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ELEMENT-SPECIFIC X-RAY FLOORESCENCE MICROSCOPE
AND METHOD OF OPERATION

RELATED APPLICATIONS
This application claims priority to U.S. Application Serial Number 10/157,089

filed on May 29, 2002 which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

A number of techniques exist for the elemental analysis of objects using X-
rays. Some of these techniques rely on the different X-ray attenuation characteristics

of elements, whereas others rely on X-ray fluorescence.

An example of an attenuation-based analysis technique utilizes characteristic
elemental resonance energies. The attenuation of an X-ray beam of a sufficiently
narrow spectral bandwidth increases substantially, when the central energy increases
over the resonance energy of a constituent element of a test object. X-ray
microscopes taking advantage of this characteristic have been developed for element-
specific imaging. The microscopes typically combine a source, such as a synchrotron,
a monochromator, a lens, such as a zone plate lens, a detector array, and possibly a
scintillator to generate an image of a given test object. Typically, the microscopes are
used in transmission. Two images at X-ray energies below and above the resonance
energy of the element of interest are often required to obtain the necessary contrast
between the element of interest and other constituent elements of the test object to

thereby yield an image of the element's distribution within the test object.

X-ray fluorescence analysis or spectrometry (XRF) is a nondestructive
analysis technique, which uses primary radiation, such as X-rays or energetic
electrons, to eject inner-shell electrons from the atoms of the test object, yielding
electron vacancies in the inner shells. When outer-shell electrons in the atoms fill the
vacancies, secondary radiation is emitted with energies equal to the energy difference
between the inner- and outer-shell electron states. The fluorescence emissions are
characteristic of different elements. Thus, measurement of the spectrum of the
secondary X-rays yields a quan::itative measure of the relative abundance of each

element that is present in the test sample.

Element-specific imaging of a test object with a spatial resolution better than
about 1 micrometer is obtained currently by analyzing the X-ray fluorescence

spectrum at each point by raster scanning a small probe of ionizing radiation, such as
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X-rays or energetic electrons, across the test object. Element specific imaging with a
spatial resolution approaching 100 nanometers (nm) has been demonstrated with high
elemental sensitivity using a high brightness synchrotron radiation source, but the
serial nature of the raster scanning significantly limits the throughput and the high
source brightness requirement makes it unpractical for producing an element-specific

imaging system using a laboratory X-ray source.

SUMMARY OF THE INVENTION

The present invention is directed to an X-ray analysis technique that relies on
the generation of secondary radiation from the test object. The invention enables high
resolution, high contrast imaging of structures within a test object based on their
elemental composition or absorption. It also enables the elemental analysis of the test

object.

In more detail, an element-specific imaging technique is disclosed that utilizes
the element-specific fluorescence X-rays that are induced by primary ionizing
radiation. The fluorescence X-rays from an element of interest are then preferentially

imaged onto a detector using an optical train.

In one embodiment, the preferential imaging of the optical train is achieved
using a chromatic lens in a suitably configured imaging system. A zone plate isan
example of such a chromatic lens; its focal length is inversely proportional to the X-

ray wavelength.

This embodiment of the present invention relies on both the imaging and
chromatic properties of the chromatic lens to image an element of interest in a test
object by appropriately configuring the imaging system to form images on the
detector array of the characteristic fluorescence X-rays from the test object. A given
element in the test sample can be imaged using its fluorescence X-rays. If a zone
plate is used as the chromatic lens, the preferential imaging of the element can be
enhanced if the plate itself is made of a compound including the same element. For
example, when imaging copper using the Cu Lo, spectral line, a copper zone plate lens
is used. This enhances the preferential imaging of the zone plate lens because its

diffraction efficiency (percent of incident energy diffracted into the focus) changes
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rapidly near an absorption line and can be made to peak at the X-ray fluorescence line

of the element from which it is fabricated.

In another embodiment, a spectral filter, such as a thin film filter or crystal, is

used in the optical train.

Wavelength dispersive elements can be used in the optical train between the

object of interest and the detector to improve preferential imaging.

According to the invention, primary ionizing radiation emitted by a radiation
source impinges on a test object and excites elements within the test object to emit
secondary X-ray fluorescence radiation. The secondary X-ray fluorescence radiation
that is emitted by the test object from an element of interest is then preferentially
imaged on a detector system, using a lens with an appropriate imaging configuration.
In some examples, the distribution of the secondary radiation is of interest, whereas in

other implementations, the secondary radiation is used as backlighting.

The preferential imaging is achieved, in one embodiment, by using a zone
plate lens that will focus only a narrow band of energies around the fluorescence line
of the element of interest onto the detector system in a suitably configured imaging
system. This property results from the dependence of the focal length of a zone plate
on the wavelength of radiation and thus only one wavelength satisfies the imaging
condition for a given microscope configuration (object-to-lens and lens-to-detector

distances).

It is recognized that element-specific imaging using a zone plate’s high order
diffraction, such as the 3™ order diffraction, offers significantly better elemental
specificity than using the primary 1% order diffraction. Generally, a zone plate’s
focusing efficiency for higher order diffraction is smaller than the primary 1* order

diffraction.

A central stop on the zone plate may be required or desirable to obtain high
signal to noise in the image formed on the detector by the fluorescence x-rays of
interest by reducing or eliminating the x-rays photons that are not focused by the zone

plate.
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According to another embodiment, the preferential imaging is also achieved
by a combination of an imaging system employing a chromatic or nonchromatic
imaging optic, such as a zone plate or a suitably figured mirror (e.g., Wolter optic),
and a wavelength dispersive device such as a suitably designed multilayer optic. This
optic is configured to reflect efficiently the fluorescence x-rays from the element of

interest while maintaining the necessary imaging properties of the imaging system.

More specifically, the x-ray fluorescence microscope includes a condenser
relaying the primary ionizing radiation to the test object, a mechanical stage for
manipulating the test object, a zone plate, a wavelength dispersive optic such as a

multilayer coating or crystal, and a detector such as detector array.

Alternatively, the x-ray fluorescence microscope includes a condenser for
relaying the primary ionizing radiation to the test object, a mechanical stage for
manipulating the test object, a suitably figured reflective imaging optic such as a
Wolter optic, a wavelength dispersive optic such as a multilayer filter, and a detector
such as detector array. It is recognized that the preferential imaging can be further
improved by using a filter of high transmission of the fluorescence x-rays of interest
but low transmission for some x-rays of energies substantially different from that of

the fluorescence x-rays.

In one implementation of the present invention, an X-ray fluorescence
microscope includes a primary ionizing radiation source, a condenser relaying the
primary ionizing radiation to the test object, a mechanical stage for manipulating the

test object, a zone plate lens, and a detector such as detector array.

In the preferred implementation of the X-ray fluorescence microscope, a given
element is imaged by using a zone plate made of a compound comprising the same
element, or a compound consisting essentially of the same element. The object-to-lens
and lens-to-detector distances of the X-ray fluorescence microscope are typically
conﬁgur‘ed to image a characteristic X-ray fluorescence line of an element in a test
object, and the recorded image thus represents the distribution of the element. Images
of other elements in the object are obtained using configurations appropriate for their
respective X-ray fluorescence lines. This imaging mode is referred to as X-ray

fluorescence imaging mode.
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In another embodiment, the X-ray fluorescence microscope is configured for a
specific characteristic fluorescence X-ray line of an element in the object with a
known structure to image structures within a volume defined by the field of view and
the depth of focus of the microscope using the illumination provided by the
fluorescence from the element. This imaging mode is referred to as X-ray

fluorescence backlighting imaging mode.

In yet another embodiment, the X-ray fluorescence microscope is configured
for a specific characteristic fluorescence line of an element but all of the X-ray
fluorescence signals are integrated to measure the total amount of an element within a
specific volume. Amount of other elements are measured using microscope
configurations appropriate for their respective X-ray fluorescence lines. This X-ray

fluorescence microscope mode is referred to as fluorescence spectrometer mode.

It is recognized that the test object can be illuminated with an illumination
beam with a large solid angle for increasing the rate of the secondary x-ray
fluorescence generation. It is further recognized that the throughput of the x-ray
fluorescence microscope can be improved by optimization of the illumination system,
which typically comprises the source and the condenser, to increase the production
rate of the secondary fluorescence x-rays within the volume of interest in the test
object. An example of such a design includes a fine focus x-ray source specifically
designed for high brightness applications and an x-ray condenser specifically
designed for collecting primary ionizing x-rays from the source over a large solid

angle and directing them onto the test object.

In other embodiments, multiple imaging systems are used to increase

throughput and/or perform stereoscopic or tomographic imaging.

The above and other features of the invention including various novel details
of construction and combinations of parts, and other advantages, will now be more
particularly described with reference to the accompanying drawings and pointed out
in the claims. It will be understood that the particular method and device embodying
the invention are shown by way of illustration and not as a limitation of the invention.
The principles and features of this invention may be employed in various and

numerous embodiments without departing from the scope of the invention.
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'BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings, reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale; emphasis
has instead been placed upon illustrating the principles of the invention. Of the

drawings:

Fig. 1 is schematic diagram of an X-ray fluorescence microscope according to

the present invention;

Fig. 2 is a schematic diagram illustrating radiation-induced x-ray fluorescence

in an element of interest;

Fig. 3 schematically illustrates fluorescence imaging of structures containing a

particular element in an integrated circuit using the x-ray fluorescence imaging mode;

Fig. 4 is a plot of the efficiency of a 500 nanometer copper zone plate asa
function of photon energy in electron-Volts (eV), illustrating that a peak diffraction

efficiency is obtained near Cu La radiation energy at ~930 eV;

Fig. 5 is a plot of attenuation length in micrometers as a function of photon
energy in electron-Volts for copper illustrating high transmission of Cu La
fluorescence x-rays and abrupt increase in absorption for x-rays of energy greater than

the Cu L absorption edge at ~933 eV;

Fig. 6 is a plot of the efficiency of a 500 nanometer gold zone plate as a
function of photon energy in electron-Volts, illustrating slow variation of diffraction

efficiency over 800-1000 eV energy range;

Fig. 7 is schematic diagram of an X-ray fluorescence microscope according to
another embodiment in which a wavelength dispetsive optic is used with a chromatic

or achromatic lens to achieve element-specific imaging;

Fig. 8 is a plot of x-ray reflectivity of a multilayer optic including an 80 layer
pairs of tungsten and carbon deposited on a flat substrate, assuming a grazing

incidence angle of 1.81 degree and multilayer period of 2.5 nm;
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Fig. 9 is schematic diagram of an X-ray fluorescence microscope according
another embodiment in which multiple imaging systems are used in parallel to
increase throughput, or perform stereo and tomographic three-dimensional imaging,

or simultaneously image multiple elements; and

Fig. 10 is schematic diagram of an X-ray fluorescence microscope according

another embodiment that operates in a backlighting mode.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Fig. 1 shows an X-ray fluorescence microscope 100, which has been

constructed according to the principles of the present invention.

Specifically, a test object, such as the integrated circuit (IC) 10 of a
semiconductor wafer 12, is irradiated by primary ionizing radiation 110 such as

electrons or X-rays from a radiation generator 102.

In the preferred embodiment, the wafer/test object is held on precision x-y

stage 130 to position the test sample in the x-ray fluorescence microscope 100.

In one example, the primary X-ray radiation 110 is generated by source 112,
by bombarding a solid target with energetic electrons, or by focusing a sufficiently

intense laser beam on a solid or liquid target.

In the illustrated example, a condenser 114, such as a suitably shaped capillary
tube, with or without multilayer coatings, is used to concentrate and relay the primary
radiation 110 to a small area on the test object 10, which is placed correctly by control
of the x-y stage 130 holding the test object 10. Other types of x-ray condensers, such

as polycapillary and bent crystal, are used in alternative implementations.

The condenser 114 increases the flux density at the test object 10 and thus
maximizes the induced secondary fluorescence X-rays. The test object is preferably
{lluminated with an illumination beam with a large solid angle. This increases the rate
of the secondary x-ray fluorescence generation. This property is important for
effective utilization of laboratory x-ray sources because they typically emit x-rays

over a large solid angle.
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In principle, the acceptable solid angle can be as high as 2 pi steradians. A

Jower solid angle of about 1 steradian is desirable.

The energy of the primary radiation 110 is selected in order to induce
fluorescence in an element of interest. For example, with X-rays as the primary
radiation, the following elements exhibit sharply increased absorption of radiation at
or above the respective absorption edges: Oxygen at 543 electron-Volts (eV); silicon
at 99.8 and 1839 eV; aluminum at 1560eV; copper at 933 and 8979 eV; tantalum at
2389 eV; phosphorus at 2145 eV; and boron at 188 eV.

In some implementations when using x-rays as the primary radiation, it is
recognized that selection of the x-ray energy is important to the performance of the x-
ray fluorescence microscope. Sometimes, it may be beneficial to select an energy of
the primary X-ray radiation to reduce or eliminate excitation of certain other elements
in the test object to thereby increase the signal-to-noise ratio of the fluorescence X-
rays from the element(s) of interest. Sometimes, it may be beneficial to select an
energy of the primary x-ray radiation to be sufficiently higher than the absorption
edge of the element of interest. This provides for a large energy separation between
the secondary fluorescence x-rays and other x-rays arriving at the detector by means
of elastic and Compton scattering of the primary x-rays. The energy of the primary
X-ray radiation may also be selected to achieve a desired probing depth because the

depth of excitation changes with the incident X-ray energy.

In some other implementations, the primary radiation is a finely focused
electron beam, such as from a scanning electron microscope (SEM) or from an
electron gun operating with electron energy greater than the absorption-edge energy
of the element of interest. Typically, an electron energy that is three-to-four times the
absorption-edge energy is selected to obtain a high ratio of the X-ray fluorescence
signal to “bremstrahlung" continuum radiation background. The electron energy is
also selected to obtain a desired probing depth. Sometimes, the electron energy is
selected to be below absorption edges of some elements in the test object to improve

signal to noise ratio in the fluorescence x-ray image.

As illustrated in Fig. 2, the primary radiation 110 causes an inner-shell

clectron (1) in the element of interest to be ejected (ionization). The vacancy (2) so

PCT/US03/16913
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created in the inner-shell is filled by an electron (3) in an outer electron shell (4). This
transition generates either photons of a corresponding energy, or Auger electrons.

The photons emitted constitute the secondary or fluorescence radiation 116 from the
element of interest, such as the copper that forms the traces in an IC 10 of wafer 12, as

illustrated in Fig. 3.

Returning to Fig. 1, other radiation may be coming from the test object 10,
such as secondary radiation from other elements, reflected or scattered primary
radiation, and the bremstrahlung radiation generated by photoelectrons that have been

gjected by the primary radiation.

An imaging system 105 minimally includes a lens 118 and a detector system
122. The lens 118 is used to create a focused beam 120 of the secondary radiation

116 from the element of interest onto the detector system 122.

In one implementation, the detector system 122 is a two dimensional array of
elements, such as a charge coupled device (CCD) detector array. Depending on the
energies involved, a scintillator may also be required to convert X-rays into light,
which is then imaged by a suitable detector array with appropriate imaging optics. In
another implementation, the detector system 122 is a detector with no spatial
resolution, such as a single element solid state detector. In some implementations, the

detector system further has energy resolution.

According to the present embodiment of the invention, the lens 118 is selected
to preferentially image the secondary X-ray radiation 116 from only (typically) the
element of interest onto the detector system 122. Specifically, the lens 118 is a
chromatic lens that effectively focuses only a narrow band of energies, Le., the
energies around the fluorescence line of the element of interest, onto the detector
system 122. This is achieved by using a lens in which the focal length depends on
energy and by suitably arranging the distances between the object 10 and the lens 118
(distance L1), and the lens 118 and the detector system 122 (distance L2) so that the

normal imaging condition is only satisfied for that narrow band of energies.

In the present implementation, the lens 118 is a zone plate lens. Generally, the
focal length of a zone plate lens is linearly dependent on energy. The energy

bandwidth (AE/E) is approximately given by the equation AE/E =2V/D, where D is
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the zone plate lens diameter, and V the effective field of view of the X-ray

fluorescence microscope.

The effective field of view can be designed to a desired value by controlling
the size of the primary ionizing radiation or using a pupil aperture in the optical train,
e.g., the aperture 126 in Fig. 1. The zone plate diameter is preferably designed to
achieve a required energy resolution for a given field of view. Radiation with

energies outside the energy bandwidth will be out of focus at the detector plane.

The pupil aperture 126 is typically located between the lens 118 and the
detector, and preferably in near proximity to the detector. However, in other
applications, the pupil aperture is located between the lens 118 and the object of

interest 10.

The energy bandwidth AE/E can be improved by using a zone plate that has a
diffraction efficiency that peaks in a narrow energy band at the x-ray fluorescence

energy.

In the present implementation, the lens 118 is preferably a zone plate lens that
includes the element of interest. Preferably, the zone plate lens 118 is made of a
compound, e.g., alloy, consisting substantially of the element of interest. In other
cases, the zone plate lens is made solely of the element of interest. In still other cases,

the zone plate lens 118 is made from a compound comprising the element of interest.

For example, if the element of interest is copper, i.e., the operator is seeking to
image the copper structures of an IC such as in Fig. 3, for example, a copper or
copper-containing zone plate lens 118 is used. Generally, the absorption of its own
fluorescence X-rays by an element is near a local minimum over a finite energy range
near the fluorescence X-ray energy, and this property can generally be used to
construct a zone plate lens using a compound including the element of interest to

obtain a high diffraction (focusing) efficiency.

For a large number of elements, such as the elements with atomic numbers
between 4-30, the diffraction (focusing) efficiency of a zone plate lens can be made to
peak at the fluorescence X-ray energy of the element of which the zone plate is made.

This is achieved for fluorescence X-ray energies less than about 1 keV in the present

-10-
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implementation by making use of the change in the real part of the atomic scattering
factor of an element, which decreases from a positive value to a negative value near
the fluorescence X-ray energy. This is typically several electron-Volts less than that

of an absorption edge of the element.

Fig. 4 shows an example implementation where a Cu zone plate is designed to
have its diffraction efficiency to peak at 932 eV, which is approximately the energy of
a Cu Lo fluorescence line. In comparison, a gold zone plate would have an efficiency
at the copper fluorescence line (930 eV) of about 10%, and would vary very little
from this value from 850 to 1000 eV (see Fig. 6).

With reference to Figs. 4 and 1, the preferential imaging is enhanced when the
zone plate is produced using a compound comprising, and preferably comprising
substantially, the same element, because of the combined effect of the loss of
diffraction efficiency and out of focusing for x-ray energies away from the x-ray

fluorescence line of interest.

Consider a 500-nm thick copper zone plate designed for the 930 eV copper
fluorescence line with a focal length of 1 centimeter and an outermost zone width of
50 nm. The wavelength is about 1.3 nm. At 905 eV, the copper zone plate lens will
have a focal length of 9.73 millimeters. The depth of focus is a few micrometers, so
the image plane for fluorescence occurring at 905 eV is substantially out of focus and
well away from the image at 932 eV. The focusing efficiency of the zone plate at 905
eV is about half of that for 930 eV, further reducing its contribution to the background

intensity on the image formed by the 930 Cu La fluorescence x-rays.

Generally, the spatial resolution of a zone plate-based X-ray fluorescence
imaging microscope is k1 A /(NA); depth of focus =k2 A INA k1 =k2 =1,

corresponding to the usual definition of diffraction-limited imaging.

To further cut-off higher energy radiation from the test object, a plate 124
containing suitable elemental composition, such as the element of interest for an x-ray
energy less than 2 keV, is added in series with the zorie plate lens 118 in some
embodiments. Fluorescing materials are relatively transparent for their own
fluorescence energies, but absorption is quite high above the absorption edge (see Fig.

5), resulting in a low-pass transmission characteristic, which reduces the amount of X-

-11-
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rays with energies higher than the X-ray fluorescence energy that are transmitted to
the detector 122. Of course, the zone plate lens 118 itself becomes absorbing above

the absorption edge, but the zones cover only about 50% of its area.

Zone plate lenses comprising other constituent elements for imaging of these
elements are possible. The following sets forth the parameters for zone plates with 1

cm focal length, 50 nm finest zone:

energy wavelength | diameter

Element | (eV) (nanometers) | (millimeters) number of zones
B 183 6.78 1.36 6820

Cu 930 1.33 0.266 1330

As 1282 (1317) | 0.967 0.193 967

Al 1486 0.833 0.166 833

Ta 1710 0.724 0.145 724

Si 1740 0.712 0.143 712

P 2013 0.615 0.123 615

Cu 8048 0.154 0.031 156

It is recognized that it is important to use Jow attenuation materials for the
membrane, on which the zone plate is fabricated, especially for low energy
fluorescence imaging applications, such as boron. A large diameter is needed to
compensate for a low fluorescence rate. The zone plate substrate should, therefore,
not be silicon nitride, since for such a large window it would have to be thick, which
would render it highly absorbing. An appropriate substrate would be boron nitride,
which is a material that provides substantially more attenuation than B, i.e., greater

than 90% , but is more radiation sensitive than silicon nitride.

Also, there is a concern about choosing the energy of the exciting radiation to
be too close to the fluorescence energy, for example As with W L beta for CuK. In
this case, it is more difficult to discriminate against scattering and Compton radiation,
than if the excitation were at higher energy. Of course, the absorber helps, but it can

also be a secondary source of fluorescence.

-12-
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Finally, it should be noted that there is a need for a central stop to block zeroth

order radiation.

Fig. 7 shows another embodiment of an X-ray fluorescence microscope 100
according to the present invention. Here, the preferential imaging is achieved by
inserting a suitable spectral filter 150 in the imaging system 105. The filter is selected
to pass, i.e., reflect, a narrow spectral band centered on the fluorescence line of the
element of interest. In one implementation, the spectral filter 150 is a multilayer optic

or a crystal.

In this embodiment, the imaging optic 118 is either a chromatic lens, such as a
zone plate, or an achromatic optic, such as a Wolter optic. The spectral filter 150 is
configured so that the imaging condition between the object 10, and the lens 118, and

the detector 122 is maintained.

Generally, the combination of a chromatic lens 118 and the spectral filter 150
leads to better performance as to the preferential imaging property of the x-ray

fluorescence microscope.

Fig. 8 shows the x-ray reflectivity of an exemplary multilayer filter or optic
150 that is designed and arranged to reflect efficiently a narrow energy band of x-rays
near the Cu Ka (8046 eV) fluorescence x-rays. Fora given multilayer or crystal, it
reflects the fluorescence x-rays of interest efficiently only within a finite angle of
incidence (angular acceptance). To avoid the reduction of throughput and maintain
the resolution of the x-ray fluorescence microscope due to the finite angular
acceptance, it is important to place the multilayer optic or crystal away from the lens
118 and close to the detector 122, because the angular divergence of the imaging
forming fluorescence x-ray beam decreases as the distance from the lens 118
increases and thus reduces the required angular acceptance of the multilayer or crystal

optic for high throughput.

The depth of the object to be explored depends on the energy of the primary
and fluorescence radiation, and on the geometry. Generally, lower energy radiation is
less penetrating, and leads to a shallower object volume. By adjusting the angle of
incidence and the angle of collection of fluorescence relative to the surface normal,

the depth probed is adjustable.

-13-
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The type of the primary ionizing radiation 110 can be optimized based on
specific applications. In general, X-rays offer a significantly higher ratio of
fluorescence X-rays to background signal than electrons. X-rays also offer other
advantages such as applicability to all materials, because there is no charging effect

and they are usable in an ambient environment, .., no vacuum requirement.

Fig. 9 shows another embodiment that is capable of imaging multiple elements
of interest at the same time. Specifically, multiple imaging systems 105-1, 105-2,
105-3 are directed to image approximately the same or the same volume in the test
object 10. Each imaging system 105-1, 105-2, 105-3 is configured to image
fluorescence X-ray lines of different elements. Therefore, in one specific example,
the zone plate lenses of each imaging system 105-1, 105-2, 105-3 comprise different

constituent materials.

According to still another embodiment, the system of Fig. 9 is configured for
increased throughput. Each imaging system 105-1, 105-2, 105-3 is configured to
image the same fluorescence line and is aimed to image adjoining or adjacent

volumes of the test object.

According to another embodiment, a set of element-specific two dimensional
(2D) images is collected over a large range of angles and reconstructed using
tomographic reconstruction. This yields an element-specific three-dimensional (3D)
image. A simple implementation of this method collects two 2D stereo image pairs
with an angular separation of about 10 degrees and the stereo information of the
object can be viewed using stereo viewing technology. The collection of the 2D
images can be obtained using several identical imaging systems 105, which image

approximately the same volume in the test object.

Examples
The X-ray fluorescence from important materials of an IC are induced with

radiation energy in the approximately 100 to 8000 eV range. The materials that
produce the x-ray fluorescence are copper at 930 eV (La) and 8046 eV (Ka), silicon at
99 ¢V (La) and 1740 eV (Ka), germanium at 1186 eV (La), tantalum at 1710 eV
(Ma), titanium at 452 eV (La) and 4510 eV (Ka), cobalt at 776 eV (La) and 6929 eV
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(Ka), phosphorus at 2013 eV (Ka), arsenic at 1282 eV (La), and aluminum at 1486 eV

(Ka), for example. Boron at 183 eV (Ka) is another alterative.

Considering copper as an example, Fig. 4 shows the efficiency of a 500
nanometer (nm) copper zone plate in the 900 to 950 eV range, where copper has a
fluorescence line. Note that the efficiency peaks to about 30% around 932 eV, which

is close to the energy of a Cu La fluorescence line at 930 eV.

Fig. 5 shows the transmission of copper over this 900 to 950 eV range. For
example, 200 nm of copper has a transmission above 933eV of only 8%, but a
transmission of 75% where the grating efficiency is high. The abrupt change in
transmission is due to the absorption edge of copper and fluorescence is emitted at an

energy slightly below this edge, i.e, at about 930 eV.

As a result, a solid plate 124 of copper, which is 200 nanometer (nm) thick,
combined with a 500 nm thick zone plate lens 118 will have a focusing efficiency of
about 20% at 930 eV and less than 1% above about 933 eV. Below 930 eV, the
efficiency falls to less than 1% at 925 eV. It remains below 10% until the energy has
fallen to about 905 eV.

While the diffraction efficiency recovers at lower energies, the focal length of
the zone plate is now significantly changed from that at the fluorescing energy--any
radiation such as fluorescence radiation at this energy (from other materials) is not
imaged on the detector array 122. It should be noted that the number of elements
used in IC fabrication is typically limited and thus the characteristic fluorescence lines
are widely spaced, so the element specific character of the zone plate lens made of the

fluorescing material will not be compromised in most situations.

An example application is to image Cu structures in an IC, such as
interconnects, and vias, and defects associated with them. It is beneficial to use the
Cu La X-ray fluorescence line for this application. The primary ionizing radiation is
either an electron beam of energy greater than 1000 eV or an X-ray beam generated
for example by electron bombardment of a solid target producing x-rays of energy
greater than 940 eV. Specific applications include failure analysis of IC components,

IC metrology and inspection in a production line.
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In a different example, copper K alpha fluorescence at 8046 eV is used to
image copper interconnect lines in IC packaging. The primary radiation is provided
by electron bombardment of a solid anode capable of producing the required primary
radiation, such as tungsten and gold anodes. The tungsten L beta lines around 9670
eV are efficient in inducing fluorescence in copper. This higher energy radiation can
be used to explore packages up to several hundred micrometers thick. Zone plates
fabricated using lithographic techniques may be limited in throughput for higher

resolution applications because of limited solid angle acceptance.

The low solid angle acceptance can be addressed, however, by the following
design. The focusing lens is made up of two linear zone plates oriented at right angles
to each other. These linear zone plates are fabricated by sputtering alternating layers
of appropriate materials (such as W and C) on a substrate, and slicing this multilayer
structure to the thickness that gives maximum efficiency. This way, finest zones as
small as 3 nanometers can be fabricated, and the resulting solid angle acceptance
improved by a factor of 278 compared to zone plates with 50 nm finest zones. These
optical elements are not likely to obtain 3 nanometer resolution, but they offer
significantly larger solid angles of acceptance for high throughput at resolutions
substantially larger than 3 nm. For example, a zone plate with a 3 nm finest zone
width has a solid angle acceptance 100 times larger than a zone plate with a 30 nm
finest zone width, and increases throughput by approximately 100 times for 30 nm
resolution x-ray fluorescence imaging.Yet another example would involve the study
of buried structures such as steel and other structural materials underneath coatings
(applied by thermal spraying or otherwise). In this application a copper or tungsten
anode is to be used to generate the primary radiation to excite fluorescence in iron,
nickel, chromium, or cobalt. Again, the crossed linear zone plates would be preferred

as the lens to study microcracking and corrosion, for example.

Yet another application is the imaging of biological specimens, such as bones
and single biological cells. Spatial distribution of elements, such calcium and
phosphorus in a bone or a cell, can be imaged in 2D or 3D using present invention. It
is recognized that such imaging may be performed without significantly affecting the
livelihood of the biological specimen under investigation and thus time lapse imaging

may be taken to study development.
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X-ray fluorescence backlighting imaging mode
Fig. 10 shows an X-ray fluorescence microscope 100 that is configured in an

X-ray fluorescence backlighting imaging mode, according to the present invention.
Specifically, the fluorescence that is imaged originates from the known structure 12
(such as the substrate, rather than from the object of interest 10. The object of interest
10 is positioned between the known structure 12 and the lens 118. The object of
interest absorbs or scatters part of the characteristic X-ray radiation, and thus casts a

shadow at the image plane.

In this mode of operation the elements present in the object are not directly
identified, but if their composition is known, then the geometry of the object, such as
the thickness and shapé, can be determined from the image that contains the
attenuation information of the backlighting. Other image contrast enhancement
rhethods, such as the Schilieren method, can be employed to increase image contrast

of materials of low absorption contrast.

For example, silicon L alpha or K alpha fluorescence x-rays are used in one
application as backlighting to image IC structures above a silicon substrate, such as
Cu interconnect lines and vias, Ta-containing diffusion barriers, interlayer dielectrics,
and polysilicon gate contacts. It is recognized that silicon is a preferred material for
making zone plates of high focusing efficiency. Other preferred materials include

molybdenum and rhodium for Si L alpha line and Au, W, and Ta for Si K alpha line.

For yet another example, the profile of etched structures produced in an IC
production process can be studied using the x-ray fluorescence backlighting imaging
mode. Backlighting by the x-ray fluorescence produced in the wafer 12 arrives at the
lens 118 after being absorbed or scattered by the test object 10, which includes etched
structures. The geometry of the etched structure 10, including its profile, together
with the material composition of the etched structure, determines the effect on the
backlighting fluorescence x-rays, and leads to measurable effects in the x-ray
fluorescence image. It is recognized that for etched structures of a linear dimension
not significantly larger than approximately 30 times of the wavelength of the
fluorescence x-rays, and of an aspect ratio greater than approximately 3, the profile of
the etched structure produces significant effect on the angular distribution of the

backlighting fluorescence x-rays due to the scattering effect. This effect increases
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with decreases in linear dimensions of the etched structure and increases in the aspect
ratio. It is further recognized that the effect of the profile of the etched structure can
be enhanced when the etched structure is suitably arranged, such as a periodic
structure. It is beneficial in some implelﬁentation to use x-ray fluorescence line(s) of
longer wavelength(s) and from element(s) contained in major IC fabrication materials,

such as silicon, copper, oxygen, tantalum, and carbon.

For yet another example, Cu L alpha fluorescence line from Cu interconnect
lines or vias is used to detect and image residuals and particles on top of them in an IC
production process. In a preferred implementation, the zone plate is constructed using
Cu.

For example, defects, such as contamination by resist residues or other
contamination, on a mask used in IC fabrication can be seen by imaging the silicon
fluorescence from the substrate 12, which may be silicon wafer material or a silicon
compound, such as glass, quartz, or silicon nitride. The defect will show up as a
deviation from the desired image of the clean and intact mask. In this imaging mode,

the mask may be designed to be used either in transmission or in reflection.

Using a zone plate with 1 cm focal length, an area 0.1 mm on the side could be
imaged in one exposure with 50 nm resolution onto a CCD detector. A full wafer
would be explored in a step-and-repeat operation. Defect identification would be
performed automatically by comparing the digital images with the standard stored in

the control computer.

Another application is the inspection of coatings, such as thermal coating for
improving surface operating temperature, hardness coating for improving surface
hardness, and painting for improving surface chemistry resistance to erosion. Using
fluorescence radiation from the bulk material underneath the coating, the image will

clearly show non-uniformities, pinholes, cracks and other defects.

Fluorescence spectrometer mode
With reference to Fig. 1, in the fluorescence spectrometer mode, the object-to-

lens distance L1 and the lens-to-detector distance L2 are adjusted so that all the
characteristic fluorescence of a given element falls upon a single-element detector or

is integrated over all the pixels in a two-dimension imaging detector 122. X-ray
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spectrum can be measured by scanning the chromatic lens such as zone plate along
the axis connecting the center of the object 10 and the center of the detector 122 or the
pupil aperture 126. Several of these spectrometers can be configured so as to monitor

multiple elements simultaneously as described in connection with Fig. 9.

Because the numerical aperture of the lens used is inversely proportional to the
energy, both the solid angle acceptance and the energy resolution of the instrument
improve for lower energies. This is an important advantage over both energy
dispersive and wavelength dispersive spectrometers, since the fluorescence yield
drops with energy and the energy resolution of typical solid state energy dispersive

detectors are often too limited for low energy x-ray analysis applications.

This arrangement is applicable to the monitoring of the dose of the shallow
doping of semiconductor material with boron, phosphorus, and/or arsenic. High
spatial resolution is generally not desired in this case, so the zone plate is used in a
geometry yielding a convenient working distance and throughput. The area to be
investigated can be defined using an aperture in front of the single-element detector.
The observed count-rate, after matrix and element dependent calibration factors and
correction for background will be directly proportional to the amount of the dopant .

within the probed volume.

Another example that takes advantage of the imaging property of the lens for
film thickness measurement is based on the recognition that the imaging property
allows both the probed area and the solid angle of fluorescence collection to be well
defined, thus permitting accurate determination of the number of fluorescing atoms in
the probed volume. If the probed volume is a known, uniform thickness (film), then
its film thickness can be determined. Example applications include measuring the
film thickness of various materials in an IC production line, such as Cu, diffusion

barrier, and interlayer dielectric layers.

While this invention has been particularly shown and described with
references to preferred embodiments thereof; it will be understood by those skilled in
the art that various changes in form and details may be made therein without
departing from the scope of the invention encompassed by the appended claims. For

example, typical scanning electron microscopes (SEM) have X-ray detectors
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5 (EDAX), which are used to identify materials being imaged. In the fluorescence

spectrometer mode, the present invention is used as an element specific imaging

attachment to a SEM.
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CLAIMS

What is claimed is:

1. A method for detecting an element of interest in a test object, the process
comprising:
irradiating the test object to induce secondary fluorescence X-ray radiation
from the element of interest; and
preferentially imaging the secondary fluorescence X-ray radiation from the

element of interest onto a detector.

2. A method as claimed in claim 1, wherein the step of preferentially imaging
the secondary radiation comprises imaging the secondary radiation onto a

detector array.

3. A method as claimed in claim 1, wherein the step of preferentially imaging
the secondary radiation comprises imaging the secondary radiation onto a

detector array with a chromatic lens.

4, A method as claimed in claim 1, wherein the step of preferentially imaging
the secondary radiation comprises imaging the secondary radiation onto a

detector array with a zone plate.

5. A method as claimed in claim 1, wherein the step of preferentially imaging
the secondary radiation comprises selecting a distance between the test object
and the chromatic lens and a distance between the chromatic lens and the

detector array so that the secondary radiation is in focus on the detector.

6. A method as claimed in claim 1, wherein the step of preferentially imaging
the secondary radiation comprises spectrally filtering radiation from the test

object so that the secondary radiation reaches a detector.

7. A method as claimed in claim 6, wherein the step of spectrally filtering the
radiation comprised placing a multilayer optic optically between the detector

and the test object.
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8. A method as claimed in claim 6, wherein the step of spectrally filtering the
radiation comprised placing a crystal optically between the detector and the

test object.

9. A method as claimed in claims 1, further comprising receiving the

secondary radiation at the detector array through an aperture.

10. A method as claimed in claims 1, further comprising scanning the test

object under a radiation generator.

11. A method as claimed in claim 1, wherein the step of preferentially
imaging the secondary radiation comprises selecting a chromatic lens to have
a high diffraction efficiency for an energy of a fluorescence line of the element

of interest.

12. A method as claimed in claim 1, wherein the step of irradiating the test

object comprises irradiating the test object with electrons.

13. A method as claimed in claim 1, wherein the step of irradiating the test

object comprises irradiating the test object with X-rays.

14. A method as claimed in claim 1, wherein the step of preferentially
imaging the secondary radiation comprises forming a chromatic lens from a

compound including the element of interest.

15. A method as claimed in claim 1, wherein the element of interest is
aluminum and the step of preferentially imaging the secondary radiation
comprises forming a chromatic lens from aluminum or a compound including

aluminum.

16. A method as claimed in claim 1, wherein the element of interest is copper
and the step of preferentially imaging the secondary radiation comprises

forming a lens from copper or a compound including copper.

17. A method as claimed in claim 1, wherein the element of interest is

tantalum and the step of preferentially imaging the secondary radiation
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comprises forming a chromatic lens from tantalum or a compound including

tantalum.

18. A method as claimed in claim 1, wherein the element of interest is
phosphorus and the step of preferentially imaging the secondary radiation

comprises forming a chromatic lens from a compound including phosphorus.

19. A method as claimed in claim 1, wherein the element of interest is boron
and the step of preferentially imaging the secondary radiation comprises

forming a chromatic lens from a compound including boron.

20. An X-ray fluorescence microscope, comprising:
a source for irradiating a test object to induce secondary X-ray radiation
from an element of interest by fluorescence;
a detector for detecting the secondary radiation from the element of
interest; and
an optical train for preferentially imaging the secondary radiation from the

element of interest onto the detector.

21. An X-ray fluorescence microscope as claimed in claim 20, wherein the

optical train comprises a chromatic lens.

22. An X-ray fluorescence microscope as claimed in claim 20, wherein the

optical train comprises a lens and a spectral filter.

23. An X-ray fluorescence microscope as claimed in claim 22, wherein the

|

spectral filter is a multilayer optic.

24. An X-ray fluorescence microscope as claimed in claim 22, wherein the

spectral filter is a crystal.

25. An X-ray fluorescence microscope as claimed in claim 20, wherein the

detector is a detector array.

26. An X-ray fluorescence microscope as claimed in claim 20, further
comprising a pupil aperture for improving the preferential imaging of the

secondary radiation.
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27. An X-ray fluorescence microscope as claimed in claim 20, further
comprising a condenser for relaying primary ionizing radiation from the

source to the test object.

28. An X-ray fluorescence microscope as claimed in claims 27, wherein the

condenser is a capillary optic.

29. An X-ray fluorescence microscope as claimed in claims 28, wherein a
surface of the capillary optic is coated with high mass density materials to

increase a density of the primary ionizing radiation.

30. An X-ray fluorescence microscope as claimed in claims 28, wherein a
surface of the capillary optic has a multi-layer coating to increase a density of

the primary ionizing radiation.

31. An X-ray fluorescence microscope as claimed in claim 20, wherein the
optical train comprises a zone plate lens with as a high diffraction efficiency

for an energy of a fluorescence line of the element of interest.

32. An X-ray fluorescence microscope as claimed in claim 20, wherein the

source generates electrons to irradiate the test object.

33. An X-ray fluorescence microscope as claimed in claim 20, wherein the

source generates X-rays to irradiate the test object.

34. An X-ray fluorescence microscope as claimed in claim 20, wherein the
optical train comprises a lens that is made of a compound including the

element of interest.

35. An X-ray fluorescence microscope as claimed in claim 34, wherein the

element of interest is aluminum and the lens comprises aluminum.

36. An X-ray fluorescence microscope as claimed in claim 34, wherein the

element of interest is copper and the lens comprises copper.

37. An X-ray fluorescence microscope as claimed in claim 34, wherein the

element of interest is tantalum and the lens comprises tantalum.
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38. An X-ray fluorescence microscope as claimed in claim 34, wherein the
element of interest is phosphorus and the lens comprises a phosphorus

compound.

39. An X-ray fluorescence microscope as claimed in claim 34, wherein the

element of interest is boron and the lens comprises a boron compound.

40. An X-ray fluorescence microscope as claimed in claim 20, further
comprising an object of interest located between the detector and the element
of interest, which is analyzed by reference to absorption of the secondary

radiation.

41. An X-ray fluorescence microscope operating in the backlighting mode,
comprising:
a source for irradiating a known structure to induce secondary X-ray
radiation from an element by fluorescence;
a condenser for relaying the primary ionizing radiation from the source to
the test object;
an object to be detected, located over the known structure;
a detector for detecting the secondary radiation from the element;
an optic train for preferentially imaging the secondary radiation from the

element onto the detector.

42. An X-ray fluorescence microscope as claimed in claim 41, wherein the

optical train comprises a chromatic lens.

43, An X-ray fluorescence microscope as claimed in claim 41, wherein the

optical train comprises a lens and a spectral filter. .

44, An X-ray fluorescence microscope as claimed in claim 43, wherein the

spectral filter is a multilayer optic.

45, An X-ray fluorescence microscope as claimed in claim 43, wherein the

spectral filter is a crystal.

46. An X-ray fluorescence microscope as claimed in claim 41, further

comprising a pupil aperture for improving preferential imaging.
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47. An X-ray fluorescence microscope, operating in the spectrometer mode,
comprising:

a source for irradiating an object to induce secondary X-ray radiation from
an element of interest by fluorescence;

a single element detector for detecting the secondary radiation from the
element;

a lens for preferentially imaging the secondary radiation from the element
onto the detector;

a pupil aperture for ensuring adequate preferential imaging when a large
area of the test object is being illuminated by the primary ionizing
radiation; and

a condenser for relaying the primary ionizing radiation from the source to

the test object.

48. An X-ray fluorescence spectral analysis method, comprising:
jrradiating an object to induce secondary X-ray radiation from an element
of interest by fluorescence;
detecting the secondary radiation from the element with a detector;
scanning a zone plate along an optical axis to preferentially image the

secondary radiation from the element onto the detector.

49. A method as claimed in claim 48, further comprising aperturing the

secondary radiation to improve preferential imaging.

50. A method as claimed in claim 48, further comprising relaying the primary

jonizing radiation from a source to the test object.

51. An X-ray fluorescence microscope, comprising:
a source for irradiating a test object to induce secondary X-ray radiation
from one or more elements of interest by fluorescence,
two or more imaging systems, each imaging system comprising:
a detector for detecting the secondary radiation from the one of the
elements of interest, and
an optical train for preferentially imaging the secondary radiation from the

one of the elements of interest onto the detector.
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52. An X-ray fluorescence microscope as claimed in claim 51, wherein the

two or more imaging systems image adjacent volumes of the test object.

53. An X-ray fluorescence microscope as claimed in claim 51, wherein the
two or more imaging systems preferentially image secondary radiation from

different ones of the elements of interest.
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