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(57) Abstract: A parallel radial mirror analyser (PRMA) (700) for facilitating rotationally symmetric detection of charged particles
caused by a charged beam incident on a specimen is disclosed. The PRMA comprises a zero-volt equipotential grid (728), and a
plurality of electrodes (702, 704, 706, 708, 710, 712, 714, 716, 718, 720, 722) electrically configured to generate corresponding
electrostatic fields for deflecting the charged particles in accordance with respective energy levels of the charged particles to exit
through the grid (728) to form corresponding second-order focal points on a detector (206). The detector (206) is disposed external
to the corresponding electrostatic fields. A related method is also disclosed.
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A Parallel Radial Mirror Analyser for Scanning Microscopes

Field
The present-invention relates to a parallel radial mirror analyser for scanning
microscopes, which include scanning electron/ion microscopes.

Background

The potential advantages of using wide-range parallel energy detection of
charged particles to speed up spectrometer data acquisition times are well
known, and documented in the following citations: [1]. M. Jacka, M. Kirk, M.M.
El Gomati, M. Prutton, Rev. Sci. instrum. 70 (5) (1999) 2282-2287, [2]. M. Jacka,
A. Kale, N. Traitler, Rev. Sci. Instrum. 74(10) (2003) 4298-4300, and [3]. M.
Jacka, J. Electron. Spectrosc. Relat. Phenom. 114-116 (2001) 277-282. One
class of parallel analyzer designs is based upon the Hyperbolic Field Analyser
(HFA), which has also been developed into an Auger Electron Spectroscopy
(AES) attachment for Scanning Electron Microscopes (SEMS) to be used in
combination with a low voltage Argon ion source. In particular, the entire Auger
electron spectrum from the HFA may be captured within one/two seconds after a
surface of a specimen (under examination) has been cleaned by the ion gun,
before any appreciable hydrocarbon contamination is allowed to form. Also, use
of the HFA opens up a possibility of performing AES at high vacuum pressures,
instead of at Ultra High Vacuum (UHV) conditions which is typically done. Thus,
performing AES with SEMs allows mapping of elemental information on a nano-
scale to be feasible.

One problem with analysers based on existing HFA design is that they suffer
from relatively low transmittance. Even with improvements, the overall
transmittance is still typically around 100 times smaller than that of the
Cylindrical Mirror Analyser (CMA) at comparable energy resolutions. The
relatively low transmittance is mainly due to the HFA designs being
characterised by first-order focusing properties on the detector plane, limiting
the angular spread in the plane of deflection to fairly small values, typically less
than £1.2° Further, conventional HFA designs are also planar in geometry
implying that the electrons may only be detected over a narrow out-of-plane
angular range, typically less than +2.5°.
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One object of the present invention is therefore to address at least one of the
problems of the prior art and/or to provide a choice that is useful in the art.

Summary _
According to a 1° aspect of the invention, there is provided a parallel radial

‘mirror analyser (PRMA) for facilitating rotationally symmetric detection of

charged particles caused by a charged beam incident on a spécimen. The
PRMA comprises a zero-volt equipotential grid, and a plurality of electrodes
electrically configured to generate corresponding electrostatic fields for
deflecting the charged particles in accordance with respective energy levels of
the charged particles to exit through the grid to form corresponding second-order
focal points on a detector. The detector is disposed external to the
corresponding electrostatic fields. ' ‘

Advantages of the PRMA may include having full rotational symmetric detection
capability with respect to a primary beam axis directed at a specimen being
examined, meaning that the out-of-plane angular direction of detection of the
electrons/ions scattered from the sbecimen is 360°. In addition, the range of
energies detectable by the PRMA may vary by a factor of over fifty from 100 eV
to 5000 eV, and may advantageously have second-order focusing properties for
all of the detected electrons/ions for achieving an energy resolution of better
than 0.2% for an in-plane angular spread of +3° for most of the enérgy range.
Further, the PRMA may have a transmittance of an order of magnitude better
than existing wide-range parallel energy analyzer designs. -

In summary, in the PRMA as proposed, the voltages applied to the electrodes
are not chosen to reproduce electrostatic field having parabolic distribution, and
with this freedom, in terms of being able to select from a wider set of voltages, it
has been determined via simulations that the PRMA is consequently able to
achieve rotational symmetric detection/collection over a full 360° angle in the
out-plane direction (i.e. azimuthal angular direction), and also attain secbnd-
order focusing. Further, the design of the PRMA is such that a high
transparency grid is used and arranged on the bottom plane of the PRMA, and
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the detector plane is correspondingly located in a field-free region below the
PRMA. | |

Preferably, an angle of the grid through the PRMA may be lowered to
approximately 17° relative to a bottom plane of the PRMA. In addition, the
PRMA may be configured to be mounted to a scanning electron/ion microscope.
Yet further, the field strength of the electrostatic fields may also be configured to
enable deflection of the charged particles having an in-plane angUIaf spread of
+3° relative to adjacent charged particles of a similar energy level exiting the
grid. '

Moreover, the plurality of electrodes may preferably be respectively configured
with voltages of -17 V, -88.1 V, -208.3 V, -320.4 V, -480.6 V, -688.9 V, -929.2
V,-1249.6 V, -1441.8 V, -1521.9 V, -1762.2 V, and -2643 V.

More preferably, the PRMA may include the detector, which may also be
arranged around an axis of the charged beam to enable detection of the charged
particles omnidirectionally. Moreover, the field strength of the electrostatic fields
may be configured to achieve an enérgy resolution of better than 0.2% for an in-
plane angular spread of £3° for a majority of the energy range. Additionally, the
grid may have a grid transparency of greater than 90%.

According to a 2" aspect of the invention, there is provided a parallel radial
mirror analyser (PRMA) for facilitating rotationally symmetric detection of
charged particles caused by a charged beam incident on a specimen. The
PRMA comprises a plurality of electrodes electrically configured to generate
corresponding electrostatic fields for deflecting the chérged particles in
accordance with respective energy levels of the charged particles to form
corresponding first-order focal points on a zero-volt equipotential detector.

Yet preferably, the piurality of eiectrodes may be respectively configured with
voltages of -45 V, -120 V, -285 V, -775 V, -1150 V, -1675 V, and -2020 V.
Moreover, the PRMA may be configured to be mounted to a scanning
electron/ion microscope, and may also include the detector. The field strength
of the electrostatic fields may be configured to enable deflection of the charged
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particles having an in-plane angular spread of +1.1° relative to adjacent charged
particles of a similar energy level. Also, the detector may be érranged around
an axis of the charged beam to enable detection of the charged particles
omnidirectionally.

According to a 3™ aspect of the invention, there is provided a method of
detecting charged particles caused by an electron beam incident on a specimen
using the PRMA according to the 1% aspect of the invention. " The method
comprises receiving the charged particles, generating the corresponding
electrostatic fields to deflect the charged particles to exit through the grid, and
detecting the corresponding second-order focal points formed by the exiting
charged particles on the detector. |

It should be apparent that features relating to one aspect of the invention may
also be applicable to the other aspects of the invention.

These and other aspects of the invention will be apparent from and elucidated
with reference to the embodiments described hereinafter.

Brief Description of the Drawings

Embodiments of the invention are disclosed hereinafter with reference to the
accompanying drawings, in which:

Figure 1 shows simulated paths of electron rays in an ideal HFA Iéyout being
transformed into axi-symmetric cylindrical coordinates; '

Figure 2 is a schematic diagram of simulated trajectory paths of electron rays
through a first-order focusing Parallel Radial Mirror Analyser (PRMA), according
to a first embodiment of the invention;

Figure 3 shows spot size characteristics of the first-order focusing PRMA of
Figure 2, in which paths of electron rays at the Gaussian focal plane for +2%
energies around the central energies of 500 eV, and 1500 eV are depicted;
Figure 4 shows spot size characteristics of the first-order focusing PRMA of
Figure 2, in which a plot of trace-width as a function of -input polar angular
spread, at selective energies is depicted,;
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Figure 5 is a schematic diagram of simulated trajectory paths of electron rays
through a second-order focusing PRMA, according to a second embodiment of
the invention;

Figure 6a shows spot size characteristics of the second-order focusing PRMA of
Figure 5, in which paths of electron rays at the Gaussian focal plane for 1%

energies below and above the central energies of 500 eV, 1000 eV, 3000 eV,

"and 5000 eV are depicted;

Figure 6b shows spot size characteristics of the second-order focusing PRMA of
Figure 5, in which a plot of trace-width as a function of input polar angular
spread, at selective energies is depicted;

Figure 7 is a table comparing simulated energy resolutions of the second-order
focusing PRMA of Figure 5 with the ideal HFA; and

Figure 8 is a plot illustrating simulated energy dispersion characteristics of the
second-order focusing PRMA of Figure 5 along the detector plane.

Detailed Description of Preferred Embodiments

“An initial step for obtaining a first-order focusing PRMA (from a conventional

HFA) is that the electrodes layout of an ideal HFA is adopted and mapped into a

rotational symmetric geometry (under an axi-symmetric coordinate system) as

shown in Figure 1, in which the axis of rotational symmetry 302 of the scattered
electrons rays (from a specimen 210) is arranged to be a primary electron beam
(hereinafter primary beam) 208. The primary beam 208 is directed at and
incident on the. specimen 210 being examined, which is positidned on its
horizontal plane and located below an electron/ion beam column 202 (i.e. see
Figure 2). The electron/ion beam column 202 is hereinafter termed as the beam
column 202, and it facilitates the application of the primary beam 208 onto the
specimen 210. In particular, the specimen 210 has an axis of rotation about the
primary beam 208. In the new axi-symmetric coordinate system, a pair of
hyperbolic equipotential boundaries 304 (and being mirror reflections of each.

other), which is configured to be at -1500 Volts for R,= 2 cm (based on the ideal

HFA in accordance with equation (1), which analytically describes the potential
field distribution to be generated in the HFA:

2V,
xy )

V(x, y)=
Vi) e
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), is ascertained to be a fixed boundary condition, with a pair of zero
equipotential boundaries 306 located on each side of the axis of rotational
symmetry 302 maintaining their relative positions opposite to each hyperbolic
equipotential boundary 304. Each pair of zero equipotential boundaries 306
comprises a vertical and a horizontal equipotential boundary. The resulting
electrostatic field distributions located in between the equipotential boundaries

-304, 306 is subsequently numerically solved via simulations using the Lorentz-

2EM™ software (or any equivalent similar software) to obtain the specific field
lines values, with the origin coordinate of the axi-symmetric coordinate system
defined to be at the centre of the specimen 210. Importantly, the accuracy of all
the simulations were continually checked and verified by repeating the results
through using smaller boundary segments and trajectory step sizes to ensUre
that important ray tracing parameters such as the final focal spot-size of an
electron "beam exiting the HFA do not change significantly (i.e. having a
deviation of less than 1%).

Referring again to Figure 1, it shows a plot of simulated paths of electrons rays
for respective energies of 250 eV, 750 eV, 1250 eV, 1750 eV, and 2500 eV,

within the context of the transformed rotationally symmetric geometry.

Particularly, Figure 1 indicates that the trajectory paths of the simulated
electrons rays are no longer focusable onto a horizontal plane (i.e. a detector
plane), as evident from the out-of-focus focusing points 308 of the respective
electrons rays when they land on a focal plane (i.e. the horizontal plane).
However, the electrode layout of the ideal HFA is not preferred for realising a
first-order focusing PRMA with rotationally symmetric structure.

According to a first embodiment, Figure 2 shows a first-order focusing (and
rotationally symmetric) Parallel Radial Mirror Analyser (PRMA) 400 (hereinafter
first-order PRMA), which is configured as an attachment to a scanning
electron/ion microscope (not shown). The first-order PRMA 400 includes an
analyser 401, the beam column 202, and a detector 206. The detector 206 is
positioned as a horizontal plane, and is further electrically configured with a
voltage of 0 Volts to achieve a zero-volt equipotential detector. The beam
column 202 is configured to have a substantially triangular-like shaped cross-
section. Following on, the analyser 401 includes an outer body plate 403 (for
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forming the body of the analyser 401 and is electrically configured with a voltage
of 0 Volts) arranged.to be semi-conically shaped at a top end which extends
from the body of the analyser 401. Specifically, the semi-conically shaped top
end facilitates fitting of the analyser 401 under a lower pole-piece of a scanning
electron/ion microscope objective lens in order to minimize the working distance
(i.e. defined as the distance between the objective lens of the lower pole-piece
and the specimen 210), thus allowing the scanning electron/ion microscope to
operate in a high spatial resolution imaging mode. Moreover, under this
arrangement, the angled face of the semi-conically shaped top end of the
analyser 401 is adjacent to an oblique face of the beam column 202.

More specifically, the analyser 401 also houses a first set of six deflecti‘on
(conical) electrodes 402, 404, 406, 408, 410, 412, which are respectively
configured to be at corresponding potentials of V4, V,, V3 V4, Vs, and V. The six
deflection electrodes 402, 404, 406, 408, 410, 412 are arranged to be serially
attached along a conical surface of the analyser 401, which is substantially
adjacent to an oblique face of the beam column 202 as afore described.
Furthermore, the six deflection electrodes 402, 404, 406, 408, 410, 412 are
positioned near ‘to an entrance grid 414 where the electron rays enter the
analyser 401, and are used to control the focal point positions of the electron
rays of different energies. The entrance grid 414 is located at the apex of the
fop end and substantially in the vicinity of the specimen 210.

The first-order PRMA 400 also includes a main deflector plate 416, which is
configured from only a single straight electrode (from the perspective of the
cross-sectional plane orthogonal to the viewing direction of Figure 2). The main
deflector plate 416 is housed within the analyser 401, and configured with a
potential of V;. Additionally, the first-order PRMA 400 when being measured
from the centre of the specimen 210 (when laid flat on its horizontal plane) to an.
end of the detector 206, which is directly below a free end of the main deflector
plate 416 (not attached to the deflection electrode 412 having potential of V),
has a length of approximately 70 mm. It is however to be appreciated that this
length is not to be construed as limitative, and may be scalable in accordance
with the specific requirements of an implementation.
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It is to be noted that the initial design parameters for the potentials of the
electrostatic field distribution of the first-order PRMA 400 are specified using
equation (1). Further during the design phase, simulated trajectory paths of
electron rays indicate that three conical electrodes (i.e. deflectors) are sufficient
for providing adequate and better control of the focal points of the electron rays
when they land on the detector plane 206. Moreover, continual refinements of

‘the potentials of the deflection plates were performed during the design phase in

order to obtain a satisfactory performance, in which the electron rays of different
energies are required to be focused onto the detector plane 206.

When the primary beam 208 is directed onto the specimen 210, scattered
electrons/ions (i.e. charged particles) then leave (i.e. bounced off) the surface of
the specimen 210, enter the analyser 401 through the entrance grid 414 and are
redirectedb/deflected downwards by the negatively biased deflection electrodes
402, 404, 406, 408, 410, 412 and main deflector plate 416, to focus at the
(horizontal plane of the) detector 206. It is to be noted that the plane of the

. detector 206 is also known as the Gaussian focal plane. It is also to be further

emphasised that a required take-off angle 226 of the electron rays from the
specimen 110, with respect to the horizontal plane of the specimen 210, is
defined to be “¢'. The take-off angle 226 may otherwise be termed as the
entrance polar angle. The focal properties of the analyser 401, position and
quality of focus of the scattered electrons/ions on the detector 206, as well as
the energy bandwidth, are all influenced, determined and controlled by the
voltages applied to the deflection electrodes 402, 404, 406, 408, 410, 412, main
deflector plate 416, and the initial take-off angle 226.

Figure 2 also concurrently shows a plot of nine trajectoriés of electron rays
directed through the first-order PRMA 400, in which the electron rays have
energies of 50 eV, 100 eV, 200 eV, 500 eV, 1000 eV, 1500 eV, 2000 eV, and
2500 eV respectively over a polar angular spread of +1.1° around a central angle
of 24.8° and the equipotentials are configured in uniform steps of 135 Volts,
ranging from 0 Volts to -2020 Volts. The angular spread is defined to be the
angular separation between adjacent scattered eiectrons/ions of a similar energy
ievel (i.e. from a perspective that the scattered electrons/ions are viewed as

electrons/ions rays with travelling paths). More specifically, the voltages of the
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first set of deflection electrodes 402, 404, 406, 408, 410, 412, and the main
deflector plate 416 are configured with the following respective values
(measured in Volis): Vy= -45, V,= -120, Va= -285, V,= -775, V5= -1150, Vg= -
1675, and, V,= -2020.

It is to be emphasised that each of the voltages V, to V; are systematically
adjusted in order to focus the electron rays onto the plane of the detector 2086,
with the adjustment being performed starting from the lower energies range (in
terms of the electron rays). Furthermore, the functions of each deflection
electrode 402, 404, 406, 408, 410, 412, and the main deflector plate 416 are
characterised as follow: the voltages V; and V, are for controlling the focal point
positions of electron rays residing in the lower energy range (i.e. 0 eV to 200
eV), while the voltages V; to Vs are for controlling the focal point positions of
electron rays in the middle energy range (i.e. 200 eV to 1500 eV), whereas Vs
and Vg control the focal point positions electron rays belonging to higher energy
range (i.e. 1500 eV to 2500 eV). Although the voltage Vjalso has effects on the
focal point positions of electron rays in the lower energy range, those effects are
easily compensated by altering the voltage V,. Lastly, the voltage V; affects the
horizontal shifting of the focal point‘positions.‘ Separately, although the voltage
V, affects the focusing of electron rays of the entire energy range, such effects
diminish as the energy of the electron rays increases. Moreover, since only
small changes in the voltage V, are required for controlling the focal point
positions of electron rays in the lower energy range, the effect of those small
changes are therefore negligible on electron rays with higher energies.

Following on, Figure 3 depicts simu'lated paths of electron rays around the
(Gaussian) plane of the detector 206 in the first-order PRMA 400 relating to
electron energies of 2% around the central energies of 500 eV and 1500 eV
(over a polar angular spread of +1.1°. A visual estimate, as performed on
Figure 3, puts the relative energy resolution capability of the first-order PRMA
400 of the focusing (i.e. the half trace-width) to be in the range of 0.25% to 0.3%
(which is a measure of the deviation/uncertainty in energy as a fraction of its
past energy, as known to skilled persons).
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Figure 4 then shows a plot 600 of trace-width (measured in millimetre, i.e. “mm”)
as a function of input polar angular spread (measured in milliradians, i.e. “mrad”)
ranging from -20 mrad (-1.145° to +20 mrad (+1.145° at selective energies.
The parabolic nature of the curves in the plot 600 indicates that the first-order
PRMA 400 possesses first-order focusing properties (i.e. second-order
geometrical aberration) across its entire detected energy range, which is in

‘accordance with the results shown in Figure 3.

Further embodiments of the invention will be described hereinafter. For the sake
of brevity, description of like elements, functionalities and operations that are
common between the embodiments are not repeated; reference will instead be
made to similar parts of the relevant embodiment(s).

Figure 5 illustrates a second-order focusing (and rotationally symmetric) Parallel
Radial Mirror Analyser (PRMA) 700 (hereinafter second-order PRMA), according
to a second embodiment. In particular, the second-order PRMA 700 is derived
from the first-order PRMA 400 of Figure 2 to obtain second-order focusing
properties, but distinguishes from the latter by extending the number of
electrodes (housed within an analysér 701) in a first set of deflection electrodes
702, 704, 706, 708, 710, 712, 714, 716, 718, 720, 722 to eleven (as opposed to
only six used in the first-order PRMA 400). Each deflection electrode 702, 704,
706, 708, 710, 712, 714, 716, 718, 720, 722 is in turn configured with respective
potentials of Vi, Vs, Vs Vi, Vs, Vs, V7, Ve, Vs, Vi, and Vq;. The reason for
adopting more deflection electrodes is because it has been determined (via
simulations) that it is necessary to position more electrodes near to an entrance
grid 724 (of the second-order PRMA 700) in order to minimize any height
fluctuations of the focal points of the electron rays along the (focal) plane of the
detector 206. The entrance grid 724 is electrically configured with a voltage of 0
Volts. Furthermore, the plane of the detector 206 has also been increased to
around 108 mm long. The second order PRMA 700 is also configured with a
main deflector plate 726, which is similar (geometry and functionality) to the one
in the first-order PRMA 400, except that the length has been increased further.

Another deviation of the second-order PRMA 700 from the first-order PRMA 400
is that a zero-volt equipotential exit grid 728 is now positioned at an angle in.
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S11 -

between the analyser 701 and the plane of detector 206. More specifically, the
exit grid 728 is arranged such that the angle through the PRMA 400 (relative to
the' PRMA 400 bottom plane) is lowered, to typically around 17°, in order to
extend the exit focal points to a field-free region below the PRMA 400 bottom
plane (i.e. the plane of the detector 206). In addition, the exit grid 728 is
electrically configured with a voltage of 0 Volts. In other words, the detector 206

‘in this embodiment is located in a field-free region (i.e. disposed external to the

electrostatic field generated by the deflection electrodes 702, 704, 706, 708,
710, 712, 714, 716, 718, 720, 722 and main deflector plate 726). The voltages
of the deflection electrodes 702, 704, 706, 708, 710, 712, 714, 716, 718, 720,
722 are also adjustable for focusing the scattered electrons onto the detector
206. Further, Figure 5 shows seven trajectories of electron rays with differént
energies plotted evenly between -3° and 3° at around a polar entrance angle of
24.6°.

Furthermore, the detector 206 in the second-order PRMA 700 is not configured
with a voltage of 0 Volts, unlike the case in the first-order PRMA 400.

In this instance, the main deflector plate 726 and deflection electrodes 702, 704,

706, 708, 710, 712, 714, 716,'718, 720, 722 are respectively configured with the
following potential values (in Volts): Vp= -2643, V4= -17, V,= -88.1, V3= -208.3,
V= -320.4, V5= ~480.6, Vg= ~688.9, V,= -929.2, Vy= -1249.6, Vo= -1441.8,
Vie= -1521.9, and Vi;= -1762.2. More specifically, the electricity field
distribution in the second-order PRMA 700 is adjusted to redirect the scattered
electrons downwards onto the plane of the detector 206 which is accordingly
achieved.by systematically altering the potentials V, to V4, starting from the
lower energies range (in terms of the electron rays), in a manner similar to that
previously described for the first-order PRMA 400 of Figure 2. It is however to
be emphasised that the required voltage variations applied to the deflection
electrodes for transforming the analyser design to be rotationally symmetric are
typically much smalier than those required to achieve second-order focusing. In
contrast, in relation to the geometry of the second-order PRMA 700, the
potential values of the deflection electrodes 702, 704, 706, 708, 710, 712, 714,
716, 718, 720, 722 for both a planar and a rotationally geometry remain
substantially the same. The only difference between the two geometries is that
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the height of the focal plane (which is approximately planar) differs slightly by
less than 200 pm. '

Figure 6 shows simulated electron rays characteristics of the second-order
PRMA 700 around the plane of the detector 206 at selected energies for an
angular spread of +3°, and in uniform steps of 1°. In detail, Figure 6a depicts
paths of the electron rays around the detector 206 at energies of 1% below and
above the central energies (of 500 eV, 1000 eV, 3000 eV, and 5000 eV), and the
results indicate that the energy resolution (corresponding to the half-width of the
central ray) of the second-order PRMA 700 lies well below 0.2% for a wide range
of energies. On the other hand, Figure 6b illustrates a plot of (simulated) trace-
width as a function of input polar angular spread on the Gaussian focal plane,
which confirms that the second-order PRMA 700 indeed has second-order
focusing properties (i.e. third-order geometrical aberration trace-width shape),
based on the hyperbolic nature of the curves, over the entire electron energy
range to be detected.

A table 900 in Figure 7 compares simulated energy resolutions of the second-

order PRMA 700 against the ideal H'FA. Particularly, the polar angular spread is

specified to be +3° for the second-order PRMA 700, while polar angular spreads
of £3° and 1 ° respectively are specified for the HFA. Accordingly, the results in
table 900 show that the energy resolution does not degrade significantly by
detecting electrons on a horizontal detector plane, since it is known that if
detection is performed on a plane that is slightly inclined from a horizontal plane,
then the corresponding energy resolutions achieved are higher, and vice-versa.
In this embodiment, the energy resolutions being sacrificed in order to do
detection on a horizontal detéctor plane therefore do not suffer as badly as
envisaged, based on the results obtained. In addition, the energy resolution of
the second-order PRMA 700 is determined (through simulations) to be
approximately an order of magnitude better than the conventional HFA for most
of the detected electron energy range (i.e. between 100 eV to 5000 eV).
Correspondingly, this translates into a transmittance advantage, in which for the
same simulated energy resolution (i.e. refer to first and last column of the results
in the table 900 of Figure 7), the second-order PRMA 700 has approximately

three times more transmittance in the polar angular directiqp__.v:’___C‘bgs_eq_u,e_n.t._ly_,_
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this when coupled with an improvement of more than a factor of fifty in the out-
of-plane direction (i.e. possessing a full 360° electrons detection capability in the
azimuthal angle compared to an acute angle of +2.5° detection capability for the

‘conventional HFA) provides the second-order PRMA 700 with a total

transmittance of (more than) two orders of magnitude higher than existing HFA
designs. The out-of-plane direction (i.e. azimuthal angular direction) is defined
as a plane in which the electrons (i.e. charged particles) are not deflected by the
electrostatic fields generated by the deflection electrodes 702, 704, 706, 708,
710, 712, 714, 716, 718, 720, 722, wherein the plane is viewed from a top plane
perspective of the second-order PRMA 700.

It is to be appreciated that the energy range detectable by the second-order
PRMA 700 is easily reconfigurable by appropriately scaling (i.e. linearly varying)
the voltag.es applied to the deflection electrodes 702, 704, 706, 708, 710, 712,
714, 716, 718, 720, 722. For example, the current 100 eV to 5000 eV energy
range may be mapped to a new 50 eV to 2500 eV energy range by downscaling
all voltages of the deflection electrodes 702, 704, 706, 708, 710, 712, 714, 716,
718, 720, 722 by a similar factor (i.e. a factor of two). In addition, the focal
points of the res.pective electron rays are the same before and after scaling is
applied (if necessary based on an application). For instance, the 50 eV
energised electrons land on a position on the plane of the detector 206 after
scaling, which is approximately the same at where the 100 eV energised
electrons land before scaling is applied. Nonetheless, the relative energy
resolution of the second-order PRMA 700 for the same position on the plane of
the detector 206 remains the same despite the scaling.

Figure 8 correspondingly depicfs, for the second-order PRMA‘700, the simulated
energy dispersion along the plane of the detector 206 (i.e. the Gaussian focal

| plane), and shows that the sensitivity of landing position (i.e. the gradient) of the

electron rays is greatest for those with lower energies, and gradually reduces
with higher energies, becoming approximately linear in the energy range of 2000
eV to 5000 eV. ’

Advantages of the second-order PRMA 700, over existing designs, include
having full rotational symmetric detection capability (for the scattered
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electrons/ions) with respect to the directed primary beam axis, and there are no
restrictions on the azimuthal angular range of the scattered electrons/ions to be
detected. In other words, the out-of-plane angular range of detection is 360°,
relative to the conventional out-of plane direction. Further, the range of energies
detectable by the second-order PRMA 700 varies by a factor of over fifty from
100 eV to 5000 eV, and has second-order focusing properties for all of the
electrons/ions that are detected. More specifically, for a polar angular spread of
+3° the determined energy resolution (of the second-order PRMA 700) at the
energy of 100 eV is approximately 0.65%, and approximately less than 0.2% at
energies between 300 eV and 5000 eV. Additionally, the second-order PRMA
700 has a transmittance of an order of magnitude better than existing wide-
range paralle‘l energy analyzer designs.

The described embodiments should not however be construed as limitative. For
example, a high grid transparency (of better than 90%) to be used for the exit
grid 728 of the second-order PRMA 700 may be constructed from thin radial
wires, and such types of wires have not been determined to be an important
factor limiting the energy resolutions of other rotationally symmetric electric
analyser designs based on a paper titled “Electron Optics of Spheroid Charged
Particle Energy Analysers” by D. Cubric, N. Kholine, and I. Konishi, published in
Nucl. Instrum. Methods Phys. Res. A 645 (2011), Pages 234-240. In addition,
the first-order PRMA 400 or second-order PRMA 700 may also be formed as an
integral component within the scanning electron/fion microscope, rather than
being impiemented as an add-on device attachment.

Furthermore, the first-order PRMA 400 and second-order PRMA 700 are not
respectively limited to being configured with only seven électrodes (i.e. the
deflection electrodes 402, 404, 406, 408, 410, 412 and main deflector plate 416)
or twelve electrodes (i.e. the main deflector plate 726 and deflection electrodes
702, 704, 706, 708, 710, 712,714, 716, 718, 720, 722). |t is to be appreciated
that more electrodes, as opposed to the numbers respectively described in the
first and second embodiments, may be utilised if necessary, in order to provide
better control of the focusing of the electron/ion beams onto the flat plane of the
detector 206.
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While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered
illustrative or exemplary, and not restrictive; the invention is not limited to the
disclosed embodiments. Other variations to the disclosed embodiments can be
understood and effected by those skilled in the art in practising the claimed
invention.
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Claims

1. | A parallel radial mirror analyser (PRMA) for  facilitating rotationally
symmetric detection of charged particles caused by a charged beam incident on
a specimen, the PRMA comprising:

a zero-volt equipotential grid; and

a plurality of electrodes electrically configured to generate corresponding
electrostatic fields for deflecting the charged particles in accordance with
respective energy levels of the charged particles to exit through the grid to form
corresponding second-order focal points on a detector,

wherein the detector is disposed external to the corresponding
electrostatic fields. | |

2. Thé PRMA of claim 1, wherein an angle of the grid through the PRMA is
lowered to approximately 17° relative to a bottom plane of the PRMA.

3. The PRMA of any preceding claim, configured to be mounted to a

scanning electron/ion microscope.

4. The PRMA of any preceding claim, wherein the field strength of the
electrostatic fields are configured to enable deflection of the charged particles
having an in-plane angular spread of £3°relative to adjacent charged particles of
a similar energy level exiting the grid. '

5. The PRMA of any preceding claim, wherein the plurality of electrodes are
respectively configured with voltages of -17 V, -88.1 V, -208.3 V, -320.4 V,
-480.6 V, -688.9 V, -929.2 V, -1249.6 V, -1441.8 V, ~1521.9 V, -1762.2 V,
and -2643 V.

6. The PRMA of any preceding claim, wherein the PRMA includes the
detector.

7. The PRMA of any preceding claim, wherein the detector is arranged
around an axis of the charged beam to enable detection of the charged particles
omnidirectionally.
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8. The PRMA of any preceding claim, wherein the field strength of the
electrostatic fields are configured to configured to achieve an energy resolution
of better than 0.2% for an in-plane angular spread of +3° for-a majority of the

energy range.

‘9. The PRMA of any preceding claim, wherein the grid has a grid

transparency of greater than 90%.

10. A scanning electron/ion microscope comprising the PRMA of any
preceding claim.

11. A parallel radial mirror analyser (PRMA) for facilitating rotationally
symmetrié detection of charged particles caused by a charged beam incident on
a specimen, the PRMA comprising:

a plurality of electrodes electrically configured to generate corresponding
electrostatic fields for deflecting the charged particles in accordance with
respective energy levels of the charged particles to form corresponding first-

order focal points on a zero-volt equipotential detector.

12. The PRMA of claim 11, wherein the plurality of electrodes are
respectively configured with voltages of -45V, -120 V, -285 V, =775V, -1150 V,
-1675 V, and -2020 V. ' ’

13. The PRMA of claim 11 or 12, configured to be mounted to a scanning
electron/ion microscope.

14. The PRMA of any of claims 11 to 13, wherein the field strength of the
electrostatic fields are configured to enable deflection of the charged particles
having an in-plane angular spread of +1.1° relative to adjacent charged particles
of a éimilar energy level.

15.  The PRMA of any of claims 11 to 14, wherein the detector is arranged
around an axis of the charged beam to enable detection of the charged patrticles
omnidirectionally. '
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16. The PRMA of any of claims 11 to 15, wherein the PRMA includes the

detector.

17. A scanning electron/ion microscope comprising the PRMA of any of

claims 11 to 16.

18. A method of detecting charged particles caused by an electron beam
incident on a specimen using the PRMA of any of claims 1 to 9, the method
comprises:

receiving the charged particles;

generating the corresponding electrostatic fields to deflect the charged'
particles to exit through the grid; and

detecting the corresponding second-order focal points formed by the
exiting charged particles on the detector.



PCT/SG2012/000147

WO 2012/148358

1/9

80¢€

90¢e auejd jedoj (K

snipey +——— 7

c0g

L a4nbi4

uswpadg o)z

5|XE jEUDLIEIOY

A2 0SZ 0SL0SET0SLTO

omq

00€



PCT/SG2012/000147

WO 2012/148358

2/9

90¢

J

2 92inbi4

vy 9¢e

0y voy cOv

0te

iuon3ayag \ A2 0052

9lv

Qoo

oty

Y uswpadsg

SIXY

YN " euopeoy
|
|
1
o
o mﬂb\/\ 80¢
\.» UWN(o3 Weaq uolf/uoiIall

c0¢c

2

00¥



PCT/SG2012/000147

WO 2012/148358

3/9

¢ aunbi4

00§



PCT/SG2012/000147

WO 2012/148358

4/9

¢ 2anbi4

?EEV peaids te|n8uy
YT0-

- 210~

- T0-
80°0-
90'0-
- 0o-

00~

A2 005¢

N8 00sT

- 200

{ww) yyprm-ades)

009



PCT/SG2012/000147

WO 2012/148358

S aanby

sixe
902 c0L jeuoneloy

[
w3 g'o AN

y \ men \ oz
A® 0005 000€ 000z 0001 00S  00Z 00T ! v\,\
._Dﬂuwuwﬂu ”-.w.-ul,...ru-a-,.n-mr-u-mummmm--lnx!-.
82/ e -

5/9

écl | uwinjos uwieaq uolfuonda|3 qAﬂ

\.» 802

c0¢



WO 2012/148358 PCT/SG2012/000147
6/9

/ !/fv‘f;" i
1A,

LA A I Ay
/ ’f’/
& ,‘5\ s :

Figure 6a

Giy
AR

i ‘,
A
ﬁj/ 7

£
S
b
s
¥ 8 fﬁf’z i

500 eV

800



PCT/SG2012/000147

WO 2012/148358

7/9

AR
0005

(peaw) peaads Jejnduy
£0°0-

L £00

q9 2.nbi4

058



PCT/SG2012/000147

WO 2012/148358

8/9

/ 9@inbi4

1210
Iz
" ISTT
TEEO
0irD
ags’o

1650

LETL
I6F1

£y
it
GFTE
BT
SH9 |

a1ty
AOLD
YA
ozl
]
00T
L9L0

CARY)
A
PrLO
SELD
SBLD
CIED
£h0

Gaos
000g
418197
[
05
0478

o

peasdsagaiiue |5
ugisap vl sniotasg

praads sendue OF
uBIsap AN SN0

peaids sgnidue g5
- auepd asupng v
VI JBuisnoa) saplosploaag

pesds enSue o
aued JeoaEp uo
VI BSNae] 13 plo-puanes

UONADEIT 3A1IE 121 AF19U3 ¥ pRIEnIg

006



WO 2012/148358 PCT/SG2012/000147
9/9

Electron energy (V)
Figure 8

T T T T T

G0

L1

L I o] R ke g b
= i

fusa) worsiadsig

1000



INTERNATIONAL SEARCH REPORT . International application No.

PCT/SG2012/000147
A CLASSIFICATION OF SUBJECT MATTER
Int. CL
H01J 49/00 (2006.01). GOIN 23/225 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
WPI, EPODOC, INSPEC, Google scholar (keywords): PRMA, RMA, mirror, analyzer, electrode, lens, series, plural, array,
energy, range, spectrum, zero, ground and like terms

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relévant to
. claim No.

Hoang H. Q. et al, ‘A radial mirror analyzer for scanning electron/ion microscopes’,

Nuclear Instruments and Methods in Physics Research A (available online 1 February

2011), vol 635, pages 64-68. .

X See abstract, section 4, figures 1, 3, 6, 7 ‘ 1,3,4,6-11,
' : 13-18

Jacka M. et al, ‘Hyperbolic field electron energy analyzer with second order focusing’,
Review of Scientific Instruments (October 2003), vol 74, pages 4298-4300.

A See all of document
D Further documents are listed in the continuation of Box C D See patent family annex
* Special categories of cited documents: )
"A"  document defining the general state of the art which is "T"  later document published after the international filing date or priority date and not
not considered to be of particular relevance - in conflict with the application but cited to understand the principle or theory
underlying the invention
"E" earlier application or patent but published on or after the “X"  document of particular relevance; the claimed invention cannot be considered
" international filing date novel or cannot be considered to involve an inventive step when the document is
. taken alone
"L"  document which may throw doubts on priority claim(s) "Y" © document of particular relevance; the claimed invention cannot be considered to
or which is cited to establish the publication date of involve an inventive step when the document is combined with one or more other
another citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"O"  document referring to an oral disclosure, use, exhibition

"o .
or other means & document member of the same patent family

"P"  document published prior to the international filing date
but later than the priority date claimed - - S I -

Date of the actual completion of the international search Date of mailing of the international search report
09 May 2012 11 May 2012
| Name and mailing address of the ISA/AU Authorized officer
AUSTRALIAN PATENT OFFICE NATHAN MADSEN :
PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE
E-mail address: pct@ipaustralia.gov.au (ISO 9001 Quality Certified Service)
Facsimile No. +61 2 6283 7999 Telephone No : +61 2 6222 3612

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT _ International application No.
| PCT/SG2012/000147

Box No. II  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

“This international search feport has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons:

D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

D Claims Nos.:

because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a)

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box A

As all required addltlonal search fees were timely paid by the applicant, this international search report covers all
searchable claims.

As all searchable claims could be searched w1thout effort justifying additional fees, this Authority did not invite
payment of additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

1 B O

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest I:l The additional search fees were accompanied by the.applicant's protest and, where applicable,

the payment of a protest fee.

D The additional search fees were accompanied by the applicant's protest but the appllcable
protest fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

. Form PCT/ISA/210 (continuation of first sheet (2)) July 2009)




INTERNATIONAL SEARCH REPORT . : . International application No.

PCT/5G2012/000147

Supplemental Box A

(To be used when the space in any of Boxes I to IV is not sufficient)

Continuation of Box No III:

This International Application does not comply with the requirements of unity of invention because it does not relate
to one invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims
into distinct groups:

e Claims 1-10 and 18 are directed towards a parallel radial mirror analyser (PRMA) for facilitating rotationally
symmetric detection of charged particles caused by a charged beam incident on a specimen comprising a
plurality of electrodes electrically configured to generate corresponding electrostatic fields for deflecting the
charged particles in accordance with respective energy levels of the charged particles to form corresponding
focal points on a detector whetein the feature of a zero-volt equipotential grid wherein the detector is disposed
external to the corresponding electrostatic fields and electrons exit through said grid to form second order
focal points on the detector is spe01ﬁc to this group of claims.

" o Claims 11-17 are directed towards a parallel radial mirror analyser (PRMA) for facilitating rotationally
symmetric detection of charged particles caused by a charged beam incident on a specimen comprising a
plurality of electrodes electrically configured to generate corresponding electrostatic fields for deflecting the
charged particles in accordance with respective energy levels of the charged particles to form corresponding
focal points on a detector wherein the feature of forming first order focal points on a zero-volt equipotential
detector is specific to this group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship
among the claimed inventions involving one or more of the same or corresponding special technical features. PCT
Rule 13.2, second sentence, defines a special technical feature as a feature which makes a contribution over the prior
art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art
but are not common to all the claimed inventions and therefore cannot provide the required technical relationship. The
only features common to all of the claimed inventions and which provide a technical relationship among them are a
parallel radial mirror analyser (PRMA) for facilitating rotationally symmetric detection of charged particles caused -
by a charged beam incident on a specimen comprising a plurality of electrodes electrically configured to generate
corresponding electrostatic fields for deflecting the charged particles in accordance with respective energy levels of"
the charged particles to form corresponding focal points on a detector. However these features do not make a
contrlbutlon over the prior art because they are disclosed in document D1:

Hoang H. Q. et al, ‘A radial mirror analyzer for scanning electron/ion microscopes’, Nuclear Instruments and
Methods in Physics Research A (available online 1 February 2011), vol 635, pages 64-68.

Therefore in the light of this document this common feature cannot be a special technical feature. Therefore there is no
special technical feature common to all the clalmed inventions and the requlrements for umty of invention are
~consequently not satisfied a posteriori:- =

Form PCT/ISA/210 (extra sheet)(July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report
	Page 31 - wo-search-report

