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SYSTEM AND METHOD FOR PROVIDING ELECTROMAGNETIC IMAGING

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims priority to co-pending U.S. Provisional Application
entitled, “SYSTEM AND METHOD FOR PROVIDING ELECTROMAGNETIC IMAGING,”
having patent application serial no. 61/148,043, filed January 28, 2009, which is entirely

incorporated herein by reference.

FIELD OF THE INVENTION
The present invention is generally related to imaging technologies, and more particularly
is related to imaging technologies capable of measurements in the near-surface-volume of a

material.

BACKGROUND OF THE INVENTION

The statements in this section merely provide background information related to the
present disclosure and may not constitute prior art.

Methods of measuring a sample are desirable. For example, it is desirable to be able to
measure the geometry of features on a sample with resolution on the order of micrometers or
nanometers, for instance in the case of semiconductor integrated circuits and photomasks,
microelectromechanical devices, and other microstructures. Additionally, surface and subsurface
objects, defects, and anomalies in a sample or device may result in detrimental effects when the
device is used. As an example, it is desirable to be able to detect unwanted contamination

particles present on photoreticles (and their protective pellicles) used in the mass production of
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integrated circuits as well as the detection of other defects that might arise during fabrication of
these integrated circuits. Other examples of the usefulness of measuring samples in the
integrated circuit industry include the evaluation of buried conductor traces in multiple insulating
layers and the characterization/imaging of high aspect ratio isolation trenches that prevent
current leakage between adjacent integrated circuit (IC) components. Additionally, it may be
desirable to measure magnetic and electric field patterns created in the vicinity of operating
integrated circuits.

In the early 1980’s Binnig and Rohrer developed the scanning tunneling microscope
(STM). In this same year, Binnig, Quate, and Gerber invented the atomic force microscope
(AFM), which is built on the principles of the STM. In general, an AFM works by monitoring
forces between a sharp probe tip and a sample as it is precision scanned over the surface of the
sample. In 1984, Matey and Blanc of RCA Laboratories invénted scanning capacitive
microscopy (SCM) where they utilized pre-developed instrumentation and pickup circuitry from
the RCA capacitive electronic disc (CED) VideoDisc player. SCM is similar to AFM but
specifically targets changes in capacitance between the probe tip and the surface, and for this
reason, SCM is also referred to as scanning probe capacitance imaging. These inventions in the
1980’s have spawned a great deal of research into the use of scanning probe microscopy as a
means for high-resolution imaging of objects at both macroscopic and microscopic scales.

In the most general sense, an SCM works by scanning an electrically conducting probe
over the surface of a sample. FIG. 1, which is taken from Applied Physics, by J.R. Matey and J.
Blanc, Volume 57, page 1437 (1985), illustrates the basic geometry of a prior art SCM probe
head10 over a sample 14. As shown by FIG. 1, the SCM probe head 10 houses a sharp tip

electrode 12, which is scanned over the surface of the sample 14.



WO 2010/088397 PCT/US2010/022418

An image is created by monitoring local changes in capacitance between the sharp tip
electrode 12 and the sample 14 or a conducting surface under the sample 14. This change in
capacitance serves as the contrast agent in the generated image. While there have been many
different approaches toward improving SCM, primarily with respect to probe shape, pickup
circuitry, and image reconstruction, what has remained common amongst groups attempting to
develop high-resolution nanometer scale imaging devices via AFM SCM is the use of a single
sense electrode. A well-known and well-documented pitfall of the single sense electrode is its
inherent lack of ability to shape the electric field to a desired configuration in order to allow
selective spatial imaging. While it is possible to raster scan a single probe electrode over a
surface with high lateral resolution, such a configuration does not, for example, provide
information for characterizing the depth and volume of the sample in desired spatial dimensions.
Consequently, the single probe design cannot optimize spatial and depth parameters and
- resolution, such as depth and width A single probe also does not allow high imaging speed of
the area of a surface to be measured.

Magnetic scanning probe microscopes are another technology, analogous to SCM and
used to image magnetic properties. Other magnetic sensors are used in the industry to detect fine
patterns. For example, the magnetic read head on a hard disk is used to detect very fine magnetic
- bit patterns on the surface of a hard disk platter. However, arrays of magnetically driven and/or
detected sensors have not been used to generate high resolution two-dimensional and three-
dimensional images of submicron scale.

Electromagnetic electrode arrays (electroquasistatic, magnetoquasistatic, and
electrodynamic) for object detection and mapping have been used in widely different fields

- implementing various different electrode geometries. Examples include the use of circular



WO 2010/088397 PCT/US2010/022418

electrode rings for the mapping of biological systems inside the ring (commonly referred to as
electrical impedance tomography (EIT)), and the use of coplanar, interdigital electrodes for
buried object detection and non-destructive testing. Unfortunately, electroquasistatic electrode
arrays and magnetoquasistatic coil arrays have not yet been utilized to generate high resolution,
two-dimensional and three-dimensional images of sub-micron scale devices, such as, for
example, integrated circuit features.

Thus, a heretofore unaddressed need exists in the industry to address the aforementioned

deficiencies and inadequacies.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide a system and method for providing
electromagnetic imaging. Briefly described, in architecture, one embodiment of the system,
among others, can be implemented as follows. The system contains an electromagnetic sensor
for imaging a sample. The electromagnetic sensor contains drive/sense electronics and a
pixelated sensor array having an array of elements that are individually drivable be the
drive/sense electronics in a coordinated manner to establish a desired temporal and spatial
pattern in which electrical properties of the elements are used to generate an image. The array of
elements could be either an array of capacitive sensor electrodes that source electric fields that
interact with the sample, or an array of inductive loops that source magnetic fields that interact
with the sample. Other components of the system include a precision motion controller, sensor
head and associated electronics, and a computer for performing data acquisition and signal

inversion.
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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

Many aspects of the invention can be better understood with reference to the following
drawings. The components in the drawings are not necessarily to scale, emphasis instead being
placed upon clearly illustrating the principles of the present invention. Moreover, in the
drawings, like reference numerals designate corresponding parts throughout the several views.

FIG. 1 is a schematic diagram illustrating a prior art probe head housing a sharp tip
electrode.

FIG. 2 is a schematic diagram illustrating the present system.

FIG. 3 is a schematic diagram providing an example of a drive/sense amplifier.

FIG. 4A, FIG. 4B, and FIG. 4C provide a side view, bottom view, and isometric view,
respectively, of a sensor array of FIG. 2.

FIG. 5 is a schematic diagram illustrating pairs of electrodes and electroquasistatic fields
that propagate from the electrode pairs.

FIG. 6A is a schematic diagram illustrating a line array of uniformly spaced electrodes.

FIG. 6B is a schematic diagram illustrating a grid array of uniformly spaced electrodes.

FIG. 6C is a schematic diagram illustrating a line array with guard rings.
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FIG. 6D is a schematic diagram illustrating a grid array with guard rings.

FIG. 6E is a schematic diagram illustrating non-unifo@ly spaced electrodes.

FIG. 6F is a schematic diagram illustrating a non-uniformly patterned array of electrodes.

FIG. 7A is a schematic diagram illustrating a large-square checkerboard electrode pattern
excitation.

FIG. 7B is a schematic diagram illustrating a spatial step/square function.

FIG. 7C is a schematic diagram illustrating a small-square checkerboard pattern
excitation. ”

FIG. 7D is a schematic diagram illustrating varying spatial wavelengths.

FIG. 7E is a schematic diagram illustrating spatial step/square function with dedicated
guard rings.

FIG. 7F is a schematic diagram illustrating varying spatial wavelengths along one spatial
dimension by different excitation patterns, which can be extended to multiple dimensions.

FIG. 8A is a schematic diagram providing an example of individually addressable
electrodes where each electrode can be driven with a voltage source.

FIG. 8B is a schematic diagram providing an example of individually addressable
electrodes where each electrode can be driven with a current source.

FIG. 9 is a schematic diagram providing a side view of drive and guard electrodes and
electric field lines generated by a sensor array.

FIG. 10A is a schematic diagram demonstrating trench detection with the present system.

FIG. 10B is the schematic diagram of FIG. 10A, however with different labeling for

better understanding.
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FIG. 11 is a schematic diagram illustrating electric field lines provided by the electrode
pairs of FIG. 10A and FIG. 10B, being shunted through a doped silicon bulk.

FIG. 12A and FIG. 12B are graphs illustrating changes in impedance between a fully
guarded drive/sense electrode pair as they are scanned past trenches of various depths and
widths.

FIG. 13 is a schematic diagram illustrating sensor array detection of information
regarding a sample at multiple depths.

FIG. 14A is a schematic diagram illustrating a first example of a sensor array and
drive/sense amplifiers when the sensor array is in a passive mode.

FIG. 14B is a schematic diagram illustrating a second example of a sensor array and
-drive/sense amplifiers when the sensor array is in a passive mode.

FIG. 15 is a schematic diagram demonstrating use of the present imaging system for
particle removal.

FIG. 16A is a schematic diagram illustrating an example of a clean photomask.

- FIG. 16B is a schematic diagram illustrating an example of a photomask having
contaminants thereon.

FIG. 17 is a schematic diagram illustrating exciting electrodes with a short spatial
wavelength.

FIG. 18 is a further schematic diagram illustrating a contaminant on a pellicle.

FIG. 19 is a schematic diagram iilustrating particle detection.

FIG. 20A-FIG. 20G are schematic diagrams illustrating a MEMS fabrication technique

for a nanoscale electrode sensor array.
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FIG. 21 is a schematic diagram illustrating an array of EQS sensor electrodes used to
scan laterally past a gap in an absorber layer of a photomask.

FIG. 22 is a schematic diagram illustrating electric field lines emanating from the EQS
sensor electrodes of FIG. 21.

FIG. 23A-FIG. 23D are schematic diagrams plotting sensor electrode current magnitude
responses for contaminants of various &; ahd c.

FIG. 24 is a schematic diagram illustrating an array-set of sensor electrodes.

FIG. 25 is a schematic diagram illustrating simulated geometry in a passive
implementation.

FIG. 26. is a schematic diagram illustrating sample electric field lines from a signal trace
and illustrates the coupling between the trace and electrode array when they are in close
proximity.

FIG. 27 is a schematic diagram illustrating the spatial current profile along the sensor
array for various trace depths.

FIG. 28 is a schematic diagram illustrating a magnetic field created by current about a
loop.

FIG. 29 is a schematic diagram illustrating excitation patterns.

FIG. 30 is a schematic diagram illustrating one embodiment of a magnetic sensor head.

FIG. 31 is a schematic diagram illustrating an MQS analog to top-side guarding.

FIG. 32A and FIG. 32B are schematic diagrams illustrating alternative arrangements

involving sense winding and guard windings.
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DETAILED DESCRIPTION

The present invention provides a system and method for providing electromagnetic
imaging through use of an electromagnetic sensor array. The system is also referred to herein as
an electromagnetic imager.

Providing high-resolution images of a certain sample is a valuable tool for imaging
surface and subsurface features, detecting surface and subsurface objects, detecting defects, and
detecting anomalies in a material that would otherwise go unnoticed by other means of
inspection. Such items can be located and imaged with the present system and method. Among
other things, the system and method is capable of locating objects with sub-micrometer scale
resolution. This sub-micron precision, coupled with its high sensitivity to local changes in
dielectric permittivity, magnetic permeability, and electric conductivity, allows for imaging of
integrated circuits (ICs) and other devices with features in the micrometer to nanometer regime.
It should be noted, however, that the present invention is not limited in scale to the nanometer
scale. Instead, while the following provides an example of using the present system and method
in the nanometer scale, there is no requirement for such a limitation to scale and the example is
merely provided for exemplary purposes.

Examples of industry applications that can benefit from the present system and method
include, but are not limited to, the detection and imaging of unwanted contamination particles
present on photoreticles, and their protective pellicles, used in the mass production of integrated
circuits and the detection of other defects that might arise during the fabrication of integrated
circuits, the evaluation of buried conductor traces in multiple insulating layers, and the
characterization/imaging of high aspect ratio isolation trenches. In addition to imaging IC

features and defects with an electrically driven sensor array, a passive implementation of the
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same sensor array is provided and used for both time and spatial monitoring of electric field and
magnetic field signals in the vicinity of an operating circuit. The following provides a detailed
description of active and passive sensor use, in addition to computer simulation of results. Of
course, there are many other applications for the present system and method, and the
embodiments discussed herein.

FIG. 2 is a schematic diagram illustrating the system 100 in accordance with a first
exemplary embodiment of the invention. As shown by FIG. 2, the system 100 contains a stage
110 upon which a sample 120 rests. The stage 110 is a three-dimensional stage having three
orthogonal degrees of freedom (e.g., x-y-z, R-theta-phi, r-phi-z, etc.). The stage 110 is capable
of large scale motions with high resolution, although it is not limited to such motions. Large
scale scanning/raster-scanning can involve moving the stage and/or the sensor head.

An electromagnetic sensor array 130 is positioned and maintained above the sample 120
a specific distance so as to allow for the array 130 to be used in an active mode and passive
mode. The active mode and passive mode of the sensor array 130 is described in detail
hereinbelow. In accordance with one embodiment of the invention, features that are imaged by
the sensor array 130 are small compared to the sensor array 130.

The sensor array 130 is maintained a very small distance from the surface of the sample
120. As an example, the sensor array 130 may be maintained approximately one-hundred (100)
nanometers from the surface of the sample 120. Of course, the sensor array 130 masl be
maintained a different distance from the surface of the sample 120. Different techniques may be
used to maintain this small distance between the sensor array 130 and the sample 120. An
example of such a technique may include, but is not limited to, implementing feedback position

control via sensing capacitance from the sample 120, sensing currents relative to voltages of

10



WO 2010/088397 PCT/US2010/022418

electrodes within the sensor array 130, or maintaining an average impedance over the sensor
array 130 constant in order to maintain the small distance (height).

The electromagnetic sensor array 130 is connected to drive/sense amplifiers 150, which
are, in turn, connected to a sensor head and associated electronics 170. The amplifiers 150 are
positioned as close to the sensor array 130 as possible so as not to amplify parasitics/strays.
These electronics could include integrated circuitry and/or surface mounted circuitry. The sensor
head and electronics 170 may include A/D converters, D/A converters, detectors, mixers,
demodulators, feed lines, or other electronics. These electronics, along with the drive/sense
amplifiers 150, interface the sensor array 130 and what is sent to a computer 200. In one
embodiment, the drive/sense amplifiers and other processing electronics can be integrated within
the sensor head itself, using integrated circuit fabrication techniques in concert with
microelectromechanical fabrication techniques.

Collectively, the electromagnetic sensor array, drive/sense amplifiers, and sensor head
and associated electronics may be referred to as the sensor.

The electromagnetic sensor array 130 can be fundamentally either electric or magnetic in
character, assuming that the array size is smaller than the wavelength of light at the chosen
frequency of interest. The two sensor arrays are well known to be duals of one another. The
electric array contains capacitive electrodes that source electric fields that interact with the
sample. The magnetic array contains inductive loops that source magnetic fields that interact
with the sample. The important difference here is that the magnetic fields can penetrate
conductors that the electric fields would not. Then, the two fields interact differently with the
- sample, offering different views of its configuration, geometry, and constituent materials.

Depending upon the application, one might prefer one embodiment, the other, or both.

1
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FIG. 3 is a schematic diagram broviding an example of a drive/sense amplifier 150. It
should be noted that the example of FIG. 3 is provided merely for exemplary purposes and is not
intended to limit examples of active mode pick-ups that may be used to pickup and measure the
current on an electrode. FIG. 3 provides the example of using a transformer and amplifier
configuration to pickup and measure the current on an electrode 132. Different operating
frequencies may call for different electronics. It should be noted that FIG. 3 is one example of
an impedance sensing circuit. Since other impedance sensing methods would be known to one
having ordinary skill in the art, the present invention is not intended to be limited to the example
of FIG. 3.

Referring back to FIG. 2, a precision motion controller 140 may also be located on the
sensor head 170 for ultra-fine vertical and lateral movement of the sensor array 130. It should be
noted that in an embodiment having a precision motion controller, collectively, the
electromagnetic sensor array, drive/sense amplifiers, precision motion controller, and sensor
head and associated electronics may be referred to as the sensor.

The sensor head and electronics 170 are connected to the computer 200. The computer
200 contains several modules for performing specific functionality as reqﬁired by the present
system and method. A first module 210 provides for data acquisition from the sensor head and
electronics 170.

A second module 220 of the computer 200 provides signal inversion of data from the
sensor array 130. Such signal inversion may be provided by a signal inversion algorithin. Signal
inversion is described in detail hereinbelow. The use of signal inversion methods allows for the

generation of images, feature parameters, material properties, and other results.

12
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The computer 200 may also have input and output devices 230 connected thereto.
Examples of output devices may include, for example, a monitor or printer. In addition,
examples of input devices may include, for example, a keyboard, mouse, microphone, and of
course, the data from the sensor array 130. Further, input and output devices 230 may include
devices that communicate both as inputs and outputs, for instance, but not limited to, a
modulator/demodulator (modem,; for accessing another device, system, or network), a radio
frequency (RF) or other transceiver, a telephonic interface, a bridge, or a router.

It should be noted that an output of the computer 200 may be raw sensor data 240 that
may be transmitted to a remote location for post-processing. Alternatively, the computer 200
may contain logic therein for allowing the processing of the raw data therein.

FIG. 4A, FIG. 4B, and FIG. 4C (collectively, FIG. 4) provide a side view, bottom view,
and isometric view, respectively, of the sensor array 130. The following further describes one
possible dimensional layout of the sensor array 130. The sensor array 130 provides for three-
dimensional sample 120 characterization and imaging. The sensor array 130 contains a number
of electrodes 132 that are arranged in a manner so as to maximize sensing performed by the
sensor array 130, whether such sensing is for shallow sensing, mid sensing, or deep sensing.
Arrangements of electrodes are described in further detail below.

FIG. 4 provides a basic electrode pattern containing a “2n x m” array of electrodes 132
located inside an insulating bulk. In accordance with the example illustrated by FIG. 4, “n” =5
and “m” = 3, however, it should be noted that “n” and “m” can be any real positive integers.

For nano-scale imaging, the sensor array 130 is precision fabricated in layers. In the
exemplary embodiment shown by FIG. 4, as best shown by FIG. 4B, the electrode array 130 may

be fabricated in five (5) layers of Silicon dioxide (SiO,) (a layer of periodically spaced
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electrodes, a layer of SiO; only, a layer of periodically spaced electrodes, a layer of SiO, only,
and finally a layer of periodically spaced electrodes). It should be noted, however, that the
sensor array 130 may instead be fabricated in a different material, as long as the material is a
solid and insulating. In addition, each electrode 132 is preferably under one micron in size, and
therefore is based on a nanometer scale, although as previously mentioned, electrode size is not
required to be based on a nanometer scale.

As shown by FIG. 4B, the dimension ‘w’ represents the minimum width of the
electrodes. The dimension ‘h’ represents the fabrication layer thickness, however, ‘w’ does not
necessarily equal ‘h’. The dimension ‘I’ represents the height of the electrodes 132, or the
fabrication length. After fabrication, the face that is shown in FIG. 4B, namely, the bottom view,
is polished so that the face is flat. Having the face flat provides for a more accurate maintenance
of the sensor array 130 distance above the surface of the sample 120 and makes the sensor array
130 coplanar to planar substrates. It should be noted that there are many other useful faces, such
as, for example, ones that are stepped, or curved if the top surface of the sample is stepped or
curved.

As previously mentioned, the sensor array 130 may be used in an active mode or a
passive mode. In the active mode, independent voltage or current sources are used to excite the
individual electrodes 132 so as to allow for sample 120 characterization at different penetration
depths. The process of exciting the individual electrodes 132 is described in additional detail
below. Alternatively, in the passive mode, the electrodes 132 are not electrically driven, but
instead used to sense electric or magnetic fields from the sample 120. Both the active mode and
the passive mode are described in additional detail below. The following first describes the

active mode.

14
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Referring to FIG. 4, each electrode to the left of the denoted ‘symmetry plane’, shown as
axis x, is excited by a sinusoidal, square, or any other special and temporal waveforms, relative
to the electrodes to the right of the symmetry plane at frequency “f,” With this type of
excitation, electrodes can be categorized by one of five types: drive electrodes, sense electrodes,
guard electrodes, guard and drive electrodes, and guard and sense electrodes. The multi-element
arrays are driven by a time-varying voltage that is applied to the electrodes in a desired pattern as
a function of space, and resulting currents are acquired by the first module 210. It should be
noted that arbitrary time domain signals may also be useful, for example, to measure relaxation
phenomena.

In a differential drive scheme, each electrode to the left of the symmetry plane (x-axis) is
paired with an electrode to the right of the symmetry plane. FIG. 5 better illustrates pairs of
electrodes and electroquasistatic fields that propagate from the electrode pairs. Referring to FIG.
5, starting from closest to the symmetry plane (x-axis), a first electrode 132a is paired with a
second electrode 132aa, a third electrode 132b is paired with a fourth electrode 132bb, and a fifth
electrode 132c is paired to a sixth electrode 132cc. Each pair of electrodes is capable of
penetrating the sample 120 at various depths based on their periodic spacing. The pair closest to
the symmetry plane.(x-axis) has a short depth of penetration, while the further the pair is from
the symmetry plane (x-axis) the deeper the penetration of the quasistatic fields into the sample
120. An increasing number of pairs being further away from each other provide an increasing
depth of penetration of a quasistatic field into the sample 120.

As is shown by tﬁe electrode pairs of FIG. 5, the electrode pairs provide electroquasistatic
fields that extend in all directions. With the electroquasistatic fields extending in all directions it

is desirable to concentrate the electroquasistatic fields in a direction so as to point the

15
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electroquasistatic fields toward a sample 120. Additionally, electrodes 132 within the sensor
array 130 may also act as guards. Specifically, a second electrode, either concentric or adjacent
to an electrode being used to provide an electromagnetic field, acts as a guard. The guard
electrode is driven at the same potential and is used to minimize stray fields in the vicinity on the
sample so that one only finds fringing fields off of the end of the field-providing electrode tip
since fields have been shunted out of the tips of the electrodes through guarding. As a result,
guards force the dominant electromagnetic fields to be directed toward the sample 120 that is
being imaged.

Referring back to FIG. 4, in the excitation scheme, electrodes to the left of the symmetry
plane (x-axis) are drives and/or guards, while electrodes to the right of the symmetry plane (x-
axis) are sensors and/or guards. It should be noted that, in accordance with an alternative
embodiment of the invention, the positions of the drives and sensors might be switched. In FIG.
4, the electrodes labeled as Y or YY are considered to be part of an active array 134, which is a
portion of the sensor array 130. All electrodes on the perimeter of the active array 134, labeled
in FIG. 4C with an X, should serve only as guard electrodes and can all be driven by the same
source. The purpose of the guard electrodes is to guard the non-perimeter electrodes (non-
perimeter electrodes are labeled in FIG. 4C with a Y or YY). The four pairs (or in general ‘n —
1” pairs) of non-perimeter electrodes can serve as both guard and drive/sense electrodes and
should each be driven by separate sources, but at the same magnitude and phase as the guard
electrodes. This allows for separate monitoring of impedance variations between each symmetry
pair of drive/sense electrodes. This excitation scheme yields three fully guarded drive/sense

electrode pairs and one pair of partially guarded drive/sense electrodes. It should be noted that

16
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this is only one specific drive scheme, each electrode is individually addressable, and there are
many other drive patterns.

FIG. 6 is a schematic diagram illustrating different layouts for the electrodes in the sensor
array 130. It should be noted that the present system and method may be used for many different
unique layouts of electrodes. FIGS. 6A-6F (collectively, FIG. 6) provide examples of different
sensor array layouts. Specifically, the present system may be provided with line arrays, grid
arrays, guarded arrays, coaxial/concentric arrays, non-uniformly spaced electrode arrays, arrays
designed for locating specific features, and other arrays.

Referring to images of FIG. 6: FIG. 6A provides a line array of uniformly spaced
electrodes; FIG. 6B provides a grid array of uniformly spaced electrodes; FIG. 6C provides a line
array with guard rings; FIG. 6D provides a grid array with guard rings; FIG. 6E provides non-
uniformly spaced electrodes (in this case there is a spatial gradient in electrode density, but the
layout could be random); and FIG. 6F provides a non-uniformly patterned array.

It should bé noted that electrode excitations need not be limited to any specific patterns.
If fact, with the many electrode layouts that may exist, there are also many creative spatial
excitation patterns. Moreover, included in this set of excitation patterns are random excitation
patterns.

Examples of sample excitations are provided by the schematic diagrams of FIG. 7. The
figures of FIG. 7 provide the following: FIG. 7A provides a large-square checkerboard pattern
excitation; F IG. 7B provides a spatial step/square function; FIG. 7C provides a small-square
checkerboard pattern excitation; FIG. 7D provides varying spatial wavelengths; FIG. 7E

provides spatial step/square function with dedicated guard rings; and FIG. 7F provides varying
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spatial wavelengths along one spatial dimension by different excitation patterns, which can be
extended to multiple dimensions.

The present system measures the current/voltage relationship at every electrode, where
the system can drive an electrode with a voltage and sense the resulting output current, or drive
the sensor with a current and sense the resulting output voltage. It should be noted that each
electrode may be individually addressable and detectable, as well as individually drivable. By
individually addressing electrodes, the electrodes can be excited at the same magnitude and
phase as their neighbor electrodes. This allows electrodes to serve the dual purpose of guarding
and sensing.

In addition to a single-ended drive scheme, electrodes can be driven differentially in
pairs. Also, not all electrodes have to be driven with a source. Some electrodes can be
grounded, or left floating, and serve as dedicated sensing electrodes where the short-circuit
currents or open-circuit voltages are measured.

In a passive implementation of the sensor array 130, as described below, none of the
electrodes would be driven. Rather, the electrodes would be shorted, or left floating, and serve
as dedicated sense electrodes. It is also important to note that excitation in the present system is
not limited to a specific frequency, but rather a variable frequency drive can be used. This
allows for investigation into the frequency dependent properties of the sample, which is useful
for impedance spectral analysis.

FIG. 8 is a schematic diagram providing examples of individually addressable electrodes.
As shown by FIG. 8A, each electrode 132 can be driven with a voltage source, and its current is
measured to determine self-impedance. Alternatively, as shown by FIG. 8B, each electrode can

be driven with a current source and its voltage is measured to determine self-impedance. If there
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are n electrodes in the sensor array, then there are n branches in which current can flow. This
creates a symmetrical impedance matrix where the diagonal terms are the self-impedance of each
of the electrodes and the off-diagonal terms represent trans-impedances between electrodes. It
should be noted that different methods of impedance detection may be used in accordance with
the present invention and are intended to be incorporated by the present description. FIG. 3,
which was described previously, provides one example of an impedance detection circuit that
may be used in accordance with the present invention.

By fully guarding the drive/sense electrode pairs in the fashion mentioned above, a
majority of the electric field generated by the drive electrodes is shunted through the sample 120.
FIG. 9 is a schematic diagram providing a side view of the drive and guard electrodes and
electric field lines generated by the sensor array 130. Shown in FIG. 9, but not in FIG. 4, are
top-side guard electrodes 136. This top-side guarding is extremely helpful in blocking stray
fields from having a strong influence on the impedance or admittance between drive/sense pairs.

By shunting the electric field through the sample 120, the total current density has
maximum influence from the sample 120. Consequently, one observes maxirﬁum fluctuations in
impedance/admittance between the drive/sense electrode pairs as they scan over different
features of the sample 120. It should be noted, that in accordance with an alternative
embodiment of the invention, one could implement an excitation scheme that does not utilize
fully guarded electrodes, however, such a scheme would not be optimal for observing maximum
impedance variations at the electrode terminals.

The schematic diagram provided by FIG. 9 provides visualization of the importance of
fully guarding the electrode. Specifically, since most of the electric fields are shunted through .

the sample 120, the sense electrodes become sensitive to local changes in properties of the
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sample 120. The sensitivity of the sense electrodes makes the present system useful for detecting
material interfaces, trenches, dust particles, and buried conductors, among other things. As
stated previously, the depth of penetration of electric fields into the sample 120 is directly
proportional to spacing between electrode pairs. It should be noted that in the present sensor
array 130 one can simultaneously excite the sensor electrodes at different spatial wavelengths
without any mechanical switéhing or motion. In addition, as each electrode pair penetrates the
sample 120 to different depths, the electrode pairs also serve the purpose of guarding adjacent
electrode pairs.

To demonstrate an example of use of the present system, FIGS. 10A, 10B, 11, 12A and
12B exemplify simulation results of detecting air-filled trenches in doped silicon in two
dimensions (width and depth). FIG. 10A is a schematic diagram demonstrating trench 252

“detection with the present system 100, in addition to exemplary dimensions used for a

-simulation. The width of the trench 252 is labeled “w” and the depth of the trench 252 is labeled
“d”. The number of electrode pairs used in this specific simulation was n = 3, with a first
electrode pair labeled as 254A and 254B, a second electrode pair labeled as 256A and 256B, and
a third electrode pair labeled as 258A and 258B. This yields one fully guarded drive/sense
electrode pair, namely the second electrode pair 256A, 256B.

FIG. 10B is the same schematic diagram of FIG. 10A, however with different labeling for
better understanding of the system 100. The sensor array 130 contains a first guard electrode
260A and a second guard electrode 260B. In addition, the sensor array 130 contains a first
sensor electrode 258A, a second sensor electrode 256A, a third sensor electrode254A, a fourth
sensor electrode 254B, a fifth sensor electrode 256B and a sixth sensor electrode 258B. Further,

the trench 252 is located within the sample 120. For example, the sensor electrodes of FIG. 10B
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are capable of predicting the dimensions (depth and width) of a sub-micrometer scale trench in
doped silicon based upon a measured transimpedance between two sensors in the sensor array
when scanned laterally over the surface of the silicon.

Sensor electrodes 258A, 256A, 254A on the left half of the sensor array 130 are driven by
a sinusoidally varying voltage source. This frequency is high enough such that it is on the order
of fhe charge relaxation break frequency of the semiconducting silicon bulk, namely, the sample
120. Sensor electrodes 254B, 256B, 258B on the right half of the sensor array 130 are short-
circuited to ground. The particular parameter of interest is the mutual transimpedance between
the second sensor electrode 256A and the fifth sensor electrode 256B.

FIG. 11 is a schematic diagram showing electric field lines provided by the electrode
pairs of FIG. 10A and FIG. 10B, being shunted through a doped silicon bulk. By viewing FIG.
11, one can see how the electric fields react to the presence of the trench 252, which ultimately
produces impedance variations at the electrode terminals. The electric field plot of FIG. 11 is for
a high aspect ratio trench in the silicon bulk. Electric fields from the second sensor electrode
256A are shunted into the silicon bulk by guarding effects from the first sensor electrode 258A,
the third sensor electrode 254A, and the first guard electrode 260A. These field lines can be seen
/bending and reacting to the presence of the air-filled trench 252. The presence of the air-filled
trench 252 shows up as variations in both the magnitude and phase of the mutual transimpedance
between the second sensor electrode 256A and the fifth sensor electrode 256B as the sensor array
130 scans past the trench 252. Other impedances may‘ also be monitored.

FIGS. 12A and 12B are graphs illustrating changes in impedance between the fully
guarded drive/sense electrode pair 256A, 256B as they are scanned past trenches of various

- depths and widths. As shown by FIGS. 12A and 12B, the x-axis of the graph represents
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horizontal trench position in nanometers, while the y-axis of the graph represents magnitude.
Graph lines demonstrate reédings associated with trenches of 50nm, 150nm, 300nm, and 600nm
in depth.

It should be noted that the sensor array of the present invention is capable of
simultaneously giving information about the sample at multiple depths with a spatial step/square
excitation, as shown by FIG. 13. The impedance between the closest electrodes varies most
strongly with shallow-depth variations in sample properties. A mid-distance pair reacts strongly
to shallow objects, but also reacts to mid-depth variations that the close electrodes cannot.
Furthermbre, a widely separated pair is capable of detecting deeply buried objects that the
shallow and mid-spaced electrodes cannot.

As previously mentioned, the sensor array 130 may also be used in a passive mode. In
the passive mode electrodes can be used to listen for fields, rather than impose fields. The
passive implementation of the sensor array 130 can be used for both the time and spatial
monitoring of electrical signals along signal traces. Instead of driving the sensor array 130, a
passive implementation leaves the electrodes 132 of the sensor array 130 unexcited. The sensor
array 130 can then detect a signal by monitoring the spatial current or voltage profile that is
induced along the sensor array 130 when it is in close proximity to a live signal.

The spatial profile provides information about signal strength, location, buried depth, and
other features. Such an implementation is useful for monitoring signals in real-time and finding
broken or flawed signal traces. As an example, in the passive implementation the electrodes act
as passive listeners that allow for watching of currents to allow for the determination of
performance of an active circuit. Specifically, the electrodes detect real-time electric fields from

the live signals, while the circuit is in operation, thereby allowing for determination of which
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portions of the circuit are not working properly or are receiving delayed signals. The passive
implementation is also convenient in that it does not require creative excitation and guarding
schemes, but, as mentioned above, it can utilize the same exact electrodes as the active
implementation.

FIG. 14A is a schematic diagram illustrating a first example of the sensor array 130 and
drive/sense amplifiers 150 when the sensor array 130 is in the passive mode. In addition, FIG.
14B is a schematic diagram illustrating a second example of the sensor array 130 which shows
the internal circuit elements used in the drive/sense amplifiers when the sensor array 130 is in the
passive mode. As previously mentioned, when brought into close proximity to a live signal, the
sensor array will couple to the electrical signals on an integrated circuit or printed circuit. In both
FIG. 14A and FIG 14B, the sensor array 130 couples to the voltage signal line through the
electric field of the voltage signal line. The currents that are induced on the sensor array can be
amplified (for example, with current-to-voltage amplifiers). It is shown in FIG. 14A that the
sensors are capable of passively detecting signals that run along the surface of the sample as well
as signals that are buried in the substrate of the sample.

The current, or voltage, profile along the sensor array can provic;le information about the
magnitude of the signal, timing, depth/distance of the signal, or simply the
existence/nonexistence of the live signal. It should be noted that the previously mentioned
properties of electrode spacing, pickup circuitry, impedance measurements, and other properties
not only apply to the active mode implementation of the system, but also the passive mode

' impleméntation.
Referring back to FIGS. 12A and 12B, it is noted that the figures clearly indicate that

scanning past trenches of various sizes and aspect ratios will produce different
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impedance/admittance variations between the drive/sense electrode pairs. This process may be
referred to as the “forward problem.” The “inverse problem” is then to reconstruct an image
from the impedance/admittance data. Because the local impedance depends on the material
properties of objects near the sensors, one can imagine the difficulty in reconstructing a unique
and correct image in multi-layer, multi-material, inhomogeneous environments. In measuring
samples, inverse problems involve the identification of defect parameters (e.g., length, width,
depth, conductivity, etc.) from a measured signal. It is then possible to train an artificial neural
network (ANN) based inversion algorithm to estimate an object based on those parameters.
There is a wide variety of sources similar to the work done regarding the use of ANN and many
other inversion algorithms for multi-channel signal inversion. As an example, tomographic
imaging and inverse filtering would be equally applicable.

When imaging a sample, or surface of interest, to detect contamination particles, these
particles will experience electromagnetic forces. In particular, if working in an electroquasistatic
imaging mode, and if the particles have a dielectric constant larger than free space, the particles
will experience an attractive force in the strong field region driven by the gradient of the electric
field E.

This force may be used to attract the particles to the imaging electrodes, or to move the
particles along the surface. In this fashion the imaging electrodes can be used to remove
contaminating particles from a surface, thereby performing a cleaning function. For example, in
the case of photomasks used to produce integrated circuits, contaminating particles produce
errors in the circuits imaged from such photomasks.

The electromagnetic imager can be used to find such contaminating particles in an

imaging mode. Then these particles can be targeted for removal via the electrostatic force from
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the array of electrodes. It may be desirable to increase the electrostatic force by using a larger
voltage drive on the sensor array electrodes during such a cleaning process.

Such a cleaning process may also be facilitated by first charging the particles with
electrons or ions to give the particles a net negative or positive charge. Then the particles will
experience a force proportional to the net charge multiplied by the electric field. This may yield
a larger force for particle removal and may help in attracting the contaminated parﬁcles to the
electrode array.

When attempting to remove contamination particles, it may be helpful to vibrate the
object surface rapidly, in order to dislodge the particles from the surface. Such vibration could
be accomplished by shaking the clamp or chuck that holds the object to be imaged.
Alternatively, transducers could be used to induce vibrations or waves in the object to be imaged.
For example, traveling vibration waves in the object to be imaged will cause local displacements
in vibration at the site of a contamination particle, causing it to be dislodged. Finally, such
vibrations may be excited directly by forces from time-varying fields from the sensor array.

FIG. 15 is a schematic diagram demonstrating use of the present imaging system for
particle removal. FIG. 15 demonstrates pellicle attraction by the electric field of the sensor array
where force on a dielectric is proportional to gradient of magnitude of E squared. The sensor
array 130 is used to control the pellicle position. In addition, electric field forces are used to
clean the pellicle by attraction, which may be helped by pre-charging particles 302 with ions of
positive or negative polarity. In addition, particle transfer can be detected by change in
capacitance, conductance, and/or impedance. The following further describes FIG. 15 in detail.

When imaging a flexible substrate, such as the pellicle 300 of an integrated circuit

photomask, forces exerted by the sensor array electric field will cause the pellicle 300 to deflect
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as a membrane. These forces can be used to actively control the pellicle deflection in order to
control the sensor array 130 working distance to the pellicle 300. Such forces might also be used
to vibrate the pellicle 300 at a desired vibration frequency in order to facilitate particle 302
removal.

The electromagnetic imager design supports massive parallelism. That is, the electrode
array can be made as large as desired in order to increase image throughput. For example,
designs using thousands or millions of imaging electrodes or coils would allow parallel
collection of thousands or millions of channels of imaging data, and thereby allow rapid imaging
of a surface of interest.

Speed of detection of a defect or contamination particle could be enhanced also by first
conducting a rapid survey with the probe elements driven with a lower spatial frequency
excitation pattern, which thereby projects further from the array surface, with lower spatial
resolution. Anomalies detected in this fast survey can then be imaged in more detail using a
higher spatial frequency excitation pattern. This process would allow imaging time to be
concentrated on the features or defects of interest.

In the case of detecting defects in an artifact such as a photomask or integrated circuit,
the speed of detection may be augmented by working directly in the space of the raw imager
data. For example, if the raw imager data is compared against the data from a known-good
artifact, a deviation in this data can be detected directly. This can speed detection because the
use of inverse algorithms is not required. That is, speed is enhanced by not undertaking the
conversion from raw sensor data to image data.

The electromagnetic images can be used to scan biological materials, polymers, and

plastics, and other materials with a dielectric constant and conductivity different from that of free
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space. It is also possible to use the electromagnetic images in operation in air, other gases such
as helium or hydrogen, liquids such as water, or in vacuum or ultra-high vacuum. Imaging of
bio-samples such as cells, viruses, cell components, and DNA is also possible. If these are
imaged in an appropriate liquid, it is possible to image features of living cells.

As previously mentioned the sensor array can be used to detect contaminant particles on
the surface of the sample, such as, for example, contaminants on a photoreticles or pellicle. FIG.
16A is a schematic diagram providing an example of a clean photomask, while FIG. 16B is a
schematic diagram providing an example of contaminants on a photomask.

By exciting the electrodes with a short spatial wavelength, as shown by FIG. 17, the
range of evanescent fields of the electrodes 132 are limited. This forces the electrodes to react
only to shallow/near surface variations. Ultimately, it is desirable to see fields reacting to
particles on the surface of the mask/pellicle, but not deeply penetrating the bulk. This involves
appropriately setting the scan height and electrode spacing. FIG. 18 is a further schematic
diagram illustrating a contaminant 302 (particle) on a pellicle 300 and FIG. 19 demonstrates
particle detection. It should be noted that another way to remove contaminant dielectric particles
could be using a linearly traveling wave electric field.

In accordance with one embodiment of the invention, the drive/sense amplifiers can be
integrated circuitry on the silicon substrate, or surface mount electronics. FIGS. 20A-20G
provide schematic diagrams illustrating a MEMS fabrication technique for a nanoscale electrode
sensor array. As shown by FIG. 20A, the process begins with a Silicon substrate 310. An
optional sacrificial nitride layer 312 is then deposited on the Silicon’ substrate 310 (FIG. 20B)
after which an oxide layer 314 is deposited (FIG. 20C). A metal electrode pattern 316 is

deposited on the oxide layer 314 (FIG. 20D). As shown by FIG. 20E, oxide is deposited for
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insulation between electrodes, after which additional metal electrode patterns may be provided to
result in a desired number of electrodes. As shown by FIG. 20F, excess field oxide is etched
away. An end face may then be created by lapping and polishing. Deep reactive-ion etching can
be used to create an electrode array by reméving the Silicon substrate. It should be noted that
electronics can be microfabricated into the same substrate as the electrodes to maximize signal
integrity and minimize noise.

FIG. 21 is a schematic diagram illustrating an array of EQS sensor electrodes 600A-600D
used to scan laterally past a gap 610 in an absorber layer 622 of a photomask 624. There are four
EQS sensor electrodes 600A-600D in a sensor head 630 and two dedicated guard electrodes
640A, 640B. Within the gap 610 is a contaminant particle 642. The sensor head 630 is scanned
at a fixed height over the absorber layer 622. Contaminant particles of various different
conductivity and permittivity might be located in the absorber layer gap 610 or on top of the
absorber layer 622. Detecting a contaminant stuck in an absorber layer gap 610 represents a
worst-case scenario since it is as far away from the sensor head 630 as possible.

FIG. 22 is an electric field plot illustrating electric field lines emanating from the EQS
sensor electrodes of FIG. 21. For exemplary purposes, a dielectric contaminant with g,= 4 is
positioned 200nm to the right of the senor head 630 center. The electric field lines from the first
sensor electrode 600A are primarily vertical due to guarding effects caused by the second sensor
electrode 600B and the first dedicated guard electrode 640A, which are driven at the same
magnitude and phase as the first sensor electrode 600A. Since the absorber layer 622 is an
excellent conductor, electric fields do not penetrate the surface of the absorber layer 622, but
rather terminate on the surface. The high density of field lines located between the second

sensor electrode 600B and the third sensor electrode 600C show that they are strongly coupled to
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each other in this region. Consequently, one éan expect the second sensor electrode 600B and
the third sensor electrode 600C to be poor at detecting the contaminant particle 642 when stuck
in the absorber layer gap 610. Only a small portion of the fringing fields of the sensor electrodes
600B and 600C will couple to the contaminant particle 642. This manifests itself as only a weak
change in current when these two sensors (600B and 600C) scan past the contaminant particle
642. Some of the fields from the fourth sensor electrode 600D are shown to pass through the
dielectric contaminant particle 642, while others bend and terminate on the sidewalls of the
absorber layer 622.

In accordance with one example of the invention, each sensor electrode can Be driven by
a sinusoidally varying voltage source. The third and fourth sensor electrodes 600C, 600D and
the second guard electrode 640B shown in FIG. 22 are driven 180 degrees out of phase from the
first and second sensor electrodes 600A, 600B and the first guard electrode 640A so as to create
a spatial square wave alternating in time. The magnitude of each of the four sensor electrode
currents as a function of sensor head position are monitored. It should be noted that sensor
electrodes could also be driven by some other time-varying waveform that is not sinusoidal.

For exemplary purposes, each of the sensor electrode current magnitude responses are
plotted in the graphs of FIGS. 23A-23D for contaminants of various €;and 6. Due to symmetry
of the sensor head geometry, the results for the first sensor electrode 600A and the second sensor
electrode 600B are identical, but mirror images, of the results for the fourth sensor electrode
600D and the third sensor electrode 600C, respectively. The first sensor electrode 600A and the
fourth sensor electrode 6OOD.react more strongly to the absorber layer gap 610 than the second
sensor electrode 600B and the third sensor electrode 600C. With no contaminant present, the

first sensor electrode 600A sees approximately seven percent change in signal magnitude from
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the baseline value of 0.083 [A/m], while the second sensor electrode 600B yields only about a
one and a half percent change in signal magnitude. In cases where the contaminant particle 642
is a strong dielectric (g, = 10) or highly conducting (¢ = 16 [S/m]), the sensor electrodes can
distinguish between a contaminated and clean gap with a difference in signal magnitude of four
percent or more from what is expected for a clean gap. In the cases where the contaminant is a
poor dielectric or is weakly conducting, the contaminant becomes increasingly more difficult for

the sensor electrodes to distinguish between a contaminated and clean photomask.

The sensor electrodes shown in FIG. 21 and FIG. 22 can be part of an even larger array-
set of sensor electrodes. FIG. 24 is a schematic diagram illustrating such an array-set of sensor
electrodes 650. The array-set 650 contains a series of sensor electrodes 652 and two guard
electrodes 654. The cross-section of the sensors and guards along axis A is equivalent to a
bottom view of FIG. 21 and FIG. 22. Axis B provides a symmetry plane where everything to the
left of the plane is driven at the same electric potential, while everything to the right of the plane
is driven at the same electric potential.

Cross-section of the sensors and guards along axis B would represent those along line (A)
of the figure. It should be noted that there can then be “n” many stacks of sensor electrodes in
the sensor head. These sensor electrodes can form an “Electroquasistatic Brush” that “combs”
over the surface of a photomask or other substrate for contaminants or defects with enormous
parallelism.

FIG. 25 illustrates simulated geometry in a passive implementation, for exemplary
purposes. An array of eight electrodes is used and no top-side guard electrodes are present.
While one could use an array that has top-side guard electrodes present, it is not necessary since

this is a passive implementation. The signal line is excited by an AC signal of 1V at 100MHz.
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The line is buried at five different depths: Oum (shown), 1um, 2pum, 3um, and 4um. The
electrodes 132 in the array 130 are grounded and their short circuit currents are monitored. FIG.
26 shows sample electric field lines from the signal trace and illustrates the coupling between the
trace and the electrode array 130 when they are in close proximity. FIG. 27 shows the spatial
current profile along the sensor array for various trace depths. One can see that as the trace gets
further from the sensor array, the profile begins to both smear out and decrease in amplitude.

As previously mentioned, the present system aﬁd method may also contain a
magnetically driven electromagnetic sensor array. The magnetoquasistatic (MQS) analog to an
individual electroquasistatic (EQS) sensor is a small and individually addressable conducting
loop. Current about the loop creates a magnetic field much like charge on the electrode creates
an electric field, as shown by FIG. 28. As shown by FIG. 28, the loop 700 can have multiple
turns, and can have a high-permeability core 702. In addition, the loop 700 can have multiple
(primary and secondary) windings. Further, small permanent magnets can be implemented to
generate the magnetic fields (not shown).

As previously mentioned, there may be various excitation patterns for EQS sensor
electrodes. The same applied to MQS sensor electrodes. The mapping from EQS to MQS is that
the polarity of charge on an EQS sensor maps to the direction of current flow on an MQS sensor.
A positive polarity EQS seﬁsor is equivalent to an in-plane clockwise current on an MQS sensor,
and a negative polarity EQS sensor is equivalent to an in-plane counterclockwise current on an
MQS sensor. This is shown by the excitation patterns of FIG. 29, although it should be noted
that such patterns are not limited to the example of FIG. 29.

It was also previously mentioned that one can achieve multiple penetration depths into a‘

sample by use of EQS sensor electrodes. The same applies to MQS sensor electrodes 710, as
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shown by FIG. 30, in addition to a confirming finite element simulation. FIG. 30 shows the
MQS dual of an EQS sensor array. The direction of the current in the coils is chosen to match the
polarity of the EQS sensor electrodes to achieve a similar field pattern. In addition, FIG. 30
illustrates the inherent dual-purpose of both guarding and sensing that coils serve when driven
with a current at the same magnitude and phase as neighboring coils. Adjacent coils driven with
currents of the same magnitude and phase act in the same way as guard electrodes driven with
voltages of the same magnitude and phase.

FIG. 30 shows one embodiment of a magnetic sensor head above a sample. Each pair of
“dot” and “cross” circles represent side views of individually addressable current loops that are
MQS dual of an EQS electrode. The polarity of the “dot” and “cross” determine the direction of
the electric field.

The windings in the embodiment are linear, and extend into the z-axis, forming a sensor
head that is used to scan sideways. The sensor heads 750 could also be stacked in the z-axis to
add a two-dimensional character to the sensor head 750, allowing one mechanical pass of the
head to separately sense different parallel strips of the sample. This would increase the sensing
rate.

FIG. 30 shows three pairs of windings labeled 710A and 710AA, 710B and 710BB, and
710C and 710CC; the members of each pair could be connected either in parallel or series so as
to adjust their impedance to best match that of the drive electronics. Winding pair 710B and
710BB are the primary sense windings. The magnetic field lines linked by this pair penetrate
- deeply into the sample, and do not link fringing fields at the sides or center of the sensor head

750. Winding pairs 710A and 710AA, and 710C and 710CC, are guard windings, and link the
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fringing fields. The fringing fields add to the inductance of the winding pair yet do not give a
focused view of the sample, so it is desirable for the sense windings not to link these field lines.

Herein, it has been described how guarding the top side of the EQS sensor electrodes is
beneficial for shunting the fields through the sample. Shown in the schematic diagram of FIG.
31 is an MQS analog to top-side guarding (both a sketch and a finite element simulation for
confirmation). A high-permeability, high-conductivity guard material is placed above the
sensors. The highly conducting material prevents magnetic fields from penetrating its surface.
Rather, the fields are forced to bend and flow tangentially along its surface. This acts as a top-
side guard as it steers the fields, preventing them from fringing out to the top-side in the same
way they fringe out on the bottom side. FIG. 31 illustrates how the fields do not stray above, but
rather are confined to the area just below the top-side guard. Below the sensor array, the
magnetic field lines are free to fringe out for feature/object detection.

FIG. 32A and FIG. 32B show an alternative arrangement involving sense winding 800
and guard windings 802L and 802R. The current pattern in these windings is anti-symmetric,
where as the current pattern in the windings in FIG. 30 is symmetric. As a consequence, the
central guard winding is not necessary in FIG. 32, and the flux lines linked by sense winding 800
do not penetrate as deeply into the sample. Thus, this arrangement of windings and current |
offers an alternative view of the sample.

The electromagnetic imager is configured to have a spatially distributed array of
electrodes or coils, wherein the electrodes are used for electroquasistatic imaging, and the coils
are used for magnetoquasistatic imaging.

For example in the electrostatic imager, the electrode pixelated configuration could be

arranged in a linear array of electrodes so as to form an electronic brush. This electronic brush is
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scanned across a surface to be imaged in a direction transverse to the linear array, so as to rapidly
image a swath of surface, with each individual electrode imaging element (pixel) providing high
spatial resolution along the length of fhe array and the scanning motion providing high resolution
imaging in the direction of the scan, based upon choice of scan velocity and imaging bandwidth.
During this motion, the pixelated sensor head is maintained at some desired distance, for
example 50 nm to 100 nm, from the object surface via feedback control on sensor variables such
as the electrode impedance or coil inductance, taken at single or multiple pixels, or averaged
over some function of pixels, or via separate conventional sensing mechanisms such as a
capacitance probe, inductance probe, optical interferometer, near field optical sensor, or vacuum
gauge.

We can regard the individual electrodes as pixels on the sensor array, and thus a pixelated
electrostatic sensor array is provided. Such pixellation is also applicable to arrays of coils for
magnetoquasistatic senéor arrays, and thus the individual coil dimensions will define the
magnetic pixel dimensions, and thus a pixelated magnetic sensor array is provided. In the
following discussion, we focus on the electroquasistatic array. The extension to the
magnetoquasistatic array can be made analogously to define an equivalent magnetic brush. Such
a magnetic brush can be scanned and controlled for imaging in a manner analogous to the control
and imaging of the electrostatic brush.

For rougher surfaces, or surfaces with significant curvature, the sensor spacing from the
sample could be made larger, for example, 1000 nm. The desired pixel size can be chosen on the
basis of intended spatial resolution and sensitivity. The electrode or coil arrays are typically
driven at a high frequency, for example 1GHz to 30 GHz in order to achieve high sensing

bandwidth. It is desirable in many cases to achieve high sensing bandwidth to allow high
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imaging speed and productivity. This bandwidth can be electronically or digitally filtered to
allow the selection of desired frequency content, for instance to filter out noise artifacts. This
frequency can also be adjusted to allow sensing the sample properties at some desirable
frequencies on the basis of, for example, electrical permittivity, conductivity, or magnetic
permeability. The frequency of excitation can also be swept during a single pixel imaging
process to create a spectral analysis of the surface electrical properties. This might be useful for
instance to determine the material properties of the surface.

In an examplary embodiment, a linear array could be composed of 10,000 electrode sets,
each with sense and guard components, wherein the individual electrodes (pixels) could have
dimensions of 100 nm by 100 nm on the face of the sensor. Thus the pixel dimensions are 100
nm by 100 nm in the imaging process. As a further example, if the electrodes have pixel
dimensions of 50 nm by 50 nm, and are spaced with a linear pitch of 80 nm, then an array of
10,000 electrode sets will span a length of 800,000 nm or 0.8 mm. As this electronic brush is
scanned in the transverse direction, an image of 10,000 pixels wide, equivalent to 0.8 mm width,
is created during the scanning operation. If a data point is taken for each pixel during every 80
nm of transverse scan distance, then the image will be formed of image elements of 80 nm by 80
nm, over a width of 0.8 mm, and over the length of the transverse scan. Additional scans can
then be performed in an adjacent fashion so as to cover the full surface of a sample to be imaged.
For exarhple, a successive scan can be performed at a spacing of 0.7 mm laterally from the
previous scan. Measurements of lateral motion and scan motion, as well as image correlation
algorithms can then be used to stitch together the successive scans in order to build up a full
surface image. For example, with a 0.8 mm array width, 10,000 elements wide, and with 80 nm

by 80 nm pixels, if the transverse scan velocity is 80 mm per second, then an imaging rate of
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1,000,000 spatial samples per second can be achieved for each pixel. Over the lateral array
width, this results in a total imaging rate of 10"10 pixels per second. With such a scan velocity,
and with stitching together successive scans, a substrate of 80 mm by 80 mm could be imaged in
about 100 successive scans, each scan pass requiring about 1 second scan time. Allowing time
for the turnaround accelerations at the end of each scan, and for scan overlap, such a substrate
could then be completely imaged with 80 nm by 80 nm resolution in a total scan time of about
200 seconds. Larger and smaller substrates would require correspondingly larger and smaller
time to complete imaging, in proportion to the substrate area. Similar calculations apply to a
linear array of magnetic sensing coils, and thus are applicable to a magnetic brush configuration.

The electronic brush configuration is primarily a line array for scanning laterally.
Another embodiment uses a grid array of electrostatic or magnetic electrodes or coils to form a
grid of imaging pixels, a grid pixelated array. Such a grid array can be used to image a substrate
with all image elements acquired in parallel. This allows a faster imaging process of a given area
of substrate. For example, an array of 1000 by 1000 electrode or coil pixels, with 100 nm
spacing, can acquire an image of an area of 0.1 mm by 0.1 mm within a time on the order of 1
microsecond. Similarly, an array of 100,000 by 100,000 pixels with a 100 nm spacing can
acquire an image of an area of 10 mm by 10 mm within about 1 microsecond.

Thus, multiple substrates can be scanned very rapidly. This would allow, for instance, the
creation of very high-speed high-resolution image sequences (movies) of surfaces and samples of
interest. For instance, it would be possible to visualize high-speed processes on a surface or
substrate, for example, biological or chemical processes, forming or erosion of surface features,
or other physical changes of interest. Such imaging would include internal features via field

- shaping of the array. A grid pixelated array could also be scanned over a surface to build up
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larger images, in a fashion analogous to the electronic or magnetic brush. Further, the pixel
shapes can be adjusted to allow imaging of desired surface shapes with high image fidelity and
resolhtion.

Arrays can similarly be fabricated on spherical, cylindrical or other non-planar surfaces
in order to image samples with shapes other than planar, or to achieve other imaging
characteristics. For example, the surface of a convex lens element could be scanned by an array
fabricated on a concave surface. As another example, the linear array of an electronic brush
could be fabricated on an arc in order to image a cylindrical surface, or to allow variable spacing
from a planar surface.

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 modifications may be made to the above-
described embodiments of the invention without departing substantially from the spirit and
principles of the invention. All such modifications and variations are intended to be included

herein within the scope of this disclosure and the present invention.
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CLAIMS

We Claim:

1. An electromagnetic sensor for imaging a sample, comprising:

drive/sense electronics; and

a pixelated sensor array having an array of elements that are individually drivable by the
drive/sense electronics in a coordinated manner to establish a desired temporal and spatial

pattern in which electrical properties of the elements are used to generate an image.

2. The sensor of claim 1, wherein the sensor further comprises a sensor head and
associated electronics for interfacing with the pixelated sensor array and drive/sense electronics,
and for transmitting the electrical properties of the elements to a computer for generation of the

image.

3. The sensor of claim 2, wherein the computer further contains a first module for
providing data acquisition from the sensor head and electronics, and a second module for signal

inversion of data received from the pixelated sensor array.

4. The sensor of claim 1, wherein the array of elements is an array of capacitive

sensor electrodes that source electric fields that interact with the sample.
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5. The sensor of claim 1, wherein the array of elements is an array of inductive loops

that source magnetic fields that interact with the sample.

6. The sensor of claim 1, wherein the elements are microfabricated on the same

substrate as the drive/sense electronics.

7. The sensor of claim 1, where in an active mode, at least a portion of the elements
within the array of elements are individually drivable by independent voltage or current sources
to excite the individual elements so as to allow for sample characterization at different

penetration depths.

8. The sensor of claim 7, wherein penetration depths are controlled by drive pattern.

9. The sensor of claim 1, where in a passive mode, at least one of the elements

within the array of elements can individually sense electric or magnetic fields from the sample.

10.  The sensor of claim 1, wherein the array of elements is an array of electrodes that
are arranged so that each electrode to the left of a symmetry plane is paired with an electrode to
the right of the symmetry plane, resulting in each pair of electrodes being able to penetrate the
sample at a different depth based on their periodic spacing and electroquasistatic fields that

emanate from each pair of electrodes.
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11.  The sensor of claim 10, wherein the array of electrodes includes at least one

electrode acting as a guard to concentrate the electroquasistatic fields in a desired direction.

12. The sensor of claim 1, wherein at least a portion of the elements within the array
of elements are individually drivable by a drive frequency that is varied to enable sample surface

spectral analysis.

13.  The sensor of claim 12, wherein the array of elements contains at least one
magnetoquasistatic element acting as a guard to concentrate magnetoquasistatic fields in a

desired direction.

14.  The sensor of claim 1, wherein the array of elements is arranged as a linear array

having sense and guard components, forming an electronic or magnetic brush.

15.  The sensor of claim 1, wherein the array of elements is arranged as a grid array

having sense and guard components, forming an electronic or magnetic brush.

16. A system for providing electromagnetic imaging, comprising:

drive/sense electronics;

a pixelated sensor array having an array of elements that are individually drivable by the
drive/sense electronics in a coordinated manner to establish a desired temporal and spatial

pattern in which electrical properties of the elements are used to generate an image;
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a computer for providing data acquisition, and for providing signal inversion of data
received from the pixelated sensor array; and

a sensor head and associated electronics for interfacing with the pixelated sensor array
and drive/sense electronics, and for transmitting the electrical properties of the elements to the

computer for generation of the image.

17.  The system of claim 16, wherein the array of elements is an array of capacitive

sensor electrodes that source electric fields that interact with the sample.

18.  The system of claim 16, wherein the array of elements is an array of inductive

loops that source magnetic fields that interact with the sample.
19.  The system of claim 16, further comprising a micropositioner.
20.  The system of claim 16, wherein at least a portion of the elements within the array

of elements are individually drivable by a drive frequency that is varied to enable sample surface

spectral analysis.
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