) “Micro-Inter 
ferometer for High Precision, High-Speed Flatness Mea 
surement,” having Ser. No. (unknown), ?led Feb. 13, 2002 
with US. Express Mail Label #EL-894720646-US; b) 
“Micro-Interferometers with Sensitivity Optimization and 
Self Calibration Capability,” having Ser. No. (unknown), 
?led Feb. 13, 2002, with US. Express Mail Package No. 
EL-894720650-US; and c) “Micro-Interferometer for Accu 
rate Absolute Distance Measurements,” having Ser. No. 
60/279,275, ?led Mar. 29, 2001, which are all incorporated 
by reference herein in their entirety. 

[0002] This application is also related to the following 
co-pending U.S. utility patent applications: a) “Microinter 
ferometers with Performance Optimization,” having Ser. 
No. (unknown), ?led Mar. 29, 2002, with US. Express Mail 
Package No. EL-924223979-US; and b) “Microinterferom 
eters for Distance Measurements,” having Ser. No 
(unknown), ?led Mar. 29, 2002, with US. Express Mail 
Package No. EL-924223982-US, which are all incorporated 
by reference herein in their entirety. 

FIELD OF THE INVENTION 

[0003] The present invention generally relates to measure 
ment devices. More speci?cally, the invention relates to 
surface geometry measurement devices such as interferom 
eters. 

DESCRIPTION OF THE RELATED ART 

[0004] In many ?elds, surface metrology is critical to 
process control and quality. Semiconductor fabrication, 
micromachining, data storage, biomedical, and materials 
research are technology ?elds that may require surface 
metrology. In particular, surface geometrical characteristics, 
?atness of an object surface, and surface ?nish are important 
measurements that are typically made. Such measurements 
typically require relatively high precision. Unfortunately, 
the tradeolf to high precision is usually low speed in 
measuring and processing due to bulky equipment and data 
overload. 

[0005] Presently, there are a wide variety of surface mea 
surement systems, such as pro?lometers. Most systems 
make use of contact probes that employ Linear Variable 
Differential Transformers (LVDTs) and/or capacitance 
gages. Contact with the surface under test is not always 
desirable, as unwanted side effects, such as damaging the 
test surface can occur. 

[0006] Another type of surface measurement system is the 
Zygo® Corporation’s New View 5000TM, which utiliZes 
fringing interferometry and vision systems to measure the 
?atness of a surface and its roughness. Although the New 
View 5000 is non-contacting, there are other drawbacks. The 
New View 5000 utiliZes a charge-coupled device (CCD) 
camera and fringing interferometry which can be quite slow 
because of an abundance of collected data and the relatively 
low sampling speed of the CCD camera. 
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[0007] In general, optical interferometry is the act of 
splitting and recombining electromagnetic waves, in par 
ticular, visible light waves, to measure surface geometries, 
distance, etc. The advancement in interferometry has come 
in many avenues of technology. Long-range telescopes, 
high-precision spectrometers, compact disc players, etc., use 
some form of interferometry. Micro-machinery is a growing 
technology ?eld that often utiliZes interferometers because, 
they typically have high resolution and precision. In general, 
displacement measurements in the sub -nanometer range can 
be detected with today’s interferometers. To examine 
microscale structures, the lateral resolution of the interfer 
ometers, generally, need to be improved. This can be 
achieved by coupling the interferometer to a regular micro 
scope. Unfortunately, the siZe of the interferometer becomes 
rather large and subsequently may not ?t in small spaces for 
inspection. Furthermore, to inspect a large number of 
microscale structures either the sample or microscope obj ec 
tive is scanned, resulting in slow imaging. 

[0008] In order to obtain interferometric measurement 
sensitivity in a small volume, several methods have been 
developed. One of these methods involves phase sensitive 
diffraction gratings as described in a technical paper entitled, 
“Interdigital cantilevers for atomic force microscopy,” pub 
lishedinAppl. Phys. Lett., 69, pp. 3944-6, Dec. 16, 1996 by 
S. R. Manalis, S. C. Minne, A. Atalar, and C. F Quate and 
also in US. Pat. No. 5,908,981 to Atalar et al. 

[0009] Similar structures are also used in microacceler 
ometers to measure the displacement of a control mass with 
interferometric precision as described in a paper written by 
E. B. Cooper, E. R. Post, and S. Gri?ith and entitled 
“High-resolution micromachined interferometric acceler 
ometer,”Appl. Phys. Lett., 76 (22), pp. 3316-3318, May 29, 
2000. It should be noted, however, that these papers discuss 
measuring relative distance of the object with respect to the 
reference gratings. 

[0010] Two well known uses for microinterferometers are 
range ?nding and shape measurement, of which there are 
several optical range ?nding and shape measurement meth 
ods. Traditional range ?nding using focus analysis is an 
effective method, but for high accuracy and reduced depth of 
?eld, the lenses are typically large. Hence, mechanical 
scanning to make shape measurement becomes a slow and 
dif?cult task. Microscopes can be used to enhance the 
resolution, but this comes at the cost of extremely short 
standoff distances from the object, making scanning diffi 
cult. Interferometric ranging methods are very accurate, but 
in ordinary implementations, the methods operate in a 
relative coordinate space and can be problematic when the 
object surfaces have abrupt discontinuities. 

[0011] It would be desirable to have a microinterferometer 
that can determine an absolute distance as well as relative 

distance, as opposed to most of today’s microinterferom 
eters which can determine only relative distance. It would 
also be desirable to increase the resolution and sensitivity of 
the microinterferometer, while keeping the microinterferom 
eter relatively fast enabling measurement of the dynamic 
response of the microstructures under investigation. 

[0012] At some point, the sensitivity, and thus the resolu 
tion of the microinterferometer can be improved only so 
much. Like most transmission/receiving systems, this occurs 
when miniscule differences in the signal can not be detected 
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because of the noise in the system. Once the signal strength, 
in this case the intensity of the light and the lateral resolu 
tion, has been improved to its known limit, generally, the 
next step is to reduce the noise ?oor. This, similar to 
increasing the strength of the signal, increases the signal 
to-noise ratio (SNR). In optical systems such as interferom 
eters several noise sources exist. For example, noise caused 
by the emitting light source, shot noise in the receiving 
element, electrical noise from backend electrical compo 
nents, and overall system noise, such as mechanical and 
thermal noise. It Would be desirable to have a microinter 
ferometer that can overcome and/ or reduce some or all of the 

noise in the system. As mentioned, this can increase the SNR 
and thus improve the overall resolution and performance of 
the microinterferometer. 

[0013] Based on the foregoing, it should be appreciated 
that there is a need for improved ?atness measurement 
systems, particularly those that utiliZe interferometry, that 
address the aforementioned problems and/or other short 
comings of the prior art. 

SUMMARY OF THE INVENTION 

[0014] The present invention relates to surface pro?ling 
and microinterferometers. In this regard, one embodiment of 
the invention, among others, is a system for pro?ling a 
surface of an object. The system includes an optical sensor 
comprising an optical microinterferometer positioned about 
the surface for measuring the distance betWeen a reference 
point of the optical microinterferometer and the surface and 
means for varying the position of the object relative to the 
optical microinterferometer. 

[0015] Methods for pro?ling a target surface of an object 
are also provided. One such method, among others, is 
practiced by the folloWing steps: illuminating the target 
surface With an incident light beam through a phase-sensi 
tive, re?ective diffraction grating, such that a ?rst portion of 
the incident light beam is re?ected and a second portion of 
the incident light beam is di?fracted upon being transmitted 
through the diffraction grating; receiving interference pat 
terns produced from the ?rst portion of the incident light 
beam re?ected from the diffraction grating interfering With 
the second portion of the incident light beam re?ected from 
the target surface; measuring the intensity of the interference 
patterns to determine the distance betWeen a reference point 
and the surface; varying the position of the object relative to 
the diffraction grating; and processing the measured dis 
tances to pro?le the surface of the object. 

[0016] Other systems, methods, features, and advantages 
of the present invention Will be or become apparent to one 
With skill in the art upon examination of the folloWing 
draWings and detailed description. It is intended that all such 
additional systems, methods, features, and advantages be 
included Within this description, be Within the scope of the 
present invention, and be protected by the accompanying 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] Many aspects of the invention can be better under 
stood With reference to the folloWing draWings. The com 
ponents in the draWings are not necessarily to scale, empha 
sis instead being placed upon clearly illustrating the 
principles of the present invention. Moreover, in the draW 
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ings, like reference numerals designate corresponding parts 
throughout the several vieWs. 

[0018] FIG. 1 is a diagram illustrating the concept of 
using a diffraction grating to split beams in an interferom 
eter. 

[0019] FIG. 2 is a graph illustrating the distribution of 
re?ected light measured on an observation plane With vari 
ous gap thicknesses utiliZing the method described in FIG. 
1. 

[0020] FIG. 3 is a graph illustrating the normaliZed inten 
sity of various di?fraction orders vs. gap thickness utiliZing 
the method described in FIG. 1. 

[0021] FIG. 4 is a diagram illustrating an embodiment of 
a microinterferometer utiliZed in accordance With the 
present invention. 

[0022] FIG. 5 is a diagram illustrating an embodiment of 
a surface pro?ling system in accordance With the present 
invention. 

[0023] FIG. 6A is a diagram illustrating another embodi 
ment of a surface pro?ling system in accordance With the 
present invention. 

[0024] FIG. 6B is a diagram illustrating yet another 
embodiment of a surface pro?ling system in accordance 
With the present invention. 

DETAILED DESCRIPTION 

[0025] As Will be described in greater detail herein, 
embodiments of the present invention can pro?le a target 
surface and, in particular, make surface geometry measure 
ments, such as ?atness, that can be made With one and/or an 
array of microinterferometers. The surface pro?ling system 
disclosed can provide for high-precision, high-speed surface 
topology measurements, such as surface ?atness, roughness, 
Waviness, and form, by utiliZing non-contacting optical 
interferometry. 

[0026] Referring noW in more detail to the draWings, FIG. 
1 is a diagram illustrating the concept of using a diffraction 
grating to split beams in a microinterferometer. This concept 
has been utiliZed in measuring precise relative displace 
ments, such as for the measurement of Atomic Force 
Microscopy (AFM) tip displacement and in spatial light 
modulators, as in the grating light valves (GLV). This 
concept is also disclosed in co-pending US. Patent Appli 
cation to F. L. Deger‘tekin, G. G. Yaralioglv, and B. Khuri 
Yakub, having Ser. No. (unknown), ?led Jun. 28, 2001 With 
US. Express Mail Label No. ET-583617335-US and claim 
ing priority to US. Provisional Patent Application Serial No. 
60/214,884. AFM, in general, is a technique for analyZing 
the surface of a rigid material at the atomic level. AFM uses 
a mechanical probe to magnify surface features up to 
100,000,000 times, and it can produce 3-D images of the 
surface. In general, a GLV contains several tiny re?ective 
ribbons that are mounted over a silicon chip With a tiny air 
gap in betWeen the chip and the ribbons. When a voltage is 
applied to the chip beloW a particular ribbon, that ribbon 
bends toWard the chip by a fraction of a Wavelength of an 
illuminating light. The deformed ribbons collectively form a 
diffraction grating and the various orders of the light can be 
combined to form the pixel of an image. The shape of the 
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ribbons, and therefore the image information, can be 
changed in as little as 20 billionths of a second. 

[0027] The diagram of FIG. 1 illustrates tWo scenarios. A 
?rst scenario 1 shoWs What occurs When a target surface 4 
is placed a distance of a half-Wavelength, M2, aWay from a 
reference point, in this case, a re?ective diffraction grating 
5. A second scenario 2 shoWs What occurs When the target 
surface 4 is placed a distance of a quarter-Wavelength, M4, 
aWay from the diffraction grating 5. The detailed diffraction 
pattern of such a structure can be found by applying standard 
diffraction theory to determine the locations and the dimen 
sions of the photo-detectors or light guide apertures. 

[0028] In both instances, the re?ective diffraction grating 
5 is formed on a transparent substrate 3. Exemplary mate 
rials that may be utiliZed to construct such elements Will be 
discussed in further detail in relation to FIG. 4. The dif 
fraction grating 5 is formed of an array of diffraction grating 
?ngers 6 equally spaced along a front edge of the transparent 
substrate 3. It should be noted that, as mentioned above, this 
diagram is not to scale, and is merely for illustrative pur 
poses. In reality, the di?‘raction grating ?ngers 6 Would 
typically have a height on the order of micro- or nano 
meters. 

[0029] In the ?rst scenario 1, When an incident light is 
illuminated through the transparent substrate 3, a ?rst por 
tion of the incident light is re?ected from the re?ective 
diffraction grating 5. A second portion of the incident light 
is transmitted and diffracted about the diffraction grating 
?ngers 6. The transmitted and di?‘racted light re?ects off of 
the target surface 4 and is measured by a proper detection 
unit (not shoWn), such as a photo-detector or a photo-diode. 
As in scenario 1, the target surface is placed at a distance of 
M2 or any integer multiple, thereof. In this case, the 0th order 
of the transmitted incident light is re?ected back. In general, 
the 0Lhorder is the transmitted light that is illuminated 
directly, in Which case no diffraction, or change in direction 
occurs. The ?rst portion of the incident light, and the second 
portion of the incident light Which has been re?ected off of 
the target surface 4 interferes With each other. The phase of 
the tWo portions of the light Waves help form constructive 
and destructive interference patterns. From the interference 
patterns, the relative distance betWeen the diffraction grating 
5 and the target surface 4 can be determined. 

[0030] In scenario 2, the same general structure is set up. 
In this case, the target surface 4 is placed a distance of N4 
aWay from the diffraction grating 5. In practice, the target 
surface 4 may be placed at any integer multiple of N4 and 
the same general results Will occur. When the ?rst portion of 
the incident light joins With the second portion of the 
incident light upon re?ection, destructive interference can 
cels out the tWo. The second portion of the light travels an 
extra distance of 2x the distance betWeen the target surface 
4 and the diffraction grating 3, Which results in a phase 
difference betWeen the tWo portions of at, complete destruc 
tive interference. On the contrary though, the higher order 
diffraction ?elds, such as the ?rst order, can constructively 
interfere With the ?rst portion of the incident light. As FIG. 
1 illustrates, the higher order ?rst and second portions of the 
incident light are angled and not parallel to the line of 
illumination, like the 0th order beam. 

[0031] Having described an example of using a diffraction 
grating to split light beams and therefore measure relative 
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distance, theoretical calculations Will be utiliZed to shoW the 
results of using the method illustrated in FIG. 1. Suppose an 
incident light of }\,=632 nm is illuminated through the 
transparent substrate 3 onto the re?ective diffraction grating 
5. A laser can be utiliZed to provide the incident light. In this 
case, a helium-neon (HeNe) laser can be utiliZed. Suppose 
the diffraction grating 5 contains 10 diffraction grating 
?ngers 6 equally spaced at dg=2 um. FIG. 2 is a graph 10 
illustrating the distribution of re?ected light measured on an 
observation plane With various gap thicknesses utiliZing the 
method illustrated in FIG. 1. Hereinafter, the distance 
betWeen a reference point, in this case the diffraction grating 
5, and the target surface 4 Will be referred to as the gap 
thickness and can be considered the absolute distance to the 
surface. 

[0032] FIG. 2 shoWs the normaliZed intensity of re?ected 
light 20 versus an observation length, x 18. The observation 
length, x, is in the lateral direction, and centered at the 0th 
order beam. In this case, a 100 um Wide photo-detector has 
been used. Three scenarios are shoWn in the graph 10. 
Scenario 12 shoWs the normalized intensity 20 With gap 
thickness, d=}\,/2. Scenario 14 shoWs the normaliZed inten 
sity 20 With gap thickness, d=}\,/4. Scenario 16 shoWs the 
normaliZed intensity 20 With gap thickness, d=N 8. 

[0033] As expected, scenario 12 shoWs the 0th order 
re?ected beam With complete constructive interference. The 
higher order beams, eg the 1st and 3rd order beams incur 
destructive interference and so their intensity is cancelled 
out. Scenario 14 shoWs that the 0th order has been com 
pletely cancelled out and the 1st and the 3rd orders of the 
re?ected beam appear to have partial intensity. Scenario 16 
shoWs that When the gap thickness, d=}\,/ 8, both the 0th order 
and the 1st order contain some light intensity. Perhaps, most 
importantly, graph 10 attempts to shoW the periodic nature 
of the intensity of the orders of the re?ected light versus 
varying gap thickness. 

[0034] The intensity of these orders as a function of 
grating-re?ecting surface shoWs the COS2(2T|:d/}\,) and 
SII12(2T|:d/}\,) variation, as illustrated in FIG. 3. FIG. 3 is a 
graph 30 illustrating the normalized intensity 38 of various 
diffraction orders 32 and 34 versus gap thickness 36 utiliZing 
the method described in FIG. 1. 

[0035] As shoWn in FIG. 3, the 0th order curve 32 takes on 
a COS2(2T|:d/}\,) shape. This is in line With the results found in 
FIG. 2. At gap thickness of M2, Which is approximately 
0.316 pm, the intensity is greatest. At gap thickness of M4, 
Which is approximately 0.158 pm, the intensity is Zero. The 
1st order curve 34 takes on a sin2(2rcd/7t) shape. The graph 
30 of FIG. 3 clearly displays the periodic nature of the 
diffraction orders. As one can see, keeping all other variables 
constant and knoWn, one can calculate the relative distance 
by measuring the intensity of the orders, in particular the 1st 
order. In fact, by monitoring the intensity of any of the 
re?ected orders, one can achieve interferometric resolution 
on the order of l><l0_5A/\/HZ. 

[0036] Unfortunately, due to the periodic nature of inten 
sity curves, absolute distance cannot be determined, only 
relative distance. For example, one cannot conclude Whether 
the gap thickness is M4 or 3M4. In the discussion that 
folloWs, several embodiments Will be described that may 
solve this potential problem. To that, the presented solution 
also helps to improve the lateral resolution and overall 
sensitivity of the microinterferometer. 
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[0037] FIG. 4 is a diagram illustrating an embodiment of 
a microinterferometer 100 in accordance With the present 
invention. Included in the microinterferometer 100 is a light 
source 140 that provides the incident light. The microinter 
ferometer 100 also includes a tunable di?fracting micro 
objective 150. Included Within the tunable di?fracting micro 
objective 150 is a substantially transparent substrate 152, a 
tunable phase-sensitive diffraction grating 156 formed 
beloW the transparent substrate 152, and a lens 154 formed 
on the transparent substrate 152. An electrode 180 is also 
included in the tunable di?fracting micro-objective 150 and 
formed on the substrate 152 and positioned orthogonal to the 
di?fraction grating 156 such that a portion of the electrode 
180 is beloW each ?nger 159 of the di?fraction grating 156. 
A photo-detector 120 is also included in the microinterfer 
ometer 100 to receive the re?ected light. Electrically 
coupled to the photo-detector 120 is a processor 130, Which 
may be con?gured to process the received signals and 
therefore make appropriately desired calculations. In opera 
tion, a target surface 110 Would be positioned at an unknown 
distance from a knoWn reference point of the microinterfer 
ometer 100, and preferably normal to the direction of the 
incident light. 

[0038] In this embodiment, a controller 170 is coupled to 
the electrode 180 and to the diffraction grating 156. By 
providing a voltage potential across the electrode 180 and 
the di?fraction grating 156, the controller 170 can electro 
statically actuate the di?fraction grating 156. 

[0039] The light source 140, in this embodiment, may be 
a laser, that emits an electromagnetic Wave at a knoWn 
Wavelength, 7». An emitted incident light beam 101 Would be 
illuminated onto the re?ective di?fraction grating 156. In this 
embodiment, a Helium-Neon (HeNe) laser (7t=632 nm) may 
be utiliZed. In other embodiments, the light source 140 may 
be a laser emitting another knoWn Wavelength. The exact 
Wavelength of the incident light beam 101 may vary as long 
as the dimensions of the components of the microinterfer 
ometer 100 are calculated in terms of the incident light beam 
101 Wavelength. To that, light sources emitting more than 
one knoWn Wavelength can be utiliZed as Well, although, 
preferably, a light source emitting one knoWn Wavelength 
Would be utiliZed. In practice, any kind of temporarily 
coherent light source With a coherence length equal to or 
greater than tWo times the distance betWeen the target 
surface 110 and the di?fraction grating 156 may be utiliZed. 

[0040] In other embodiments, the incident light beam 101 
may be carried via an optical ?ber, in Which case the light 
source 140 may be located remotely. As depicted in FIG. 4, 
the light source is positioned normal to the plane of the 
transparent substrate 152. UtiliZing an optical ?ber adds 
?exibility in placing the light source 140. 

[0041] In yet other embodiments, the incident light beam 
101 may be guided toWards the di?fraction grating 156 via a 
Wave guide and/or a set of properly placed mirrors. For 
instance, the light source 140 may be placed relatively 
parallel to the lengthWise direction of the transparent sub 
strate 152. In this case, a mirror and/or a Wave guide can 
change the direction of the incident light beam 101 so that 
it is illuminated at a direction normal to the di?fraction 
grating 156. To that, although it appears that the best results 
occur When the incident light beam 101 is illuminated at a 
direction normal to the di?fraction grating 156, it need not be 
necessary. 
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[0042] The transparent substrate 152 is typically a planar 
surface, although not necessarily. For example, the substrate 
152 may be cut so as to have a rounded surface for the 
forming the di?fraction grating 156. This may aid in focusing 
the incident light beam 101. A variety of materials can be 
utiliZed for the substrate 152. Non-limiting examples are 
quartz, silicon, sapphire, glass, and combinations thereof. In 
other embodiments, the substrate 152 may be non-transpar 
ent, but a bulk-etched cavity may be incorporated into the 
substrate 152 to alloW illumination. In general, the trans 
mission coe?icient, "c, of the transparent substrate 152 for a 
given Wavelength of incident light beam 101 may be larger 
than 0.9. The dimensions of the transparent substrate 152 
can vary according to the overall structure of the microint 
erferometer 100, but in general, the lateral thickness of the 
substrate 152 may be in the range of 0.1 mm-2 mm, and 
likeWise having a Working distance of 0.1 mm-2 mm With an 
F-number from 1 to 5. The lateral length can vary With the 
structure of the microinterferometer 100. To ease in manu 
facturing, it may be necessary for the lateral length of the 
substrate 152 to be su?iciently longer than the Width of the 
lens 154. 

[0043] In other embodiments, the transparent substrate 
152 may be con?gured, upon manufacture, to assist in 
focusing the di?fracted and/or collimated incident light 
beams. In other embodiments, the lens 154 may be cut out 
of the substrate 152, so that the lens 154 Would be fully 
integrated into the substrate 152. 

[0044] As mentioned, the di?fraction grating 156 may 
include several equally spaced ?ngers 159. In general, the 
spatial separation betWeen adjacent ?ngers may be on the 
order of the Wavelength of the incident light beam 101. The 
?ngers 159 may be constructed of a re?ective and conduc 
tive material that has a re?ection coe?icient of betWeen 0.8 
to l. The conductivity of the di?fraction grating ?ngers may 
be necessary for electrostatic actuation of the ?ngers 159. In 
general, the ?ngers 159 may be shaped as blocks and could 
be composed of a conductive material With a non-dielectric 
re?ective coating. In other embodiments, the ?ngers 159 
may be composed of a dielectric material and be coated With 
a conductive re?ective material. The dimensions of the 
?ngers 159 can vary greatly With the Wavelength of the 
incident light beam 101. In this embodiment, hoWever, the 
dimensions of the ?ngers 159 may be on the order of the 
Wavelength of the incident light beam 101, or about 0.5 pm 
to 10 um. Several ?ngers 159 (on the order of 107» in lateral 
length) may make up the di?fraction grating 156. In this 
embodiment, the di?fraction grating 156 is formed atop the 
front planar surface of the transparent substrate 152. In other 
embodiments, the di?fraction grating 156 may be formed on 
the rear planar surface of the transparent substrate 152. In 
this case, the lens 154 may be removed so that only relative 
distance Would be measured. 

[0045] The di?fraction grating ?ngers 159 need not be 
equally spaced. The di?fraction grating 156 may be con?g 
ured to focus the incident light beam 101 on a given focal 
point. This may be accomplished by varying the spacing 
betWeen the ?ngers 159 in such a Way so as to focus the 
light. 

[0046] The electrode 180 is placed in relation to the 
di?fraction grating ?ngers 159. In general, the electrode 180 
is a conductive material that is deposited onto the substrate 
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152 and orthogonal to the ?ngers 159, and positioned 
off-center so as not to obstruct the transmission of the light. 
Similar to the diffraction grating ?ngers 159, the electrode 
180 may be a dielectric material covered With a conductive 
coating. In practice, When a voltage, either DC or AC or both 
is applied across the electrode 180 and the ?ngers 159, the 
?ngers 159 Would bend toWard the electrode 180 in such a 
Way so as to deform the diffraction grating 156. In other 
embodiments, more than one electrode 180 may exist. The 
electrodes 180 may be con?gured upon manufacture so as to 
keep the diffraction grating ?ngers 159 substantially parallel 
to the substrate 152 upon actuation. 

[0047] The lens 154 may be of a different material than the 
substrate 152 and so Would be formed on the rear planar 
surface of the substrate 152. In general, the lens 154 may be 
a planar convex lens With a transmission coe?icient of 
betWeen 0.7 and l. A non-limiting example of lenses 154 
that can be utiliZed are a binary Fresnel lens or any lens With 
tWo or more phase steps. The lateral length of the lens 154 
may be betWeen 50 [1111-500 um. The thickness of the lens 
154 may be up to 50 pm, but generally, can greatly vary 
depending on hoW it is constructed. In other embodiments, 
as mentioned earlier, the substrate 152 may be formed in 
such a Way that a separate lens 154 may not be necessary. 
The function of the lens 154 can be incorporated into the 
substrate 152. In practice, the lens 154 provides for focal 
depth that helps determine absolute distance. In other 
embodiments, the absence of the lens 154 may eliminate the 
possibility of absolute distance measurements. In Which 
case, only accurate relative distance measurements may be 
made. 

[0048] The microinterferometer 100 also includes a photo 
detector 120. In this embodiment, the photo-detector 120 
may be placed parallel and in front of the substrate 152. As 
the ?gure depicts, the photo-detector 120 may be positioned 
to receive a higher diffraction order of the re?ected light, 
such as the 1st or 3rd order. The observation length, x, can 
vary, but should be properly positioned so that a higher 
diffraction order may be observed. For example, the obser 
vation length x, may vary With the Wavelength of the 
incident light beam 101. The photo-detector may be placed 
at an optimal longitudinal distance, eg 300 pm, but this may 
vary With Wavelength. 

[0049] In other embodiments, the photo-detector 120 may 
be remotely located and the di?‘racted light may be received 
via an appropriately placed optical ?ber. In yet other 
embodiments, a Wave guide and/ or mirrors may change the 
direction of the di?‘racted and re?ected beams. In this 
embodiment, as mentioned, the photo-detector 120 is placed 
parallel to the substrate 152. This alloWs for a relatively 
small space, on the order of 100 [1111-1000 um. 

[0050] Several photo-detectors 120 are knoWn in the art. 
In general, any photo-detector 120 that can be con?gured for 
micromachining and can sustain the desired bandWidth can 
be utiliZed. One speci?c example of a photo-detector 120 
that can be used is a silicon P-N junction photodiode. 
Another type that could be utiliZed is a P-I-N type photo 
diode. The utiliZed photo-detector 120 may depend on the 
processing speed and responsivity (photocurrent per Watt of 
incident light) requirements. For example, at Wavelengths 
Where the absorption of silicon is small, deeper junction 
depths may be required to increase responsivity. 
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[0051] Similarly, the geometry of the photo-detector 120 
may be adjusted to minimiZe its capacitance and transit time 
to increase the detection bandWidth. Some signal condition 
ing circuitry, such as a transimpedance ampli?er, may also 
be implemented on the same semiconductor substrate as the 
photo-detector 120 to minimiZe noise and decrease parasitic 
capacitance. These photo-detectors 120 With integrated elec 
tronics can be con?gured to operate With bandWidths from 
DC to GHZ range for sensing optical communication appli 
cations. 

[0052] Aprocessor 130 may be included Within the micro 
interferometer 100, but more than likely Will be communi 
catively coupled to the microinterferometer 100 and be an 
external component. The processor 130 may be any type of 
electrical components that can process the signals received 
by the photo-detector 120. LikeWise, hardWare, softWare, 
and/or ?rmware may be utiliZed to properly make the 
appropriate calculations. For example, a personal computer 
may be con?gured to process the signals received from the 
photo-detector 120 in data that is compiled and calculated to 
produce the absolute distance. A relatively simple digital 
signal processor (DSP) or an application speci?c integrated 
circuit (ASIC) may be utiliZed to perform the calculations. 
The processor 130 may also be capable of making several 
other calculations and/or perform other functions, such as 
calibration, laser intensity normaliZation, digital ?ltering, 
and signal conditioning. 
[0053] The microinterferometer 100 can measure the 
absolute and/or relative distance, i.e. the absolute and/or 
relative gap thickness, to a target surface 10 as Well as can 
be tuned for optimum sensitivity. Preferably, the re?ectivity 
of the target surface 110 Would be in the range of 0.5 to 1. 
It should be noted, hoWever, that the re?ectivity of the target 
surface 110 may be dependent on the Wavelength of the 
incident light beam 101. In Which case, the light source 140 
may be selected so that a light beam 101 With a particular 
Wavelength is emitted such that the re?ectivity of the target 
surface 110 is highest. The addition of focal depth percep 
tion that comes in focusing the di?‘racted incident light beam 
101, alloWs the microinterferometer 100 to measure absolute 
distance. To that, the focusing also increases the lateral 
resolution of the microinterferometer 100. 

[0054] It should be noted, that other embodiments of the 
microinterferometer 100 can be utiliZed. For example, a 
focusing element such as the lens 154 may be removed from 
the microinterferometer 100. In this case, only relative 
distance measurements can be made. In other embodiments, 
the re?ective diffraction grating 256 may be formed directly 
on the substrate 152 and may not be tunable. In this case, the 
electrode 180 may be excluded as Well as the controller 170. 
In these embodiments, the microinterferometer 100 may not 
be tuned for optimum sensitivity. 

[0055] In operation, the incident light beam 101 is emitted 
from the light source 140. In this embodiment, the diffrac 
tion grating 156 is formed on the front planar surface of the 
transparent substrate 152. The re?ective diffraction grating 
156 re?ects a ?rst portion 104 of the incident light beam 101. 
A second portion 102 of the incident light beam 101 is 
di?‘racted upon transmission through the diffraction grating 
156 and illuminated through the transparent substrate 152. 
Higher order di?‘racted light beams 103, such as the 5th and 
7th order light beams are di?‘racted and Will subsequently 
re?ect off the target surface 110 and be lost. 
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[0056] The second portion 102 of the incident light beam 
101 is focused to a particular focal distance, as determined 
by the lens 154. The depth perception gained With focusing 
helps determine the absolute distance by, generally, placing 
a bell-shaped distribution over the periodic cos2(2rcd/7t) 
and/or sin2(2rcd/7t) functions described in relation to FIG. 3. 
The main intensity lobe of the bell-shaped distribution may 
have a 3 dB Width of about M2. This results in is a resolution 
of around 0.3 um for a HeNe laser used as the light source 
140. In reality, a bell-shaped curve Would be a result of the 
focal depth gained from the lens 154 When the photo 
detector 120 Was placed a su?icient distance behind the 
diffraction grating 156. In practice, hoWever, the photo 
detector 120 Would typically be placed much closer to the 
diffraction grating 156, eg 1 mm, so a true bell-shaped 
distribution may not be realiZed. The curve that Would result, 
hoWever, is still a knoWn and determinable function of the 
absolute distance. 

[0057] The second portion 102 of the incident light beam 
101 is re?ected off of the target surface 110 and returns in 
the direction of the microinterferometer 100. The photo 
detector 120 is positioned to receive the ?rst portion 104 and 
the re?ected second portion 102 Which have been combined 
to form an interference pattern due to the phase shift in the 
light Waves caused by the difference in traveled distance. 
The processor 130 can then process and calculate absolute 
distance by counting the intensity cycles of the interference 
pattern. The intensity curve has a periodicity of M2, and so 
the distance from a reference depth can be found With an 
accuracy of M2. The reference depth can be decided from 
the intensity versus depth pro?le of the lens 154. For 
example, the point Where the peak intensity is reduced by 
10% can be taken as the reference depth. 

[0058] The resolution can be further improved considering 
the slope of each intensity cycle, yielding distance measure 
ments With sub-nanometer resolution. For absolute distance 
measurement resolution better than M2, the variation of the 
intensity Within each interference cycle can be used. In this 
case, the information shoWn in FIG. 3 may be used to 
convert intensity variations to distance. 

[0059] As mentioned earlier, the sensitivity for relative 
distance measurements, such as vibrations, etc. of the target 
surface 110 can be maximized at certain distances from the 
target surface 110. In the example given, distances of odd 
integer multiples of M 8 produce maximum sensitivity. Upon 
receiving the interference pattern 104, data can be processed 
by the processor 130 to determine the absolute distance to 
the target surface 110. With the absence of the lens 154, only 
relative distance can be measured. Regardless, this informa 
tion can be provided to the controller 170 to properly adjust 
the position of the diffraction grating ?ngers 159 by elec 
trostatic actuation. By adjusting the position of the ?ngers 
159, the distance betWeen the diffraction grating 156 and the 
target surface 110 can be altered and set to an odd multiple 
of M8. The concept of electrostatic actuation Will be dis 
cussed in further detail in subsequent ?gures. 

[0060] The microinterferometer 100 can, therefore, pro 
vide absolute and/or distance measurements With high reso 
lution. To that end, the bandWidth of the microinterferometer 
100 is limited by the processing capabilities of the electrical 
components, hardWare, softWare, etc., of the processor 130. 
Another advantage may be considered to be the extremely 
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small siZe of the microinterferometer 100. Of most concern, 
generally, is the longitudinal dimension, Which in this 
embodiment is approximately 500 pm, but may be anyWhere 
in the range of 100 [rm-1000 pm, from the front of the lens 
154 to the photo-detector 120. It should be noted, that this 
is one example, and the longitude distance can vary greatly 
With the particular components utiliZed, the con?guration 
utiliZed, and the general implementation. The lateral dimen 
sion can be relatively small as Well. The longest element 
may be the substrate 152, Which may be only slightly longer 
than the diffraction grating 156 and/or lens 154, Which can 
vary in range, but typically Would be on the order of 
10%-10007». This alloWs for the possibility of mounting 
several microinterferometers 100 into an array or matrix 
structure Which can greatly increase the speed at Which 
pro?ling can be performed by covering more area of the 
target surface 110. 

[0061] FIG. 5 is a diagram illustrating an embodiment of 
a surface pro?ling system 200 in accordance With the 
present invention. In this embodiment, the surface pro?ling 
system 200 includes an optical sensor Which is the micro 
interferometer 100 discussed in FIG. 4. The microinterfer 
ometer 100 is positioned above a target surface 250 that is 
mounted on a high-speed, high precision motion system 220. 
A stage to move the target surface 250 With respect to the 
microinterferometer 100, Which in this embodiment is a 
rotary stage 225 of the motion system 220, may be located 
on a base 240 of the system 220. The base 240 may be 
con?gured to isolate the stage 225 from any other surfaces, 
particularly in the Way of any outside vibrations. 

[0062] The microinterferometer 100 may be judiciously 
positioned at a predetermined height above the surface 250. 
The microinterferometer 100 may remain suspended by an 
actuating arm 230, or gantry. A processor 260 may be 
coupled to the microinterferometer 100 as Well as the 
actuating arm 230 and the rotary stage 220. In this embodi 
ment, a light source 140 for the microinterferometer 100 
may be located remotely and an optical ?ber, although not 
shoWn, may provide the incident light beam to the micro 
interferometer 100. Likewise, the photo-detector 120 of the 
microinterferometer 100 may be located remotely and may 
be coupled to the microinterferometer 100 by Way of another 
optical ?ber. The photo-detector 120 may then be electri 
cally coupled to the processor 260. 

[0063] As mentioned, the microinterferometer 100 is simi 
lar to that discussed in FIG. 4 and can be con?gured in a 
number of Ways as discussed previously. For example, the 
microinterferometer 100 may or may not include a focusing 
element such as a lens 154 Which could provide for absolute 
distance measurements to the surface 250. The surface 
pro?ling system 200 may be fully functional With only 
relative distance measured from the microinterferometer 
100 Without the lens 154 as Well. Likewise, the microinter 
ferometer 100 diffraction grating 156 may or may not be 
tunable. The remoteness of the light source 140 may be 
helpful as it typically is a bulky instrument. An optical ?ber 
provides for ?exibility in the position of the microinterfer 
ometer 100 and alloWs it to move relatively easily. In other 
embodiments, a surface emitting laser formed on a silicon 
substrate may be utiliZed as the light source and can be 
mounted above the diffraction grating. The photo-detector 
120 may be positioned on the silicon substrate as Well. The 
microinterferometer 100 may be placed at a position that is 
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commensurate With its range, Which may vary by its con 
?guration, its light source, and other factors. A line of sight 
292 of the microinterferometer 100 may be directed doWn 
Ward at a direction normal to the target surface 250. 

[0064] The motion system 220 may be an ultra-high 
precision air bearing spindle or a precision stepper stage 
system. The motion system 220 may include the rotary stage 
225 in Which the target surface 250 may be mounted. 
Typically, the target surface 250 may be a surface of a Wafer. 
The rotary stage 225 may hold the target object 251 in a 
number of Ways. For example, the target object 251 may be 
mounted on a spindle. In other alternative embodiments, the 
target object 251 may be directly mounted on the rotary 
stage 225. The operation of the motion system 220 may be 
controlled by the processor 260 or may be operated by a 
controller (not shoWn) that is remote from the processor 260, 
in Which case the controller may be coupled to the processor 
260. 

[0065] The actuating arm 230 may be constructed in a 
variety of Ways. In operation, the actuating arm 230 may 
vary the position of the microinterferometer 100 relative to 
a central axis 252 of the target surface 250. The actuating 
arm 230 may be con?gured to move the microinterferometer 
100 radially aWay from the central axis 252 of the target 
surface 250 in a linear direction sliding along a ?rst pivot 
point 231. In other embodiments, the actuating arm 230, 
may be con?gured to move the microinterferometer 100 in 
an arc shape as rotation of the arm 230 may be conducted 
about a second pivot point 232. 

[0066] The actuating arm 230 may be con?gured to move 
the microinterferometer 100 in a number of actuation meth 
ods that are Well knoWn in the art. It should be noted, many 
other methods of moving the microinterferometer 100 rela 
tive to the target surface 250 may be utiliZed. For example 
a dual arm operation that can traverse over top the targeting 
surface 250 in an x-y coordinate system may be utiliZed. 
Other means can be utiliZed such as a sWing arm that is 
typically used on a hard drive in a computer Where the 
sensors are located on a rotary arm and actually sWing over 
the part in a circular trajectory (in much the same matter as 
the needle of a record player moves across a record). 

[0067] In operation, the rotary stage 225 may rotate the 
target object 251 about the central axis 252 as the micro 
interferometer 100 continuously makes measurements of 
distance to the target surface 250. The measurements are 
continuously provided to the processor 260. As the rotary 
stage 225 is rotating, the actuating arm 230 may appropri 
ately move the microinterferometer 100 radially. In this 
manner, the entire area of the target surface 250 may be 
mapped. Once the measurements have been made and 
provided to the processor 260, several functions and calcu 
lations can be performed. The speed at Which the surface 250 
may be mapped may not be limited to the bandWidth of the 
sensor, ie the microinterferometer 100, as in most applica 
tions. Rather, the limitations may come from the inertial 
effects of the surface pro?ling system 200. For example, any 
imbalance in the rotary stage 225 may cause vibrations in the 
system 200 at higher rotational velocities that Will be 
detected by the microinterferometer 100 resulting in degra 
dation of the measurements. Changes in direction for linear 
scanning systems may have similar, albeit more substantial 
effects. In any case, the microinterferometer 100 bandWidth 
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may not be the limiting factor in the inspection speed. Thus, 
if inertial disturbances (e.g., vibrations) generated by mov 
ing the microinterferometer 100 relative to the target surface 
250 can be reduced, the microinterferometer 100 can take 
advantage of that reduction. 

[0068] The processor 260 may be similar to that of pro 
cessor 60 as described in relation to FIG. 4. The processor 
260 may also be con?gured to store in a memory element, 
the many measurements made from the microinterferometer 
100. From the measurements made, the surface 250 may be 
pro?led With calculations, such as ?atness. For example, in 
calculating ?atness of the target surface 250, a minimum and 
a maximum distance can be found, and the difference may 
be found to be the ?atness. The processor 260 may be 
capable of doing this in real time and/or can store all the 
measurements, as mentioned, in a memory element, and 
then make appropriate calculations. In other examples, the 
stored measurements may be processed into distance mea 
surements, stored in memory elements, and then used to 
pro?le the surface 250 With surface characteristics, such as 
roughness, Waviness, and form errors. The processor 260 
may also have the capability to control the actuation of the 
actuating arm 231 and/or the rotary stage 225. 

[0069] In other embodiments, a high precision linear 
motion stage may be utiliZed in place of the rotary stage 225. 
In this case, the linear motion stage upon Working concur 
rently With the actuating arm 230 can assure the entire area 
of the target surface 250 is measured, in this case, in an x-y 
coordinate manor. This may be advantageous for target 
objects that are not circular in nature. 

[0070] FIGS. 6A and 6B illustrate other embodiments of 
a surface pro?ling system 300 and 350, respectively, in 
accordance With the present invention. Both FIGS. 6A and 
6B shoW a top vieW of their respective system. The surface 
pro?ling system 300 of FIG. 6A utiliZes an optical sensor 
332 that includes a one dimensional (l-D) array of micro 
interferometers 100 similar to those discussed in FIG. 5 
operating in parallel. In this embodiment, the array of 
microinterferometers 100 can greatly decrease the time in 
Which it takes to measure the target surface 250, provided 
enough bandWidth is available to process the results of the 
multiple microinterferometers 100. For example, assume the 
radius of the target surface 250 to be 100 mm. In this case, 
1000 microinterferometers 100 can be placed at a distance of 
100 um apart thus covering the area of the target surface 250 
in a radial direction. The time it takes for appropriate 
measurements to be made is noW the time it takes for the 
target surface 250 to rotate 360°. This Would vary With the 
desired resolution of the outermost microinterferometer 100. 
The greater the desired rotational resolution, the sloWer the 
target surface 250 may rotate, assuming the processing 
speed of the microinterferometer 100 and processor (not 
shoWn) Was ?xed. This, as compared to the system 100 of 
FIG. 5, can be much quicker. 

[0071] FIG. 6B displays another embodiment of a surface 
pro?ling system 350, upon Which more improvements have 
been made. In this embodiment, a 2-D staggered array of 
microinterferometers 100 may be included Within the sensor 
334. This can increase the radial resolution of the system 350 
by a factor of tWo. 

[0072] The array of microinterferometers 100 can, gener 
ally, be produced With relative ease, as many microinterfer 
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ometers 100 can share a common substrate 30. Although 
only a handful of microinterferometers 100 are displayed in 
both ?gures, many more can be placed in the optical sensor 
332 and 334, respectively. This can be accomplished 
because of the relatively small lateral siZe of each micro 
interferometer 100 Which may be on the order of 10-12 times 
the Wavelength of the incident light beam. 

[0073] In both cases the optical sensors 332 and 334 may 
be con?gured to move relative to the target surface 250 in 
much the same manner as that described in FIG. 5, or using 
a radial sWing arm as in a typical computer hard drive unit. 
Likewise, the optical sensors 332 and 334 may be able to 
move non-radially, as Well. 

[0074] It should be emphasiZed that the above-described 
embodiments of the present invention, are merely possible 
examples of implementations, merely set forth for a clear 
understanding of the principles of the invention. Many 
variations and modi?cations may be made to the above 
described embodiment(s) of the invention Without departing 
substantially from the spirit and principles of the invention. 
All such modi?cations and variations are intended to be 
included herein Within the scope of the present invention and 
protected by the folloWing claims. 

What is claimed is: 
1. A system for pro?ling a surface of an object, the system 

comprising: 
an optical sensor comprising an optical microinterferom 

eter positioned about the surface for measuring the 
distance betWeen a reference point of said optical 
microinterferometer and the surface; and 

means for varying the position of the object relative to 
said optical microinterferometer. 

2. The system of claim 1, further comprising means for 
determining the pro?le of the surface from measurements 
made by said optical microinterferometer. 

3. The system of claim 2, Wherein said means for deter 
mining the pro?le comprises means for calculating the 
?atness of the surface. 

4. The system of claim 1, further comprising means for 
holding the object surface. 

5. The system of claim 1, Wherein said optical microint 
erferometer is con?gured to measure the relative distance to 
the surface. 

6. The system of claim 1, Wherein said optical microint 
erferometer is con?gured to measure the absolute distance to 
the surface. 

7. The system of claim 1, Wherein said means for moving 
comprises means for rotating the object about an axis 
positioned parallel to a line of sight of said optical micro 
interferometer. 

8. The system of claim 7, further comprising means for 
moving said optical sensor in a radial direction orthogonal to 
the direction of the object induced by said means for 
rotating. 
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9. The system of claim 1, Wherein said means for moving 
comprises means for moving the object substantially linearly 
in a direction orthogonal to a line of sight of said optical 
microinterferometer. 

10. The system of claim 1, further comprising means for 
moving said optical sensor relative to the object. 

11. The system of claim 1, Wherein said optical sensor 
further comprises an array of optical microinterferometers. 

12. The system of claim 11, Wherein said array of optical 
microinterferometers is con?gured to measure the distance 
betWeen a reference point of each of said optical microint 
erferometers and the surface, in parallel. 

13. The system of claim 1, Wherein said optical micro 
interferometer comprises a phase-sensitive re?ective dif 
fraction grating. 

14. The system of claim 13, Wherein said phase-sensitive 
re?ective diffraction grating is con?gured to be tunable. 

15. The system of claim 13, Wherein said optical micro 
interferometer further comprises a means for focusing to 
provide focal depth to said optical microinterferometer for 
measuring absolute distance. 

16. Amethod for pro?ling a target surface of an object, the 
method comprising: 

illuminating the target surface With an incident light beam 
through a phase-sensitive, re?ective diffraction grating, 
such that a ?rst portion of the incident light beam is 
re?ected and a second portion of the incident light 
beam is di?‘racted upon being transmitted through the 
diffraction grating; 

receiving interference patterns produced from the ?rst 
portion of he incident light beam re?ected from the 
diffraction grating interfering With the second portion 
of the incident light beam re?ected from the target 
surface; 

measuring the intensity of the interference patterns to 
determine the distance betWeen a reference point and 
the surface; 

varying the position of the object relative to the diffraction 
grating; and 

processing the measured distances to pro?le the surface of 
the object. 

17. The method of claim 16, Wherein the measured 
distance to the surface is a relative distance. 

18. The method of claim 16, Wherein the measured 
distance to the surface is an absolute distance. 

19. The method of claim 16, Wherein varying the position 
comprises rotating the object about a central axis. 

20. The method of claim 16, Wherein varying the position 
comprises moving the object in a substantially linear direc 
tion. 


