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(57) ABSTRACT 

A system for assessing a structure and the tools and processes 
used to form the structure is described. 2D images of the 
structure are captured and processed to obtain 3D information 
concerning the structure. Both 2D and 3D information is then 
used to identify and analyze selected characteristics of the 
structure. This analysis allows for a quality assessment of the 
structure. The selected characteristics are correlated with 
information relating to the operation of the tool that carried 
out the process that at least in part created the structure. The 
correlation of tool/process information to structure character 
istics allows for the generation offeedback that may be used 
to modify the tool or processed used to form the structure. 
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Fig. 4 
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Fig. 6 

Fig. 7 
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SYSTEMAND METHOD OF 
CHARACTERIZING MICRO-FABRICATION 

PROCESSES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit of U.S. Provi 
sional Application Ser. No. 61/800,331, filed Mar. 15, 2013, 
which is hereby incorporated by reference herein. 

TECHNICAL FIELD 

0002 The present disclosure relates generally to assess 
ment of microstructures formed using any of a number of 
micro-fabrication processes. More specifically, the present 
disclosure relates to systems and methods of observing struc 
tures created using microfabrication techniques and generat 
ing information useful for characterizing whether or how well 
the microfabrication techniques performed. 

BACKGROUND 

0003 Optical techniques for observing substrate charac 
teristics resulting from microfabrication processes such as 
thermal oxidation processes, chemical and physical vapor 
deposition processes of various kinds, epitaxy, photolithog 
raphy and masking of various kinds, dry and wet etching 
processes of various kinds, laser ablation, focused ion beam 
milling and other similar techniques that are used to create or 
modify structures having features with critical dimensions on 
the order of a few micrometers or nanometers tend to be rather 
inflexible. Non-imaging techniques such as ellipsometry, 
scatterometry, and reflectometry permit the assessment of 
Substrate or sample characteristics on a very small scale. 
However these techniques are generally useful only for the 
assessment of characteristics below a certain size or dimen 
sion, e.g. layer thicknesses on the order of a 10’s or 100's of 
nanometers, structural features of a size that is on the order of 
the wavelength of light used to assess the structures and 
which generally are repetitive in nature or for particles that of 
a generally known type. These techniques are data intensive 
and require a large investment in mathematical models of 
specific structures and the hardware that can rapidly manipu 
late Such models. Other non-imaging techniques such as laser 
triangulation are capable of locating Small structures of a 
Substrate when used as a scatterometer, but tend to be most 
useful for larger structures having dimensions that are larger 
than the wavelength of light being used for sensing purposes. 
The Small spot size of a laser triangulation system allows one 
to build up a geometry of a structure that is assessed only on 
a point by point basis. Geometries of structures that interfere 
with the reflection of a fine beam (spot or line) of light become 
difficult to assess using this technique. Imaging techniques 
for assessing structures are limited to the native resolution of 
the optical system used to capture an image and also by the 
fact that the higher the resolution of the optical system, the 
more difficult it becomes to capture an image of an object that 
has a three-dimensional structure; the depth of focus of a 
higher resolution optical system limits the amount of a 3D 
structure that can be captured with the requisite focus needed 
to resolve structures of the object that fall outside the region 
that is in good focus. Accordingly, it is desirable to provide an 
approach to characterizing microfabrication processes in an 
accurate and efficient manner. 
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SUMMARY 

0004 Captured information is used to identify and analyze 
selected characteristics of a structure. This analysis allows for 
a quality assessment of the structure. The selected character 
istics are correlated with information relating to the operation 
of a tool that carried out a process that at least in part created 
the structure. The correlation of tool/process information to 
structure characteristics allows for the generation offeedback 
that may be used to modify the tool or processed used to form 
the structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0005 FIG. 1 is a schematic representation of an exemplary 
structure formed using a micro-fabrication technique. FIG. 1 
includes both a plan and a cross-section view of the structure. 
0006 FIG. 2 is a schematic illustrating a scan of the depth 
of field of an imaging system through the height of the struc 
ture of FIG. 1. 
0007 FIG. 3 is a schematic representation of the portions 
of the respective images of the structure that are in focus for 
a given field of view position. 
0008 FIG. 4 is a cross-sectional representation of a por 
tion of the structure of FIG. 1 showing an exemplary geom 
etry thereof 
0009 FIG. 5 is a representation of a two dimensional 
image resulting from the concatenation of the in-focus por 
tions shown in FIG. 3. 
0010 FIG. 6 is a schematic representation of illumination 
and imaging schemas that may be useful for imaging a struc 
ture. 

0011 FIG. 7 is a representation of how assessment infor 
mation may be obtained from a semiconductor wafer. 
0012 FIG. 8 illustrates one embodiment of an assessment 
of a substrate. 

DETAILED DESCRIPTION 

0013. In the following detailed description, reference is 
made to the accompanying drawings that form a part hereof, 
and in which is shown, by way of illustration, specific 
embodiments in which the invention may be practiced. In the 
drawings, like numerals describe Substantially similar com 
ponents throughout the several views. These embodiments 
are described in sufficient detail to enable those skilled in the 
art to practice the invention. Other embodiments may be 
utilized and structural, logical, and electrical changes may be 
made without departing from the scope of the present inven 
tion. The following detailed description is, therefore, not to be 
taken in a limiting sense, and the scope of the present inven 
tion is defined only by the appended claims and equivalents 
thereof. 
0014 FIG. 1 is an illustration of a structure that may be 
assessed according to various embodiments of the concepts 
presented herein. The structure 10 is in this instance a gener 
ally cylindrical pillar that has been etched into a silicon wafer 
W. The exact method whereby the structure 10 was created is 
not critical to the present concepts, but may inform certain 
aspects of how the concepts are to be carried out. For 
example, where the structure 10 is created by means of laser 
ablation, not only might one be interested in measuring the 
geometry of the structure 10, but an inspection of the surface 
of the structure 10 and its surrounding area for damage and/or 
debris resulting from the micro-fabrication process used to 
create the structure may be desirable. 
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0015. As those skilled in the art are aware, an optical 
imaging system which includes an imaging device Such as a 
CMOS or CCD camera chip also typically includes one or 
more optical elements for magnifying and/or focusing the 
object. An object is said to be in focus when the physical 
location of the object being imaged is within the field of view 
of the camera and also within its depth of field. In this way, an 
image having a specified resolution may be obtained. This 
generic set of optical conditions being met, an optical system 
can be arranged in many ways to obtain useful images of an 
object. FIG. 6 illustrates a number of possible arrangements 
for an imaging system according to the present invention. As 
can be seen, illumination light (arrows 30) is incident upon 
the structure 10. Note that illumination may be from a single 
direction or from multiple, simultaneous directions. Illumi 
nation may also be of any suitable wavelength or groups of 
wavelengths (i.e. broadband), the wavelength being selected 
using suitable a wavelength filter(s), single wavelength 
Sources such as lasers of various types or a monochromator, 
for example. Similarly, illumination light 30 may be polar 
ized in any useful fashion or unpolarized. Finally, illumina 
tion light 30 may be well collimated, uncollimated, conver 
gent, or divergent. In short, it is desirable to use that type 
(angle of incidence, azimuth, intensity, wavelength, polariza 
tion, etc.) of illumination that will provide a requisite level of 
contrast in a resulting image. As seen in FIG. 6, the illumina 
tion light 30 that is normal to the object and which shares an 
optical axis with a camera 32 is commonly referred to as 
brightfield illumination. Illumination light 30 that does not 
share an optical axis with a camera 32 Such as that labeled 
“DF is commonly referred to as darkfield illumination. A 
combination of both brightfield and darkfield illumination 
can be useful in certain circumstances. In other instances, 
illumination light that is close to but not coincident with the 
optical axis of the camera 32 positioned directly above the 
structure 10 may be useful. This illumination is sometimes 
referred to as “greyfield' illumination as it approximates a 
combination of both bright field and darkfield illumination. 
0016 While the camera 32 positioned directly above 
structure 10 is commonly used as part of machine vision 
systems based on a standard microscope design, other 
arrangements may be used as well as represented by cameras 
32 inclined with respect to the structure 10. 
0017 Referring now to FIG. 2, it can be seen that the depth 
of field of an imaging system, particularly a high resolution 
imaging system, may not encompass the entirety of a struc 
ture 10 that is to be imaged. Where an imaging system is 
focused at the upper surface of the structure 10 by adjusting 
the imaging system to position the depth offield of the imager 
at the top surface, only that portion of the structure 10 encom 
passed by position I will be in focus. To be certain, some light 
from the remainder of the structure 10 and from the back 
ground will be included in the image, but because those 
portions are out of focus, this light does not form a useful 
portion of the image. However it has been found that by 
bracketing substantially the entire structure 10 in successive 
images as by positioning the depth of field (focal plane) of an 
imaging System at Successive positions I, I. . . . .I., I, one 
may capture substantially the entire structure 10 in focus. The 
Successive images are then processed together to identify 
those portions of each image that are in focus. The in-focus 
portions are then concatenated to form a single composite 
image of the structure 10 in which the entire image is in focus. 
One manner in which the in-focus portions of each of the 
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Successive images are identified is by determined which pix 
els in an image are brightest. FIG. 3 illustrates schematically 
how portions i to i, of the concatenated image are assembled 
to form an entire composite/concatenated image of the struc 
ture 10. Each part or pixel of the concatenated image repre 
sents a specific X,Y position on the structure 10. Height or Z 
information may be obtained, with an error related to the size 
of the depth of field of the imaging system, by noting the 
position of the depth offield of from which the in-focus pixels 
were obtained. 

0018. Once a concatenated image 12 is obtained, inspec 
tion of the substrate and/or assessment of microfabrication 
tool operation may take place. In one embodiment the image 
12 may be compared to a pre-defined model and in other 
embodiments features present in the image may be identified 
and characteristics thereof may be determined and recorded. 
In both cases, the results of the comparison/analysis may be 
acted upon immediately or on a delayed basis. 
0019. One type of model that may be used is a statistical 
model in which multiple images of the structure under test are 
captured and analyzed to produce a model of what an ideal 
structure should look like in an image 12. This type of model 
allows for a pixel by pixel comparison of the model and 
images 12. In one example the model is defined as an array of 
pixel value ranges, one range for each pixel in the model. 
Where a pixel in an image 12 falls outside of the range of 
values established for that pixel in the model, the pixel of the 
image 12 is noted as potentially being discrepant. Depending 
on the nature of the assessment, a single discrepant pixel may 
be sufficient to categorize the structure or the microfabrica 
tion tool used to at least partially form it as out of specifica 
tion. In the case of a semiconductor device having a discrep 
ant structure this may mean that the device is discarded or that 
it is diverted for some type of re-work. In the case of micro 
fabrication tools, the presence of one or more discrepant 
pixels in an image 12 may be used to modify the operation of 
one or more of the microfabrication tools used to form the 
Structure. 

0020. In some embodiments a model can be purely statis 
tically derived such as by defining a “golden value” for each 
pixel as a mean of corresponding pixels from multiple con 
catenated images 12. While a direct comparison may be use 
ful in some instances, it is typically more desirable to assess 
a degree of difference between a golden value and an actual 
value. Accordingly, a range such as that described above may 
be developed statistically by generating a standard deviation 
for a given pixel and using that as a range. Howeverit has been 
found that applying an heuristic modification to statistically 
derived ranges to achieve better results. A suitable heuristic 
may involve simply narrowing or expanding a range to 
decrease or increase sensitivity of the assessment algorithm. 
One alternative to an heuristic would be to use neural network 
modeling to identify an appropriate adjustment to a models 
range of acceptable values based on outcomes, i.e. quality, of 
the structures being fabricated and assessed. 
0021. In some instances, such as where inherent variabil 
ity reduces the utility of a pixel based model, a structure under 
evaluation is imaged to form a concatenated image 12 which 
is then analyzed to identify and characterize features of the 
structure that appear in the image 12. In some cases an edge 
finding algorithm may be used to determine the presence and 
location of boundaries such as lower edge 28 and upper edge 
29 (FIG. 5). Examples of suitable image processing algo 
rithms include Canny and Sobel edge finding techniques. 
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Other approaches may also be used. Similarly, characteristics 
Such as Surface roughness of a structure may be assessed by 
analyzing a concatenated image 12 by passing a kernel over 
the concatenated image to determine relative variability in 
intensity in the respective areas. For example, the standard 
deviation of pixel values (whatever the recorded value may 
be, e.g. intensity, hue, Saturation, wavelength, polarization 
state), may be determined for each2x2, 3x3, etc. sized region 
centered on each pixel or on a selected Sub-set of pixels. 
Where standard deviation values vary beyond a given value 
that may be determined on the basis of correlation with past 
measurements, on an heuristic or on an arbitrary value, it can 
be said that a surface is rough and a quantization of that 
roughness may be computed, if so desired. 
0022. In other instances a concatenated image 12 may be 
assessed using techniques that are known as blob analysis. 
These image processing techniques are useful for identifying 
regions that have similar characteristics. In one embodiment, 
a concatenated image 12 is analyzed to identify all pixels or 
regions that have values (e.g. intensity) that are outside of a 
given range. Blob analysis Software attempts to determine 
whether the identified pixels or regions are discrepant by 
themselves or are part of a larger region or structure that is 
itself discrepant. For example, ifa given pixel has an intensity 
value that is higher than a given value, blob analysis may be 
used to determine if adjacent pixels or regions have a similar 
character. If so, the similar pixels or regions may be grouped 
together and identified as a single blob which may or may not 
(depending on assessment criteria) be discrepant. 
0023. In addition to finding features on a structure, the 
present concepts may be used to characterize the geometry of 
a structure itself. As indicated above, one may be able to 
determine a surface roughness of a region 26 (FIG. 4) of a 
structure as represented in a concatenated image 12. Surface 
roughness may also be determined on the basis of height 
information obtained during the concatenation process. In 
one embodiment all height values for a given region are 
assessed to determine if they fall within a predetermined 
range which may be a statistical deviation, an heuristic value/ 
range or a range arbitrarily determined by a designer of the 
structure that is under test, e.g. desired Surface roughness 
specification. 
0024. Using the geometric location of edges 28, 29, one 
may also determine the pitch P of these edges, the difference 
in height/altitude H, and the slope 21 of the surface of the 
structure. The slope 21 may also be assessed using Surface 
roughness or blob analysis techniques described above to 
obtain some value of variability for the surface. 
0.025 Information about a structure and its characteristics 
can be correlated to and/or analyzed with additional process 
information to fully character the process used to form the 
structure. One very helpful analysis is to correlate operational 
data derived from microfabrication tools used to form a struc 
ture to particular characteristics of the structure itself. In one 
embodiment operational data from a microfabrication tool 
that etches or ablates a portion of a substrate to form a struc 
ture 10 is correlated with the geometry of the structure 10 
itself. If a slope/sidewall 21 of the structure 10 is intended, for 
example, to be substantially vertical, one can measure the 
inclination of the slope 21 and correlate this inclination with, 
for example, a power output, temperature or dose? dwell time 
of the microfabrication tool. Understanding relationships like 
this can be helpful to an operator of a specific microfabrica 
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tion tool and to the operator of a fabrication facility that 
encompasses an entire fabrication process. 
0026 Note that correlation of data concerning one or more 
microfabrication processes with structures 10 may take place 
in either or both real time or on a delayed basis. In a preferred 
embodiment, data concerning microfabrication processes is 
captured on an ongoing basis and information that can tie this 
data to one or more Substrates/structures is similarly captured. 
For example, the operating characteristics of a microfabrica 
tion tool are recorded and appended to a database or other data 
structure with a cross-reference to the substrates/structures 
that were processed by the selected microfabrication tool. 
The characteristics of the structure 10 that are of interest or 
which are to be controlled are similarly recorded such that a 
connection between tool and structure can be made. Since the 
recordation of microfabrication tool data and structure char 
acteristics tends to be linear, determination of good or bad 
function of a tool is made after a structure has been formed, 
this correlation is used to control the operation of a microfab 
rication tool as it processes Subsequent Substrates. In those 
situations where a structure may be assessed in more or less 
real time, e.g. deposition processes that may be measured on 
an ongoing basis, the control feedback loop may be made in 
more or less real time. It is be to be understood however, that 
very often a time shifted correlation/control arrangement is 
determined before real time control of microfabrication tools 
may be accomplished. 
0027 FIG. 7 illustrates examples of how images for deriv 
ing a concatenated image 12 may be obtained. In the illus 
trated example the substrate is a wafer Whaving a number of 
die 50 disposed thereon. Die 50 are typically formed in uni 
form arrays though other arrangements are possible. Since 
images at multiple focal positions are required to obtain a 
concatenated image 12, multiple images at each site where a 
structure 10 that is to be analyzed must be captured. Fields of 
view 52 are arranged to be coincident with structures 10. An 
imaging system consisting a camera, optics and illumination 
(not shown) is positioned at the selected fields of view 52 and 
images at discrete focal positions are captured. This may be 
referred to as 'stop and scan as the mechatronic Support that 
moves the Substrate stops to allow the imaging system to 
capture its images. Alternatively, a more continuous image 
collecting process may be undertaken as represented by arrow 
53. Arrow 53 represents aboustrophedon path that addresses 
the imaging system (not shown) to each structure that is to be 
assessed without stopping. In this approach, the operation of 
the mechatronic Support (stage) is coordinated with the imag 
ing system to capture images of the structures at a single focal 
position. Note that where illumination is strobed, the strobe of 
the imaging system is correlated to the speed at which the 
mechatronic Support moves. Linescan imaging systems, 
which do not strobe, may also be used. Subsequent scans of 
the substrate are made at different focal positions. The num 
ber of required scans is set to the number of different focal 
position images are required for the desired analysis of each 
structure. A higher resolution assessment of structures 10 
may necessitate more images/passes and vice versa. 
0028. In another embodiment, an image of an entire sub 
strate may be captured at one time. Typically this is done 
using optics that are scaled to the size of the Substrate and 
which have a numerical aperture that defines a suitable depth 
of field to permit the formation of a concatenated image 
having a desired depth resolution as described above. Imag 
ing is preferably conducted at normal incidence to the Sub 
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strate and is undertaken at multiple focal positions. Illumina 
tion may be brightfield, darkfield, a combination of both and 
may also include other features as wavelength specific filter 
ing and/or polarization of light. 
0029 FIG. 8 illustrates an embodiment of how the present 
invention may be used to assess the operation of a microfab 
rication tool that is used to form a structure 10. As can be seen, 
edges 28, 29 define a sidewall or slope of a structure 10. The 
position and nature of these edges is directly correlated to the 
function of a microfabrication tool that forms the structure 10. 
In one embodiment, edges 28, 29 would be uniformly straight 
and parallel to one another. In reality, these edges are rough 
and may not be parallel. Lines 28a and 29a are fit to the 
identified edges 28 and 29 using known line fitting tech 
niques. The degree of parallelism (in the plane of the Sub 
strate, i.e. XY, and out of the plane of the substrate, i.e. XYZ) 
may be quantified as well as the distance between the two 
lines 28a, 29a. In addition, a variability or deviation of an 
edge such as edge 29 as compared to its line of best fit 29a 
may be quantified. A maximum and minimum deviation from 
a nominal position for an edge may be determined as well. 
The position of the maximum and minimum deviation may be 
compared directly to other information that is derived directly 
from the concatenated image 12 of the structure 10 or to a 
standard, range or specification of a type described above. 
The position or presence of additional features such as blobs 
60 adjacent to one or both of the edges 28, 29 may also be 
indicative of microfabrication tool operation. 

CONCLUSION 

0030 Although specific embodiments of the present 
invention have been illustrated and described herein, it will be 
appreciated by those of ordinary skill in the art that any 
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arrangement that is calculated to achieve the same purpose 
may be substituted for the specific embodiments shown. 
Many adaptations of the invention will be apparent to those of 
ordinary skill in the art. Accordingly, this application is 
intended to cover any adaptations or variations of the inven 
tion. It is manifestly intended that this invention be limited 
only by the following claims and equivalents thereof. 
What is claimed is: 
1. A system for assessing structures formed by microfab 

rication processes and the microfabrication processes them 
selves comprising: 

an imaging system comprising a camera and illumination 
for obtaining 2D images of a structure at multiple focal 
positions to substantially characterize both 2D and 3D 
geometries of the structure; 

a mechatronic Support for moving the Substrate relative to 
the imaging system to address a field of view of the 
camera to a structure; 

a controller coupled to the imaging system and to the 
mechatronic Support for coordinating the operation 
thereof and for receiving images from the imaging sys 
tem, for forming a concatenated image from the received 
images, and for identifying features of the structure in 
the concatenated image that are indicative of the opera 
tion of a microfabrication tool. 

2. The system for assessing structures formed by micro 
fabrication processes and the microfabrication processes 
themselves wherein the controller is constructed and 
arranged to identify characteristics of the structure selected 
from a group consisting of roughness, inclination, skew, 
pitch, height, aspect ratio, presence/absence of discontinui 
ties and size. 


