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SEMICONDUCTOR CHARGED PARTICLE DETECTOR FOR MICROSCOPY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority of US application 62/682,730 which was filed on June 8,
2018, US application 62/787,066 which was filed on December 31, 2018, and US application
62/852,816 which was filed on May 24, 2019, which are incorporated herein in its entirety by

reference.

FIELD
[0002] The description herein relates to charged particle detection, and more particularly, to systems

and methods that may be applicable to charged particle beam detection.

BACKGROUND

[0003] Detectors may be used for sensing physically observable phenomena. For example, charged
particle beam tools, such as electron microscopes, may comprise detectors that receive charged
particles projected from a sample and that output a detection signal. Detection signals can be used to
reconstruct images of sample structures under inspection and may be used, for example, to reveal
defects in the sample. Detection of defects in a sample is increasingly important in the manufacturing
of semiconductor devices, which may include large numbers of densely packed, miniaturized
integrated circuit (IC) components. Dedicated inspection tools may be provided for this purpose.
[0004] In some applications in the field of inspection, for example microscopy using a scanning
electron microscope (SEM), an electron beam may be scanned across a sample to derive information
from backscattered or secondary electrons generated from the sample. In a related art, electron
detection systems in SEM tools may include a detector configured to detect electrons coming from the
sample. Existing detectors in SEM tools may detect only the intensity of the beam. Sensitivity in
conventional detection systems may be limited by poor signal-to-noise ratio (SNR), particularly when
beam current reduces to, for example, pico-ampere ranges. In some detection methods, a large area
semiconductor detector or a group of small area semiconductor detectors having an area equal to,
smaller, or larger than the area of the beam spot may be used. Current induced by the incoming
electron beam may be generated within the detector and then amplified by an amplifier following the
detector.

[0005] With continuing miniaturization of semiconductor devices, inspection systems may use lower
and lower electron beam currents. As beam current decreases, maintaining SNR becomes even more
difficult. For example, when probe current decreases to 200 pA or below, SNR may drop off
dramatically. Poor SNR may require taking measures such as image averaging or extending the

integration time of signal corresponding to each pixel in the image of the sample, which may increase
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the electron dose on the sample surface, resulting in surface charging artifacts or other detrimental
effects. Such measures may also lower the overall throughput of the inspection system.

[0006] In arelated art, particle counting may be useful in low-current applications. Particle counting
may be employed in detectors such as an Everhart-Thornley detector (ETD), which may use a
scintillator and a photomultiplier tube (PMT). An ETD may exhibit good SNR in probe current
ranges of some applications, such as 8 pA to 100 pA. However, the scintillator’s light yield may
degrade with accumulated electron dose, and thus has a limited lifetime. Aging of the scintillator may
also cause performance drift at the system level and may contribute to generating non-uniform
images. Therefore, an ETD may not be appropriate for use in an inspection tool, especially when
used in semiconductor manufacturing facilities where it may be required to run 24 hours per day, 7
days per week.

[0007] A charged particle detector is needed that can achieve high SNR and that may be used with
low probe currents, such as those below 200 pA. Meanwhile, a detector should secure stable quantum
efficiency and long lifetime with low performance drift, for example even when used with probe
currents of 1 nA or more in continuous operation.

[0008] Detection systems employing related art methods may face limitations in detection sensitivity
and SNR, particularly at low electron dosages. Furthermore, in some applications, additional
information besides beam intensity may be desired. Some related art systems may employ an energy
filter, such as a filter electrode, to filter out some charged particles having a certain level of energy.
This may be useful to derive additional information from a sample. However, energy filters may add
additional complexity to systems, and may cause SNR to deteriorate due to loss introduced by the

energy filter. Improvements in detection systems and methods are thus desired.

SUMMARY

[0009] Embodiments of the present disclosure provide systems and methods for charged particle
detection. In some embodiments, there may be provided a detector for a charged particle beam
apparatus that includes a semiconductor substrate including an array of sensing elements, and a circuit
configured to count a number of charged particles incident on the detector. The circuit of the detector
may be configured to process outputs from the plurality of sensing elements and increment a counter
in response to a charged particle arrival event on a sensing element of the array. The circuit may
include a plurality of circuitries, each of the circuitries corresponding to a sensing element. The
circuit may be configured to determine a time stamp of respective charged particle arrival events
occurring at each sensing element.

[0010] The detector may be configured to operate in a variety of counting modes. For example, the
detector may be configured to count up to only one charged particle arrival event in a sensing element
before resetting without discriminating energy of the one charged particle arrival event. Resetting of a

sensing element may refer to resetting the sensing element itself or a circuit associated with it. The
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detector may also be configured to count numbers of charged particle arrival events without
discriminating energy of the charged particle arrival events and to set an overflow flag when overflow
is encountered in a sensing element. The detector may also be configured to count up to only one
charged particle arrival event in a sensing element for a first energy range before resetting. The
detector may also be configured to count numbers of charged particle arrival events for a first energy
range and to set an overflow flag when overflow is encountered in a sensing element.

[0011] The detector may be configured to reset the sensing elements of the array in a variety of
resetting modes. For example, the detector may be configured to reset all sensing elements of the
array of sensing elements simultaneously. The detector may also be configured to reset all sensing
elements of a region of the array of sensing elements simultaneously. The detector may also be
configured to reset each sensing element of the array of sensing elements individually. The detector
may also be configured to reset some sensing elements of the array of sensing elements
simultaneously and some sensing elements of the array of sensing elements individually.

[0012] Some embodiments of the disclosure may provide a method including processing outputs
from a plurality of sensing elements of an array of sensing elements of a detector, counting a number
of charged particles incident on a detector, wherein the counting includes incrementing a counter in
response to a charged particle arrival event on a sensing element of the array, and determining a time
stamp of the charged particle arrival event.

[0013] Some embodiments of the disclosure may provide a non-transitory computer-readable
medium storing instructions for implementing a method, such as the above method.

[0014] Itis to be understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the disclosed embodiments,

as may be claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The above and other aspects of the present disclosure will become more apparent from the
description of exemplary embodiments, taken in conjunction with the accompanying drawings in
which:

[0016] Fig. 1 is a schematic diagram illustrating an exemplary electron beam inspection (EBI)
system, consistent with embodiments of the present disclosure.

[0017] Fig. 2A, Fig. 2B, and Fig. 2C are schematic diagrams illustrating exemplary electron beam
tools, consistent with embodiments of the present disclosure that may be a part of the exemplary
electron beam inspection system of Fig. 1.

[0018] Fig. 3A is arepresentation of an exemplary structure of a detector, consistent with
embodiments of the present disclosure.

[0019] Fig. 3B and Fig. 3C are diagrams illustrating cross-sectional views of detectors, consistent

with embodiments of the present disclosure.
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[0020] Fig. 3D and Fig. 3E are diagrams illustrating cross-sectional views of individual detector
elements, consistent with embodiments of the present disclosure.

[0021] Fig. 3F is a diagram illustrating a detector, consistent with embodiments of the present
disclosure.

[0022] Fig. 3G is arepresentation of an exemplary structure of a detector, consistent with
embodiments of the present disclosure.

[0023] Fig. 4A is a view of a portion of Fig. 2B showing secondary electrons being projected toward
a detector from a sample.

[0024] Fig. 4B illustrates an example of secondary electron landing point distribution on a detector
surface, consistent with embodiments of the present disclosure.

[0025] Fig. 5 a schematic representation of electron arrival events and their relationship to current
signal.

[0026] Fig. 6 is a representation of a detection system architecture using an analog signal.

[0027] Fig. 7 is a schematic representation of electron arrival events and their relationship to current
signal.

[0028] Fig. 8 illustrates an example of a detector element that is sized relative to secondary electron
landing point distribution on a detector surface, consistent with embodiments of the present
disclosure.

[0029] Figs. 9A and 9B illustrate examples of a detector including an array of detector elements,
consistent with embodiments of the present disclosure.

[0030] Fig. 10 illustrates a detector and a region of high-density electron arrival rate, consistent with
embodiments of the present disclosure.

[0031] Figs. 11A and 11B shows schematic representations of electron arrival events and their
relationship to detector output signals, consistent with embodiments of the present disclosure.

[0032] Fig. 12 is a table showing a relationship between number of events to be counted and number
of events missed in a detector, consistent with embodiments of the present disclosure.

[0033] Fig. 13A illustrates a graph that may represent a confidence level of electron counts at a
particular count buffer, consistent with embodiments of the present disclosure.

[0034] Fig. 13B illustrates a graph that may represent detection loss rate due to count max at a
particular count buffer, consistent with embodiments of the present disclosure.

[0035] Fig. 14A shows a schematic representation of electron arrival events and their relationship to
output signals, consistent with embodiments of the present disclosure.

[0036] Fig. 14B shows a schematic representation of electron arrival events and an overflow cutoff,
consistent with embodiments of the present disclosure.

[0037] Fig. 15 illustrates an estimated miscount rate plotted against average incoming electron arrival

rate, consistent with embodiments of the present disclosure.
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[0038] Figs. 16A and 16B illustrate signal flow in a detection system, consistent with embodiments
of the present disclosure.

[0039] Fig. 17 shows exemplary representations of dead time miscounting, consistent with
embodiments of the present disclosure.

[0040] Fig. 18 shows a detection system configured to detect a charged particle arrival event with an
output including an event flag, consistent with embodiments of the present disclosure.

[0041] Fig. 19A and 19B illustrate schematic representations of exemplary architectures of detection
systems, consistent with embodiments of the present disclosure.

[0042] Fig. 20A, Fig. 20B, and Fig. 20C are graphs illustrating exemplary representations of output
signals from sensing elements, consistent with embodiments of the present disclosure.

[0043] Fig. 21A, Fig. 21B, and Fig. 21C are graphs illustrating exemplary representations of output
signals from sensing elements with respect to thresholds, consistent with embodiments of the present
disclosure.

[0044] Fig. 22 is a graph illustrating an energy spectrum, consistent with embodiments of the present
disclosure.

[0045] Fig. 23 is a diagram illustrating a plurality of pixels and corresponding sensing element
detection signal output, consistent with embodiments of the present disclosure.

[0046] Fig. 24 is a flowchart representing an exemplary method, consistent with embodiments of the
present disclosure.

[0047] Fig. 25 is a flowchart representing an exemplary method, consistent with embodiments of the
present disclosure.

[0048] Fig. 26 is a flowchart representing an exemplary method, consistent with embodiments of the
present disclosure.

[0049] Fig. 27 is a flowchart representing an exemplary method, consistent with embodiments of the
present disclosure.

[0050] Fig. 28A is a diagram illustrating a charged particle beam scanning in a raster pattern,
consistent with embodiments of the present disclosure.

[0051] Figs. 28B, 28C, 28D, and 28E are diagrams illustrating arrays of sensing elements at
particular scanning time points, consistent with embodiments of the present disclosure.

[0052] Fig. 29A and Fig. 29B illustrate a first mode of operating a detector, consistent with
embodiments of the present disclosure.

[0053] Fig. 30A and Fig. 30B illustrate a second mode of operating a detector, consistent with
embodiments of the present disclosure.

[0054] Fig. 31A and Fig. 31B illustrate a third mode of operating a detector, consistent with
embodiments of the present disclosure.

[0055] Fig. 32A and Fig. 32B illustrate a fourth mode of operating a detector, consistent with

embodiments of the present disclosure.
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[0056] Fig. 33A and Fig. 33B illustrate detection signals according to a first resetting mode,
consistent with embodiments of the present disclosure.

[0057] Fig. 34A and Fig. 34B illustrate detection signals according to another resetting mode,
consistent with embodiments of the present disclosure.

[0058] Fig. 35A and Fig. 35B illustrate detection signals according to another resetting mode,
consistent with embodiments of the present disclosure.

[0059] Fig. 36 illustrates an effect of a charged particle arrival event on a detection surface,

consistent with embodiments of the present disclosure.

DETAILED DESCRIPTION

[0060] Reference will now be made in detail to exemplary embodiments, examples of which are
illustrated in the drawings. The following description refers to the accompanying drawings in which
the same numbers in different drawings represent the same or similar elements unless otherwise
represented. The implementations set forth in the following description of exemplary embodiments
do not represent all implementations consistent with the invention. Instead, they are merely examples
of apparatuses, systems, and methods consistent with aspects related to subject matter that may be
recited in the appended claims.

[0061] Aspects of the present application relate to systems and methods for charged particle beam
detection. Systems and methods may employ counting of charged particles, such as electrons, and
may be useful in an inspection tool, such as a scanning electron microscope (SEM). Inspection tools
may be used in the manufacturing process of integrated circuit (IC) components. To realize the
enhanced computing power of modern day electronic devices, the physical size of the devices may
shrink while the packing density of circuit components, such as, transistors, capacitors, diodes, etc., is
significantly increased on an IC chip. For example, in a smartphone, an IC chip (which may be the
size of a thumbnail) may include over 2 billion transistors, the size of each transistor being less than
1/1,000th of a human hair. Not surprisingly, semiconductor IC manufacturing is a complex process,
with hundreds of individual steps. Errors in even one step have the potential to dramatically affect the
functioning of the final product. Even one “killer defect” can cause device failure. The goal of the
manufacturing process is to improve the overall yield of the process. For example, for a 50-step
process to get 75% yield, each individual step must have a yield greater than 99.4%, and if the
individual step yield is 95%, the overall process yield drops to 7%.

[0062] It is increasingly important to ensure the ability to detect defects with high accuracy and high
resolution while maintaining high throughput (defined as the number of wafer processes per hour, for
example). High process yields and high wafer throughput may be impacted by the presence of
defects, especially when operator intervention is involved. Thus, detection and identification of micro
and nano-sized defects by inspection tools (such as a SEM) is important for maintaining high yields

and low cost.
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[0063] In some inspection tools, a sample may be inspected by scanning a beam of high energy
electrons over the sample surface. Due to interactions at the sample surface, secondary or
backscattered electrons may be generated from the sample that may then be detected by a detector.
[0064] Related art detectors may have limitations, for example poor signal-to-noise ratio (SNR) or
poor durability, as noted above. Aspects of the present disclosure may address some such limitations
by providing a detector with an array of detector elements, each of the detector elements including a
sensing element, and each of the sensing elements having an area such that no more than a certain
number of charged particles are received per sampling period of the sensing element. The detector
may include circuitries coupled to each sensing element that may enable charged particle counting.
Charged particle counting may allow simpler and smaller components to be packaged on a chip
relative to, for example, analog signal detection, thus allowing robust and reliable detection of
charged particles with good SNR. While the present disclosure discusses some exemplary
embodiments in the context of electrons, it will be understood that the present disclosure may be
applicable to other types of charged particles, such as ions.

[0065] To help ensure accurate electron counting, time separation between subsequent electron
arrival events may be a significant parameter. If electron arrival events are too close together, a
detector may be overwhelmed, and discrimination of single electron arrival events may be impeded.
Similarly, signal pulse width may be another significant parameter limiting electron counting, which
may be related to pulse width of signals generated in response to an electron arrival event at the
detector. If the detector generates a signal that is too weak or broad (as opposed to a sharp blip),
signals from subsequent electron arrival events may merge into one. Additionally, a sampling rate of
the detector should be high enough that individual electron arrival events may be captured. That is, a
detector should be fast enough that electron arrival events do not go undetected. Another
consideration for electron counting may be achieving accuracy with a level of miscounts that may be
no more than a certain degree. Miscounts may be based on dead time of a detector element. Thus, a
number of criteria may be relevant in configuring a detector for electron counting.

[0066] As one example of a sensing element, a PIN diode may be provided. A PIN diode may be
well suited for use in electron counting. A PIN diode may have high natural internal gain, and thus,
even in the case of a single electron arrival event, a strong, measurable signal may be generated that is
easily distinguishable against a relatively low floor level of background noise. The need to provide an
amplifier or complex systems on a chip, such as avalanche diodes, to boost the signal may be reduced
or eliminated. Instead, a signal generated from a PIN diode by itself or with a relatively low-gain
amplifier may be well suited for electron counting because it is generated quickly in response to an
electron arrival event and stands out against background noise.

[0067] However, a single detector element including a PIN diode with one output may not be able to
handle counting for all ranges of beam currents. For example, for a 1 nA electron beam, it is known

that about 64 electrons may be incident on a detector in a typical 10 ns sampling period. In some



10

15

20

25

30

35

WO 2019/233991 8 PCT/EP2019/064445

SEM systems, a detector may run with a sampling rate of 100 MHz, thus corresponding to a 10 ns
sampling period. In one sampling period of 10 ns, 64 electron arrival events may occur, and thus,
signals generated from individual electron arrival events cannot be easily discriminated. Even in a
high-speed detector, such as one running with a sampling rate of 800 MHz, there may be about 8
incident electrons per sampling period, which may overload the detector.

[0068] Insome embodiments of the present disclosure, a sensing element of an array may be sized
such that no more than a certain number of charged particles is received in the area of the individual
sensing element per sampling period. The certain number may be one. The size of the sensing
element may be smaller than a geometric spread of charged particles incident on the detector. Thus,
an individual sensing element may be configured to receive fewer charged particles than the total
number of charged particles incident on the detector. According to various criteria, aspects of the
detector may be set so as to enable charged particle counting, such as a size of sensing elements,
sampling rate, and other characteristics.

[0069] Without limiting the scope of the present disclosure, some embodiments may be described in
the context of providing detectors and detection methods in systems utilizing electron beams.
However, the disclosure is not so limited. Other types of charged particle beams may be similarly
applied. Furthermore, systems and methods for detection may be used in other imaging systems, such
as optical imaging, photon detection, x-ray detection, ion detection, etc.

[0070] As used herein, unless specifically stated otherwise, the term “or” encompasses all possible
combinations, except where infeasible. For example, if it is stated that a component includes A or B,
then, unless specifically stated otherwise or infeasible, the component may include A, or B, or A and
B. As asecond example, if it is stated that a component includes A, B, or C, then, unless specifically
stated otherwise or infeasible, the component may include A, or B, or C, or A and B, or A and C, or B
and C, or A and B and C.

[0071] As used throughout the present disclosure, the expression “a first number of sensing
elements” shall mean a group of sensing elements of a first quantity among a superset of sensing
elements. For example, there may be provided a plurality of sensing elements. A first number of
sensing elements may refer to a subset of sensing elements among the plurality. The first number
may be from one to the total number of sensing elements in the plurality. Similarly, the expression “a
second number of sensing elements” shall mean a group of sensing elements of a second quantity
among a superset of sensing elements. A second number of sensing elements may refer to a further
subset of sensing elements among the plurality of sensing elements, for example, a subset within the
first number of sensing elements.

[0072] Additionally, the term “detector element” may include or cover “sensing element,” *“sensor
element,” “detection cell,” or “‘detector segment,” etc. A sensing element may be a diode configured
to have a depletion region, and in some embodiments discussed herein, the term “sensing element”

may exclude an avalanche diode operating in Geiger mode. A detector element may include a diode,
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an interconnect, and a circuit, which may include front-end electronics, for example. Furthermore, the
term “frame” may include or cover “‘sampling period,” “SEM image pixel period,” or “pixel period,”
etc. A SEM image frame may refer to a frame of pixels that may be refreshed on a frame-by-frame
basis, while a data frame may refer to a group of data acquired by a detection system within a
specified period of time.

[0073] Embodiments of the present disclosure may provide a detection method. The detection
method may comprise charged particle counting. For example, in some embodiments, a charged
particle detection method may be provided for electron microscopy. The method may be applied to a
SEM detection system. The charged particle detection method may be based on electron counting.
By counting the number of electrons received during a pre-defined period, the intensity of an
incoming electron beam may be determined. The term “incoming electron” may include or cover an
incident electron, such as an electron that impacts the surface of a detector. According to some
embodiments, noise from the charged particle detection process may be reduced. However, solely
improving SNR may not fulfill the ever increasing needs of various SEM applications.

[0074] In some embodiments, a semiconductor electron detector may be provided to not only detect
the intensity of the incoming electron beam, but also identify the proportions of electrons with
different energy. For example, an energy spectrum of the incoming electron beam may be acquired in
addition to intensity information.

[0075] Some embodiments may provide a display method accompanying a detection method. For
example, in some embodiments, an additional dimension of information may be provided, such as
energy spectrum information. In some applications, a method may be applied to generate a color
SEM image.

[0076] Electron counting may involve determining individual electron arrival events occurring at a
detector. For example, electrons may be detected one-by-one as they reach the detector. In some
embodiments, electrons incident on a detector may generate an electrical signal that is routed to signal
processing circuitries and then read-out to an interface, such as a digital controller. A detector may be
configured to resolve signals generated by incident electrons and distinguish individual electrons with
a discrete count.

[0077] In some embodiments, electron counting may be applied to situations in which beam current
is very small. For example, an electron beam may be set to irradiate a sample with a low dose. Low
current may be used to prevent oversaturation of an electron counting detector by large current. For
example, large current may have the effect of introducing nonlinearity in detection results.
Meanwhile, for a detector that may be used in an industrial setting, the detector should also be able to
handle situations of large beam current.

[0078] Some embodiments may address the above issues. For example, some embodiments may
provide a plurality of relatively small sensing elements that may be used to detect an electron beam.

Isolation may be provided between adjacent sensing elements so that the probability of one incoming
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electron going from one sensing element to its adjacent sensing elements may be reduced. In this
way, crosstalk between adjacent sensing elements may be reduced.

[0079] In some embodiments, a data frame rate may be set based on a first parameter. The data
frame rate may be a rate of data frames during which sensing elements collect incoming electrons
from an electron beam to be used for imaging. The data frame rate may be set so that a pre-defined
proportion (e.g., A%) of the sensing elements receive at least one incoming electron. The data frame
rate may also be expressed by period (e.g., a duration) of the data frame. In addition, the data frame
rate may be set based on a second parameter. For example, among sensing elements that receive at
least one incoming electron, only a second pre-defined proportion (e.g., B%) of the sensing elements
may receive more than one electron. In this way, a predefined detection linearity may be maintained
while, at the same time, electron beams with large beam current may be handled. The data frame rate
may be a constant value for a particular SEM setting or may be a varying value set to adapt the signal
intensity of the electron beam being detected even under the same SEM settings. As a result, under
the same SEM settings, adjacent data frame periods in time domain may be the same or may be
different.

[0080] In addition to an adaptive frame, each frame may include information about when the frame
starts and when it stops. Information on frame start and stop time (e.g., a frame start time point and a
frame stop time point) may be used when a pixel in a SEM image is generated. For example, each
pixel in a SEM image may be generated using the frames acquired during a particular period of time.
The period (or rate) of SEM image pixel acquisition may be based on a predefined parameter set
according to specific requirements. During the period of each SEM image pixel acquisition, one or
more frames may be acquired. The number of frames acquired in adjacent SEM image pixel periods
may be the same or different.

[0081] In addition to the frame-rate adjustments, systems and methods for charged particle detection
may employ adjustments to structures or settings of a SEM system. For example, to ensure the
predefined A% of sensing elements among the group of sensing elements receiving only one electron
during the period of each frame, adjustments to the SEM system may be done so that the electron
density within each electron beam spot is more evenly distributed. One such adjustment may be to
defocus a projection system in a secondary SEM column in a multi-beam inspection (MBI) system.
The projection system may be configured to defocus the beam to a certain extent. Furthermore, the
magnification of the SEM system may be changed to enlarge the spot size of an electron beam or
beamlet(s). The size of each beamlet spot may be enlarged. Magnification settings may be
configured in consideration of crosstalk between beamlet spots.

[0082] In some embodiments, statistical analysis may be performed at each frame. For example,
after each frame, for each electron beam, statistical results of received electron energy plotted against
a number of electrons at each energy level within the frame may be acquired in addition to the overall

number of electrons received during the frame. The overall numerical output may be used in
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generating one pixel in a SEM image, such as a grayscale image as in a conventional SEM. The
overall number of electrons may correspond to the gray level of the pixel. Furthermore, one pixel of a
color SEM image may also be generated. In a color SEM image, color information, such as red green
blue (RGB) values of each pixel, may be determined by statistical results of corresponding frames
generated in the aforementioned manner. In this way, an additional degree of freedom may be added
to SEM imaging. Accordingly, analysis of a sample may be enhanced by, for example, elucidating
further aspects of the sample under investigation such as material properties, microstructure, and
alignment between layers.

[0083] In some embodiments, a detection method may be applied to grayscale SEM imaging. The
method may comprise determining a series of thresholds. Instead of or in addition to generating
statistical results of received electron energy plotted against a number of electrons at each energy
level within the frame, information may be generated with respect to the thresholds. For example,
three thresholds may be set in a way that the electron energy increases from low to high. The first
threshold at the lowest electron energy may be used to identify whether a sensing element has
received an electron or if its output is caused by interference or dark current, or the like. The second
threshold, with an intermediary electron energy, may be used to identify whether an electron received
by a sensing element is a secondary electron from the sample or a scattered electron from the sample.
The third threshold, with the highest electron energy, may be used to identify whether a sensing
element has received more than one electron during the specific frame. The number of secondary
electrons received, the number of the scattered electrons received, and overall number of electrons
received during the specific frame may be determined. By accumulating the above information pixel-
by-pixel for a SEM image, one or more of the following can be acquired: a SEM image based on all
received electrons, a secondary electron SEM image, and a scattered electron SEM image. Such
images may be acquired with improved signal-to-noise ratio and without the help of an energy filter.
[0084] In some embodiments, a detector may be formed by using digital circuitry rather than
implementations requiring a large amount of analog circuits. Accordingly, various aspects of
implementation of a detector, such as design and manufacturing, may be improved.

[0085] Reference is now made to Fig. 1, which illustrates an exemplary electron beam inspection
(EBI) system 10 that may include a detector, consistent with embodiments of the present disclosure.
EBI system 10 may be used for imaging. As shown in Fig. 1, EBI system 10 includes a main chamber
11 a load/lock chamber 20, an electron beam tool 100, and an equipment front end module (EFEM)
30. Electron beam tool 100 is located within main chamber 11. EFEM 30 includes a first loading
port 30a and a second loading port 30b. EFEM 30 may include additional loading port(s). First
loading port 30a and second loading port 30b receive wafer front opening unified pods (FOUPs) that
contain wafers (e.g., semiconductor wafers or wafers made of other material(s)) or samples to be

inspected (wafers and samples may be collectively referred to as “wafers” herein).



10

15

20

25

30

35

WO 2019/233991 12 PCT/EP2019/064445

[0086] One or more robotic arms (not shown) in EFEM 30 may transport the wafers to load/lock
chamber 20. Load/lock chamber 20 is connected to a load/lock vacuum pump system (not shown)
which removes gas molecules in load/lock chamber 20 to reach a first pressure below the atmospheric
pressure. After reaching the first pressure, one or more robotic arms (not shown) may transport the
wafer from load/lock chamber 20 to main chamber 11. Main chamber 11 is connected to a main
chamber vacuum pump system (not shown) which removes gas molecules in main chamber 11 to
reach a second pressure below the first pressure. After reaching the second pressure, the wafer is
subject to inspection by electron beam tool 100. Electron beam tool 100 may be a single-beam
system or a multi-beam system. A controller 109 is electronically connected to electron beam tool
100, and may be electronically connected to other components as well. Controller 109 may be a
computer configured to execute various controls of EBI system 10. While controller 109 is shown in
Fig. 1 as being outside of the structure that includes main chamber 11, load/lock chamber 20, and
EFEM 30, it is appreciated that controller 109 can be part of the structure.

[0087] Fig. 2A illustrates a charged particle beam apparatus in which an inspection system may
comprise a multi-beam inspection tool that uses multiple primary electron beamlets to simultaneously
scan multiple locations on a sample.

[0088] As shown in Fig. 2A, an electron beam tool 100A (also referred to herein as apparatus 100A)
may comprise an electron source 202, a gun aperture 204, a condenser lens 206, a primary electron
beam 210 emitted from electron source 202, a source conversion unit 212, a plurality of beamlets 214,
216, and 218 of primary electron beam 210, a primary projection optical system 220, a wafer stage
(not shown in Fig. 2A), multiple secondary electron beams 236, 238, and 240, a secondary optical
system 242, and an electron detection device 244. Electron source 202 may generate primary
particles, such as electrons of primary electron beam 210. A controller, image processing system, and
the like may be coupled to electron detection device 244. Primary projection optical system 220 may
comprise a beam separator 222, deflection scanning unit 226, and objective lens 228. Electron
detection device 244 may comprise detection sub-regions 246, 248, and 250.

[0089] Electron source 202, gun aperture 204, condenser lens 206, source conversion unit 212, beam
separator 222, deflection scanning unit 226, and objective lens 228 may be aligned with a primary
optical axis 260 of apparatus 100A. Secondary optical system 242 and electron detection device 244
may be aligned with a secondary optical axis 252 of apparatus 100A.

[0090] Electron source 202 may comprise a cathode, an extractor or an anode, wherein primary
electrons can be emitted from the cathode and extracted or accelerated to form a primary electron
beam 210 with a crossover (virtual or real) 208. Primary electron beam 210 can be visualized as
being emitted from crossover 208. Gun aperture 204 may block off peripheral electrons of primary
electron beam 210 to reduce size of probe spots 270, 272, and 274.

[0091] Source conversion unit 212 may comprise an array of image-forming elements (not shown in

Fig. 2A) and an array of beam-limit apertures (not shown in Fig. 2A). An example of source
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conversion unit 212 may be found in U.S. Patent No 9,691,586; U.S. Publication No. 2017/0025243;
and International Application No. PCT/EP2017/084429, all of which are incorporated by reference in
their entireties. The array of image-forming elements may comprise an array of micro-deflectors or
micro-lenses. The array of image-forming elements may form a plurality of parallel images (virtual or
real) of crossover 208 with a plurality of beamlets 214, 216, and 218 of primary electron beam 210.
The array of beam-limit apertures may limit the plurality of beamlets 214, 216, and 218.

[0092] Condenser lens 206 may focus primary electron beam 210. The electric currents of beamlets
214, 216, and 218 downstream of source conversion unit 212 may be varied by adjusting the focusing
power of condenser lens 206 or by changing the radial sizes of the corresponding beam-limit apertures
within the array of beam-limit apertures. Condenser lens 206 may be a moveable condenser lens that
may be configured so that the position of its first principle plane is movable. The movable condenser
lens may be configured to be magnetic, which may result in off-axis beamlets 216 and 218 landing on
the beamlet-limit apertures with rotation angles. The rotation angles change with the focusing power
and the position of the first principal plane of the movable condenser lens. In some embodiments, the
moveable condenser lens may be a moveable anti-rotation condenser lens, which involves an anti-
rotation lens with a movable first principal plane. Moveable condenser lens is further described in
U.S. Publication No. 2017/0025241, which is incorporated by reference in its entirety.

[0093] Objective lens 228 may focus beamlets 214, 216, and 218 onto a wafer 230 for inspection and
may form a plurality of probe spots 270, 272, and 274 on the surface of wafer 230.

[0094] Beam separator 222 may be a beam separator of Wien filter type generating an electrostatic
dipole field and a magnetic dipole field. In some embodiments, if they are applied, the force exerted
by electrostatic dipole field on an electron of beamlets 214, 216, and 218 may be equal in magnitude
and opposite in direction to the force exerted on the electron by magnetic dipole field. Beamlets 214,
216, and 218 can therefore pass straight through beam separator 222 with zero deflection angle.
However, the total dispersion of beamlets 214, 216, and 218 generated by beam separator 222 may
also be non-zero. Beam separator 222 may separate secondary electron beams 236, 238, and 240
from beamlets 214, 216, and 218 and direct secondary electron beams 236, 238, and 240 towards
secondary optical system 242.

[0095] Deflection scanning unit 226 may deflect beamlets 214, 216, and 218 to scan probe spots 270,
272, and 274 over a surface area of wafer 230. In response to incidence of beamlets 214, 216, and
218 at probe spots 270, 272, and 274, secondary electron beams 236, 238, and 240 may be emitted
from wafer 230. Secondary electron beams 236, 238, and 240 may comprise electrons with a
distribution of energies including secondary electrons and backscattered electrons. Secondary optical
system 242 may focus secondary electron beams 236, 238, and 240 onto detection sub-regions 246,
2438, and 250 of electron detection device 244. Detection sub-regions 246, 248, and 250 may be
configured to detect corresponding secondary electron beams 236, 238, and 240 and generate

corresponding signals used to reconstruct an image of surface area of wafer 230.
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[0096] Although Fig. 2A shows an example of electron beam tool 100 as a multi-beam tool that uses
a plurality of beamlets, embodiments of the present disclosure are not so limited. For example,
electron beam tool 100 may also be a single-beam tool that uses only one primary electron beam to
scan one location on a wafer at a time.

[0097] As shown in Fig. 2B, an electron beam tool 100B (also referred to herein as apparatus 100B)
may be a single-beam inspection tool that is used in EBI system 10. Apparatus 100B includes a wafer
holder 136 supported by motorized stage 134 to hold a wafer 150 to be inspected. Electron beam tool
100B includes an electron emitter, which may comprise a cathode 103, an anode 121, and a gun
aperture 122. Electron beam tool 100B further includes a beam limit aperture 125, a condenser lens
126, a column aperture 135, an objective lens assembly 132, and a detector 144. Objective lens
assembly 132, in some embodiments, may be a modified SORIL lens, which includes a pole piece
132a, a control electrode 132b, a deflector 132c, and an exciting coil 132d. In an imaging process, an
electron beam 161 emanating from the tip of cathode 103 may be accelerated by anode 121 voltage,
pass through gun aperture 122, beam limit aperture 125, condenser lens 126, and be focused into a
probe spot 170 by the modified SORIL lens and impinge onto the surface of wafer 150. Probe spot
170 may be scanned across the surface of wafer 150 by a deflector, such as deflector 132c¢ or other
deflectors in the SORIL lens. Secondary or scattered primary particles, such as secondary electrons or
scattered primary electrons emanated from the wafer surface may be collected by detector 144 to
determine intensity of the beam and so that an image of an area of interest on wafer 150 may be
reconstructed.

[0098] There may also be provided an image processing system 199 that includes an image acquirer
120, a storage 130, and controller 109. Image acquirer 120 may comprise one or more processors.
For example, image acquirer 120 may comprise a computer, server, mainframe host, terminals,
personal computer, any kind of mobile computing devices, and the like, or a combination thereof.
Image acquirer 120 may connect with detector 144 of electron beam tool 100B through a medium
such as an electrical conductor, optical fiber cable, portable storage media, IR, Bluetooth, internet,
wireless network, wireless radio, or a combination thereof. Image acquirer 120 may receive a signal
from detector 144 and may construct an image. Image acquirer 120 may thus acquire images of wafer
150. Image acquirer 120 may also perform various post-processing functions, such as generating
contours, superimposing indicators on an acquired image, and the like. Image acquirer 120 may be
configured to perform adjustments of brightness and contrast, etc. of acquired images. Storage 130
may be a storage medium such as a hard disk, random access memory (RAM), cloud storage, other
types of computer readable memory, and the like. Storage 130 may be coupled with image acquirer
120 and may be used for saving scanned raw image data as original images, and post-processed
images. Image acquirer 120 and storage 130 may be connected to controller 109. In some
embodiments, image acquirer 120, storage 130, and controller 109 may be integrated together as one

electronic control unit.
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[0099] In some embodiments, image acquirer 120 may acquire one or more images of a sample based
on an imaging signal received from detector 144. An imaging signal may correspond to a scanning
operation for conducting charged particle imaging. An acquired image may be a single image
comprising a plurality of imaging areas that may contain various features of wafer 150. The single
image may be stored in storage 130. Imaging may be performed on the basis of imaging frames.
[00100] The condenser and illumination optics of the electron beam tool may comprise or be
supplemented by electromagnetic quadrupole electron lenses. For example, as shown in Fig. 2B,
electron beam tool 100B may comprise a first quadrupole lens 148 and a second quadrupole lens 158.
In some embodiments, the quadrupole lenses are used for controlling the electron beam. For example,
first quadrupole lens 148 can be controlled to adjust the beam current and second quadrupole lens 158
can be controlled to adjust the beam spot size and beam shape.

[00101] Fig. 2B illustrates a charged particle beam apparatus in which an inspection system may use
a single primary beam that may be configured to generate secondary electrons by interacting with
wafer 150. Detector 144 may be placed along optical axis 105, as in the embodiment shown in Fig.
2B. The primary electron beam may be configured to travel along optical axis 105. Accordingly,
detector 144 may include a hole at its center so that the primary electron beam may pass through to
reach wafer 150. Fig. 3G shows an example of detector 144 having an opening 145 at its center.
However, some embodiments may use a detector placed off-axis relative to the optical axis along
which the primary electron beam travels. For example, as in the embodiment shown in Fig. 2A, beam
separator 222 may be provided to direct secondary electron beams toward a detector placed off-axis.
Beam separator 222 may be configured to divert secondary electron beams by an angle o.

[00102] Another example of a charged particle beam apparatus will now be discussed with reference
to Fig. 2C. Electron beam tool 100C (also referred to herein as apparatus 100C) may be an example
of electron beam tool 100 and may be similar to electron beam tool 100A shown in Fig. 2A.

[00103] As shown in Fig. 2C, beam separator 222 may be a beam separator of Wien filter type
generating an electrostatic dipole field and a magnetic dipole field. In some embodiments, if they are
applied, the force exerted by electrostatic dipole field on an electron of beamlets 214, 216, and 218
may be equal in magnitude and opposite in direction to the force exerted on the electron by magnetic
dipole field. Beamlets 214, 216, and 218 can therefore pass straight through beam separator 222 with
zero deflection angle. However, the total dispersion of beamlets 214, 216, and 218 generated by
beam separator 222 may also be non-zero. For a dispersion plane 224 of beam separator 222, Fig. 2C
shows dispersion of beamlet 214 with nominal energy VO and an energy spread AV into beamlet
portions 262 corresponding to energy VO, beamlet portion 264 corresponding to energy VO + AV/2,
and beamlet portion 266 corresponding to energy VO - AV/2. The total force exerted by beam
separator 222 on an electron of secondary electron beams 236, 238, and 240 can be non-zero. Beam
separator 222 may separate secondary electron beams 236, 238, and 240 from beamlets 214, 216, and
218 and direct secondary electron beams 236, 238, and 240 towards secondary optical system 242.
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[00104] A semiconductor electron detector (sometimes called a “PIN detector”) may be used in
apparatus 100 in EBI system 10. EBI system 10 may be a high-speed wafer imaging SEM including
an image processor. An electron beam generated by EBI system 10 may irradiate the surface of a
sample or may penetrate the sample. EBI system 10 may be used to image a sample surface or
structures under the surface, such as for analyzing layer alignment. In some embodiments, EBI
system 10 may detect and report process defects relating to manufacturing semiconductor wafers by,
for example, comparing SEM images against device layout patterns, or SEM images of identical
patterns at other locations on the wafer under inspection. A PIN detector may include a silicon PIN
diode that may operate with negative bias. A PIN detector may be configured so that incoming
electrons generate a relatively large and distinct detection signal. In some embodiments, a PIN
detector may be configured so that an incoming electron may generate a number of electron-hole pairs
while a photon may generate just one electron-hole pair. A PIN detector used for electron counting
may have numerous differences as compared to a photodiode used for photon detection, as shall be
discussed as follows.

[00105] Reference is now made to Fig. 3A, which illustrates a schematic representation of an
exemplary structure of a detector 300. Detector 300 may be provided as detector 144 or electron
detection device 244 with reference to Fig. 2A, Fig. 2B, and Fig. 2C. While one array is shown in
Fig. 3A, it is appreciated that detector 300 may include multiple arrays, such as one array for each
secondary electron beam.

[00106] Detector 300 may comprise an array of sensing elements, including sensing elements 311,
312, and 313. The sensing elements may be arranged in a planar, two-dimensional array, the plane of
the array being substantially perpendicular to an incidence direction of incoming charged particles. In
some embodiments, detector 300 may be arranged so as to be inclined relative to the incidence
direction.

[00107] Detector 300 may comprise a substrate 310. Substrate 310 may be a semiconductor substrate
that may include the sensing elements. A sensing element may be a diode. A sensing element may
also be an element similar to a diode that can convert incident energy into a measurable signal. The
sensing elements may comprise, for example, a PIN diode, an avalanche diode, an electron multiplier
tube (EMT), etc., or combinations thereof. An area 325 may be provided between adjacent sensing
elements. Area 325 may be an isolation area to isolate the sides or corners of neighboring sensing
elements from one another. Area 325 may comprise an insulating material that is a material different
from that of other areas of the detection surface of detector 300. Area 325 may be provided as a
cross-shaped area as seen in the plane view of Fig. 3A. Area 325 may be provided as a square. In
some embodiments, area 325 may not be provided between adjacent sides of sensing elements. For
example, in some embodiments, there may be no isolation area provided on a detection surface of a
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[00108] Sensing elements may generate an electric signal commensurate with charged particles
received in the active area of a sensing element. For example, a sensing element may generate an
electric current signal commensurate with the energy of a received electron. A pre-processing circuit
may convert the generated current signal into a voltage that may represent the intensity of an electron
beam spot or a part thereof. The pre-processing circuitry may comprise, for example, pre-amp
circuitries. Pre-amp circuitries may include, for example, a charge transfer amplifier (CTA), a
transimpedance amplifier (TIA), or an impedance conversion circuit coupled with a CTA or a TIA. In
some embodiments, signal processing circuitry may be provided that provides an output signal in
arbitrary units on a timewise basis. There may be provided one or a plurality of substrates, such as
dies, that may form circuit layers for processing the output of sensing elements. The dies may be
stacked together in a thickness direction of the detector. Other circuitries may also be provided for
other functions. For example, switch actuating circuitries may be provided that may control switching
elements for connecting sensing elements to one another.

[00109] Reference is now made to Fig. 3B, which shows a schematic illustration of a cross-sectional
structure of a substrate 310, which may be an example of a structure included in a PIN detector.
Substrate 310 may comprise one or more layers. For example, substrate 310 may be configured to
have a plurality of layers stacked in a thickness direction, the thickness direction being substantially
parallel to an incidence direction of an electron beam. In some embodiments, substrate 310 may have
a plurality of layers stacked in a direction perpendicular to the incidence direction of an electron
beam. Substrate 310 may be provided with a sensor surface 301 for receiving incident charged
particles. Sensing elements (for example sensing elements 311, 312, and 313) may be provided in a
sensing layer of substrate 310. Area 325 may be provided between adjacent sensing elements. For
example, substrate 310 may comprise a trench, or other structure that is made of or filled with
insulating material. In some embodiments, area 325 may extend fully or partially through substrate
310.

[00110] As shown in Fig. 3C, in some embodiments, area 325 may not be provided between sensing
elements. For example, there may be no insulating material provided between the sides of adjacent
sensing elements in cross-sectional view. The plurality of sensing elements may be contiguous in
cross-sectional view. Isolation between adjacent sensing elements may still be achieved by other
means, such as by controlling electrical field. For example, electrical field may be controlled between
each sensing element.

[00111] Although the figures may show sensing elements 311, 312, and 313 as discrete units, such
divisions may not actually be present. For example, the sensing elements of a detector may be formed
by a semiconductor device constituting a PIN diode device. The PIN diode device may be
manufactured as a substrate with a plurality of layers including a p-type region, an intrinsic region,
and an n-type region. One or more of such layers may be contiguous in cross-sectional view. In some

embodiments, however, sensing elements may be provided with physical separation between them.
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Further layers may also be provided in addition to the sensor layer, such as a circuit layer, and a read-
out layer, for example.

[00112] As one example of a further layer, detector 300 may be provided with one or more circuit
layers adjacent to the sensor layer. The one or more circuit layers may comprise line wires,
interconnects, and various electronic circuit components. The one or more circuit layers may
comprise a processing system. The one or more circuit layers may comprise signal processing
circuitries. The one or more circuit layers may be configured to receive the output current detected
from sensing elements in the sensor layer. The one or more circuit layers and the sensor layer may be
provided in the same or separate dies, for example.

[00113]Figs. 3D and 3E show schematic illustrations of individual sensing elements, which may be
an example of one of sensing elements 311, 312, and 313. For example, in Fig. 3D, a sensing element
311A is shown. Sensing element 311A may include a semiconductor structure of a p-type layer 321,
an intrinsic layer 322, and an n-type layer 323. Sensing element 311A may include two terminals,
such as an anode and a cathode. Sensing element 311A may be reverse biased, and a depletion region
330 may form and may span part of the length of p-type layer 321, substantially the entire length of
intrinsic layer 322, and part of the length of n-type layer 323. In depletion region 330, charge carriers
may be removed, and new charge carriers generated in depletion region 330 may be swept away
according to their charge. For example, when an incoming charged particle reaches sensor surface
301, electron-hole pairs may be created, and a hole 351 may be attracted toward p-type layer 321
while an electron 352 may be attracted toward n-type layer 323. In some embodiments, a protection
layer may be provided on sensor surface 301.

[00114] As shown in Fig. 3E, a sensing element 311B may operate in a similar manner to that of
sensing element 311A except that an orientation is changed. For example, p-type layer 321 may
include sensor surface 301. P-type layer 321 may be exposed to incident charged particles. Thus, an
incident charged particle may interact with p-type layer 321 and depletion region 330, and may
generate electron-hole pairs. In some embodiments, a metal layer may be provided on top of p-type
layer 321.

[00115]In operation, a depletion region of a detection element may function as a capture region. An
incoming charged particle may interact with the semiconductor material in the depletion region and
generate new charges. For example, the detection element may be configured such that a charged
particle having a certain amount of energy or greater may cause electrons of the lattice of the
semiconductor material to be dislodged, thus creating electron-hole pairs. The resulting electrons and
holes may be caused to travel in opposite directions due to, for example, an electric field in the
depletion region. Generation of carriers that travel toward terminals of the sensing element may
correspond to current flow in the detection element.

[00116]In a comparative example, a photodiode may be configured to generate electric charge in

response to receiving photons. A photon may have energy that corresponds to its wavelength or
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frequency. Typically, a photon in the visible light spectrum may have energy on the order of about 1
eV. However, in a semiconductor photodiode, it is typical that about 3.6 eV may be required to
generate one electron-hole pair. Therefore, photodiodes may encounter difficulties in detecting
current generation such as the following.

[00117]In general, a level of energy of a photon may be similar to that required to generate an
electron-hole pair in a semiconductor photodiode. Thus, in order to generate electric current stably
and reliably, it may be necessary that photons of high energy be incident on a semiconductor
photodiode. A photon may have energy sufficient to generate one electron-hole pair when its
frequency is at or above a certain level.

[00118] Furthermore, the electric current generated by electron-hole pairs in response to photon
arrival events may be relatively low. Current generated in response to photon arrival events may not
be sufficient to overcome background noise. Some diodes, such as a photodiode biased to avalanche
or Geiger counting mode, may employ amplification to generate a larger level of electric current so
that a useful detection signal can be generated. In some embodiments, a photodiode may be biased to
avalanche operation mode. In some embodiments, amplification may be provided by gain blocks
attached to the photodiode. An avalanche effect may be generated from strong internal electric fields
resulting from bias voltage. The avalanche effect may be used to achieve amplification due to impact
ionization.

[00119] Background noise in a detector may be caused by, among other things, dark current in a
diode. For example, imperfections in a crystal structure of a semiconductor device acting as a diode
may cause current fluctuation. Dark current in a detector may be due to defects in materials forming
the detector and may arise even when there is no incident irradiation. “Dark” current may refer to the
fact that current fluctuation is not related to any incoming charged particle.

[00120] A diode may be configured to generate electron-hole pairs when a particle (e.g., a photon)
with no less than a certain level of energy enters the diode. For example, a photodiode may only
generate an electron-hole pair when a photon with no less than a certain level of energy enters the
photodiode. This may be due to, for example, the band gap of the materials that form the photodiode.
A photon with energy equal to the certain level may be able to generate only one electron-hole pair,
and even if a photon has more energy exceeding the certain level, it still may only generate one
electron-hole pair. No additional electron-hole pairs may be generated. Meanwhile, an electron
detector may be configured so that whenever an electron enters the depletion region of a detector
sensing element, which may include a diode, as long as the electron has energy of not less than a
certain amount, e.g., about 3.6 eV, electron-hole pairs may begin to be generated. If the electron has
more energy than the certain amount, more electron-hole pairs may be generated during the arrival
event of the incoming electron.

[00121]In a diode configured for photon detection, defects in the diode may cause random generation

of electron-hole pairs in the diode due to, for example, imperfections in a crystal lattice of a
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semiconductor structure. Dark current may be amplified by amplification effects, such as an
avalanche amplification. The signal resulting from dark current may go on to be input into a counting
circuit where it may be recorded as an arrival event. Such an event may be referred to as a “dark
count.” Furthermore, amplifiers themselves may contribute to noise. Therefore, various sources of
noise, such as dark current, thermal energy, extraneous radiation, etc., may cause unintended current
fluctuations in a detector’s output.

[00122]In contrast to a photon, an electron may have significantly more energy that may be useful in
generating signals in a diode. Incident electrons on a sensing element of a detector may have
significantly more energy than a threshold level of energy necessary to generate an electron-hole pair
in the sensing element. Accordingly, incident electrons may generate numerous electron-hole pairs in
a sensing element.

[00123]Reference is now made to Fig. 3F, which shows an exemplary view of a charged particle
beam spot 500 received on detector 300. Beam spot 500 may have a round shape with no loci offset,
as illustrated. In some embodiments, the beam spot may have a shape other than round. For example,
in a single beam system, a beam spot may have a shape that deviates from a circular shape due to
aberration. Furthermore, in some embodiments, multiple beam spots may be incident on a detector,
such as in a multi-beam system. Beam spots may deviate from a round shape in terms of, for
example, location, shape, and grid spacing (e.g., the pitch between beam spots when multiple beam
spots are formed). Deviations may be due to aberration, dispersion, drift in an electron optical
system, or imperfections of components, for example.

[00124]In some embodiments, a detection system may include a controller that may be configured to
determine that charged particles are incident on a detector. The controller may be configured to
determine a number of charged particles incident on sensing elements of the detector within a frame.
For example, the controller may perform charged particle counting, such as electron counting.
Charged particle counting may be done frame-by-frame. The detector may be configured such that
individual sensing elements (such as sensing elements 311, 312, and 313 of Fig. 3A) output a
detection signal on a timewise basis. The detection signal may be transmitted to the controller. The
detection signal may be, for example, a signal in amperes, volts, or arbitrary units commensurate with
energy of electrons received at the respective sensing element. The controller may determine, based
on the detection signal, that a discrete number of charged particles arrive at a sensing element. The
number of charged particles may be discerned as a whole number.

[00125] The controller may be configured to determine a first group of sensing elements among the
plurality of sensing elements provided in the detector based on a first grouping criteria. The first
grouping criteria may comprise a condition that, for example, at least one charged particle is incident
on each of a first number of sensing elements of the detector. The first number may be in terms of a
raw number or a proportion of sensing elements. The controller may be configured to make the

determination of the first group on a timewise basis within a period of one frame. The determination
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may be made repeatedly over a plurality of frames, such that the controller has a frame rate for
performing processing, such as making charged particle counting determinations within each frame.
The controller may also determine a boundary line. For example, as shown in Fig. 3F, a boundary
line 350 may be determined. Boundary line 350 may be provided so as to encompass sensing
elements that receive at least one charged particle. The sensing elements contained within boundary
line 350 may be covered, at least partially, by the same charged particle spot.

[00126] Beam spot 500 may have a well-defined center, or locus. Near the center of beam spot 500,
the intensity may be higher than near the outer periphery. The difference in intensities may be
attributed to various factors including tip size of electron source 202, aberration of the electron optics
system, electron dispersion, and other parameters of apparatus 100A, etc. Moreover, in some
embodiments, variations in intensities may be caused by the sample topography of scattered electrons,
material (for example in the case of back-scattered electrons), charging conditions on the sample
surface, landing energy, etc. Thus, areas of high intensity may not necessarily be at the center of
beam spot 500.

[00127]In areas of beam spot 500 where intensity is higher, there may be more than one electron
incident on a sensing element of the detector. Thus, the controller may be configured to determine a
second group of sensing elements based on a second grouping criteria. The second grouping criteria
may comprise a condition that more than one charged particle is incident on each of a second number
of sensing elements. The second group containing the second number of sensing elements may be
determined among the first group containing the first number of sensing elements. That is, the second
group may be a subset of the first group. The determination of the second group may be made
concurrently with the determination of the first group. Thus, determinations of the first group and the
second group may be for the same frame. The controller may also determine a second boundary line
360 that encompasses the sensing elements that receive more than one charged particle.

[00128] The controller may be configured to determine or adjust a frame rate (or period) of
performing processing. The processing may correspond to image processing for generating a SEM
image based on output from the detector, for example. The processing may also include determining
the first group of sensing elements and the second group of sensing elements, as discussed above.
The period of a first frame may be determined based on a first parameter, as follows. The period may
be set so that a first predetermined number of sensing elements receive at least one incident charged
particle in the first frame. The first predetermined number may be a proportion, for example A%, of
sensing elements among all the sensing elements of the detector. The first predetermined number
may also be a certain proportion of sensing elements among those in a particular region of the
detector, and not necessarily among all of the sensing elements. For example, the first predetermined
number may be a proportion of sensing elements in a first quadrant of the detector. The first

predetermined number may also be a raw number, such as X sensing elements.
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[00129]In addition, the period may be set based on a second parameter. The second parameter may
be that a second predetermined number of sensing elements each receive more than one incident
charged particle in the first frame. For example, the second parameter may be that among sensing
elements that receive at least one incident charged particle, only a second proportion, for example
B%, of the sensing elements receive more than one charged particle. The second predetermined
number may also be a raw number, such as Y sensing elements. Parameters may be adjusted so that
the first parameter is satisfied before the second parameter is satisfied.

[00130] The first parameter and the second parameter may define boundary conditions for determining
the period of the first frame. The first parameter or the second parameter may be used. The first
parameter and the second parameter may be used together. In addition to determining a period of the
first frame, a frame rate for a plurality of frames may be determined. The frame rate may be a
constant value that may be set based on, for example, a particular SEM setting. Thus, the frame rate
may be the inverse of the period for the first frame. The frame rate may also be adaptive, that is,
having a varying value. The adaptive frame rate may be set to adapt the signal intensity of the
charged particle beam being detected.

[00131]In some embodiments, electron beam tool 100 may be configured so that the electron density
within an electron beam spot is more evenly distributed. For example, controller 109 may control
electron optics so that electron beams or beamlets are defocused. The electron optics may adjust the
electron beam (or beamlets) so that its focal point is not coincident with the surface of detector 144 or
electron detection device 244. Furthermore, a projection system in a secondary SEM column may be
configured to defocus the secondary beam (or beamlets) to a certain extent. Additionally,
magnification of the projection system in the secondary SEM column may be changed to enlarge the
spot size of an electron beam or beamlet(s). The size of each beamlet spot may be enlarged.
Magnification settings may be configured in consideration of crosstalk between beamlet spots.
[00132]Fig. 3G shows an example of a surface of detector 144 that may include a PIN detector.
Detector 144 may include sensor surface 301 arranged so as to receive charged particles generated
from a sample. In some embodiments of the disclosure, a PIN detector may be used as an in-lens
detector in a retarding objective lens SEM column of EBI system 10. The PIN detector may be placed
between a cathode for generating an electron beam and the objective lens. The electron beam emitted
from the cathode may be potentialized at -BE keV (typically around -10 kV). Electrons of the
electron beam may be immediately accelerated and travel through the column. The column may be at
ground potential. Thus, electrons may travel with kinetic energy of BE keV while passing through
opening 145 of detector 144. Electrons passing through the pole piece of the objective lens, such as
pole piece 132a of objective lens assembly 132 of Fig. 2B, may be steeply decelerated down to
landing energy LE keV as the wafer surface potential may be set at -(BE — LE) keV.

[00133] Secondary electrons emitted from the wafer surface by the impingements of electrons of the
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near the wafer may act as an acceleration field for secondary electrons) and travel backwards toward
the PIN detector surface. For example, as shown in Fig. 4A, due to interactions with wafer 150 at
probe spot 170, secondary electrons may be generated that travel back toward detector 144.
Secondary electrons emitted from the wafer surface travelling along optical axis 105 may arrive at the
surface of detector 144 with a distribution of positions. The landing positions of secondary electrons
may be within a generally circular region with a radius of, for example, a few millimeters. A
geometric spread of landing positions of secondary electrons may be due to electrons having different
trajectories that may be dependent on, for example, initial kinetic energy and emission angles of the
electrons.

[00134]Fig. 4B illustrates an example of secondary electron landing point distribution on a detector
surface. Electrons 300a may land at different points on the surface of detector 144 while, generally,
most may be clustered around the central portion of detector 144. Landing point distribution may
shift depending on secondary emission position and SEM deflection fields (e.g., scan field).
Therefore, in some applications, if a certain field of view (FOV) of an SEM image is required, the
required size of an in-lens PIN detector may be substantially large. Typically, a detector may be 10
mm in diameter, or larger, for example. In some embodiments, a detector may be about 4 to 10 mm
in diameter.

[00135] Electrons incident on the detection surface of a PIN detector may be converted to an electrical
charge. The electrical charge may be collected at a terminal of the PIN detector and used as a
detection signal that may be proportional to the incoming electron rate. In an ideal PIN detector,
kinetic energy of an incoming electron having energy (BE — LE) keV may be fully consumed by
creating numerous electron-hole pairs at a rate of about 3.61 eV per pair. Therefore, for an incoming
electron of 10,000 eV energy, approximately 2,700 electron-hole pairs may be created. In contrast to
a photon arrival event that may generate just a single electron-hole pair, electron arrival events may
generate significantly more electron-hole pairs.

[00136] A sensing element may be configured to generate numerous electron-hole pairs in response to
an electron arrival event. In some embodiments, electrical current generated in response to electron
arrival events in a sensing element may be usable as a detection current signal. Output of a sensing
element in response to an electron arrival event may be used as-is or may undergo relatively small
amplification. The need to provide amplification may be reduced or omitted. Omitting or providing
reduced amplification may be beneficial for decreasing noise. Furthermore, an amplifier may
indiscriminately apply amplification to all signals generated in a diode. Therefore, even so-called
“dark counts” may be amplified and may contribute to erroneous detection signals.

[00137]In some embodiments according to the disclosure, dark current may generate only small
output in comparison to charged particles that a sensing element is configured to detect. For example,
dark current may be caused by a dislocation in the crystal lattice of a semiconductor structure of a

diode may allow an electron to become dislodged. In some cases, dark current may thus result in only
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a single electron-hole pair being generated in a sensing element. However, as discussed above, in a
sensing element configured to generate numerous electron-hole pairs in response to the arrival of a
charged particle, such as a secondary electron, about 3,000 electron-hole pairs may be generated.
Thus, there may be a ratio of signal to dark current noise of about 3,000:1.

[00138] A semiconductor diode, such as a diode having a PIN structure, may be operated in various
modes. For example, in a first mode, the diode may be operated with normal reverse bias. In this
mode, each incoming photon with high enough energy may generate only one electron-hole pair.
When outside radiation (e.g., incoming photons) disappears, current flow in the diode may stop
immediately.

[00139]In a second mode of operating a diode, the diode may be operated with higher reverse bias
than that in the first mode. The second mode may introduce impact ionization. This may also be
referred to as avalanche photodiode mode. In this mode, each incoming photon with high enough
energy may generate one electron-hole pair. Then, due to internal impact ionization, this one pair
may be multiplied by avalanche gain so that several electron-hole pairs may eventually be generated.
Thus, each incoming photon may result in several electron-hole pairs being generated. When outside
radiation disappears, current flow in the diode may stop immediately. The second mode may include
a linear region and a nonlinear region.

[00140]In a third mode of operating a diode, the diode may be operated with even higher reverse bias
than that in the second mode. The third mode may introduce stronger impact ionization. The third
mode may enable photon counting. The third mode may include Geiger counting mode. In the third
mode, each incoming photon with high enough energy may generate one electron-hole pair. Then,
due to internal impact ionization, this one pair may be multiplied by the avalanche gain so that several
electron-hole pairs may eventually be generated. Thus, each incoming photon may result in several
electron-hole pairs being generated. Due to strong internal electric field from high reverse bias
voltage, the multiplication process may continue. Multiplication may be self-sustaining. When
outside radiation disappears, current flow in the diode may not necessarily stop. Current in the diode
may be stopped by disconnecting the diode from a power supply. After disconnection, current in the
diode may then subside. Current output of a diode operated in the third mode may exhibit behavior
including a long tail. For example, the output may gradually decrease after an initial peak. In the
third mode, the diode may be provided with a quenching circuit. The quenching circuit may include a
passive or an active quenching circuit. Actuating the quenching circuit may allow the diode to be shut
down after each photon arrival event. Quenching may be used to reset a diode.

[00141] A diode may be configured to operate with a level of gain. For example, a diode may be
configured to operate with gain below 100. This may refer to a gain imparted by operation of the
diode by application of voltage. The gain may amplify a signal up to, for example, 100 times relative

to its original strength. It will be appreciated that other specific levels of gain may be used as well.
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[00142] The use of a gain effect, such as that by a diode biased to avalanche mode or Geiger counting
mode, may involve time-dependent phenomena. For example, a diode biased to avalanche mode may
impart gain through avalanche multiplication. There may be a finite time associated with the gain
effect. A diode may have a speed that is related to the time it takes for the gain effect to occur. A
diode biased to avalanche mode, but not to Geiger counting mode, may have a speed that is at least
equal to a speed of the diode under normal bias conditions. A diode biased to avalanche mode may
also have a speed that is higher than that of the diode under normal bias conditions. In some
situations, there may be a recovery time after an arrival event of a charged particle at the diode. A
diode operated in Geiger counting mode may have an associated recovery time. Recovery time may
limit the ability of a diode to detect discrete signals in close succession. A diode operated in Geiger
counting mode may need to be quenched after a charged particle arrival event in order to accurately
detect the next event.

[00143]1f, for example, detectable events occur in close succession, issues may be encountered in
applying a gain effect to amplify signals of subsequent events after the first event because an initial
avalanche and its related effects are still ongoing. In contrast to a traditional diode operated in
avalanche mode, a detector in accordance with some embodiments of the present disclosure may
address issues related to recovery time. For example, as shall be discussed in more detail below, a
PIN detector may be configured to generate electron-hole pairs with high gain, without requiring
reverse biasing to, e.g., avalanche mode or Geiger counting mode. Gain provided in a PIN detector
may be related to the kinetic energy of an incoming charged particle, such as an electron. A detector
may include a sensing element having a PIN structure and a circuit. The need for providing a
quenching circuit may be omitted. A detector may be configured to generate electron-hole pairs
corresponding to a pulse lasting about 3 to 5 ns, or less, for example.

[00144]1In an exemplary PIN detector, holes may be excited in a depletion region in an intrinsic area
of the PIN detector and may drift by the field created by reverse bias in the PIN detector toward the
anode. Then, the holes may be collected at the anode. Electrons generated in the depletion region
may drift in an opposite direction to the holes. Thus, electrons may be collected at the cathode, which
may be grounded. The holes and electrons created in the depletion region may be recombined with
opposite charges within the PIN detector. The recombination rate may be high outside the depletion
region. The depletion region may encompass part of the P+ region, which may act as the anode, due
to the reverse bias. Recombination of holes or electrons on the side of the P+ region where incident
electrons enter the detector may contribute to energy loss and will not contribute to detector current at
the anode terminal. Therefore, it may be desirable to configure the electrode on the side where
incident electrons enter the detector to be thin, e.g., to reduce energy loss. For example, in a PIN

detector, it may be desirable to configure the P+ layer thickness to be as thin as possible.
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[00145] Reverse bias applied to a PIN detector may involve voltage application. A diode may be
configured to operate with a reverse voltage of a certain amount or less. In some embodiments, the
certain amount may be 100 volts. The diode may be operated within a linear region.

[00146]In some embodiments, both secondary electrons and backscattered electrons may reach the
detector. For example, in a comparative example, approximately 20 to 30% of incoming electrons on
a PIN detector may be back-scattered electrons having energy approximately equal to energy of the
electrons in the primary beam (e.g., BE). Back-scattered electrons may be the same electrons
included in the primary beam generated by an electron source, only having been reflected back off a
sample without losing a substantial amount of energy.

[00147] Furthermore, some electrons, not having been back-scattered, may lose their kinetic energy by
causing a lattice atom in the PIN detector (e.g., in a silicon substrate, a Si atom) to emit its
characteristic X-ray photons. Other excitation, such as phonons, etc., may also be generated. Thus,
the number of charges created by a single incoming electron having a fixed kinetic energy may vary.
That is, electron gain (e.g., the number of charges collected at the terminals of the diode per incoming
electron) may vary between incoming electrons. However, in a typical PIN detector, even if electron
gain varies, it should not exceed electron gain for an ideal PIN detector, as discussed above.
Typically, the distribution of actual electron gain has a distinct peak at gain 0, representing detection
loss due to electron scattering by the Si crystal.

[00148] Charges collected at the terminals of the PIN detector may form a current signal. The current
signal may follow the modulation of incoming electron rate as an electron beam scans over a wafer
surface.

[00149]Fig. 5 shows a schematic representation of electron arrival events and their relationship to
current signal. In each of the three graphs of Fig. 5, the t-axis represents time. In the top graph of
Fig. 5, single electrons 501 may be incident on the surface of a PIN detector at particular time points.
As shown in the middle graph of Fig. 5, a plurality of theoretical signal pulses 502 may be generated
in the PIN detector in response to an electron arrival event. The Y-axis may represent signal intensity
in arbitrary units. Signal pulses may rise and fall with time and may have a pulse width that may be
determined based on, for example, characteristics of the PIN detector and a circuit connected to the
PIN detector. As discussed above, signal pulses may have an amplitude that may vary in accordance
with how many electron-hole pairs may be generated in response to an electron arrival event. Signal
pulse 502 may represent, for example, an ideal signal pulse corresponding to generation of electron-
hole pairs in response to an electron arrival event at a rate of 3.61 eV per pair. Because electrons may
arrive on the detector surface in close succession, signal pulses may overlap with one another. It will
be understood that the illustrated signal pulses are merely schematic.

[00150]In one sampling period T, there may be multiple electrons incident on the detector in close
succession and therefore, when current signal is read, signal pulses of individual electrons may be

substantially overlapped. An output signal at the time the signal is read may correspond to electrical
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current generated in response to multiple electron arrival events. As shown in the bottom graph of
Fig. 5, a single output signal at time T> may correspond to electron arrival rate at that instant. Signal
output will be read at different time points, e.g., time T1, T, T3, and so on, as the electron beam scans
over the wafer surface, receiving different rates of electrons at each time. Accordingly, a timewise
signal may be generated that may be used to reconstruct an image.

[00151]In some embodiments, raw detector current signal may be fed to a pre-amplifier. The pre-
amplifier may include a current buffer and a transimpedance amplifier (TIA). Then, the signal may be
further amplified by a main amplifier. The fully amplified signal is the signal that may be sampled
and may be converted by an analog-to-digital converter (ADC) at each pixel period. A pixel period
may correspond to a period of time for which data is associated with one pixel of a SEM image. The
digital signal (typically, an 8-bit signal) may be sent to an image processor. The image processor may
generate a frame image (e.g., a 2-D array of pixel data) as the primary electron beam completes one
cycle of a raster scan over a region of a specimen. The image processor may have an aggregating (or
accumulation) function that may use multiple frame images taken over the same scanned area for
improving the SNR of the acquired image. In some applications, a certain level of SNR may be
desired for performing defect detection or critical dimension (CD) measurement.

[00152] Reference is now made to Fig. 6, which shows a representation of a detection system
architecture that may be configured for handling an analog signal from a detector. A detection system
400 may be provided that includes detector 144, a signal conditioning circuit 410, an analog signal
processing path 420, an ADC 430, and a digital interface 440. Signal conditioning circuit 410 may
include circuitry that is configured to process an output of a detection element of detector 144, such as
a PIN diode. Signal conditioning circuit 410 may include a current buffer and a transimpedance
amplifier. Analog signal processing path 420 may include a main amplifier. ADC 430 may convert
analog signal to an 8-bit digital signal. Digital interface 440 may communicate with components of
EBI system 10, for example, a deflection and image control (DIC) unit via a transceiver, which may
include a transmitter TX and receiver RX. Digital interface 440 may also include a digital switch, a
digital control unit, or a controller configured to perform image processing, among other things.
Further circuitries may be provided in the architecture, such as a signal processing path that is
configured to provide gain and offset control, for example.

[00153] At high electron beam current, such as a case where a 4 nA beam of secondary electrons is
incident on a detector, it is known that the average number of electrons arriving at the detector may be
a certain number, for example, about 250 electrons per 10 ns sampling period for a pixel. That is, in
one pixel period of 10 ns (corresponding to 100 MHz sampling rate), there may be an average of
about 250 electrons arriving at the detector. The detector may generate current in response to
receiving electrons on the detection surface, as described above. Width of current pulses may be
related to the speed of the detector, the signal path, or the combination of the detector and signal

conditioning circuits. The speed of the detector may be also partially determined by the energy of
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incoming electrons. Individual current pulses induced by single electron arrival events may be closely
overlapped, and thus, a relatively smooth current signal may be generated at a terminal of the detector.
The modulation of the current signal may follow the incoming electron rate. In this way, an output
signal may be generated and fed into a detection system, such as detection system 400, and may be
used for image reconstruction.

[00154] However, when the electron beam current is reduced to lower values, it is less likely that a
smooth current signal of closely overlapped electron pulses can be generated. For example, at 40 pA,
there may be an average of about 2.5 electrons arriving per 10 ns sampling period. When a current
pulse generated by a single electron arrival event at a PIN detector has a pulse width of, for example,
3 to 5 ns, electron pulses may not substantially overlap. Instead, there may be separation between
subsequent electron pulses such that excitation nearly recedes before subsequent electrons arrive.
Thus, electrical signal generated in a PIN detector measured at the time of sampling may not
accurately reflect the number of electrons received during the whole sampling period. Shot noise of
the electron beam may contribute to fluctuation in the signal current from the detector. Due to the
statistical variance in the nature of secondary electron and back-scattered electron generation
processes, it is less likely that a consistent signal may be generated. Furthermore, there may be a
fixed electrical noise floor with respect to a proportionally decreasing signal current from a PIN
detector, which may cause a sharp drop-off in SNR around, for example, 200 pA. Thus, SNR may
deteriorate at lower values of electron beam current. Reduction in SNR may also be represented by
the fluctuation of signal from the detector due to the random arrival time of signal pulses. In addition,
the speed of the detector, signal path, or combination of the detector and signal conditioning circuits
which may determine the overall bandwidth of the detection system may also affect the SNR.
[00155]Fig. 7 shows a schematic representation of electron arrival events and their relationship to a
current signal when electron beam current is relatively low. For example, as discussed above, at 40
PA of beam current, only two or three electrons may be received at a PIN detector during a sampling
period. The sampling period s may be 10 ns. The signal pulse generated by a single electron arrival
event may have a pulse width of about 5 ns. Thus, signal read at time T or time T> may not account
for all of the electrons that arrived during a respective sampling period. Furthermore, measured
signals may be close in value to a noise threshold Thx.

[00156] To address fluctuation in current signal, a detection system may be configured to extend an
integration period to smooth out fluctuations. Alternatively, the bandwidth of the detection system
may be reduced. Within one imaging pixel period of, for example, 10 ns, current signal may appear
only at certain time points. The overall period of signals may be less than the whole pixel period.
Therefore, an integration period may be extended to cover the signals. However, extending
integration time may involve other drawbacks. For example, noise from the detector sensing element
and associated circuits may exist within the whole pixel period. Integration within the pixel period

may cause noise energy to also be captured which may result in overall SNR reduction. Noise present
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during sub-periods between electron arrival event signals may be included in a pixel period along with
noise present during electron arrival event signal pulses. A method of counting particles may address
this by, for example, measuring signal only when it is determined that an electron arrival event is
occurring.

[00157]In applications that demand accuracy at lower electron beam currents, such as critical
dimension SEM (CD-SEM), other types of detectors, such as an Everhart-Thornley detector (ETD),
may be useful. An ETD may combine a scintillator and a photomultiplier tube (PMT) and may be
effective in detecting individual electron arrival events that occur without substantial overlap. An
ETD may have good SNR in ranges of probe current of about 8 to 100 pA. However, a scintillator’s
light yield may degrade over time with accumulated electron dose and thus has a limited lifetime.
Therefore, an ETD may have a short service life if used with instruments that use higher probe current
or that operate continuously, especially in inspection tools that operate constantly with high
throughput such as in a semiconductor manufacturing facility (e.g., a fab). Furthermore, an ETD
coupled with a scintillator may exhibit poor performance due to energy conversion steps and signal
loss associated with detection signal paths.

[00158]In contrast to an ETD, a PIN detector may exhibit excellent robustness against radiation
damage. Furthermore, in some embodiments, a semiconductor detector, such as a PIN detector, may
achieve higher SNR with a high performance signal path.

[00159]In a comparative embodiment, a PIN detector may have reduced SNR at low electron beam
current. The primary cause of SNR reduction at probe current below, e.g., 100 pA may be electrical
noise at the front end of an amplifier before entering an ADC. For example, there may be large
capacitance, thermal noise, or dark current generated by various electrical components. Additionally,
some sources of background noise may be proportional to the detection surface area of a detector.
Furthermore, capacitance-based noise may increase with the cube of frequency, and thus, there may
be many limitations on designing a high bandwidth detector due to SNR reduction. Such limitations
may be addressed by, for example, providing a detection system employing charged particle counting
with a detector including sensing elements such as PIN diodes.

[00160] Some embodiments of the disclosure may provide a detector that includes a sensing element
having a size such that an area of the sensing element is configured to receive no more than a
predetermined number of charged particles, such as electrons, per sample period. The area of the
sensing element may be based on a geometric spread of the charged particles incident on the detector.
The area of the sensing element may be determined in consideration of a region of the detector where
the highest density of charged particles are incident.

[00161] Some embodiments of the disclosure may provide a detector that includes a sensing element
having a size smaller than that of a spread of secondary electrons. Reference is now made to Fig. §,
which illustrates an example of a sensing element that is sized relative to secondary electron landing

point distribution on a detector surface.
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[00162] As shown in Fig. 8, a natural geometric spread of secondary electrons may be determined
based on, for example, initial kinetic energy and emission angles of electrons. Although a primary
electron beam may be focused to a relatively small spot size on the surface of a sample, secondary
electrons that are emitted from the sample may produce a beam spot on a detector that is larger than
the sample spot. Size of the beam spot on the detector may be dependent on energy and angle of
electrons emitted from the sample surface. The size of the beam spot on the detector may be several
times larger than the sample spot. A secondary optical system may be provided that projects a
secondary electron beam onto the detector. The design or operating conditions of the secondary
optical system including, for example, a parameter of magnification, may affect the size of the beam
spot on the detector. For a given set of imaging conditions, a geometric spread of secondary electrons
incident on a detector may be determined. For example, dimensions X; and Y may represent the
bounds of the expected geometric spread of secondary electrons on a detector surface. Dimensions X
and Y| may be based on a statistical confidence that a predetermined proportion of electrons will land
in an area. For example, X; and Y; may represent a 99.5% confidence interval. In some
embodiments, a 95% confidence interval may be used. In some embodiments, a 90% confidence
interval may be used.

[00163] Sensing element 701 may be sized to be smaller than the geometric spread of secondary
electrons. Sensing element 701 may have a rectangular shape with sides of length Dy and Dy. Dx may
be set to be less than X, and Dy may be set to be less than Y. Sensing element 701 may be sized
such that a number of electrons less than a total amount of electrons incident on a detector surface are
received in the area of sensing element 701.

[00164]In some embodiments, a beam spot on a detector surface may be larger than a beam spot on a
sample surface. Accordingly, the overall size of a detection surface of a detector may be configured
to be large enough to accommodate a broad beam spot. The beam spot on the detector surface may be
on the order of a few millimeters in diameter. However, increasing a size of a detector may contribute
to noise effects. For example, the capacitance of a detector may be proportional to an area of a
detector surface. Some sources of noise, such as that due to components being coupled to a detector
(e.g., an amplifier), may be related to capacitance.

[00165]In some embodiments, a detector may be followed by a signal conditioning circuit with very
low input impedance. Most of the charges generated in response to an electron arrival event may
extracted with low loss. In other embodiments, however, some loss may be introduced that may be
related to capacitance. For example, a detector may exhibit behavior similar to that of a diode and
may have a corresponding capacitance for generating a particular voltage. Voltage from the detector
may be fed into another component in a detection system, such as an amplifier. The detector may
need to generate a voltage that is larger than a background noise level seen by the component. As an
example, a component may have a background noise level of a certain amount due to thermal noise.

In order to overcome the thermal noise as seen by the component, and thus input a meaningful signal
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into the component, a voltage greater than the certain amount should be input. Therefore, if
capacitance of a sensing element increases along with the area of the sensing element, the current
necessary to achieve voltage greater than the certain amount also increases. Accordingly, the detector
may be required to generate more current as the capacitance increases to deliver suitable voltage.
[00166]In some embodiments, the area of a sensing element may be reduced by configuring the
sensing element to be smaller than the geometric spread of secondary electrons incident on a whole
detector surface. Signal and capacitance of a detector sensing element may be proportional to the area
of the sensing element in a case where the sensing element is fully covered by a beam spot. In some
cases, the sensing element may be only partially covered by a beam spot. SNR reduction due to
capacitance may be mitigated by decreasing the sensing element area when the sensing element is not
fully covered by a beam spot.

[00167] Furthermore, dark current may also be related to the area. The greater the area of a sensing
element, the greater the dark current noise. For example, with a larger-area sensing element, it is
more likely that a larger number of imperfections may exist in the crystal structure of a semiconductor
diode device, and thus, there may be greater chance for a dark count to occur. A sensing element
configured to generate numerous electron-hole pairs in response to the arrival of a charged particle,
such as a secondary electron, and having a relatively small area, may be advantageous for reducing
the influence of dark current events because the relatively small noise signal generated by dark current
may be dwarfed by signal generated in response to a charged particle arrival event. In some
embodiments, SNR may be improved by reducing size of a sensing element in a case where the
sensing element is not fully covered by a beam spot such that noise effects are reduced at a rate
greater than a reduction in signal strength.

[00168] Sensitivity of a reduced-area sensing element may be enhanced. For example, a sensing
element configured to detect single electron arrival events may have the following advantages.
Considering two sensing elements having different areas, each configured to receive no more than one
electron per sample period, the sensing element having the smaller area may have lower capacitance
and less influence of dark current noise. Therefore, the amount of current required to generate a
signal for feeding into another component in a detection system, and to overcome, €.g., thermal noise
of the component, may be less. Furthermore, in some cases, a beam spot of a secondary electron
beam on a detector surface may only partially cover a sensing element. Some of the detector area
may not be actively receiving incident electrons. However, all of the material of the sensing element
under the detection surface may contribute to generating current signal in response to receiving an
incident electron by impact ionization. The number of electron-hole pairs generated in response to an
electron arrival event may be similar regardless of whether the sensing element is fully covered by a
beam spot. Considering the two different sized sensing elements, the sensing element with the
smaller area may be more likely to generate a signal that overcomes noise because it may require less

electrons to generate a particular voltage in response to individual electron arrival events.
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[00169]In some embodiments, an area ratio, which may be the ratio of area of an individual sensing
element to that of the entire surface of a detector, may be varied. The area ratio may have a
corresponding relationship to SNR. For example, in some embodiments, decreasing the size of a
sensing element to be 1/1,000 of the area of a detector may correspond to a 1,000x increase in SNR.
[00170]In some embodiments, a detector may include an array of sensing elements. The array may
include a plurality of sensing elements each having dimensions of Dy and Dy, or less, for example.
The sensing elements may be arranged in a planar, two-dimensional array, the plane of the array being
substantially perpendicular to an incidence direction of incoming charged particles. In some
embodiments, the detector may be arranged so as to be inclined relative to the incidence direction.
[00171]Fig. 9A shows an example of a detector 800 including an array of sensing elements. A
sensing element 801 of detector 800 may be sized such that some number of electrons less than the
total amount of electrons incident on the surface of detector 800 are received in sensing element 801.
Sizes of sensing elements in the array may be uniform. The total size of the detector may be based on
the geometric spread of secondary electrons such that all or substantially all electrons may be captured
by the detector. Thus, detector 800 may have a total area corresponding to a predetermined FOV. For
example, detector 800 may include a circular plate having a diameter of 4 to 10 mm.

[00172] The detection area of detector 800 may be divided into an array of smaller-area PIN diode
elements. Each of the PIN diode elements may correspond to a discrete detection cell. A PIN diode
may be pixelated into separate detection cells in various forms. For example, semiconductor
detection cells may be divided by virtue of internal fields generated due to internal structures.
Furthermore, in some embodiments, there may be physical separation between adjacent sensing
elements. That is, in some embodiments, a detector array may be provided with sensing elements that
are physically spaced apart from one another. There may be some isolation area provided between
adjacent sensing elements.

[00173]In other embodiments, when separate detection cells are formed by internal fields, a plurality
of doped semiconductor structures having different conductivity (such as P+ type and N+ type
semiconductor regions) may be formed at the bottom of a detector. Meanwhile, the top surface of the
detector may be provided with a detection surface and a cathode formed by a single layer of doped
semiconductor. An intrinsic semiconductor region spanning the plurality of semiconductor structures
of different conductivity may be substantially continuous. Thus, in some embodiments, dead area
between adjacent sensing elements may be reduced. Such a detector may have a structure capable of
forming internal electrical fields, which may be configured to guide the carriers generated due to the
electrons incident on each detection sub-region to a corresponding detection cell.

[00174]In contrast to an ETD, which may not be pixelated easily, a variety of forms may be available
to configure a PIN diode with an array of segmented sensing elements. Also, a PIN diode may have

other advantages including small capacitance and low background noise as compared to an ETD.
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[00175]Fig. 9B shows another example of a detector 850 including an array of sensing elements.
Detector 850 may include a plate 851, wherein a plurality of sensing elements 861 are formed
thereon. Plate 851 may include opening 895 for allowing a primary electron beam to pass through
plate 851.

[00176] When an individual sensing element of a detector is made smaller than the geometric spread
of secondary electrons incident on the detector, electron counting may become more manageable. For
example, each sensing element may have its own counting unit comprising circuitries configured to
measure an output signal from the sensing element. When sensing elements are made smaller, the
electron rate on each sensing element becomes smaller, and thus electron counting at each sensing
element may become enabled. Electron counting will be discussed with reference to the following
exemplary validation study.

[00177] As discussed above with reference to Fig. 4B, electrons incident on a detector may be spread
out over an area. When one single sensing element is used to measure output current for the entire
detector surface, it may be overwhelmed by the large number of electrons incident in a short time
frame. For example, for an electron beam of 1 nA beam current, there may be a certain number, e.g.,
6.4 billion secondary electrons incident on a detector in one second. This corresponds to 64 electrons
per 10 ns sampling period of a detection system running at a 100 MHz pixel rate. It may be difficult
for a detector with a single sensing element to handle such a high rate of electrons, and thus, it may
not be practical to count individual elections while maintaining reasonable circuit complexity,
miscounting rate, and power consumption. However, when the detector is subdivided, individual
sensing elements may be made to have a size such that the number of electrons incident in a sampling
period is low enough to enable electron counting to proceed. Furthermore, a detector divided into a
plurality of sensing elements may have numerous advantages such as those discussed above with
respect to reduction in noise, capacitance, and increase in SNR.

[00178] The distribution of electrons shown in Fig. 4B may represent the simulated landing positions
of 10,000 electrons. Assuming that opening 145 may be formed in the center of detector 144, the
densest distribution of electrons landing on the detector may be in an annular ring-shaped region
immediately surrounding opening 145. For example, Fig. 10 shows an annulus 720 around opening
145. Tt may be simulated that, for example, in annulus 720 of inner diameter 0.5 mm and outer
diameter 1.0 mm, a first number of the total 10,000 simulated electrons may land in this region. The
first number may be 1,669. The total area of annulus 720 may be determined to be 0.589 mm?. Thus,
the average number of electrons incident on the detector in the region of annulus 720 may be 2,834
per unit area. Furthermore, the proportion of electrons received in annulus 720 may be 16.69% of the
total.

[00179]In some embodiments, an individual sensing element may have a 50 um x 50 um square
shape. For example, Fig. 10 shows a sensing element 731 having a square shape inside the region of

annulus 720. Such a sensing element has an area of 0.0025 mm? Multiplying the number of
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electrons per unit area in annulus 720 by this area yields: 7.084 electrons per square-shaped sensing
element.

[00180] Although the simulated 10,000 electrons is smaller than the number of electrons in a typical 1
nA beam (e.g., 6.4 billion per second), these results may be extended to such levels of beam current.
That is, the distribution of secondary electrons from a 1 nA electron beam may be substantially
similar to that discussed above, but higher in absolute number. Therefore, in the case of a 1 nA beam,
16.69% of the total 6.4 billion electrons per second incident on detector 144 in Fig. 10 may land in
annulus 720, as discussed above. Accordingly, about 1.8 billion electrons per second may land in the
region of annulus 720.

[00181]If a sensing element is sized as discussed above, for example like sensing element 731, about
4.5 million electrons may land in the 50 pm x 50 um square area of the sensing element in one
second. This is three orders of magnitude less than a detector using a single electron sensing element,
which may have all 6.4 billion electrons per second arriving in the one electron sensing element. By
dividing a detector into a segmented array, the electron arrival rate at respective sensing elements can
be significantly reduced. This may contribute to enabling electron counting. For example, the
average separation time of subsequent electron arrival events (as shall be discussed in detail later)
may be about 200 ns when 4.5 million electrons are incident in one sensing element in one second.
By comparison, the sampling period of a 100 MHz detector is 10 ns. With an average separation time
of 200 ns, it is not likely that two electrons will arrive in one 10 ns sampling period. Thus, the
detector may have an area that is configured such that no more than a predetermined number of
electrons is received in a sensing element during a sampling period. The predetermined number may
be one.

[00182] Furthermore, although the example above is discussed with reference to detector 144 having
opening 145 at its center, other structures of detectors may be similarly applied. For example, in the
case of an off-axis detector, all of the electrons in the central region may be incident on the detector
surface. In this case, there may be no hole provided in the center of a detector plate. Therefore, the
region of highest density of electron arrival rate may be the center. However, even at the center, an
electron arrival rate may not be significantly larger than that of an annulus around the center. For
example, in the simulation of 10,000 electrons, a sensing element having a 50 pm x 50 um square
area placed in the center of the detector may receive a second number of electrons. The second
number may be about 8.9 electrons. Thus, extending to the case of a 1 nA beam, about 5.7 million
electrons may land in the 50 pm x 50 pm square area of the sensing element in one second. Even at
this rate of electron arrival events, the average separation time may be about 175 ns, which is still
significantly higher than a sampling period of 10 ns.

[00183]Fig. 11A shows a schematic representation of electron arrival events and their relationship to
an output of a detector element. A detector may be provided with an array of detector elements. The

array of detector elements may include an array of sensing elements, each of the sensing elements
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having a size configured so that no more than one electron is received in a sensing element during a
sampling period s corresponding to a respective detector element. As in the example above, the
separation time between two adjacent electron arrival events may be, for example, 200 ns. A detector
may have a sampling rate of, merely as an example, 20 MHz, corresponding to a sampling period of
50 ns. Thus, as shown in the lower graph of Fig. 11A, because the separation time between electron
arrival events is greater than the sampling period, no more than one electron is received per sampling
period.

[00184]In Fig. 11A, graph (A) may represent a timeline. It may indicate that at a time point T1, a
first electron arrives at a detector and at a time point T2, a second electron arrives at the detector.
Graph (B) may represent event signal of a circuit associated with a sensing element of the detector.
Pulse height of event signals may correspond to energy of incident electrons. Pulse height of event
signals may be compared to a threshold, as shown by the dashed line in graph (B). When pulse height
exceeds the threshold, a detection pulse may be registered, as shown in graph (C). A count may be
output in a next sampling period, as shown in graph (D).

[00185]Fig. 11B shows another example of a schematic representation of electron arrival events
according to a timeline in graph (A). As shown in graph (B) of Fig. 11B, pulse heights of event
signals corresponding to different electron arrival events may be different. Detection pulses may be
registered based on a first threshold or a second threshold. For example, as shown in graph (D) of
Fig. 11B, detection pulses may be registered when pulse height of event signals exceeds the first
threshold. As shown in graph (C) of Fig. 11B, detection pulses may be registered when pulse height
of event signals exceeds the second threshold. Counts may be output based on registered detection
pulses, such as in graphs (E) or (F) of Fig. 11B.

[00186] The arrival of electrons on a detector may be a stochastic process. Thus, although some
deterministic properties may be determined for describing electron arrival events, electron arrival
events on a detector may inherently involve some randomness. For example, although an average
separation time between adjacent electron arrival events may be determined to be a certain value,
some electron arrival events may have separation time that is less than or more than the average
separation time. Accordingly, a sensing element may have an area that is configured to receive no
more than a predetermined number of electrons per sampling period with at least a level of
confidence. The level of confidence may be based on statistical parameters. For example, the level of
confidence may correspond (o a statistical probability that no more than the predetermined number of
charged particle will be received in the sensing element per sampling period. In some embodiments,
the level of confidence may be, for example, 90%. The sensing element may have an area that is
configured to receive no more than a predetermined number of electrons (e.g., 1 or 2) per sampling
period with at least a 90% level of confidence. In some embodiments, at least 90% of electron arrival
events may occur such that no more than the predetermined number of electrons are received in the

area of the sensing element per sampling period.
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[00187] Statistical parameters that describe a distribution of electron arrival events may include mean
or median separation time between electron arrival events, standard deviation of separation time
between electron arrival events, variance, probability density, cumulative distribution function,
skewedness, entropy, and so on. In some embodiments, electron arrival events may be modeled by a
Poisson distribution. In some embodiments, other types of distributions may be used to model
electron arrival events.

[00188]In some embodiments, average separation time may be associated with average current
coming into a detector element / at 1,;, where I, is average incoming electron current incident on
detector element /. While it is assumed here that total current incident on a detector and its spatial
distribution are constant across an SEM image {rame, it will be appreciated that total current incident
on a detector may be modulated according to pixel location in a SEM image frame. When a sampling
period s is given, an average number of electrons, s, coming into detector element /, may be
described below, where ¢ is electron unit charge:

h= lys/e M

[00189] Assuming that each electron arrival is a random event and has no correlation with others, a
Poisson distribution may be applied. According to a Poisson distribution, the probability of no
electrons arriving during a sampling period may be given by:

P(0) =e™" )

[00190] The probability of one electron arriving during a sampling period may be given by the

following, where 4 is an average number of events in the sampling period:

P(1) = he ™ €))

[00191] The probability of two electrons arriving during a sampling period may be given by:
P(2) = ;h%e™h @)

[00192] The probability of three electrons arriving during a sampling period may be given by:
P(3) = 3h3e™ )

[00193] The probability of & electrons arriving during a sampling period may be given by:
P(k) = —hke™" (6)

[00194] Summing probabilities for all possible independent cases of electron arrival events yields 1, as
follows:

POY+P(D+PR2)+PB3)+=1 @)

[00195] Summation of products kP (k) should be equal to , as follows:

1P(1) 4+ 2P(2)+3P(3)+ - =h ®)

[00196] A counter implemented in an electrical circuit may have its own maximum count up to which
the counter represents the number of electron arrival events occurring in its count buffer. If the count

buffer is constructed with only one bit, the maximum count of events is 1. When an additional event
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(or events) occurs following the first event within the same sample period, the count buffer value may
remain 1 while the additional events may be miscounted. If the count buffer is constructed by two
bits, the maximum count of events may be either 2 or 3, depending on its implementation. Fig. 12
summarizes the relationship between number of events to be counted and number of events missed,
depending on configuration of counter and number of events in a sample period.

[00197]Based on the above, confidence levels of having no more than a predetermined number of

electrons (e.g., 1 or 2) arrive in a sampling period may be expressed as the following:
P()+P2)+PB)+PH4)+ -

Cpn(1) =

h
_ (PO+P()+P(2)+P(3)+P(4)+)=P(0)
h
_ 1-P(0)
~  n
_ 1-e"
T h
—1-Ipalp2y ..
=1-Zh+ch?+ )
And
P(1)+2P(2)+2P(3)+2P(4)+--
Cn(2) =+ . )
_ (2P(0)+2P(1)+2P(2)+2P(3)+2P(4)+)—2P(0)—P(1)
- h
_ Z—ZP(O)—P(l)
- h
2—Ze’h—lhe’h
— 2
h
=1—zh?+- (10)

[00198] “Confidence levels of having no more than a predetermined number of electrons (e.g., 1 or 2)
arrive in a sampling period” are expressed here as a ratio of average number of electrons counted to
average number of entire electrons incident on a sensing element in a sample period, e.g., a capture
rate. The examples discussed herein may differ in particular counter functionality, limitations, or
maximum number of events which can be counted in a sample period, (e.g., 1 or 2).

[00199]Fig. 13A illustrates a graph that may represent a confidence level of electron counts at a
particular count buffer. The x-axis in Fig. 13A may represent average number of electrons arriving at
a sensing element per sampling period. The y-axis in Fig. 13A may represent a confidence level of
the detected electron count. The solid line in Fig. 13A may represent a confidence level with a max
count of 1. The dashed line in Fig. 13A may represent a confidence level with a max count of 2.
[00200] Event counting loss rate due to a Count Buffer Limitation, Lx(7), where n is maximum count
of the Count Buffer may be expressed as follows:

Ly(1) = 1 - C4(D)
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-h

_q1_1l=
h
z%h for h<« 1 (11)

And
Lp(2) =1—-Cr(2)

2-2e" M —%he‘h
h

=1-

~ %hz for h« 1 (12)
[00201]Fig. 13B illustrates a graph that may represent detection loss rate due to count max at a
particular count buffer. The x-axis in Fig. 13B may represent average number of electrons arriving at
a sensing element per sampling period. The y-axis in Fig. 13B may represent a detection loss rate.
Similar to Fig. 13A, the solid line in Fig. 13B may represent a confidence level with a max count of 1.
The dashed line in Fig. 13B may represent a confidence level with a max count of 2.
[00202] Reference is now made to Fig. 14A, which shows a schematic representation of electron
arrival events and their relationship to output signal, consistent with embodiments of the disclosure.
In each of the three graphs of Fig. 14A, the t-axis represents time. In the top graph of Fig. 14A, single
electrons may be incident on the surface of a detector at particular time points. For example, an
electron may arrive at time Ty, at time T, at time T3, and at time T4, respectively. Electron arrival
events at time T}, at time T», at time T3, and at time T4 may occur at one detector element in a
detector. The detector element may include a sensing element. There may be statistical variation in
electron arrival events, and thus, electrons may arrive at the surface of a sensing element with non-
uniform separation time. As shown in the middle graph of Fig. 14A, signal pulses 1011 may be
generated in a detector element in response to an electron arrival event. As discussed above, a PIN
diode may be used in a detector element, and signal pulses may resemble a waveform. The amplitude
of the waveform may relate to the number of electron-hole pairs being generated in response to
electron arrival events. The Y-axis of the middle and lower graphs of Fig. 14A may represent signal
intensity in arbitrary units.
[00203] Time between subsequent electron arrival events may be given by T;—Ti_1, where i is an index
representing arrival order of individual electrons. In some situations, time between subsequent
electron arrival events may be large enough that signals do not interfere with one another. For
example, time between electron arrival events at T; and T», given by (Ti—Ti-1)1, may be long enough
that an electrical signal generated in a sensing element rises and falls before the next electron arrival
event occurs. In some situations, the time between subsequent electron arrival events may be short
such that signals may merge. For example, the time between electron arrival events at T3 and T,
given by (Ti—Ti_1)>, may be short such that electrical signals generated in a detector may overlap with
each other. The merged signal may be exemplified by the hatched area in the middle graph of Fig.
14A.
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[00204] The bottom graph of Fig. 14A may demonstrate a process related to a count buffering
operation. A count corresponding to an electron arrival event may be recorded when a rising edge of
an incoming analog signal crosses a threshold The. A functional block may generate an impulse (e.g.,
a detection pulse) in an output channel (e.g., a value of 1) when the corresponding channel of the
input transitions from a value below threshold Th. to a value above threshold Th.. The block may
keep the value at O when the corresponding channel of the input does not transition from below
threshold Th. to above threshold Th.. Detection pulses may be counted for a given time period and
then the count may be put on a count buffer for the next sampling period, as exemplified in the bottom
graph of Fig. 14A. A sampling period of a detector may be given by ts. In some embodiments, a
detector may use a sampling rate of 400 MHz, corresponding to a sampling period of 2.5 ns. As noted
above, in a detector using a PIN diode, pulse width of signals generated in response to electron arrival
events, e.g., event pulses, may be about 3 to 5 ns. In such embodiments, two detection pulses may not
be generated within a time period equal to event signal pulse width, which may be even larger than
sampling period ts. An event count for any sampling period may be either O or 1. Therefore,
configuring a count buffer with 1 bit may be effective, even though there may be two or more
electrons arriving at a sensing element within a sampling period.

[00205] When Ti—Ti_; is sufficiently long, an event signal waveform may rise and fall corresponding
with single electron arrival events. A discriminator block may be configured to detect a leading edge
of event signal pulses as an electron arrival event occurs. The discriminator block may be configured
to make a determination based on a reference value that may include a reference level. For example,
circuitry may be provided that compares an incoming event signal against a reference level and causes
detection signal to transition to 1 when the incoming signal crosses the reference level. The detection
signal may return to O after a short period of time or hold the value and return to O at the end of the
sampling period. The circuitry may include logical operators, for example. In the example of Fig.
14A, a threshold Th. may be set that corresponds to an expected energy level of a secondary electron.
For example, when one electron with about 9 keV of kinetic energy penetrates into a detection cell of
a PIN diode, the event may excite about 2,000 electron-hole pairs in a depletion zone. The electrons
of those pairs may be collected at the cathode of the diode. The collected electrons at the cathode may
form a small current pulse signal that is fed into a circuit including front-end electronics, where the
current pulse signal may be converted into a voltage pulse and amplified to an appropriate voltage
level for discriminator input. Such processing may form an event signal pulse. Threshold Th. may be
set in consideration of the expected event signal pulse. For example, threshold The may be a
predetermined percentage of the expected peak value of the event signal pulse initiated by a secondary
electron of a given energy level arriving at a sensing element. In some embodiments, threshold The
may be 60% of the expected peak value of the event signal pulse initiated by, e.g., a 9 keV secondary

electron.
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[00206] When Ti—Ti_; is short, however, event signal pulse waveforms may represent electrons from
electron-hole pairs generated from multiple electron arrival events even though there may be a
significant broadening and reshaping of a waveform from an original current pulse shape due to front-
end electronics bandwidth and characteristics. For example, at time T4 in Fig. 14A, an electron arrival
event may occur and initiate another event signal pulse before the event signal from the previous
electron arrival event at T3 tails down. Therefore, after time T4, a signal reading may rise relative to
the previous reading and may continue to rise thereafter before receding to below threshold Th..
Thus, a discrimination operation based on a comparison of the signal reading to threshold Th. may not
accurately account for two separate electron arrival events, and a signal overlap miscounting may
occur.

[00207]In some embodiments, to address such miscounting, a comparison to another threshold may
occur. For example, a further comparison to a different threshold may occur. Another threshold
value may be set to be different from threshold Th. and in some embodiments, may represent an
overflow state. When an overflow state is detected, it may be determined that more than one electron
is incident on a sensing element in a short interval.

[00208]In some embodiments, the overflow state may correspond to a status where the sensing
element has reached a limit of signal output generation. Overflow may occur when two electron
arrival events occur in close succession. In some embodiments, overflow may occur when merged
event pulses built up to a level higher than the analog signal dynamic range of a particular detector
element. Output signal may be capped by an overflow threshold Th,. In some embodiments,
overflow threshold Th, may be a theoretical limit. In some embodiments, overflow threshold Th,
may be set as a predetermined percentage of the output limit of the sensing element. In some
embodiments, threshold Th, may be 90% of the expected limit. In some embodiments, a sensing
element may be capable of generating output signal corresponding to more than one electron arrival
event in a short interval (e.g., two, three, four electron arrival events, and so on). Overflow threshold
Th, may be set to a multiple of the expected event signal pulse initiated by a secondary electron of a
given energy level. In some embodiments, detection of a signal exceeding Th. may correspond to a
single electron arrival event while detection of signal exceeding Th, may correspond to two (or more)
electron arrival events.

[00209]In some embodiments, a detector element may be unequipped to handle an event pulse
overlap situation, and such an occurrence may lead to an event pulse overlap miscounting. For
example, a detector element may be configured to generate, at most, an event signal of amplitude that
may be less than the sum of amplitudes of event signals of two separately occurring electron arrival
events. A detector element receiving more than one electron in close succession may experience
overflow cutoff.

[00210]Fig. 14B shows a schematic representation of electron arrival events and an overflow cutoff,

consistent with embodiments of the present disclosure. As shown in the upper graph of Fig. 14B, two
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electron arrival events may occur in quick succession. A detector may be provided having detector
elements, each of the detector elements including a sensing element and a circuit. The circuitry
associated with a sensing element may include front-end electronics, such as a pre-amplifier.
Theoretical signal pulses 1021 and 1022 may each represent an event signal when electron arrival
events occur at a sensing element in a state where the sensing element and its associated circuitry has
been fully recovered. For example, the detector element may generate signal pulse 1021 in response
to an electron arrival event, and then after signal pulse 1021 has dissipated, the detector element may
generate signal pulse 1022. In a situation where the sensing element or its circuitry does not have
time to recover, signal pulses 1021 and 1022 may be closely overlapped and may appear
superimposed on top of each other. As shown in the middle graph of Fig. 14B, output signal
generated in a sensing element may resemble a signal pulse 1031 having a flat top. Signal pulse 1031
may be generated when the energy generated in the detector element in response to two or more
electron arrival events reaches a limit. Signal pulse 1031 may represent electrons from electron-hole
pairs generated from incident electrons arriving on the sensing element.

[00211]1In Fig. 14B, a time T; may correspond to the beginning of a first electron arrival event, and a
time T> may correspond to the beginning of a second electron arrival event occurring before the
detector element has finished generating a signal in response to the first electron arrival event. The
signal may rise starting from time T; and may be urged to continue to rise at T>. However, at time T>,
an output limit of the sensing element may have been reached, and the output of the detector element
may not further rise but may instead remain constant. As shown in the bottom graph of Fig. 14B,
when another signal is read at time T or thereafter, this signal does not exceed a cutoff threshold that
may be equal to threshold Th,. A discrimination operation based on a comparison of the signal
reading only to threshold Th. may thus not accurately account for two separate electron arrival events,
and a signal overlap miscounting may occur.

[00212] A detector element may be configured to receive no more than a predetermined number of
charged particles within a period with at least a level of confidence. Level of confidence may be
expressed as an event capture rate. The capture of an event may refer to the fact that an electron
arrival event is recorded by a detector. In some embodiments, a level of confidence may depend on a
miscount rate. Miscount rate may be defined as 1 minus capture rate. The miscount rate may include
event signal overlap miscounting, as discussed above. A detector element of a detector array may be
configured to have the miscount rate satisfying a condition related to a first miscount threshold. The
detector element may include a sensing element and a front-end electric circuit. The condition may be
satisfied when the miscount rate is less than or equal to the first miscount threshold. The first
miscount threshold may be a value corresponding to an acceptable level of miscounts. For example,
in some embodiments, a detector element may be configured so that no more than a predetermined
number of electrons are received in the area of the sensing element in a certain time period, causing

no more than a predetermined miscount rate, the predetermined miscount rate corresponding to 10%
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or less of total electron arrival events. In such examples, no more of than 10% of total electron arrival
events, counted as single electron arrival events, may actually be cases where two or more electrons
are received in the area of the sensing element.

[00213] Although electron arrival events occurring in quick succession may cause miscounting, such
as by event signal overlap miscounting, a level of miscounting may be below a statistically acceptable
amount. For example, electron arrival events may generally follow a Poisson distribution and the
miscount rate may be expressed with Poisson distribution terms, e.g., P(k).

[00214]In some embodiments, it may be assumed that two successive electrons reach a sensing
element of a detector at successive arrival time points, e.g., Ti-1 and 7;. A dead time 7, may be
defined such that when the following expression is satisfied, an electron arriving at 7; is not counted
(e.g., the electron is miscounted):

T,— Ti_, < 1p (13)

[00215]Dead time, as shall be discussed in further detail herein, may be primarily determined by
characteristics of a detector element. A detector element may include a front-end circuit. The dead
time may be influenced by design or characteristics of an event detector or other characteristics such
as a threshold level set for determining that an arrival event has occurred. In addition to the
expression of equation (13), the dead time may also be such that when the following expression is
satisfied, an electron arriving at 7; is counted:

Ti— Ty > 1p (14)

[00216]In some implementations of a circuit, detection of an event may not be so explicit. Detection
may be assisted or suppressed by circuit noise or other random factors. An electron arriving slightly
earlier than, for example, the condition as expressed in equation (13) may have some possibility to be
detected (e.g. an arrival event may be counted). Similarly, an electron arriving slightly later than the
condition as expressed in equation (14) may have some probability of being missed. In some
embodiments, detection probability may be interpreted as 50% when T; — T;_; = 7p.

[00217]In some embodiments, a condition for an electron arriving at time 7; to be counted may be
that there is no electron arriving at a detector sensing element during the immediately prior time
period [(Ti— 7p), Ti].

[00218] Furthermore, 4 may be determined as follows, where 1,4, is average incoming electron current
incident on sensing element /, and e is electron unit charge:

A= Igtp/e (15)

[00219] Poisson distribution may be a function of time period and does not depend on where the time
period is located in a time axis. A Poisson distribution may be used for expressing electron arrival
events for a time period of 7. The probability of no electron arriving during the time period
[(Ti—tp), T:] may be given as follows:

P(0)=e* (16)
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[00220] The probability of electrons being counted may be P(0), which may correspond to a
confidence level. A miscount rate, an example of which may include an event signal overlap or dead
time induced miscount rate, Pwmiscount may be given as:
Pyiscount = 1 — P(0) (17)

=1—-e"* (18)
[00221]For very small numbers of A, the following may hold:
PMiscount = (19)
[00222]Fig. 15 illustrates a graph that may represent a Miscount Rate, Pumiscount as a function of 4.
Puiscount may initially increase linearly as /4 increases. As a saturation limit is approached, for example
near the value of 4 =1, Pwiscount may begin to increase at a lower rate. The x-axis of Fig. 15 may
represent A average number of electrons arriving at a sensing element in a time period equal to dead
time, 7p. The y-axis of Fig. 15 may represent the Miscount Rate.
[00223] As can be seen in Fig. 15, to stay within a miscount rate of, e.g., 10% for a given dead time
and a given electron arrival location distribution on the detector surface, a sensing element may be
configured to have an area such that the incoming current to any sensing element is limited to a
particular value of 1. For example, the average number of incoming electrons on the sensing element
over a period of time equal to the dead time may be set to stay below 0.1 electrons/ 7.
[00224]In some embodiments of the disclosure, a detector may be provided with an array of sensing
elements each having a predetermined area. For example, in one embodiment, the size of individual
sensing elements may be 100 um x 100 um. However, other sizes of sensing elements may be used
as well. The sensing elements may be segmented. By providing an array of multiple sensing
elements, the rate of electrons incident on each sensing element may be significantly reduced as
compared to a comparative PIN detector case where the entire detection area consists of a single
element, as discussed above, or a limited number of detecting segments, e.g., 8 segments. For
example, even when a beam of electrons having current of 1 nA arrives at a detector, e.g., at a rate of
~6.4 billion electrons per second, the number of electrons incident on a 100 pm x 100 um sensing
element of an array may be about 20 million per second even in a high-density electron arrival region.
In comparison, all 6.4 billion electrons would be incident on one sensing element in one second in the
case of a single-element detector. Incidentally, the number of electrons incident on a sensing element
that has % of the area of a 100 um x 100 pm sensing element (e.g., a 50 um x 50 pm sensing element)
may be four times less, e.g., about 5 million per second, which may correspond to about 0.025
electrons per 5 ns.
[00225] There may be a number of criteria for determining an area of individual sensing elements.
For example, a first area determination criteria may be based on avoiding miscounts. In some
embodiments, miscounts may be related to an average separation time (T:—Ti_1) of electron arrival

events on a sensing element of a given size. The size (e.g., area of a surface configured to receive
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electrons) of a sensing element may influence the number of electrons received on the sensing
element in a given sampling period. The sampling period associated with a sensing element may be
determined based on parameters of a detector element that may include the sensing element (e.g.,
providing a detector using a sampling rate of 400 MHz). A size of the sensing element may be
determined such that there may be no more than a certain statistical likelihood that a predetermined
number of electrons is received in the sensing element in the sampling period. The sampling period
may be related to dead time that may be associated with the sensing element. For example, the
sampling period may be set to be less than dead time. Dead time may be independent of the sensing
element size.

[00226]In some situations, average electron separation time may be short such that the probability of
miscounts is high. The larger the average electron separation time, the lower the probability of
miscounts may be. Area of a sensing element may be set such that average electron separation time
will be no more than a certain value. Average electron separation time may be set to be greater than a
value, such as a multiple of a detector element sampling period, e.g., Ts. Thus, a sampling period of a
detector may be set as a factor (e.g., a number between O and 1) of average electron separation time.
In some embodiments, average electron separation time may be set to be greater than two times
sampling period ts. In other words, sampling period Ts may be set to be less than one half of average
electron separation time (Ti—Ti-1). As discussed above, the average electron separation time (Ti—Ti-1)
may be controlled by adjusting the electron beam current or by changing the area or position of
sensing elements. Furthermore, sampling period s may be defined by the sampling frequency of the
detector (e.g., sampling rate). For a given electron beam current, sampling rate, and a maximum
electron arrival rate (at the region of highest electron arrival density) of a detector, average electron
separation time (T;—Ti_1) may be determined for a unit area.

[00227]In some embodiments, a detection system may include a sensing element and a circuit that
may be used for counting charged particle arrival events. Fig. 16A illustrates a signal flow in a
detection system 1300. Detection system 1300 may include a detector element 1330, a first circuit
1340, and a second circuit 1350. Detector element 1330 may include a transimpedance amplifier
(TIA). In some embodiments, detector element 1330 may consist of a sensing element and a front-
end circuit. The front-end circuit may be called a signal conditioning circuit and may include a TIA.
First circuit 1340 may include an event detector. First circuit 1340 may be configured to implement a
function of event detection. First circuit 1340 may include a discriminator, such as a pulse height
analyzer. Second circuit 1350 may include a count buffer. Second circuit 1350 may be configured to
implement a function of count buffering. Second circuit 1350 may include a scaler.

[00228] Detection system 1300 may be configured to perform a detection operation that may include
generating a pulse signal, by the detector element, in response to an electron 1301 arriving at detector
element 1330. The pulse signal may include an event signal 1305 that may be output to first circuit

1340. The detection operation may allow detection system 1300 to determine that an electron arrival
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event has occurred. The detection operation may begin from detector element 1330 generating event
signal 1305 in response to electron 1301 arriving at detector element 1330. Event signal 1305 output
from detector element 1330 may be fed into first circuit 1340 and analyzed to determine that an
electron was received at detector element 1330. The determination may include comparing pulse
height of event signal 1305 to a predetermined value. If the height of the event pulse signal exceeds
the predetermined value, an electron event may be detected. Inresponse to an electron event being
detected, a counter may be incremented. First circuit 1340 may include a single-bit counter. First
circuit 1340 may include an event flag detector. First circuit 1340 may set a flag when an electron
arrival event is detected. First circuit 1340 may output a detection pulse 1309. Detection pulse 1309
may be fed to scaler 1350.

[00229] Output from first circuit 1340 may include a single bit of information. For example, in
response to determining that an electron arrival event has occurred, by e.g., a pulse height analyzer
determining that an input event signal exceeds a predetermined value, first circuit 1340 may output a
signal of 1. In some embodiments, first circuit 1340 may be configured to output data in multiple bits.
For example, first circuit 1340 may include 2-bit or 3-bit counters.

[00230]In some embodiments, a detection system 1300A may be provided, as shown in Fig. 16B.
Detection system 1300A may include first circuit 1340 and second circuit 1350 similar to detection
system 1300 of Fig. 16A. Detection system 1300A may further include a sensing element 1332 and a
third circuit 1334. Third circuit 1334 may include front-end electronics, such as a pre-amplifier.
Third circuit 1334 may include a transimpedance amplifier. A signal 1302 output from sensing
element 1332 may be processed by third circuit 1334. Signal 1302 may include a current pulse signal.
The current pulse signal may be converted to a voltage pulse signal and amplified to form event signal
1305. Event signal 1305 may be output from third circuit 1334.

[00231]In some embodiments, dead time may relate to event signal 1305. Event signal 1305 may
have a width over which pulse height rises and falls. Characteristics of a diode that forms a sensing
element may influence the shape and width of event signal 1305. Dead time may relate to event
signal 1305 and other processing involving detection system 1300 or 1300A. Dead time may refer to
a time during which detection of a subsequent electron arrival event may be impeded. In some
situations, arrival of electron 1301 at sensing element 1332 may trigger signal 1302 to be generated.
Due to the arrival of electron 1301, event signal 1305 may be output from third circuit 1334. Event
signal 1305 may be processed by first circuit 1340. When a second signal, for example, a signal
subsequent to signal 1302 is caused to be generated at sensing element 1332, there may be a situation
where two separate event signals may not be reliably generated, and a dead time effect may occur.
Due to dead time effects, electron arrival events occurring in close succession may not be reliably
counted. Such an effect may refer to event detector dead time. For example, an event detector
included in first circuit 1340 may be configured to determine that an electron arrival event has

occurred when pulse height of event signal 1305 rises above a threshold. Detection of another
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electron arrival event may occur after it is determined that pulse height of event signal 1305 falls
below the threshold. However, when a subsequent electron arrival event prevents pulse height of
event signal 1305 from falling, a miscount may occur. Event detector dead time may be related to
width of event signal 1305 and a threshold used for determining an electron arrival event. For
example, event detector dead time may relate to the distance between the left and right sides of event
signal 1305 at a pulse height equal to the threshold. Other factors and characteristics of a detection
system may also affect dead time. For example, stray capacitance of an interconnect from a sensing
element to a circuit may contribute to dead time.

[00232] Dead time may be associated with a particular sensing element. For example, there may be a
dead time associated with sensing element 1332. The dead time may be related to characteristics of
sensing element 1332 or its associated circuitry. The dead time may be related to first circuit 1340,
which may include an event detector.

[00233] Circuitry included in detection system 1300 or 1300A may be configured to make various
determinations. First circuit 1340 may be configured to determine a characteristic of a signal input
therein. Similarly, second circuit 1350 and third circuit 1334 may be configured to determine
characteristics of input signals. Third circuit 1334 may be configured to determine a first
characteristic of signal 1302, which may be a current pulse. The first characteristic may be a
magnitude of the current pulse. Other determinations may be based on the determined first
characteristic. For example, it may be determined that an electron incident on a sensing element is a
first type of electron or a second type of electron based on the magnitude of its current pulse. Such a
determination may involve a comparison to threshold energy levels, as shall be discussed in further
detail herein. It will be understood that such determinations may be based on event signal 1305, as
well.

[00234]In a SEM system, a generated image of a sample may include a plurality of pixels. Each of
the pixels may display information, such as a gray level, that may correspond to information derived
from a detector. The information may include counts of numbers of electrons received in a sampling
period. The counts of numbers of electrons may be summed from a plurality of sensing elements. In
some embodiments, a pixel may use data from multiple sampling periods of a sensing element. A
pixel period may be defined that uses information derived from a detector over a plurality of sampling
periods of individual sensing elements. Pixel period may be determined by an operator. For example,
pixel period may be a user-defined value that may be selected from a list of available values. In some
embodiments, a user may choose D number of sampling periods out of a list of available integer
values, such as 1, 2, 4, 8, and so on. Pixel period may be set at D times sampling period. For each
pixel, a value (e.g., a gray level) may be determined based on successively sampled data of D
sampling periods. The gray level may be determined by, for example, summing or averaging data of
D sampling periods. In some embodiments, pixel period may be predetermined based on parameters

of an inspection system instrument. For example, pixel period may be preset for a particular machine.
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[00235] A SEM system may scan a primary electron beam across a sample in a pattern, such as a
raster pattern. Pixels to be generated in an image may be associated with locations of the scanned
sample surface. The pixels may be correlated with a particular scan time. Data from a detector may
be correlated with the scan time. A scaler may be used to correlate data received from a detector to a
particular scan time. A scaler may be configured to correlate detector data with a scan time (and thus,
a pixel) based on a delay time. For example, a scaler may record a time at which data associated with
an electron arrival event is received and apply a correction based on a delay from a trigger. The
trigger may correspond to an electron of a primary electron beam impinging on a sample. The delay
may take into account travel time of electrons (e.g., secondary electrons) from the sample to the
detector, or time for a signal pulse in a sensing element to be generated and output. In some
embodiments, a detector may include an array of sensing elements. A scaler may include a plurality
of channels so that data from each sensing element may be allocated to its own channel.

[00236] Output of first circuit 1340, as in Figs. 16A or 16B, may be fed into second circuit 1350.
Second circuit 1350 may include a scaler. The scaler may be a multi-channel scaler. Second circuit
1350 may be configured to determine counts of electron arrival events to be correlated with a pixel of
an image. Second circuit 1350 may take into account time-channel width, which may be based on a
pixel period and a number of channels. The number of channels may be based on the number of
pixels per line of a scan. A base time channel width may be set to be less than a dead time.

[00237] A detection system that records discrete events, such as electron arrival events, may
experience dead time. Dead time may refer to the time after an event where the detection system is
unable to record another event. For a detector element in a detector that may be configured to detect
an electron arrival event, there may be a period of time directly after an electron arrival event in which
subsequent electron arrival events may not be captured and recorded accurately.

[00238] Dead time may include paralyzable or non-paralyzable dead time. Non-paralyzable dead time
may refer to a situation in which an event occurring in the dead time goes unrecorded. For example,
the event may be simply ignored. Paralyzable dead time may refer to a situation in which an event
occurring in the dead time goes unrecorded, and in addition, the subsequent event causes the dead
time period to restart. Paralyzable dead time may also be called extended dead time.

[00239]In some embodiments, a sensing element may be configured to generate electron-hole pairs in
response to an incident electron (e.g., a secondary electron) arriving at the sensing element. The
electron arrival event may trigger a cascade of electron-hole pair generation in the sensing element
due to the energy of the incident electron being consumed in the sensing element. The timewise
behavior of the cascade may resemble a pulse. During the cascade of electron-hole pair generation
due to one electron arrival event, a subsequent electron arrival event may cause the cascade to
continue, thus extending the time it takes for the sensing element to return to a normal state. A
sensing element in a detector array may be affected by paralyzable dead time. For example, a diode

biased to Geiger counting mode may require a recovery time to pass or may require quenching before
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being able to accurately detect subsequent electron arrival events. Some embodiments of the
disclosure may avoid a paralyzable dead time associated with a sensing element. For example, a
detector may be configured such that dead time associated with a sensing element does not include
paralyzable dead time. A sensing element may be provided that has high internal gain such that it is
not necessary to bias the sensing element to a region where the sensing element may be affected by
paralyzable dead time. The sensing element may be operated with reverse bias in a linear region. The
kinetic energy of an incoming electron may provide for high gain while maintaining speed of detector
elements. A detector element may have a speed that is at least as high that of a detector element
operated under normal bias conditions. In some embodiments, the speed of the detector element may
be higher than that of a detector element operated under normal bias conditions due to an avalanche
effect. Long tail behavior of a detector element may be avoided.

[00240] Consideration of dead time may be used to determine whether a subsequent charged particle
arrival event may be detectable by a detector. For example, when electron arrival events occur in
quick succession, only one electron arrival event may be recorded in a sampling period although two
or more electrons may have arrived during the sampling period. Thus, an electron arrival event may
be miscounted. Miscounting may be based on dead time arrival events if the sampling period is set
shorter than dead time. Occurrence of miscounts in a detector may be acceptable when the level of
miscounting is below a certain level. In some embodiments, the certain level may be 10%. In some
embodiments, the certain level may be 5%. In some embodiments, the certain level may be 2.5%.
[00241]In some embodiments, dead time may correspond with pulse width of event signal initiated by
an electron arrival event. In some embodiments, dead time may be different from total pulse width of
an event signal generated in response to an electron arrival event. For example, dead time may be
measured from a time at which an electron arrival event is recorded until the output level of the event
signal has receded below a detection threshold. The detection threshold may be set to some level
above a background noise amount. The electron arrival event may be recorded when the level of the
event signal has exceeded the detection threshold.

[00242]Fig. 17 shows exemplary representations of dead time miscounting. A graph (A) in Fig. 17
may show an exemplary output of detector element 1330 (as discussed with respect to Fig. 16A) on a
timewise basis. Event signal pulses may be relatively dispersed. The signal shown in graph (A) of
Fig. 17 may be fed into a pulse height analyzer. Event signal pulses may be compared to a detection
threshold 1410. Signals below detection threshold 1410 may be filtered out as noise. A graph (B) in
Fig. 17 shows a signal output from a pulse height analyzer corresponding to an input signal from
graph (A) of Fig. 17. In graphs (A) and (B) of Fig. 17, there are no miscounts.

[00243] As shown in graph (C) of Fig. 17, when event signal pulses are closely overlapped,
miscounting may occur. For example, when an electron arrival event is configured to be detected
upon a signal level exceeding a fixed threshold, such as threshold 1410, a signal may be counted as

one pulse because it does not reduce to below the threshold before rising again above it. Graph (C) of
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Fig. 17 shows two types of dead time miscounting occurrences. As shown in a graph (D) of Fig. 17,
multiple arrival events may be counted as single events.

[00244] As discussed above, miscounting may include dead time miscounting. In some embodiments,
dead time miscounting may be considered as follows. In a first dead time miscounting analysis, it
may be assumed that an i® electron arrives at a sensing element at a time t.. Whether the i® electron is
countable or not may depend on whether any other electrons have arrived in a previous dead time
period. For example, an electron may have arrived in the period from (ti— tp) to ti, where p is event
detector dead time. This period may be expressed as [(ti— Tp), ti].

[00245]In the first dead time miscounting analysis, a Poisson distribution may be used to model
electron arrival events on a detector. A probability P of k events occurring during a time period At,

where / is an average number of events per time period At, may be given as:

P(k) = e 2 20)

[00246] For the relevant time period of [(ti— Tp), ti], At may be equal to to. Substituting values for k
into equation (20) may yield the following:

P(0) =e* @D
P(1) = 2e™* 22)
P(Q2) = §/12e-Z (23)

[00247] P(0) may represent the probability that no electrons arrive during the period [(ti— tp), t;], and
thus, the i electron should be countable because its arrival event will not be influenced by dead time.
P(1) may represent the probability of one electron arriving during the period [(ti— Tp), ti], in which
case, the i™ electron may not be countable. P(2) may represent the probability of two electrons
arriving during the period [(ti— o), t;], in which case, the i electron may not be countable. In the first
dead time miscounting analysis, it may be assumed that the i electron may be countable only when
no other electrons have arrived in the period [(ti— tp), ti], that is, directly before the i electron arrival
event. In the first dead time miscounting analysis, a sampling period of a sensing element may be less
than event detector dead time . P (k) may be independent from arriving time of electrons for a
Poisson assumption as far as A remains constant over time.
[00248] The probability of an electron being counted for a given dead time may be expressed by P(0).
Since the sum of probability of a miscount and probability of successful counting should be 1, the
miscount probability of an electron should be 1 — P(0). Ddue to dead time according to the first dead
time miscounting analysis, Pumiscouns, may be given as follows:
Priscount  =1—P(0)

=1-(1-2+32-22%+)

= A=

~ ) forA«1 24
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[00249] As can be seen from equation (24), above, probability of a miscount due to dead time
according to the first dead time miscounting analysis, Ppmiscounss may be approximated as being equal to
A for small values of 4. As noted above, 4 may be the average number of electron arrival events in a
time interval. The relevant time interval may be event detector dead time Tp.

[00250] Accordingly, probability of a miscount due to dead time according to the first dead time
miscounting analysis, Pmiscouns, may also be given as:

Pmiscount = laiTp/e (25)

[00251] As an illustration, the following scenario is considered. A primary electron beam may
irradiate a sample. A beam of secondary electrons may be generated that is directed to a detector.
Beam current incident on the detector may be Ip... For simplicity, it may be assumed that Ip.: is
equally distributed over a detector’s sensing area Spe. Sper may include a circular area of 4 mm
diameter, and thus, Sp.=41 mm> Assuming a detector includes an array of segmented sensing
elements, each having a size of 100 pm x 100 pm, sensing element area may be given as Ss.,=0.01
mm?,

[00252] With exemplary values of Sp.=41 mm?, Ss.,=0.01 mm?, In,, =1 nA, and tp =5 ns, miscount

due to dead time according to the first dead time miscounting analysis, Puiscouns, may be given as:

0.01

IsegTp —9
P, = A1==92 = 1%10" %% (—
miscount e AT

) *5%1072/1.602 * 1071° = 0.025 (26)

[00253] Thus, a miscount rate of 2.5% or less may be achievable. Even at relatively high levels of
beam current incident on the detector, such as 1 nA as in the example above, a miscount rate may be
limited to the relatively low level of 2.5%. It should be noted that equation (26) may be based on an
assumption that beam density of the beam incident on the detector is evenly distributed. Nevertheless,
such a miscount rate may be acceptable in a variety of applications. Furthermore, in some
embodiments, statistical correction of an electron count may be used when the miscount rate is less
than 10%. Thus, even when miscounts are present, they may be corrected by statistical correction. In
comparison to a beam current level of 1 nA incident on a detector, some application, such as high-
throughput CD (critical dimension) measurement may use primary beam current of 250 pA, or less,
leaving a margin in spontaneous peak secondary yield up to 4x at the edge lines of printed patterns on
wafer surfaces. In some applications, a system’s standard beam current may be set to on the order of
10 pA. Thus, miscount rate may be further reduced in some applications. Meanwhile, a detector may
be configured to handle situations of high secondary electron local yield which may push up electron
current arriving at a detector, such as at metal pattern edges (e.g., edge enhancement signals).
[00254]In some embodiments, rather than being evenly distributed over all of the sensing elements on
a detector, beam current may be distributed unevenly. Even when beam current is distributed
unevenly, a case of maximum beam current in regions of higher expected electron arrival may be

accounted for. For example, a region of higher density of electron arrival events may be around the
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center of the detector. A detector may be configured so that miscount rate does not exceed a
predetermined level in sensing elements at regions of higher electron arrival.

[00255]In some embodiments, with all incident electrons arriving on a detector in a diameter of 6
mm, a size of individual sensing elements may be set to a uniform square shape in which Sp./3,125 is
approximately equal to 0.009 mm?, which may correspond to about a 100 x 100 pm sensing element.
Thus, a sensing element size of 100 x 100 um may be appropriate for obtaining an acceptable
miscount rate, even when beam current is high. As will be apparent, other sizes of sensing elements
may be used while achieving an acceptable miscount rate. Furthermore, other parameters, such as
sampling period, may be adjusted to achieve an acceptable miscount rate.

[00256] Because the miscount rate may be lower when the sampling period is less than the sensing
element dead time, it may be desirable to set a sampling period to less than dead time. In some
embodiments, the sampling period of a sensing element may be set to less than 5 ns. When the
sampling time is less than the dead time, a counter may be configured to count only one electron
arrival event at a time.

[00257] A detector may be configured such that no more than a predetermined number of charged
particles is received on a sensing element in a sampling period with no more than a predetermined
miscount rate. The sampling period may be less than or equal to sensing element dead time. The
sensing element may be one of an array of sensing elements making up the detector. The
predetermined number may be one. In some embodiments, the predetermined number may be two,
three, or more, for example. Various parameters of a detection system may be set based on the
predetermined miscount rate. For example, assuming a detection system is used with a primary
charged particle beam having a maximum beam current, parameters of sensing element size and
sensing element number may be determined based on the predetermined miscount rate. Beam current
of a primary charged particle beam may relate to beam current of a beam of secondary charged
particles incident on the detector. For example, a yield factor may indicate a collection rate of
charged particles of a secondary beam and may be used to determine beam current of the secondary
beam from the primary beam. Yield factor may be affected by material of a sample under inspection,
settings of a charged particle beam system that includes the detection system, and structure of the
charged particle beam system. Furthermore, assuming the array of sensing elements of the detector
includes sensing elements of a fixed size, operating conditions of the detection system may be set,
including sampling rate and beam current. In some embodiments, a detector’s miscount rate may be
maintained at a predetermined level even when beam current is increased to a level that may be
required for certain applications. As an example, when high-resolution SEM is needed, beam current
may be reduced. When throughput is needed, beam current may be increased. An e-beam wafer
inspection system may use relatively high beam current. In some embodiments, for example,

subdividing a detector into an array of sensing elements, wherein the sensing elements are smaller



10

15

20

25

30

35

WO 2019/233991 52 PCT/EP2019/064445

than the overall detector, may lower the miscount rate. The smaller the sensing elements, the smaller
the miscount rate may become.

[00258] Dead time may be a characteristic of a detector’s sensing elements and other components that
may be determined by their construction. For example, a semiconductor diode used as a sensing
element, as discussed herein in some embodiments, may influence dead time due to phenomena
related to an electron-hole pair generation mechanism. Dead time may be fixed when a circuit and
sensing element array is designed and fabricated. Dead time may be a non-adjustable parameter once
a detection system is constructed. Rather, dead time may be constant for a given sensing element
array and accompanying circuitry.

[00259] A sensing element may be connected to a circuit. The circuit may include a first circuit, a
second circuit, or a third circuit, for example as discussed above with reference to Figs. 16A and 16B.
The circuit may be configured to determine a number of charged particles incident on the sensing
element in a sampling period. The circuit may include an event pulse detector. The event pulse
detector may include a discriminator, a comparator, or a pulse height analyzer, etc. The circuit may
include an eliminator. The eliminator may be configured to filter out noise signals. The circuit may
be configured to compare an input signal to a threshold and produce an output when the input signal
exceeds the threshold. The output may include a bit indicating that a charged particle has been
received at a sensing element in a sampling period. In some embodiments, the output may include a
multi-bit signal. Sampling period may include a time channel width of a multi-channel scaler. In
some embodiments, the output may include an event flag and an overflow flag.

[00260] Fig. 18 shows a detection system 1501 configured to detect a charged particle arrival event
with an output including an event flag, consistent with embodiments of the present disclosure.
Detection system 1501 may include a detector element 1530, a first circuit 1540, a second circuit
1550, and a third circuit 1560. Detector element 1530 may include a diode and a pre-amp. Detection
system 1501 may be configured to perform a detection operation that may include generating a pulse
signal 1511, by the detector element, in response to an electron arriving at detector element 1530.
Pulse signal 1511 may include an event signal, similar to event signal 1305 shown in Fig. 16A or 16B,
as discussed above. In some embodiments, pulse signal 1511 may include overlapped or
superimposed pulses, such as those shown in graph (C) of Fig. 17. Pulse signal 1511 may be input to
first circuit 1540. First circuit 1540 may include a pulse height analyzer. First circuit 1540 may
generate an event flag 1541 that may be transmitted to second circuit 1550. Second circuit 1550 may
increment a counter. Second circuit 1550 may include an event flag detector. Meanwhile, first circuit
1540 may generate an overflow flag 1542 that may be transmitted to third circuit 1560. An overflow
flag may be generated in response to energy of a pulse signal exceeding a threshold. Third circuit
1560 may include an overflow flag detector. Configuring circuits as event flag detectors, for

example, may be advantageous in terms of system simplification.
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[00261]In some embodiments, a detection system may include multiple timing scales. Detector
element sampling period may be set to be less than an event detector dead time. The detector element
sampling period may correspond to a time channel width of a multi-channel scaler. An electron
arrival event may be detected by a circuit including an event detector, such as a discriminator,
comparator, pulse height analyzer, etc. Detection of electron arrival events may occur asynchronously
to channel boundary timing. A circuit may be configured to, following an electron arrival event
detection, increment a value in a specified time channel, where the event time lies within a time
window. Overall system timing may be configured to be faster than timing for individual detector
elements (e.g., detector element sampling period). For example, a time channel may be configured as
a one-bit counter (e.g., using an event flag), while another circuit may be configured to realize the
number of event flags set during a time channel period at a rate faster than the rate that event flags are
pushed out from a component of the detection system. The circuit may be configured to run faster
than individual event flag detectors corresponding to detector elements when time channel width is
greater than dead time. In some embodiments, the circuit may be configured to run faster than
individual event flag detectors when time channel width >> dead time.

[00262]1In some embodiments, there may be provided a one-bit counter with a detector element,
wherein the detector element sampling period may be set to be less than event detector dead time.
When detector element sampling period is set to be less than event detector dead time, a situation may
be achieved where no miscounts occur due to event detector dead time. In one sample period, there
may be no multiple event signals that are input to the event detector. Electron arrival events may
occur in close succession, and in some cases may cause a merged event signal, but an event detector
corresponding to the detector element may count no more than one charged particle arrival event in a
sampling period. This configuration may enhance system simplification and allow high bandwidth.

A detector may be manufactured using readily available techniques and may achieve running at 400
MHz or greater. The detector element may not need to be configured to detect more than one electron
arrival event at a time. A misdetection may occur, for example when multiple electrons arrive at a
sensing element within a time period less than event detector dead time. However, such a
misdetection may be exceedingly rare. The statistical probability of multiple electron arrival events
within the event detector dead time may be below a predetermined level. For example, a detector may
be configured to have a size such that there may be at least a predetermined level of confidence that
the arrival of two or more electrons within event detector dead time will not occur.

[00263] Circuitry connected to a sensing element may be provided on a per-sensing element basis.

For example, in a detector including an array of sensing elements, each sensing element of the array
may be connected to a circuit. The circuit may be configured to count a number of charged particles
incident on the sensing element in a sampling period. In some embodiments, the number may be one

or zero. A detection system may include a global circuit that may be configured to sum up counts of
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multiple sensing elements in the array. A total number of charged particles received in the array may
be determined by adding the numbers of charged particles received on multiple sensing elements.
[00264] Reference is now made to Fig. 19A, which illustrates a schematic representation of an
exemplary architecture of a detection system 901. The detection system may be provided with
detector 900 including an array of sensing elements. As seen in cross section, detector 900 may have
a structure resembling a back-side illumination CMOS image sensor. Electrons may be incident on an
exposed front (incidence) surface side of detector 900. At the front side, there may be a P+ layer that
may serve as the anode of a diode included in a sensing element array. The anode may be negatively
biased by a voltage source with zero sourcing impedance. When, for example, an electron with about
9 keV of kinetic energy penetrates into a sensing element of detector 900, the event may excite about
2,000 electron-hole pairs in a depletion zone of the sensing element. The electrons of those pairs may
be collected at the cathode of the sensing element and may contribute to a detection signal. For
example, current pulses may be generated with magnitudes substantially proportional to kinetic
energy of the incident electrons.

[00265]Raw detection signal from sensing elements in the form of sharp current pulses may be fed
into an electronic circuit. For example, there may be provided front-end electronics 910. Front-end
electronics 910 may include individual circuits 911, 912, 913, 914, and so on, for example up to an
nth circuit 919. Each of the individual circuits of front-end electronics 910 may correspond to one
sensing element of the array of detector 900. Each individual circuit of front-end electronics 910 may
include a current buffer and an amplifier, such as a transimpedance amplifier, a charge amplifier, or a
charge transfer amplifier.

[00266]In some embodiments, components may be integrated with detector 900. Detector 900 may
be provided as a semiconductor substrate including an array of sensing elements. The array of
sensing elements may include a diode. A low-gain amplifier may be built up in the back side of a
semiconductor substrate that includes the PIN diode. The amplifier may be configured to operate in a
linear mode and may avoid a region where the amplifier may exhibit recovery time. The
semiconductor substrate may include a plurality of segmented diodes. A plurality of amplifiers may
be configured such that a respective amplifier of the plurality of amplifiers is attached to each of the
diodes.

[00267]] In some embodiments, an array of sensing elements may be constructed with Low Gain
Avalanche diode (LGAD) segments. LGAD may provide relatively small current gain, for example
around 10x to about 20x, operating very fast while remaining in a linear mode, unlike conventional
avalanche diodes that may go into avalanche current flow following a triggering event and require a
mechanism to reset the current flow to be ready for the next triggering event for detection. Supplying
extra current gain of an LGAD may be helpful for precise detection timing or simplifying front-end
electronics 910. LGAD may not require bias current. Furthermore, LGAD may be helpful to reduce

power consumption of a detection system.
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[00268] After amplification, signal output from each of the individual circuits of front-end electronics
910 may be fed into event detector 930. Event detector 930 may include individual circuits 931, 932,
933, 934, and so on, for example up to an nth circuit 939. Each of the individual circuits of event
detector 930 may correspond to one sensing element of the array of detector 900. Each individual
circuit of event detector 930 may include a discriminator, a discriminator block, a pulse height
analyzer, or the like.

[00269] The detection system of Fig. 19A may differ from that of Fig. 6 (and, for example, a CMOS
sensor) in that event detector 930 may be provided instead of an ADC block, among other things.
Event detector 930 may be useful in counting electrons.

[00270]Returning to Fig. 19A, event detector 930 may include discriminator blocks. The
discriminator blocks may include logical operation processing that may be implemented using
hardware such as an electronic circuit. The discriminator block may compare incoming signal, e.g.,
event signal, against a reference level and output a signal such as a detection pulse or an event
detection flag when a rising edge of the incoming signal crosses the reference level. For example, as
discussed above with respect to Fig. 14A, a measured current signal may be compared to threshold
The. The may be set sufficiently higher than a background noise level. In some embodiments,
discriminator blocks may be implemented by a controller. Event detector 930 may also include other
types of circuitries, such as a comparator configured to compare incoming voltages, current, or other
types of signals, to a reference level.

[00271] The detection system of Fig. 19A may also include a pixel count buffer 950. Pixel count
buffer 950 may include individual circuits 951, 952, 953, 954, and so on, for example up to an nth
circuit 959. Each of the individual circuits of pixel count buffer 950 may correspond to one sensing
element of the array of detector 900. Output from each of the circuits of event detector 930 may be
fed into a respective circuit of pixel count buffer 950.

[00272] The detection system of Fig. 19A may also include a count summing unit 960. Output from
each of the circuits of pixel count buffer 950 may be fed into count summing unit 960. Counts of
received electrons from each of the sensing elements in detector 900 may be combined to, for
example, obtain a gray level of an image to be used in image processing. Combining counts of
received electrons may comprise summing counts across multiple sensing elements, multiple
sampling time periods, or multiple frames. Data from sensing elements may be combined based on
properties of charged particle arrival events. For example, data from sensing elements may be
combined on the basis of a charged particle arrival event’s time stamp, sensing element location, scan
action of a primary beam of a charged particle beam apparatus, or properties of the charged particle
beam apparatus. Combined data may be used for reconstructing an image of a sample. For example,
a pixel count sum 970 may be fed into image processing system 199. Count summing unit 960 may
include logical operation processing that may be implemented using hardware such as an electronic

circuit, or, for example, by a controller.
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[00273] There may be provided various signal lines, and so on, connecting various elements in the
detection system of Fig. 19A. For example, there may be a pixel clock 920 connected to each of the
individual circuits of event detector 930. Furthermore, a detection control 925 may be connected to
each of the individual circuits of event detector 930. Similarly, there may be another pixel clock 940
connected to each of the individual circuits of pixel count buffer 950. Furthermore, a detection
control 945 may be connected to each of the individual circuits of pixel count buffer 950. Also, a
delayed pixel clock 965 may be connected to count summing unit 960. Pixel clocks 920, 940, and
965 may run at the same or different speeds.

[00274] The detection system of Fig. 19A may use relatively simplified electronic components and
may achieve high speed while enabling good packaging flexibility. For example, components may be
integrated on a semiconductor chip. Front-end electronics 910, event detector 930, pixel count buffer
950, or count summing unit 960 may be provided in a semiconductor package, such as a single
monolithic semiconductor chip. For example, front-end electronics 910, event detector 930, pixel
count buffer 950, and count summing unit 960 may be provided as layers in a semiconductor chip that
may be connected to detector 800, and to image processing system 199. The dashed line shown
between image processing system 199 and count summing unit 960 in Fig. 19A may represent a
division between on-chip structure and off-chip structure. In some embodiments, front-end
electronics 910, event detector 930, pixel count buffer 950, and count summing unit 960 may be
provided as separate modules.

[00275] Counting electrons may have numerous advantages as compared to detecting an analog
signal. A semiconductor chip including a detector and detection system, for example as discussed in
embodiments herein, may achieve higher speed and may avoid processing bottlenecks. As discussed
above, the overlap of signal pulses in adjacent electron arrival events may impede detection accuracy.
Therefore, it may be important for a detector to have high speed. In some devices, front-end
electronics may impose a limit on bandwidth. However, as discussed with respect to embodiments
herein, when front-end electronics or other components are integrated in a semiconductor chip, high
speed may be achieved. In some embodiments, components configured to count a number of charged
particles, such as by providing output in the form of an event flag, may be relatively simple and may
allow system simplification, and high speed. Rather than sampling an analog signal to represent beam
intensity, it may be advantageous to detect individual events and count the number of individual
events occurring over a time period.

[00276] Counting electrons may be particularly effective in some types of applications, such as CD
SEM, high-resolution high-throughput inspection, or metrology of manufactured semiconductor
devices. In some embodiments discussed herein, a detection system may enable electron counting for
electron beams of, for example, 100 pA and up.

[00277]In a comparative example, some detectors may be provided in high-energy particle physics

analysis instruments. For example, a particle accelerator may propel charged particles at high speeds
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and energies. Charged particles may collide with materials or other particles and collision products
may be detected by detectors. A detector may be configured to receive a particle. However, in a
high-energy physics instrument, detectors may be configured such that particles pass through
detectors. For example, a calorimeter may measure the energy that a particle loses as it passes
through the calorimeter.

[00278]1n contrast to a calorimeter, for example, a sensing element configured to count a number of
charged particles may receive a charged particle and, in response to the charged particle arriving at the
sensing element, generate electron-hole pairs in the sensing element until the energy of the charged
particle is consumed. Furthermore, a circuit connected to a sensing element may be configured to
discriminate a level of energy of the incident charged particle, as shall be discussed herein. Further
still, a circuit connected to the sensing element may be configured to sum counts of charged particle
arrival events occurring at multiple sensing elements in an array. A detector may derive information
from a sensing element including a timing at which a charged particle was received, as well as its
energy level.

[00279]1In Scanning Electron Microscopes (SEM), secondary electrons (SE) and back scattered
electrons (BSE) may be emitted from a specimen. It may be useful for a SEM system to distinguish
SE and BSE and generate two separate images, an SE image and BSE image, simultaneously. The
two images may show different properties of the specimen in 2-dimensional space because of the two
different mechanisms of SE and BSE generation processes at the specimen in response to electron
impingement on the specimen.

[00280]In some embodiments, multiple thresholds may be set to acquire SE and BSE images
simultaneously. Event signal pulses coming into an event detector may be fairly proportional to the
energy of the incoming electron that caused the event signal pulse of interest. Average energy of a
BSE is higher than that of a SE. There may be a clear separation of energy distributions between SEs
and BSESs. In such cases, for example, a first threshold may be set at a value equivalent to 60% of
average height of event signal pulses caused by SEs. A second threshold may be set between the SE
event signal pulse height average and BSE event signal pulse height average. Corresponding to the
two thresholds, two detection flags, for example, flagl.ow and flagHigh, may be defined. Each flag
may be set when it is determined that an event signal crosses the corresponding threshold in its rising
edge. Therefore, both flags, flagl.ow and flagHigh, may be set by an event signal pulse caused by a
BSE, and only flagl.ow may be set by an event signal pulse caused by a SE while flagHigh may stay
in areset state. By a simple logic, an event detector may determine which type of electron was
detected. The logic may be implemented either in event detector 930 or count buffer 950, for
example. In some embodiments, the count buffer may be an advantageous location, for example,
where count buffer functions are less timing critical and where summing may be executed over a
number of clock cycles in pipeline architecture. Adding one cycle for executing the logic prior to the

series of clock cycles for summing may not harm overall performance of the detector system. Under
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such functionality setting of a detector system, such as detector system 901, summing may be done
independently between SE counts and BSE counts, and summing unit 960 may output the two sums at
each delayed pixel clock cycle. For precision of SE and BSE discrimination, additional thresholds
may be added.

[00281] Reference is now made to Fig. 19B, which illustrates a schematic representation of another
exemplary architecture of a detection system, consistent with embodiments of the present disclosure.
A detection system 902 of Fig. 19B may be similar to detection system 901 of Fig. 19A except that
detection system 902 provides an energy storage device 1310 that is connected to detector 900
including an array of sensing elements, among other differences. Energy storage device 1310 may
include individual energy storage units 1311, 1312, 1313, 1314, and so on, for example up to an nth
energy storage unit 1319. Each of the individual energy storage units may correspond to one sensing
element of the array of detector 900. Energy storage units 1311 to 1319 may be configured to
accumulate energy in response to an output signal from respective sensing elements of the array of
sensing elements of detector 900 being fed thereto. Each energy storage unit may include a micro-
capacitor, for example.

[00282]Raw detection signal from sensing elements may be fed into energy storage units. Energy
accumulated in the energy storage units may be stored until the energy storage units are reset. For
example, when the energy storage device 1310 includes a capacitor, energy level may be reset when
the capacitor is discharged. While energy is being fed into energy storage device 1310, the stored
energy level may be read. Energy level may be maintained for a duration until reset.

[00283]In some embodiments, energy associated with sensing element output may be reset by an
active reset or a passive reset. An active reset may include affirmatively causing an element to reduce
its energy level. For example, the active reset may include discharging a capacitor. A passive reset
may include passively allowing the energy level to be reduced. For example, in some devices, the
energy level may decay over time. In a sensing element itself, the energy generated in response to an
electron arrival event may be dissipated as time passes. In some embodiments, as discussed above, a
current pulse generated by a single electron arrival event at a PIN detector may have a pulse width of,
for example, 3 to 5 ns, and thus, sensing elements may be passively reset after about 3 to 5 ns.
[00284]In some embodiments, energy storage device 1310 may be omitted. For example, sensing
elements themselves may function as energy collection units and may inherently reset periodically as
surges of electron-hole pairs generated in response to electron arrival events gradually dissipate.
[00285] Detection system 902 may also include a detection circuit array 1320. Detection circuit array
1320 may include individual circuits 1321, 1322, 1323, 1324, and so on, for example up to an nth
circuit 1329. Each of the individual circuits of detection circuit array 1320 may correspond to one
sensing element of the array of detector 900. Each individual circuit of detection circuit array 1320
may include an event pulse detector. An event pulse detector may be configured to detect an arrival
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configured to detect a charged particle arrival event by detecting an amount of energy in a sensing
element and may be configured to increment a counter thereby indicating that a charged particle has
been counted. In some embodiments, other ways to detect output signal from a sensing element may
be used. For example, output from a sensing element may be read by being sampled at a
predetermined time. Detection circuit array 1320 may include a clock. In some embodiments, a
global clock may be provided. Using a global clock, operations of sensing elements and their
associated circuitry may be synchronized. In some embodiments, individual sensing elements and
their associated circuitry may have their own clocks.

[00286] A circuit of an event pulse detector may include comparators. In addition, various other
circuit components may be provided, such as voltage references. In some embodiments, energy
captured in energy storage units may exceed an overflow limit, and counting of charged particles may
be impeded. For example, a miscount may occur when more than one charged particle is received in a
sensing element and the received energy may not be indicative of the total number of charged
particles received. Energy accumulated in an energy storage unit may remain the same even after
subsequent charged particles are received. Thus, it may be beneficial to provide circuitry for
processing data of sensing elements on a timewise basis. Detection circuit array 1320 may include a
storage for storing sensing element data that may be associated with a time stamp.

[00287] Detection system 902 may also include a count summing unit 960. Output from each of the
circuits of detection circuit array 1320 may be fed into count summing unit 960. Counts of received
charged particles from each of the sensing elements in detector 900 may be summed to obtain a gray
level of an image to be used in image processing. For example, a pixel count sum 970 may be fed
into image processing system 199. Count summing unit 960 may include logical operation processing
that may be implemented using hardware such as an electronic circuit, or, for example, by a
controller.

[00288] There may be provided various signal lines, and so on, connecting various elements in
detection system 902. Detection system 902 may include further components, such as amplifiers,
signal processing circuitry, and others, for example. It will be understood that various connections
and other elements, such as that shown in Fig. 19A, may be added to detection system 902.

[00289]In some embodiments, a sampling period s for a detector may be set to be smaller than dead
time 7p, where electron count in any sampling period must be either O or 1 because any successive
two detection pulses will be separated by one sampling period or more. Therefore, a count buffer may
be configured with one bit, e.g., as a flag. In some embodiments, when applied to a SEM, a detector’s
fastest pixel rate may be configured to be 1/1s Hz. While sampling period is fixed, an SEM image
with a slower pixel rate, e.g., 1/(Nts) (where N = 2, 3, ...) may be constructed in an image processor
by grouping and summing each consecutive count results and representing one pixel with the sum of
all counts of the group. If 1/7s is set to, for example, 400 MHz, SEM images with variable but
discrete pixel rates of 400/N MHz (N =1, 2, 3, ...) can be supported.
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[00290]In some embodiments, sampling period Ts may be set to be larger than dead time tp, where an
event detector may generate multiple detection pulses within a single sample period. Therefore, a
count buffer may be configured in multiple bits. The count buffer may be configured in multiple bits
so that additional miscounts may be avoided and overall miscount rate may be maintained at an
acceptable level. Forming SEM images with a slower pixel rate at an image processor end while
keeping the detector end running at the fixed sampling period s as mentioned above may be
advantageous. For example, because modern-day foundry chips may enable 400 MHz clock
operation, the cases of 7s>Tp may be rare.

[00291] Reference is now made to Fig. 20A, which shows an exemplary representation of output
signal of a sensing element coupled to a circuit, where sensing elements may be connected to circuits
on a per-sensing element basis. As used herein, the term “output signal,” “sensing element output,” or
“output of a sensing element,” etc., may refer to output of a sensing element or its associated circuit.
Output signal may be generated by a sensing element and its output may be coupled to a
corresponding circuit. Then, a controller, such as a central electronic control unit, may receive the
output from the circuit rather than directly from the sensing element. The controller may receive
output from multiple circuits. In some embodiments, a sensing element may include not only a PIN
diode, but some other component that may form an in-sensing element circuit. Then, output of a
sensing element may be directly connected to a controller. A controller may be configured to receive
the output of sensing elements through respective circuits coupled to each of the sensing elements.
[00292] A sensing element may output a signal on the basis of time. The circuit may include
functional blocks that may process the signal from the sensing element to yield a detection signal.
Fig. 20A is a graph that may represent detection signal (intensity) in arbitrary units on the ordinate
axis plotted against time on the abscissa axis. A detector may be configured to have a speed such that
individual charged particle arrival events at each sensing element may be distinguished. For example,
as shown in Fig. 20A, an abrupt increase in signal may correspond to a charged particle arrival event.
A charged particle arrival event may have a corresponding energy level, such as E1, E2, E3, E4, etc.
[00293]Fig. 20A shows a plurality of frames, F1, F2, and F3 at a constant data frame rate. Frames
F1, F2, and F3 may be data frames. The data frames may refer to a group of data acquired by a
detection system within a specified period of time. A frame may include one or more sampling
periods of a sensing element. The frame rate may be that of a controller that performs processing,
such as making charged particle counting determinations, determining the first group, determining the
second group, processing data for image processing, etc., within each frame. The frame rate may
relate to a system clock rate, for example. The frame rate may be set according to the first parameter
and the second parameter, as discussed above. The first parameter or the second parameter may be
based on predetermined criteria, and may include or cover a first predetermined frame criteria or a

second predetermined frame criteria, as will be discussed below.
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[00294] Fig. 20B shows another representation of a graphical display of an exemplary output signal of
a sensing element. Differing from Fig. 20A, an output signal of a sensing element may be represented
as being constant for a whole frame. Thus, for one frame, a sensing element may be considered to
have one value in some embodiments. When multiple charged particle arrival events occur during
one frame, signal intensity may be higher than that when only one charged particle arrival event
occurs.

[00295] Frame rate may be variable. Period of a frame may vary with time. For example, Fig. 20C
shows another graph that may represent output signal of a sensing element and circuit. In Fig. 20C,
there are a plurality of frames, F1, F2, F3, F4, and so on. The frames may have a different period
compared to one another. The period of a frame may be set to adapt to the signal intensity of the
charged particle beam being detected. In some embodiments, adaptation may occur in a subsequent
frame. For example, a first frame may be determined and then a second frame may be adjusted based
on information from the first frame. In some embodiments, adaptation may occur within the same
frame. For example, a first frame may be determined and the first frame may be adjusted
concurrently. In some embodiments, real-time adjustment of frames may be used, which may help to
reduce error rate in detection output signal.

[00296] A period may be set so that one charged particle is counted in one period. A period may be
initially set based on a time period for collecting a charged particle. The period may also be
initialized in other ways. Thereafter, a period of a next frame may be the same or different. In some
embodiments, an iterative method may be used. For example, in Fig. 20C, a first frame F1 may be set
with a certain period based on the time period for collecting a charged particle. The same period may
be used for the next frame, F2. If no charged particles are detected in the frame F2, the frame period
may be incremented to a longer period in the next frame. In frame F3, a charged particle is detected.
Thereafter, in frame F4, the same period is used, and two charged particles may be detected. Because
more than one charged particle is detected, the frame period may be decremented to a shorter period
in the next frame. In frame F5, no charged particles are detected and thus, in frame F6, a longer
period is used.

[00297]Reference is now made to Fig. 21 A, which shows a representation of output signals of a
sensing element that may be coupled to a circuit with respect to a first threshold T1. The first
threshold T1 may be set so as to filter out noise. For example, the first threshold T1 may be set to a
value greater than O and less than or equal to a value corresponding to a predetermined energy amount
of a charged particle arrival event. The first threshold T1 may be used to determine that an output
signal is a detection signal, rather than noise such as that caused by interference, dark current, or the
like.

[00298] Reference is now made to Fig. 21B, which shows a representation of output signals of a
sensing element that may be coupled to a circuit with respect to a first threshold T1 and a second

threshold T2. The first threshold T1 may be set similar to the above so as to filter out noise. The
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second threshold T2 may be set so as to distinguish between different types of charged particles
having different energy characteristics. For example, the second threshold T2 may be set so as to
distinguish secondary electrons from scattered electrons. The value of the second threshold T2 may
be determined in advance. When the ordinate axis of the graph of Fig. 21B is in terms of electron
volts, the second threshold T2 may be set to, for example, a value of acceleration energy imparted by
the SEM system (e.g., E_acc) plus 50eV. Thus, electrons that have energies less than or equal to
second threshold T2 may be determined to be secondary electrons, and electrons that have energies
above second threshold T2 may be determined to be scattered electrons and counted accordingly.
[00299] Reference is now made to Fig. 21C, which shows a representation of output signals of a
sensing element that may be coupled to a circuit with respect to a first threshold T1, a second
threshold T2, and a third threshold T3. In the representation of Fig. 21C, output detection signals may
take one value per frame. The first threshold T1 may be set similar to the above so as to filter out
noise. The second threshold T2 may be set so as to distinguish between different types of charged
particles. The third threshold T3 may be set so as to determine whether a sensing element receives
more than one charged particle. The value of the third threshold T3 may be twice that of the second
threshold T2.

[00300] Reference is now made to Fig. 22, which shows an exemplary representation of statistical
results of a frame. In some embodiments, the controller of a detection system may be configured to
perform statistical analysis at each frame. For example, the sensing elements of the detector may
output to the controller. The sensing elements may be connected to a circuit. The controller may be
configured to receive the output from each sensing element and organize each sensing element’s
output on a frame-by-frame basis. After one frame, the controller may collect outputs from multiple
sensing elements associated with a beam spot. For example, the controller may collect outputs from
the sensing elements of the first group that may be contained within boundary line 350, as discussed
above with reference to Fig. 3F. The controller may perform statistical analysis based on information
of each sensing element’s output at that frame. As an example, Fig. 22 shows, for one frame, charged
particle count on the ordinate axis and energy level on the abscissa axis. The energy levels may
correspond to all of the different energy levels of charged particles received by the first group of
sensing elements in the one frame. For example, the energy levels may correspond to energy levels
El, E2, E3, E4 discussed above with respect to Fig. 20A. While Fig. 22 illustrates four such energy
levels, it will be appreciated that different numbers of separate energy levels may be provided and
analyzed. The count of charged particles may correspond to all of the charged particles detected by
the first group of sensing elements in the one frame.

[00301] Other types of statistics may be determined. For example, the following may be determined:
number of charged particles at a particular energy level as a proportion of all charged particles
received; number of charged particles received in one sensing element as a proportion of total charged

particles received in the first group; and so on.
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[00302] While Fig. 22 shows exemplary statistical results as a histogram, various forms of
representation may be used. For example, the statistical analysis may provide a scatterplot.

[00303]In some embodiments, the controller may be configured to perform statistical analysis on a
pixel-by-pixel basis. The controller may be configured to receive the output of each sensing element
and organize each sensing element’s output corresponding to pixels in a SEM image. For example, as
a charged particle beam scans across a sample, sensing element output corresponding to different
pixels may be generated. Each pixel in a SEM image may be generated using the frames acquired
during its allotted period of time during the scanning operation. For example, during the period
associated with a pixel, one or more frames of data may be acquired. Thus, information
corresponding to a pixel may be included in one or more frames. As used herein, the term “pixel”
may refer to a unit region on a sample surface that is imaged. Thus, a SEM image may include a map
of pixels, each of the pixels corresponding to a location on the sample surface. The greater the
imaging resolution (or, e.g., the greater the field of view on the sample surface), the larger the number
of pixels.

[00304]Fig. 23 shows a representation of a plurality of pixels on a line. The pixels may be organized
according to a scanning pattern, such as a raster scan of an area of interest on a sample surface. Each
pixel may be associated with data of sensing element output at a certain time. Each pixel may be
associated with data of one or more sensing elements. As discussed above, one pixel may comprise
data of one or more frames of data relating to sensing element output.

[00305] For a plurality of pixels to be used in a SEM image, statistical analysis may be performed
based on information associated with pixels on a pixel-by-pixel basis. For example, the controller
may be configured to receive the output of sensing elements through respective circuits coupled to
each of the sensing elements. For one pixel, the controller may collect outputs from sensing elements
that are associated with a beam spot and within the time period associated with the pixel. For
example, a time stamp of a pixel may correspond with a time at which the primary electron beam of a
charged particle beam imaging tool scans across a location on the sample surface. The controller may
collect outputs from the sensing elements of the first group that may be contained within a boundary
line, for example as discussed above with reference to Fig. 3F. The controller may perform statistical
analysis based on information of each sensing element’s output in one or more frames associated with
a pixel. As an example, Fig. 23 shows, on the left, sensing element output associated with one pixel
X1. The sensing element output may be represented with information such as charged particle count
plotted against energy level based on statistical analysis. The information of charged particle count
plotted against energy level may be based on information for a plurality of frames. For example, in
Fig. 23, there are two frames of information associated with pixel X1. At a different time point in the
scan, sensing element output associated with another pixel may be provided. For example, Fig. 23
shows, on the right, sensing element output associated with another pixel X2. For pixel X2, there may

be only one frame of information associated with the pixel.
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[00306] In the representations of information including charged particle count plotted against energy
level, scale may be determined based on data of all of the plurality of pixels gathered in a scan.
Energy levels of the abscissa axes may include all of the energy levels of the charged particles
collected in the scan. Scale of each pixel in an image may be held constant. For example, scale may
be determined so that gray level distortion may be avoided. Furthermore, under the same settings of a
charged particle inspection tool, all images acquired may be set to have the same scale. Accordingly,
gray level distortion may be avoided between images.

[00307]In accordance with some embodiments of the present disclosure, information indicative of an
energy spectrum of incident charged particles may be generated. This information may be used in
generating a pixel of an image in charged particle beam imaging, such as a SEM image.

[00308] For example, overall numerical output may be used in generating one pixel in a SEM image,
such as a grayscale image (of the type that may be used in a conventional SEM). That is, the total
count of incident charged particles may correspond to the gray level of the pixel. The total count of
charged particles may correspond to intensity. In addition, color information may be added. For
example, colored light is the portion of the electromagnetic spectrum that is visible to the human eye
and that corresponds to wavelengths of approximately 390 to 700 nm, or photon energies of
approximately 1.63 to 3.26 eV. In a similar way that visible colors, such as red, orange, yellow,
green, blue, and violet, correspond to certain energy levels, color values may be assigned to pixels in a
SEM image. For example, RGB values of each pixel in a SEM image may be determined based on
the statistical analysis of sensing element output analyzed on a pixel-by-pixel basis. The RGB values
may be based on numbers of charged particles received at particular energy levels.

[00309]In some embodiments, spectrum of radiation received from a sample may be represented by
counts of incident charged particles at discrete bands of energy intervals. Intervals of the energy
levels may be determined in advance or on the basis of statistical analysis, for example. In some
embodiments, the intervals may be based on thresholds including, for example, thresholds T1, T2, and
T3.

[00310]In some embodiments, statistical analysis of sensing element output may include providing an
approximation of radiation spectrum by a function, such as F(x), where x is energy level. Color
specifications may be directly transformed from the function into color information, such as RBG
values of a color gamut.

[00311] While an RGB color model has been discussed above, in some embodiments, other
representations of color may be used, such as HSL (hue, saturation, lightness) or HSV (hue,
saturation, value).

[00312]In some embodiments, an additional degree of freedom in information gathering and
displaying may be obtained. Color may be added to a SEM image to represent additional properties,

such as material property or micro structure, among others.
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[00313]Examples of a controller consistent with the above description include controller 109 of Fig.
1. Controller 109 may be part of an image processing system 199 that also includes an image acquirer
120 and a storage 130 (see Fig. 2B). In some embodiments, controller 109 may be a stand-alone
control unit that may perform the functions of image acquisition.

[00314] Reference is now made to Fig. 24, which illustrates a flowchart of an exemplary period
determination method. A controller (e.g., controller 109 of Fig. 1) may be programmed to implement
one or more blocks of the flowchart of Fig. 24. In a step S101, charged particle imaging may be
started. In a step S102, a period of processing is set to an initial value. The processing may comprise
one or more of: making charged particle counting determinations, determining a first group of sensing
elements, determining a second group of sensing elements, and performing image processing, etc.
[00315]In a step S103, the controller may receive a frame of data relating to sensing element output.
The frame may comprise outputs from a plurality of sensing elements of a detector that may be
connected to a circuit on a per-sensing element basis. Thus, the controller may receive a plurality of
detection signals each corresponding to the output of an individual sensing element in one frame.
[00316]In a step S104, a number of charged particles incident on the detector within the frame may be
determined. Step S104 may comprise determining numbers of charged particles incident on each
sensing element of the plurality of sensing elements of the detector within the frame. The number of
charged particles may be a whole number.

[00317]1In a step S105, it may be determined whether a number of sensing elements receiving at least
one charged particle is greater than or equal to a first number. The first number may be based on a
first predetermined frame criteria. For example, the first number may be a number of sensing
elements that correspond to the standard size of an electron beam spot based on parameters of a
charged particle beam tool, such as apparatus 100 of Fig. 1. The determination of step S105 of Fig.
24 may also be in the form of a proportion. For example, step S105 may comprise determining
whether at least A% of sensing elements receive at least one charged particle.

[00318] When a negative determination is made in step S105, the process may proceed to a step S107.
In step S107, the period may be adjusted. For example, the period may be made longer so that more
of the sensing elements can receive at least one charged particle in one frame. The period may be
incremented by a predetermined amount. Thereafter, the process may return to step S103.

[00319] On the other hand, when an affirmative determination is made in step S105, the process may
proceed to step S106. At step S106, the process may end. In some embodiments, another process
may follow.

[00320] A method may include elements of the flowchart of Fig. 24 with or without various
modifications. For example, concurrent with step S104, a boundary line may be determined that may
be provided so as to encompass and group sensing elements that receive at least one charged particle.

The sensing elements receiving at least one charged particle may be associated with the same charged
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particle beam spot. For example, the sensing elements associated with the same beam spot may be
adjacent to one another.

[00321]In some embodiments, the determination made in step S105 may occur once per frame. In
some embodiments, the determination may occur once for a plurality of frames. For example, rather
than determining whether to adjust the period of a frame after every frame, a determination of step
S105 may occur after a predetermined number of frames. Thus, frames may have the same period for
the predetermined number of frames, after which a determination may be made to adjust the period.
[00322]Reference is now made to Fig. 25, which illustrates a flowchart of an exemplary period
determination method. A controller (e.g., controller 109 of Fig. 1) may be programmed to implement
one or more blocks of the flowchart of Fig. 25. The process of Fig. 25 may begin at a step S201. The
process may follow directly from step S106 of Fig. 24.

[00323]1n a step S202, the controller may receive a frame of sensing element output. The frame may
comprise outputs from a plurality of sensing elements of a detector. Thus, the controller may receive
a plurality of detection signals each corresponding to the output of an individual sensing element in
one frame.

[00324]1n a step S203, a number of charged particles incident on the detector within the frame may be
determined. Step S203 may comprise determining numbers of charged particles incident on each
sensing element of the plurality of sensing elements of the detector within the frame.

[00325]In a step S204, it may be determined whether a number of sensing elements receiving more
than one charged particle is less than or equal to a second number. The number may be in the form of
a proportion. For example, step S204 may comprise determining whether no more than B% of
sensing elements receive more than one charged particle. The second number may be based on a
second predetermined frame criteria. For example, the second number may be based on a
predetermined requirement for measurement linearity. In some embodiments, the second number
may be based on the linearity of the output image signal corresponding to the incident charged
particle count. For example, sensing element output may exhibit nonlinear behavior when an
incoming charged particle beam is so intense as to overwhelm charged particle counting capabilities.
A sensing element may exhibit nonlinear output behavior when more than one charged particle is
incident on the sensing element within one frame. The predetermined criteria may be based on a
desired level of measurement linearity so that the number of sensing elements receiving more than
one charged particle is limited.

[00326] When a negative determination is made in step S204, the process may proceed to a step S206.
In step S206, the period may be adjusted. For example, the period may be made shorter so that less of
the sensing elements will receive more than one charged particle in one frame. The period may be

decremented by a predetermined amount. Thereafter, the process may return to step S202.
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[00327] On the other hand, when an affirmative determination is made in step S204, the process may
proceed to step S205. At step S205, the process may end. In some embodiments, other processing
may follow.

[00328] A method may include elements of the flowchart of Fig. 25 with or without various
modifications. For example, concurrent with step S203, a boundary line may be determined that may
be provided so as to encompass and group sensing elements that receive more than one charged
particle. The sensing elements receiving more than one charged particle may be associated with a
region of high intensity of a charged particle beam spot.

[00329]1t will be appreciated that both the processes of Fig. 24 and Fig. 25 may be incorporated into
one control routine. For example, the flow of the process of Fig. 24 may be modified so that blocks
5204 and S206 of Fig. 25 may operate in parallel with blocks S105 and S107.

[00330] Furthermore, a control routine may comprise additional processing such as determining to
adjust settings or structures of a charged particle beam apparatus based on determinations related to
the first or second predetermined criteria. Reference is now made to Fig. 26, which illustrates a
flowchart of an exemplary determination method. The process of Fig. 26 may begin at a step S301.
[00331]In a step S302, a controller (e.g., controller 109 of Fig. 1) may receive a frame of data relating
to sensing element output. The frame may comprise outputs from a plurality of sensing elements of a
detector that may be connected to a circuit on a per-sensing element basis. Thus, the controller may
receive a plurality of detection signals each corresponding to the output of an individual sensing
element in one frame.

[00332]1In a step S303, a number of charged particles incident on the detector within the frame may be
determined. Step S303 may comprise determining numbers of charged particles incident on each
sensing element of the plurality of sensing elements of the detector within the frame.

[00333]1n a step S304, the controller may determine whether a first criteria has been satisfied. For
example, it may be determined whether a number of sensing elements receiving more than one
charged particle is less than or equal to a first number. Step S304 may comprise determining whether
no more than B% of sensing elements receive more than one charged particle.

[00334] When an affirmative determination is made in step S304, the process may proceed to a step
S305. In step S305, the controller may determine whether a second criteria is satisfied. For example,
it may be determined whether a number of sensing elements receiving at least one charged particle is
greater than or equal to a second number. Step S305 may comprise determining whether at least A%
of sensing elements receive at least one charged particle.

[00335] When a negative determination is made in step S304, the process may proceed to a step S307.
A negative determination in step S304 may mean that the first and second criteria should be adjusted.
For example, a negative determination in step S304 may mean that the number B% may be set too
low or the number A% may be set too high. It may also mean that charged particle distribution within

a beam spot is not even enough. In step S307, an adjustment may be made. The adjustment may be
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made so that charged particle distribution within the beam spot may become more even. The
adjustment may comprise defocusing a projection system in the charged particle beam apparatus. For
example, the projection system may be configured to defocus the beam to a certain extent.
Furthermore, the magnification of the charged particle beam apparatus may be changed to enlarge the
beam spot. Further adjustments may also be made. For example, the frame period may be made
shorter. Thereafter, the process may return to step S302.

[00336]In step S305, when a negative determination is made, the process may proceed to a step S308.
In step S308, the numbers A% and B% may be adjusted. Further adjustments may also be made. For
example, the frame period may be made longer. Thereafter, the process may return to step S302.
[00337] When an affirmative determination is made in step S305, the process may proceed to step
S306. At step S306, the process may end.

[00338] Frame adaptation may occur after a current frame period has concluded. For example, an
adjustment may be made in a subsequent frame in response to a situation in which sensor output is
determined not to meet criteria for a current frame. A subsequent frame may be shortened or
lengthened, for example as in the examples discussed above. However, in some embodiments, frame
adaptation may occur in real time. A determination may be made for a current frame period. A
determination may be made to cut a current frame short, or to lengthen the frame. The determination
may be made when, for example, sensor output cannot meet criteria due to the period of the current
frame.

[00339]Reference is now made to Fig. 27, which illustrates a flowchart of an exemplary period
determination method. A controller (e.g., controller 109 of Fig. 1) may be programmed to implement
one or more blocks of the flowchart of Fig. 27. In a step S401, the process may begin. Step S401
may follow processing such as that of Fig. 24, Fig. 25, or Fig. 26. From step S401, charged particle
imaging may be started or may have been ongoing. A period of a frame may be set to a value such as
from a prior frame processing or having been initialized at a predetermined initial value.

[00340] The processing of Fig. 24 or Fig. 25 may result in an adjustment that may be applied to the
next data frame after the current one. In such processing, the current frame may end after data is
received by a controller, even if there is an adjustment. In the processing of Fig. 27, however, after
receiving data, the current frame may not necessarily end. If, for example, criteria has not been met,
an adjustment for the current frame may be made, and then updated data that reflects the adjustment
may be transmitted to the controller. When data transmitted to the controller meets the criteria, then
the current frame may end.

[00341] Continuing in the process of Fig. 27, in a step S402, the controller may determine properties
of the current frame. Properties of the current frame may include the frame period. Step S402 may
include reading a value from a storage. Step S402 may also include determining properties related to

the current frame, such as imaging conditions of a SEM system operating during the current frame.
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[00342]In a step S403, the controller may receive a frame of data relating to sensing element output.
The frame may comprise outputs from a plurality of sensing elements of a detector that may be
connected to a circuit on a per-sensing element basis. Thus, the controller may receive a plurality of
detection signals each corresponding to the output of an individual sensing element in one frame.
[00343]1In a step S404, a number of charged particles incident on the detector within the frame may be
determined. Step S404 may comprise determining numbers of charged particles incident on each
sensing element of the plurality of sensing elements of the detector within the frame.

[00344]1n a step S405, it may be determined whether criteria can be met based on received output
signal, the properties of the current frame, or other properties previously determined. The criteria may
include the first predetermined frame criteria or the second predetermined frame criteria, as discussed
above with respect to Fig. 24 and Fig. 25. For example, step S405 may include determining whether
at least A% of sensing elements receive at least one charged particle, or whether no more than B% of
sensing elements receive more than one charged particle. In step S405 of Fig. 27, it may be
determined that, based on the current frame properties, output from sensing elements of the array will
not satisfy the criteria. For example, it may be determined that the current frame has a period so short
that there will not be a number of sensing elements receiving at least one charged particle greater than
the first number within the current frame. It may be determined that the current frame period is too
short based on the average number of electron arrival events determined for a particular level of beam
current. It may be determined that under the current imaging conditions using, e.g., a 4 nA electron
beam, it will not be possible that more than the first number of sensing elements receive more than
one electron because electron arrival events will be too sparse. Step S405 may include determinations
that are based on a level of confidence. In some embodiments, a determination in step S405 may be
based on information collected in steps S402, S403, or S404. Step S405 may include determinations
based on both the first predetermined frame criteria (e.g., at least A% of sensing elements receive at
least one charged particle) and the second predetermined frame criteria (e.g., no more than B% of
sensing elements receive more than one charged particle). Determinations may be made in parallel or
in separate process flows. For example, it may be determined together in one step whether the first
and the second predetermined frame criteria can be met, or it may be determined separately whether
the first predetermined frame criteria can be met and then whether the second predetermined frame
criteria can be met, or vice versa.

[00345] When a negative determination is made in step S405, the process may proceed to a step S406.
In step S4006, the period of the current frame may be adjusted, or other adjustments to the frame may
be made. For example, the period may be made longer so that more of the sensing elements may
receive at least one charged particle in one frame. The amount of adjustment made may be
proportional to an amount of shortfall that may be anticipated, for example as a result of a
determination made in step S405. After adjusting the current frame, the process may return to step
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[00346] When a positive determination is made in step S405, the process may proceed to step S410
without adjusting the period, and the process may end. In some embodiments, other processing may
follow. For example, the process may end with respect to the current frame and may repeat for a new
frame.

[00347] A method may include elements of the flowchart of Fig. 27 with or without various
modifications, for example, those discussed above with respect to Fig. 24, Fig. 25, and Fig. 26.
Furthermore, while the example above discusses a shortening of the current frame period, there may
also be a lengthening of the current frame period. In some embodiments, there may also be a step of
determining whether a number of sensing elements receiving more than one charged particle is less
than or equal to a second number, similar to step S204 discussed above with respect to Fig. 25 or step
S305 discussed above with respect to Fig. 26. In some embodiments, steps S403 through S406 may
occur iteratively.

[00348]In some detectors, a detection process may include two steps with a fixed sequence. The two
steps may be used in determining the intensity of a secondary electron beam landing on a detector.
Such steps may be used together with or in place of a period determination process such as those
discussed above. There may be, for example, a first step of identifying a boundary of a beam spot on
a detector surface. And there may be a second step of determining intensity of an electron beam
based on grouped sensing elements corresponding to the beam spot. Information indicative of the
sample surface may be derived from the determined beam intensity.

[00349]1f an electron beam is incident on a detector in a fixed pattern of projection, the above-
mentioned two steps in fixed sequence may be useful in determining the beam intensity. However,
complications may arise if there are variations or fluctuations of the projection pattern of the electron
beam on the detector. For example, it may become difficult to determine the intensity of an electron
beam when electrons of the electron beam are distributed over multiple non-adjacent sensing elements
on a sensing element array of a detector. Such situations may arise when beam current is low, for
example, and relatively low numbers of electrons are incident on an array of sensing elements over a
large area. In situations where electron arrival rate is low, individual electron arrival events on
sensing elements may be sparse and may be spread over a wide area. As discussed above, a
geometric spread of landing positions of electrons in a secondary electron beam may be large due to
electrons having different trajectories that may be dependent on, for example, initial kinetic energy
and emission angles of the electrons.

[00350] Reference is now made to Fig. 28A, which illustrates a situation wherein a charged particle
beam apparatus may scan a primary beam of charged particles over a sample surface in a raster
pattern. The beam may scan continuously over the surface of the sample. The beam scan path may
correspond to pixels X; that may be used to make up a scanned image, where i is an index. As shown
in Fig. 28B, in an array of sensing elements 2100 of a detector, at a scanning time T of T, there may

be a sensing element 2101 that receives an incident charged particle. The detector may be configured
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for charged particle counting, and thus, charged particle arrival rate at a particular instant may be
relatively low. As the primary charged particle beam scans across the surface of a sample, secondary
or scattered charged particles may be generated that are incident on a detector. The distribution of
landing positions of the charged particles in a secondary charged particle beam may be relatively
broad. Therefore, at time T, sensing element 2101 may receive an incident charged particle.
However, in a next detection frame, for example at time T as shown in Fig. 28C, charged particles
may be incident on different regions of the array of sensing elements 2100. As shown in Fig. 28C, at
scanning time T of T, there may be a sensing element 2102 and a sensing element 2103 that each
receive an incident charged particle within a sampling period. Next, as shown in Fig. 28D, at
scanning time T of T3, there may be a sensing element 2104 that receives an incident charged particle
within a next frame. Further, as shown in Fig. 28E, at scanning time T of T4, there may be a sensing
element 2105 and a sensing element 2106 that each receive an incident charged particle within a
further frame. Although sensing elements 2101, 2102, 2103, 2104, 2105, and 2106 may not
necessarily be adjacent to one another, they may all be associated with the same secondary charged
particle beam, and thus, some may need to be grouped together to determine the intensity of the
secondary beam incident on the detector.

[00351]In some detection systems, it may be difficult to associate sensing elements with one charged
particle beam spot when charged particle arrival events occur across a broad region including multiple
sensing elements. Furthermore, in some detection systems, there may be multiple beamlets of a
primary charged particle beam that scan multiple locations on a sample simultaneously, and thus,
there may be multiple beams of secondary charged particles incident on a detector. Therefore, further
complications may arise in distinguishing secondary charged particle arrival events from different
beams, which may require grouping sensing elements separately. Additionally, flexibility of a
detector may be limited due to requirements of grouping sensing elements. If a projection pattern of
secondary beams of charged particles is not constant on a detector surface, for example when an anti-
deflection unit does not function properly, which may result in fast movements of the projection
pattern on the detector surface, it may be difficult to track the beam. The need for including
processing such as the grouping of sensing elements may impede the ability to catch up with
movements of the projection pattern and may introduce detection error.

[00352] Some embodiments of the disclosure may provide a detection process in which sensing
elements need not be grouped before charged particle counting. Rather, grouping may be performed
after charged particles have been counted and data representing the status of a detector at a particular
instant has been stored. In some embodiments, a time stamp may be associated with sensing element
data. Sensing element data corresponding to a particular time stamp may be correlated with a
scanning time to associate the sensing element data with a scanned position on the sample surface.
For example, sensing element data including a particular time stamp may be associated with a pixel of

a SEM image of the sample surface.
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[00353] A detector including a plurality of sensing elements may be operated in a variety of counting
modes. A circuit may be connected to the sensing element, and the circuit may be configured to
perform signal and data processing. The circuit may be built into the sensing element. Counting
methods may be based on signals that are output from the circuit connected to the sensing element. A
plurality of circuits may be provided, wherein each of the circuits is connected to a respective one of
the sensing elements of an array.

[00354] As an example of a counting mode, there may be a first mode, in which sensing elements may
count up to only one incident charged particle before being reset without discriminating the incident
charged particle energy. Resetting may involve resetting both the sensing element or its associated
circuit. As used herein, the phrase “resetting a sensing element” may refer to resetting of the sensing
element or its associated circuit. In a second mode, sensing elements may count numbers of incident
charged particles before being reset without discriminating the incident charged particle energy until a
counter is full. The numbers may include a predefined number. The predefined number may be one.
Sensing elements may stop counting charged particles after the counter is full. If a further charged
particle arrives after the counter is full but before the next reset, an overflow flag may be set. In a
third mode, sensing elements may count charged particles according to predefined energy levels.
Energy ranges may include, for example, zero to a first predefined energy level, the first predefined
energy level to another predefined energy level (and so on), and above the highest predefined energy
level. Only up to one charged particle may be counted within each range before a sensing element is
reset. In a fourth mode, sensing elements may count charged particles according to predefined energy
levels and may set an overflow flag for an energy range when more than a predetermined number of
charged particles is received in that energy range. In some embodiments, the predetermined number
for a corresponding energy range may be zero or one. The above modes and others will be described
further as follows.

[00355] Reference is made to Fig. 29A and Fig. 29B, which illustrate a first counting mode for
operating a detector or a detection system, consistent with embodiments of the disclosure. A sensing
element may detect the energy of incident charged particles. A circuit connected to the sensing
element may process an output of the sensing element. As shown in Fig. 29A, a sensing element and
circuit may output a detection signal on the basis of time. Fig. 29A is a graph of detection signal
intensity in arbitrary units on the ordinate axis plotted against time on the abscissa axis. Charged
particle arrival events at a sensing element may occur at time points T1, T, and Ts. A detector may
have sensing elements and a circuit configured to detect charged particle arrival events. For example,
a sensing element may be configured to generate a signal pulse in response to an incident charged
particle arriving at the sensing element, which may be due to the generation of electron-hole pairs in
the sensing element, and which may be fed to a circuit. The circuit may record a charged particle
arrival event upon determining that a charged particle has arrived at the sensing element. Fig. 29B

shows that at each of time points Ty, T», and T3, a charged particle (such as an electron) arrival event
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may be recorded. Each of the events at time points Ti, T», and T3, for example those shown in Fig.
29B, may correspond to a “count.” A count of a charged particle may include an indication that a
charged particle arrival event has occurred at a sensing element. The count may indicate that a
number of charged particles has arrived at a sensing element, the number being a whole number. Data
associated with charged particle arrival events may include the time at which the charged particle
arrival event was recorded. The time may be a system time. In some embodiments, the time may be
based on global clock cycles of a detection system. In some embodiments, the time may be based on
local time running at each individual sensing element. The time may be correlated with scanning time
of the primary electron beam of an electron beam tool. The data associated with charged particle
arrival events may also include an identifier indicating which sensing element among the array of
sensing elements received the charged particle. Thus, a location on the detector surface may also be
recorded.

[00356]In the first counting mode, in some embodiments, a detector may be configured to count up to
only one charged particle arrival event in a sensing element before being reset. The detector may be
configured to count the one charged particle arrival event without discriminating energy of the one
charged particle arrival event. The detector may count a charged particle arrival event in response to
detecting an amount of energy in a sensing element, for example. Resetting of the sensing element
may occur at the end of a detection frame. Resetting may also include resetting a circuit connected to
the sensing element.

[00357]1n the first counting mode, in some embodiments, a miscount may occur if charged particle
arrival events occur in quick succession. For example, a charged particle may arrive at a sensing
element shortly after a preceding particle, before the sensing element or its associated circuit has reset,
and thus the subsequent charged particle may not be counted. That is, the number of charged particles
counted may be determined to be one, when two particles have actually arrived at the sensing element.
Such a miscount may be addressed by using, for example, a second counting mode. It should be
noted that in some embodiments, an array of sensing elements may be designed and sized so that the
subsequent arrival time of adjacent charged particles for intended applications (e.g., a useable beam
current range) is sufficiently long such that the probability of such a miscount may be low.
[00358]Fig. 30A and Fig. 30B illustrate a second counting mode for operating a detector or a
detection system, consistent with embodiments of the disclosure. As shown in Fig. 30A, a sensing
element and circuit may output a detection signal on the basis of time, and charged particle arrival
events at the sensing element may occur at time points Ty, T, T3, and T4. At the time T, a charged
particle may arrive before the sensing element or its associated circuit has reset. However, rather than
ignoring the subsequent charged particle arrival event, a detector may set an overflow flag. The
overflow flag may indicate that a further charged particle has arrived at the sensing element. The
overflow flag may be triggered by the increase in signal generated at the sensing element and circuit

due to the subsequent charged particle arrival event.
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[00359] Overflow may include a first type of overflow. The first type of overflow may be
encountered when one charged particle arrives at a sensing element and a subsequent charged particle
arrives in a state where the sensing element and circuit are unable to give a proper response to the
subsequent charged particle arrival event. This may be due to processing of the first charged particle
arrival event by the circuit being ongoing when the subsequent charged particle arrives. The circuit
may be unable to process output of the subsequent charged particle arrival event until processing for
the first charged particle arrival event has finished and may simply record the subsequent charged
particle arrival event as an overflow event by, e.g., setting an overflow flag. The first charged particle
and the subsequent charged particle may be in the same or different energy level range. Processing
the output of a charged particle arrival event may include determining the energy level of the charged
particle. Therefore, when the subsequent charged particle arrival event is determined as an overflow
event, an energy level of the subsequent charged particle may be ignored. If, for example, the
subsequent charged particle arrival event occurs before processing for the first charged particle arrival
event starts, the overflow flag may not be set, and the two incoming charged particles arriving one
after another within a very short time period may still be identified and counted. For example, an
event signal may be generated having an amplitude corresponding to that of a single secondary
charged particle arrival event plus a single backscattered charged particle arrival event, and thus, it
may be determined that a secondary and a backscattered particle have arrived.

[00360] Overflow may also include a second type of overflow. The second type of overflow may be
encountered when a counter of a circuit connected to a sensing element is in an overflow state, such as
in the second counting mode. In some embodiments, the second type of overflow may be
encountered when a counter of a circuit connected to a sensing element for counting charged particles
in a specific energy range is in an overflow state, such as in a fourth counting mode, as shall be
discussed below. The overflow flag may be based on the second type of overflow in, for example, the
second counting mode or the fourth counting mode. A detector may be configured to reset a sensing
element and its associated circuit based on the second type of overflow.

[00361]In the second counting mode, in some embodiments, a detector may be configured to count
numbers of charged particles incident on sensing elements of an array of sensing elements in the
detector. The detector may be configured to count the numbers of charged particles as discrete
charged particle arrival events. The detector may be configured to count the numbers of charged
particles without discriminating energy levels of the charged particle arrival events. The detector may
count a charged particle arrival event in response to detecting an amount of energy received by a
sensing element, for example. The detector may detect an overflow state in response to an increase in
energy received by the sensing element relative to that at the time of detecting the charged particle
arrival event. Resetting of the sensing element may occur at the end of a detection frame. The
detector may set an overflow flag that may indicate that another charged particle has arrived during

the same detection frame as that in which the charged particle arrival event was already detected.
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[00362]In the first counting mode and the second counting mode, charged particles may be counted
without regard to the energy of the incident charged particles. Thus, regardless of whether a charged
particle is a backscattered electron or a secondary electron, the charged particle arrival event may
simply be recorded as an arrival event.

[00363]Fig. 31A and Fig. 31B illustrate a third counting mode for operating a detector or a detection
system, consistent with embodiments of the disclosure. As shown in Fig. 31A, a sensing element and
circuit may output a detection signal on the basis of time, and charged particle arrival events at the
sensing element may occur at time points Ty, T2, T3, and T4. The charged particles may have different
energy levels. Separate energy level thresholds may be set. A threshold of the separate energy level
thresholds may be set to distinguish noise from detection signal. For example, the detector may be
configured not to count a charged particle having energy greater than zero but less than a first energy
threshold E1. The detector may be configured to count a charged particle having energy greater than
or equal to first energy threshold E1 and less than a second energy threshold E2. The detector may
further be configured to count a charged particle having energy greater than or equal to second energy
threshold E2 and less than a third energy threshold E3. The detector may further be configured to
count a charged particle having energy greater than or equal to third energy threshold E3. It will be
understood that bounds of energy ranges may be modified, for example, that a range may be defined
as greater than first energy threshold E1 and less than or equal to second energy threshold E2. That is,
in some embodiments, a range may be set as E1<x<E2. In some embodiments a range may be set as
El<x<E2. In some embodiments, a range may be set as E1<x<E2, and so on.

[00364]In the third counting mode, in some embodiments, a detector may be configured to count up
to only one charged particle arrival event in a sensing element for a particular energy range before
being reset. The detector may count a charged particle arrival event in an energy range in response to
detecting a level of energy in a sensing element corresponding to the energy range. The detector may
count a charged particle arrival event in an energy range in response to detecting an output signal of a
sensing element corresponding to the energy range. Resetting of the sensing element may occur at the
end of a detection frame.

[00365]In some embodiments, a detector may be configured to count only charged particle arrival
events for a certain energy range or ranges. For example, a circuit connected to a sensing element
may be configured to count only charged particle arrival events corresponding to the energy range of
E1<x<E2 while neglecting events corresponding to other energy ranges.

[00366]Fig. 31B shows that at each of time points Ti, T2, T3, and Ta, an electron arrival event may be
recorded. Data associated with electron arrival events may include energy level and the time at which
the electron arrival event was recorded. Multiple recording may be made for different energy levels.
For example, a detector may count a first charged particle arrival event at a first time, wherein the first

charged particle has a first energy, and count a second charged particle arrival event also at or near the
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first time, the second charged particle having a second energy in a different energy range as compared
to the first charged particle.

[00367]Fig. 32A and Fig. 32B illustrate a fourth counting mode of operating a detector or a detection
system, consistent with embodiments of the disclosure. As shown in Fig. 32A, a sensing element and
circuit may output a detection signal on the basis of time, and charged particle arrival events at the
sensing element may occur at time points Ty, T2, T3, T4, Ts, and Ts. The charged particles may have
different energy levels.

[00368]Fig. 32B shows that at each of time points Ti, T3, and T4, an electron arrival event may be
recorded. Data associated with electron arrival events may include energy level and the time at which
the electron arrival event was recorded. Multiple recordings may be made for different energy levels.
For example, a detector may count a first charged particle arrival event at a first time, wherein the first
charged particle has a first energy, and count a second charged particle arrival event also at or near the
first time, the second charged particle having a second energy in a different energy range as compared
to the first charged particle.

[00369] At the time T», a charged particle in the same energy range as the preceding charged particle
may arrive before the sensing element or its associated circuit has reset. The sensing element may set
an overflow flag in response to a charged particle arrival event occurring at time T>. The overflow
flag may indicate that a further charged particle has arrived at the sensing element. The overflow flag
may be specific to an energy range. The overflow flag may be triggered when a charged particle is
detected while a prior charged particle in the same energy range has already been detected before the
sensing element or its associated circuit has been reset.

[00370] Similarly, at the time T, a charged particle in the same energy range as a charged particle
already received at the sensing element in a detection frame may arrive before the sensing element or
its associated circuit has reset. However, at the time Ts, a charged particle in a different energy range
as the preceding charged particle may arrive before the sensing element or its associated circuit has
reset. In this case, the detector may still record that a charged particle has arrived without triggering
the overflow flag. The charged particle arrival event occurring at time T6 may trigger an overflow
flag, as shown in Fig. 32B. The foregoing may include an example where a detector is configured to
count numbers of charged particle arrival events for a first energy range and to set an overflow flag
when overflow is encountered in a sensing element. The numbers of charged particles in the
foregoing example may be one. However, in some embodiments, the numbers may be zero or may be
more than one. Furthermore, the detector may be configured to count a same or different number of
charged particles in different energy ranges.

[00371] Using different energy level thresholds may be useful to distinguish different types of charged
particles. For example, in some embodiments, it may be useful to distinguish backscattered and

secondary electrons from one another.
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[00372] Comparison of incident charged particle energy may be based on reference values. Circuitry
may be provided that includes, for example, a comparator. The comparator may compare an output
signal from a sensing element to a reference provided in a circuit. As one example, in the case where
a sensing element is connected to an element that converts output current signal to a voltage
commensurate with the energy of the incident charged particle, a comparator may compare detected
voltage to a voltage reference. The comparator may determine that the voltage signal is higher or
lower than the reference voltage without ever storing a value of the detected voltage.

[00373]In some embodiments, data associated with charged particle arrival events may include
recorded energy level corresponding to incident charged particles. For example, a sensing element
may be connected to an analog-to-digital converter that may convert output signal of the sensing
element to a value, which may be stored. Energy of incident charged particles may be directly
measured and recorded.

[00374]In the fourth counting mode, in some embodiments, a detector may be configured to count
numbers of charged particles incident on sensing elements of an array of sensing elements in the
detector. The detector may be configured to count the numbers of charged particles as discrete
charged particle arrival events. The detector may be configured to count the numbers of charged
particles for a particular energy range before being reset. The detector may count a charged particle
arrival event in an energy range in response to detecting a level of energy received by a sensing
element corresponding to the energy range. The detector may count a charged particle arrival event in
an energy range in response to detecting an output signal from a sensing element corresponding to the
energy range. The detector may detect an overflow state in response to an increase in energy received
by the sensing element relative to that at the time of detecting the charged particle arrival event in a
particular energy range. Resetting of the sensing element may occur at the end of a detection frame.
Resetting of the sensing elements may occur together with resetting their associated circuits. The
detector may set an overflow flag that may indicate that another charged particle has arrived during
the same detection frame as that in which the charged particle arrival event of a particular energy
range was already detected.

[00375] A detector may include an array of sensing elements and a circuit, and may be operated in a
variety of ways consistent with the above-discussed modes. The circuit may include a plurality of
circuits, each of which may be connected to a respective sensing element of the array. All of the
sensing elements in the array may be operated in the same mode. In some embodiments, sensing
elements of the array may be operated in different modes at the same time. Data associated with
charged particle arrival events may include an indicator of which mode of operation is used.
[00376]In some embodiments, a time stamp may be recorded when each incident charged particle is
counted by a sensing element. If only up to one charged particle is counted without discriminating the
energy of the particle, the time stamp may indicate the time at which the first charged particle arrives

before the next reset. If only up to one charged particle is counted within each of predetermined
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energy ranges, the time stamp may indicate the time at which the first charged particle arrived within
its associated energy range before the next reset. Overflow flags may also be set with their
corresponding time stamps.

[00377]Resetting of sensing elements may be performed in a variety of ways. For example, in a first
resetting mode, all sensing elements in an array may be reset at the same time with a fixed or varying
period. In a second resetting mode, sensing elements may be reset at different time points based on
predetermined regions. In a third resetting mode, sensing elements may be reset individually at
different time points with fixed or varying periods. In a fourth resetting mode, one or more of the
above modes may be combined. These modes will be discussed in further detail as follows.

[00378] The first resetting mode may be based on a common reset. Some or all of the sensing
elements in an array of sensing elements may be reset at one time. For example, all sensing elements
in the array of sensing elements may be reset simultaneously. The rate of resetting may be
determined by a period. The period may be predetermined. In some embodiments, the period may be
a fixed period. In some embodiments, the period may vary. For example, as discussed above with
references to Fig. 20C, the length of frames may be different from one to another. The period of a
frame may be set to adapt to the signal intensity of the charged particle beam being detected. In some
embodiments, periods may include a mix of fixed and varying periods.

[00379]1n the first resetting mode, in some embodiments, data from each sensing element may be
stored before each reset. The data may be stored immediately prior to the reset. Thus, a snapshot of a
surface of a sensing element array may be acquired at intervals. The intervals may be fixed or
varying. In this way, a detector may output data on a timewise basis with a detection frame rate. The
detection frame rate may be based on conditions that may be required for a particular SEM imaging
frame rate.

[00380]In the first resetting mode, in some embodiments, resetting may occur based on
predetermined conditions. The predetermined conditions may include criteria, such as a condition
that at least A% of sensing elements in a sensing element array receive at least one charged particle.
Another example of predetermined conditions may include a condition that at least A% of sensing
elements in a sensing element array encounter overflow. A time stamp may be recorded each time a
reset occurs. Time stamps may be used to label corresponding detection frames.

[00381]Fig. 33A and Fig. 33B illustrate a detection signal according to the first resetting mode,
consistent with embodiments of the disclosure. Similar to the exemplary embodiment shown in Fig.
29A, in Fig. 33A, charged particle arrival events at a sensing element may occur at time points T, T,
and Ts. A sensing element may detect charged particle arrival events at these time points.
Meanwhile, Fig. 33A also shows a plurality of frames, F1, F2, F3, and F4 at a constant frame rate.
The frames may correspond to resetting of sensing elements. In some embodiments, resetting may be
initiated by a controller. At the end of each frame, sensing elements and their associated circuits may

be reset. Thus, a reset may occur at time points Tri, Tr, Trs, and Trs. Storing of sensing element data
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may occur at or immediately before time points Tri, Tr, Trs, and Trs. While Fig. 33A may only show
the output of one sensing element, it is understood that resetting according to the first resetting mode
may occur simultaneously for all sensing elements of an array.

[00382]Referring now to the second resetting mode, the second resetting mode may be based on a
common reset for a portion of the sensing elements of an array. Sensing elements in different regions
of the array may be reset at different time points. Thus, not all of the sensing elements on the array
may be reset at the same time. Regions may be determined in advance. For example, regions may be
determined based on quadrants of a detector. In some embodiments, for example where a multi-beam
apparatus is used, regions may correspond to portions of the detector where beams of secondary
charged particles are expected to land. In some embodiments, the regions may correspond to
detection sub-regions, such as 246, 248, and 250 of detector 244 (see Fig. 2A). In some
embodiments, the regions may be determined in real time. Regions may also change during operation
of the detector.

[00383]In the second resetting mode, the sensing elements in one region of an array of sensing
elements may be reset at one time. The rate of resetting may be determined by a period. The period
may be a fixed period, or the period may vary, for example as discussed above. Among different
regions, resetting may be done at different time points.

[00384]In the second resetting mode, in some embodiments, data from each sensing element in a
region may be stored before each reset. The data may be associated with other sensing elements in
the same region. The data may be stored immediately prior to the reset. Thus, a snapshot of a surface
of a specific region of a sensing element array may be acquired at intervals. The intervals may be
fixed or varying. In this way, a detector may output data on a timewise basis with a detection frame
rate based on different regions. The detection frame rate may be based on conditions that may be
required for a particular SEM image frame rate.

[00385]In the second resetting mode, in some embodiments, resetting may occur based on
predetermined conditions. The predetermined conditions may include criteria, such as a condition
that at least A% of sensing elements in a region of a sensing element array receive at least one
charged particle. Another example of predetermined conditions may include a condition that at least
A% of sensing elements in a region of a sensing element array encounter overflow. A time stamp
may be recorded each time a reset occurs. Time stamps may be used to label corresponding detection
frames from specific regions. In some embodiments, the number of regions on the detector surface
may relate to the number of beams to be detected. In some embodiments, the number of regions may
be unrelated to the number of beams to be detected. The sizes and shapes of regions may be the same
or different from one another.

[00386] While Fig. 33A and Fig. 33B may illustrate a detection signal according to the first resetting
mode for a sensing element, it will be appreciated that multiple sensing elements associated with one

region may be reset in a similar manner according to the second resetting mode. Thus, although



10

15

20

25

30

35

WO 2019/233991 80 PCT/EP2019/064445

output for only one sensing element may be shown in Fig. 33A and Fig. 33B, other sensing element
output may be representing in a similar way.

[00387] Referring now to the third resetting mode, the third resetting mode may be based on
individual resets of the sensing elements of an array. Each sensing element in the array may be reset
at different time points. Sensing elements may be reset with fixed or varying period, for example as
discussed above.

[00388]In the third resetting mode, in some embodiments, data from each sensing element may be
stored before each reset. The data may be stored immediately prior to the reset. Thus, a snapshot of a
surface of a specific sensing element in a sensing element array may be acquired at intervals. The
intervals may be fixed or varying.

[00389] Resetting of sensing elements in the third resetting mode may be based on predetermined
conditions. The predetermined conditions may include, for example, that a specific sensing element
receives at least one charged particle. Another example of predetermined conditions may include a
condition that a specific sensing element encounters overflow. A time stamp may be recorded each
time a reset occurs.

[00390]Fig. 34A and Fig. 34B illustrate an example of a sensing element and its associated circuit
resetting in response to a charged particle arrival event. The reset may occur at a predetermined time
after the charged particle arrival event. In some embodiments, the reset may be initiated directly after
the charged particle arrival event occurs or is detected. A charged particle arrival event on a sensing
element may initiate a feedback loop where a counter may be incremented and a reset operation is
started. In comparison to, for example, Fig. 33A and Fig. 33B, resetting of a sensing element and its
associated circuit according to Fig. 34A and Fig. 34B may occur irrespective of predetermined
frames.

[00391]Fig. 35A and Fig. 35B illustrate an example in which resetting may occur by a passive
method. As shown in Fig. 35B, detection signal may decay naturally in response to a charged particle
arrival event without an active reset operation. Gradual decay of signal may include long tail
behavior.

[00392]In some embodiments, resetting of a sensing element or its associated circuit may be passive
or active. Resetting of a counting detector or a sensing element itself may include quenching. In
some embodiments, a quenching circuit may be provided. The quenching circuit may control
quenching of the respective sensing element. Resetting in a detector may include resetting another
circuit connected to each sensing element in an array, for example a counting circuit. The counting
circuit may include an analog portion, such as front-end electronics. Resetting of the analog portion
of a circuit may be passive or active. The counting circuit may also include a digital portion, such as
a pulse height analyzer and scaler. In some embodiments, resetting of the digital portion of a circuit
may be active. Active resetting of a circuit or sensing element may be advantageous for achieving

high speed.
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[00393]In some embodiments, electron counting may be enabled wherein it is not necessary to bias a
diode of a sensing element to avalanche mode or even so called “Geiger counting” mode to achieve
gain. Gain may be achieved due to the kinetic energy of an incoming electron. Providing gain due to
kinetic energy of electrons may help to maintain high speed of a detector. In addition, in some
embodiments, a diode may be biased to avalanche mode, wherein the diode may have high speed. In
avalanche mode, long tail in the signal may be reduced or avoided. Due to the avalanche effect, speed
may even be higher than diodes under normal bias conditions. As a result, a detector with a sensing
element may be fast enough so that there will be no long tail in the signal from the sensing element.
In some embodiments, a reset mechanism may be provided for the sensing element and the related
signal conditioning and processing circuits to cause the detector go back to the initial state after each
electron arrival event.

[00394]Referring now to the fourth resetting mode, the fourth resetting mode may use a combination
of the above discussed resetting modes. For example, the fourth resetting mode may include resetting
of sensing elements in accordance with the second resetting mode and the third resetting mode in
combination.

[00395]In some embodiments, resetting of sensing elements may occur uniformly among all the
sensing elements in an array. Reset intervals of a single sensing element may be different from frame
to frame. When all sensing elements of an array are reset uniformly, all of the sensing elements may
use the same reset intervals. However, in some embodiments, reset intervals may be different from
sensing element to sensing element.

[00396] The first to fourth resetting modes may be used with any of the first to fourth modes of
operating a detector, discussed above. A variety of combinations may be employed.

[00397] A detector may be configured such that data is continued to be produced data that relates to
the number of charged particles counted at a sensing element as time advances. In some
embodiments, data may be produced from sensing elements with a time stamp at a time of a charged
particle arrival event. Furthermore, in some embodiments, data may be produced from sensing
elements with a time stamp at a time of sensing element reset. The time stamps of these events may
be different from one another. Based on information derived from sensing elements, including
information about locations of each sensing element, a motion picture of incoming charged particles
received by sensing elements in an array may be generated. Raw data regarding charged particle
arrival events may be converted to a desired format with a specified frame rate and pixel resolution.
Information may be derived regarding intensity of beams of charged particles received on a detector.
[00398] Reference is now made to Fig. 36, which illustrates an effect of a charged particle arrival
event on a detection surface. In Fig. 36, a detector may include a plurality of sensing elements
including sensing element 36a, sensing element 36b, sensing element 36¢, and sensing element 36d.
A charged particle may hit (e.g., impact) the detector surface in a region near a boundary between

sensing element 36a and sensing element 36c. When an electron impacts a detector, it may create a
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charge in a volume of the detector. The volume may span two or more sensing elements. For
example, an ionized region 37 may develop that may enter into multiple sensing elements. Charge
developing in multiple sensing elements may lead to an electron being counted multiple times or not
being counted at all.

[00399]1In some embodiments, miscounting of electrons that reach a detection surface of a detector
may be further reduced. Some miscounting may be based on electron arrival events that occur near
the boundary between sensing elements. When electrons from an electron optical column of a SEM
reach the sensing surface of a detector, the locations where the electrons enter the detection device
may be randomly distributed. Due to an ionization process after each electron enters the detector, a
temporary ionized region within the detector may be created. The temporary ionized region may
expand outside of a depletion region of a sensing element. Each of the ionized regions may have a
volume that relates to the energy of each incoming electron and the materials that form the detector.
The randomness of the locations where each electron enters the detection device may result in the
temporarily ionized region induced by each incoming electron crossing the boundary of adjacent
sensing elements. Thus, multiple sensing elements in the detector may have an output signal
corresponding to a specific incoming electron. In a per-sensing element based electron counting
device, this may cause miscounting.

[00400] To address the above issue, some embodiments may employ the following. A sensing
element may be configured to have a predetermined size and shape. An array of sensing elements
may include sensing elements that are arranged in a pattern, such as a grid. The size of each sensing
element in the detector may be chosen in such a way that in any direction, the size of the sensing
element is no less than a maximum penetration depth of the incoming electrons. The sensing element
may be configured such that no dimension (e.g., a length, width, height) of the sensing element is less
than the maximum penetration depth. The maximum penetration depth may be based on the materials
used to form the detector. For example, an electron may penetrate further in one material than
another. In this way, each incoming electron may impact no more than four sensing elements at a
time. This may help to further simplify signal post-processing for miscount correction.

[00401] Furthermore, in each sensing element, if the strength of a signal due to an incoming electron
is higher than a predefined reference value, e.g., a threshold THa, a time stamp may be left for the
event. Threshold THx may correspond to a value that is a predetermined proportion of average event
pulse signal, or some other parameter such as a measure of energy in response to electron arrival
events. For example, threshold THA may be set to a value that is equal to 20% of average amplitude
of event signal pulses corresponding to situations of one incoming secondary electron impacting one
sensing element. The situation of one incoming secondary electron impacting one sensing element
may correspond to a temporary ionized region forming within the volume of one single sensing

element. Threshold THa may be based on parameters of secondary electrons that may have relatively
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consistent energy level. Furthermore, energy variation of secondary electrons under fixed SEM
imaging settings may be smaller than, for example, that of backscattered electrons.

[00402] An event that has a signal strength exceeding threshold THa may represent that a sensing
element has been hit at least partially by an incoming electron. Then, information from any two
adjacent sensing elements may be analyzed. If any two adjacent sensing elements encountered
electron impacting events with the same time stamp, the signal from the two sensing elements may be
added in an analog way, and the result may be sent to one of the two sensing elements. The signal
stored in the other of the two sensing elements may be cleared (e.g., deleted).

[00403] For example, the signals due to an incoming electron from each sensing element that has been
hit (e.g., impacted) may be presented in the form of a voltage across a capacitor. In each sensing
element, the capacitor used to generate and store the signal may have the same capacitance. Then,
during analog signal processing, e.g., analog signal adding, the charges from the capacitor in one of
the two adjacent sensing elements may be transferred to the capacitor in the other one of the two
adjacent sensing elements. In this way, signal adding may be conducted and the signal in the first one
of the two adjacent sensing elements may then be deleted.

[00404]In some configurations, in each sensing element, there is only one capacitor and one memory
for time stamp recording. The signal processing procedure may be started whenever there are two
adjacent sensing elements that are impacted by incoming electrons simultaneously at a time point.
The process may be asynchronized to the system clock.

[00405]In other configurations, in each sensing element, there are more than one capacitor for signal
generation and storage. In addition, each of the capacitors may have its corresponding time stamp
memory. These capacitors and their corresponding time stamp memories may be used in a way that
each one of them is only used to generate and store the signal of one single event of an electron
impacting the sensing element. For example, during each event, there may be one or more than one
electrons impacting the sensing element within a period of time that is short enough that the circuit in
the sensing element will treat the period as a time point. In other words, from the circuit’s point of
view, those electrons hit the sensing element at the same time. Then, the signal processing procedure
for count correction may be started if a predefined number M, or a percentage B%, of capacitors in a
sensing element are used and there is at least one event amount the events that involves at least two
adjacent sensing elements. The procedure in that specific sensing element may be stopped until all
the electron impacting events involving at least two sensing elements are processed. During the
signal processing procedure, the sensing elements involved in the procedure may still count new
events of incoming electrons until all the capacitors and time stamp memories in that sensing elements
are used. Then, if there are new incident electrons that hit the same sensing element, an overflow may
be recorded. The reset of that sensing element may be conducted after the signal processing
procedure mentioned above is completed and the data stored in sensing element or associated with it

is sent out.



10

15

20

25

30

35

WO 2019/233991 84 PCT/EP2019/064445

[00406]In a signal processing procedure such as that consistent with the above, a combined signal
may be stored in one element of the two adjacent sensing elements hit by the same incoming electron
or electrons, from which the signal level is higher, each time there is a boundary impacting event
occurs. Furthermore, the signal in the other one of the two sensing elements may be deleted. The
capacitor and its corresponding time stamp memory will then be available immediately for the next
electron impacting event for that sensing element.

[00407] A detector may be provided in which the miscounting rate due to one incoming electron
hitting more than one sensing elements is reduced. Such an event may be referred to as a boundary
impacting event. The boundary impacting event may occur when ionized region 37 develops in more
than one sensing element, for example as shown in Fig. 36.

[00408]In some embodiments, each type of electron (e.g., secondary electron, backscattered electron,
etc.) has a characteristic energy range and creates a characteristic amount of charge when impacting a
detector. When multiple adjacent sensing elements detect charge at the same time, the charge may be
compared to these characteristic energies to determine whether they correspond to multiple electron
impacts, or a single impact that generates charge in multiple sensing elements. A method may be
provided for reducing miscounting in an electron counting detector. The method may include
detecting charge in two or more adjacent sensing elements at substantially a same time, comparing the
charge detected in each of the adjacent sensing elements to one or more reference values, and based
on the comparison, determining if the charge results from one electron impacting one of the sensing
elements or from multiple electrons impacting the two or more sensing elements.

[00409] A charged particle beam apparatus may be configured to image a sample using a charged
particle beam. A detector may be configured to determine a count of charged particles arriving at the
detector. The count of charged particles may be based on individual counts of charged particles
received by individual sensing elements of an array. Based on the count, an image of the sample may
be reconstructed. Producing an image, such as a SEM image, may include summing counts for a
plurality of sensing elements and correlating the counts with a particular time that corresponds to a
position on the sample surface that was scanned. The summed counts may be used for determining a
gray level of a pixel image. In some embodiments, further degrees of freedom in information display
may be used. For example, information included in a count may include a time stamp, a location
(e.g., a sensing element’s location on the array of sensing elements), and a number of charged
particles counted. Counts of sensing elements may be associated with sample surface position by
correlating with scanning time. Counts of individual sensing elements may be grouped together based
on, for example, their time stamp. Sensing element data having time stamps that are the same or close
to one another in value may be grouped together. The grouped sensing element data may be
associated with a beam of charged particles incident on the detector. The number of charged particles
counted may be taken as the sum from a plurality of sensing elements that received charged particles

within a time window based on their time stamps.
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[00410]In some embodiments, sensing elements may be grouped without requiring pre-processing.
Instead, sensing elements may be grouped in a post-processing method. Sensing elements that are
determined to receive charged particles at a certain time based on their time stamps may be grouped
together and may be associated with a beam spot. Thus, there may be no need to determine beam
boundaries, such as boundary line 350 and 360 (see Fig. 3F). Sensing elements, or further, the
information from sensing elements that are not necessarily adjacent to one another may be grouped
based on their time stamp, location, scan action of the primary beam, or properties of the SEM
system. Thus, for example referring to Fig. 28A to Fig. 28E, a detector may determine that all sensing
elements receiving charged particles at a particular scan time (e.g., at T=T>, sensing elements 2102
and 2103) may be associated with the same beam of charged particles that is incident at a particular
spot on the detector.

[00411] According to some embodiments, real-time high-linearity (high-fidelity), or high dynamic
range charged particle beam detection may be achieved. A charged particle beam detection system
may be able to track slow and fast movements of a projection pattern of secondary charged particle
beams incident on a detector. In some applications, a SEM system may be made more robust and
failure tolerant. As a result, system down time may be reduced.

[00412]In some embodiments, an anti-deflection system in a projection system may be omitted,
which may help to simplify systems. This may further improve reliability and reduce system down
time.

[00413] A variety of results may be acquired according to specific application requirements based on
the same set of acquired raw data. Results may be used in post processing rather than in pre-
processing. In some embodiments, pre-processing may include sensing element grouping. Data may
be further tailored for optimizing specific purposes. For example, a trade-off relationship may exist
between optimizing detection parameters such as cross talk and secondary charged particle collection
efficiency. However, when post processing is used to adjust data, the trade-off may be adjusted
without loss of information. This may provide application layers with more flexibility and may
reduce the risk of having to redo specific operations merely to obtain data with different detection
parameter settings.

[00414]In some embodiments, a detection system may include analog, mixed signal, and digital
circuits. In comparative embodiments, the percentage of analog circuit portions may be relatively
high, which may make device implementation more difficult, and may make detector design less
compatible with the most advanced semiconductor process nodes. Some embodiments of the
disclosure may provide a detection system using a relatively higher proportion of mixed signal and
digital circuits, or consisting of only mixed signal and digital circuits, which may reduce the
difficulties associated with analog circuit design and manufacturing in ASICs (application-specific
integrated circuits). Some embodiments may help achieve high compatibility with advanced

semiconductor nodes. This may help to reduce overall power consumption.
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[00415] The embodiments may further be described using the following clauses:

1. A method comprising:

determining a number of charged particles incident on a detector within a first frame among a
plurality of frames; and

determining a period of the first frame based on a first criteria comprising a condition that a
charged particle is incident on each of a first number of sensing elements of the detector.

2. The method of clause 1, further comprising:

determining a period of the first frame based on the first criteria and a second criteria
comprising a condition that more than one charged particle is incident on no more than a second
number of sensing elements among the first number of sensing elements.

3. The method of clauses 1 or 2, further comprising:

determining a frame rate of the plurality of frames based on the first criteria.

4. The method of clause 2, further comprising:

determining a frame rate of the plurality of frames based on the first criteria and the second
criteria.

5. The method of any of clauses 1 to 4, further comprising:

determining a statistic of amounts of incident charged particles at a plurality of energy levels
within the first frame.

6. The method of clause 5, wherein the statistic comprises overall amounts of incident
charged particles among the first number of sensing elements at each of respective energy levels
corresponding to charged particles incident on each sensing element of the first number of sensing
elements.

7. The method of any of clauses 1 to 6, further comprising:

determining a third number of charged particles incident on a sensing element of the detector
at an energy level greater than or equal to a first threshold and less than a second threshold.

8. The method of clause 7, further comprising:

determining a fourth number of charged particles incident on a sensing element of the detector
at an energy level greater than or equal to the second threshold and less than a third threshold.

9. The method of clause 8, further comprising:

determining a fifth number of charged particles incident on a sensing element of the detector
at an energy level greater than or equal to the third threshold.

10. The method of any of clauses 1 to 9, further comprising:

generating a pixel of a grayscale image based on the at least one frame.

11. The method of any of clauses 1 to 10, further comprising:

generating a pixel of a color image based on the at least one frame.

12. The method of any of clauses 1 to 11, further comprising:

generating a charged particle beam; and
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scanning the charged particle beam across a sample,

wherein the detector is configured to receive charged particles projected from the sample.

13. A non-transitory computer readable medium comprising a set of instructions that are
executable by one or more processors of a controller to cause the controller to perform a method
comprising:

determining a number of charged particles incident on a detector within a first frame among a
plurality of frames; and

determining a period of the first frame based on a first criteria comprising a condition that a
charged particle is incident on each of a first number of sensing elements of the detector.

14. The non-transitory computer readable medium of clause 13, wherein the set of
instructions that are executable by the at least one processor of the controller cause the controller to
further perform:

determining a period of the first frame based on the first criteria and a second criteria
comprising a condition that more than one charged particle is incident on no more than a second
number of sensing elements among the first number of sensing elements.

15. The non-transitory computer readable medium of clauses 13 or 14, wherein the set of
instructions that are executable by the at least one processor of the controller cause the controller to
further perform determining a frame rate of the plurality of frames based on the first criteria.

16. The non-transitory computer readable medium of clause 14, wherein the set of
instructions that are executable by the at least one processor of the controller cause the controller to
further perform determining a frame rate of the plurality of frames based on the first criteria and the
second criteria.

17. The non-transitory computer readable medium of any of clauses 13 to 16, wherein the set
of instructions that are executable by the at least one processor of the controller cause the controller to
further perform determining a statistic of amounts of incident charged particles at a plurality of energy
levels within the first frame.

18. The non-transitory computer readable medium of clause 17, wherein the statistic
comprises overall amounts of incident charged particles among the first number of sensing elements at
each of respective energy levels corresponding to charged particles incident on each sensing element
of the first number of sensing elements.

19. The non-transitory computer readable medium of any of clauses 13 to 18, wherein the set
of instructions that are executable by the at least one processor of the controller cause the controller to
further perform determining a third number of charged particles incident on a sensing element of the
detector at an energy level greater than or equal to a first threshold and less than a second threshold.

20. The non-transitory computer readable medium of clause 19, wherein the set of

instructions that are executable by the at least one processor of the controller cause the controller to
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further perform determining a fourth number of charged particles incident on a sensing element of the
detector at an energy level greater than or equal to the second threshold and less than a third threshold.

21. The non-transitory computer readable medium of clause 20, wherein the set of
instructions that are executable by the at least one processor of the controller cause the controller to
further perform determining a fifth number of charged particles incident on a sensing element of the
detector at an energy level greater than or equal to the third threshold.

22. The non-transitory computer readable medium of any of clauses 13 to 21, wherein the set
of instructions that are executable by the at least one processor of the controller cause the controller to
further perform generating a pixel of a grayscale image based on the at least one frame.

23. The non-transitory computer readable medium of any of clauses 13 to 22, wherein the set
of instructions that are executable by the at least one processor of the controller cause the controller to
further perform generating a pixel of a color image based on the at least one frame.

24. The non-transitory computer readable medium of any of clauses 13 to 23, wherein the set
of instructions that are executable by the at least one processor of the controller cause the controller to
further perform:

causing a charged particle source to generate a charged particle beam; and

causing a deflector to scan the charged particle beam across a sample,

wherein the detector is configured to receive charged particles projected from the sample.

25. A charged particle beam apparatus comprising a detector and a controller with at least one
processor and a non-transitory computer readable medium comprising instructions that, when
executed by the processor, cause the apparatus to:

determine a number of charged particles incident on the detector within a first frame among a
plurality of frames; and

determine a period of the first frame based on a first criteria comprising a condition that a
charged particle is incident on each of a first number of sensing elements of the detector.

26. The apparatus of clause 25, wherein the instructions further cause the apparatus to:

determine a period of the first frame based on the first criteria and a second criteria
comprising a condition that more than one charged particle is incident on no more than a second
number of sensing elements among the first number of sensing elements.

27. The apparatus of clauses 25 or 26, wherein the instructions further cause the apparatus to:

determine a frame rate of the plurality of frames based on the first criteria.

28. The apparatus of clause 26, wherein the instructions further cause the apparatus to:

determine a frame rate of the plurality of frames based on the first criteria and the second
criteria.

29. The apparatus of any of clauses 25 to 28, wherein the instructions further cause the

apparatus to:
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determine a statistic of amounts of incident charged particles at a plurality of energy levels
within the first frame.

30. The apparatus of clause 29, wherein the statistic comprises overall amounts of incident
charged particles among the first number of sensing elements at each of respective energy levels
corresponding to charged particles incident on each sensing element of the first number of sensing
elements.

31. The apparatus of any of clauses 25 to 30, wherein the instructions further cause the
apparatus to:

determine a third number of charged particles incident on a sensing element of the detector at
an energy level greater than or equal to a first threshold and less than a second threshold.

32. The apparatus of clause 31, wherein the instructions further cause the apparatus to:

determine a fourth number of charged particles incident on a sensing element of the detector
at an energy level greater than or equal to the second threshold and less than a third threshold.

33. The apparatus of clause 32, wherein the instructions further cause the apparatus to:

determine a fifth number of charged particles incident on a sensing element of the detector at
an energy level greater than or equal to the third threshold.

34. The apparatus of any of clauses 25 to 33, wherein the instructions further cause the
apparatus to:

generate a pixel of a grayscale image based on the at least one frame.

35. The apparatus of any of clauses 25 to 34, wherein the instructions further cause the
apparatus to:

generate a pixel of a color image based on the at least one frame.

36. The apparatus of any of clauses 25 to 35, wherein the instructions further cause the
apparatus to:

generate a charged particle beam; and

scan the charged particle beam across a sample,

wherein the detector is configured to receive charged particles projected from the sample.

37. A detector for a charged particle beam apparatus, the detector comprising:

an array of detector elements,

wherein an area of a detector element of the array is configured to receive no more than a
predetermined number of charged particles per sampling period with at least a level of confidence.

38. The detector of clause 37, wherein the sampling period is less than a dead time of the
detector element.

39. The detector of clause 37, wherein the level of confidence corresponds to a statistical
probability that no more than the predetermined number of charged particles are received in the

detector element per sampling period or a miscount rate, wherein the detector element is configured to
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receive no more than the predetermined number of charged particles per sampling period with the
miscount rate satisfying a condition related to a first miscount threshold.

40. The detector of clause 39, wherein the condition is satisfied when the miscount rate is
less than or equal to the first miscount threshold.

41. The detector of any one of clauses 37 to 40, wherein the area of the detector element is
configured so that the sampling period is a factor of average charged particle separation time.

42. The detector of clause 41, wherein the sampling period is 0.1 times the average charged
particle separation time.

43. The detector of clause 41 or clause 42, wherein the average charged particle separation
time is based on beam current of a beam of charged particles incident on the detector and a position of
the detector elements relative to a geometric spread of the charged particles incident on the detector.

44. The detector of clause 41, wherein

the sampling period is 0.01 times the average charged particle separation time.

45. The detector of clause 41, wherein

the sampling period is 0.05 times the average charged particle separation time.

46. The detector of any one of clauses 37 to 45, wherein

the predetermined number of charged particles is one or two, and

the detector is configured to detect an overflow state.

47. The detector of any one of clauses 37 to 46, wherein the plurality of detector elements
includes segmented diodes.

48. The detector of any one of clauses 37 to 47, further comprising

a plurality of circuitries, a circuit of the plurality of circuitries being configured to process an
output from the detector element to count a number of the charged particles incident on the detector
element.

49. The detector of clause 48, wherein the plurality of circuitries each include a signal
conditioning circuit, an event detector, and a pixel count buffer.

50. The detector of clause 48 or clause 49, wherein the plurality of circuitries each include a
discriminator configured to compare an incoming signal with a reference value and set a flag when a
rising edge of the incoming signal exceeds the reference value.

51. The detector of any of clauses 37 to 50, further comprising

an image processor configured to determine a sum of counted charged particles incident on
the detector.

52. The detector of any of clauses 37 to 51, wherein the charged particles incident on the
detector are secondary particles resulting from interaction of primary particles with a specimen, the
primary particles being generated from a source of the charged particle beam apparatus and focused
on the specimen.

53. A method comprising:
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counting a number of charged particles incident on a detector element of an array of detector
elements of a detector,

wherein an area of the detector element of the array is configured to receive no more than a
predetermined number of charged particles per sampling period.

54. The method of clause 53, wherein the sampling period is less than a dead time of the
detector element.

55. The method of clause 53 or clause 54, wherein the area is configured so that the sampling
period is a factor of average charged particle separation time, the factor being 0.1 or less.

56. The method of clause 55, wherein the average charged particle separation time is based
on beam current of a beam of charged particles incident on the detector and a position of the detector
elements relative to a geometric spread of the charged particles incident on the detector.

57. The method of any of clauses 53 to 56, further comprising

adjusting the sampling rate to satisfy a predetermined criteria.

58. The method of clause 57, wherein the predetermined criteria is that the sampling period is
less than pulse width of signal generated in response to an electron arrival event.

59. The method of any of clauses 53 to 58, further comprising

summing a plurality of numbers of counted charged particles incident on respective detector
elements of the array of detector elements; and

determining a gray level of an SEM image.

60. A detector for a charged particle beam apparatus, the detector comprising:

a semiconductor substrate including an array of sensing elements; and

a circuit configured to count a number of charged particles incident on the detector.

61. The detector of clause 60, wherein the circuit is configured to process outputs from the
plurality of sensing elements and to increment a counter in response to a charged particle arrival event
on a sensing element of the array.

62. The detector of clause 61, wherein the circuit is configured to determine a time stamp of
the charged particle arrival event.

63. The detector of clause 62, wherein the time stamp is based on a global system time of the
detector, the global system time being common to each sensing element in the array.

64. The detector of clause 62, wherein the time stamp is based on a local time of the sensing
element, the local time being independent of other sensing elements in the array.

65. The detector of any one of clauses 62 to 64, wherein the time stamp is associated with a
position on a surface of a sample scanned by a primary charged particle beam of the charged particle
beam apparatus.

66. The detector of clause 65, wherein the time stamp is associated with a pixel of a SEM

image.



10

15

20

25

30

35

WO 2019/233991 92 PCT/EP2019/064445

67. The detector of any one of clauses 60 to 66, wherein the circuit is configured to sum
counts of a plurality of sensing elements of the array based on time stamps of the counts.

68. The detector of any one of clauses 60 to 67, wherein the detector is configured to count
up to only one charged particle arrival event in a sensing element before resetting without
discriminating energy of the one charged particle arrival event.

69. The detector of any one of clauses 60 to 67, wherein the detector is configured to count
numbers of charged particle arrival events without discriminating energy of the charged particle
arrival events and to set an overflow flag when overflow is encountered in a sensing element.

70. The detector of clause 69, wherein the numbers of charged particle arrival events include
one.

71. The detector of any one of clauses 60 to 67, wherein the detector is configured to count
up to only one charged particle arrival event in a sensing element for a first energy range before
resetting.

72. The detector of any one of clauses 60 to 67, wherein the detector is configured to count
numbers of charged particle arrival events for a first energy range and to set an overflow flag when
overflow is encountered in a sensing element.

73. The detector of clause 72, wherein the numbers of charged particle arrival events include
ZEro or one.

74. The detector of any one of clauses 61 or 62, wherein the circuit includes a discriminator
configured to compare an output signal from the sensing element with a reference value and
increment the counter when the output signal is greater than the reference value.

75. The detector of any one of clauses 61 or 62, wherein the circuit includes a discriminator
configured to compare an output signal from the sensing element with a reference range including a
lower limit value and an upper limit value, and wherein the counter is incremented in response to a
determination based on the output signal in relation to the reference range.

76. The detector of clause 75, wherein the circuit is configured to increment the counter when
the output signal is below a reference value included in the reference range.

77. The detector of clause 75, wherein the circuit is configured to increment the counter when
the output signal is greater than a reference value included in the reference range.

78. The detector of clause 75, wherein the circuit is configured to increment the counter when
the output signal is above the lower limit value and below the upper limit value.

79. The detector of any one of clauses 61 or 62, wherein the circuit includes a pulse detector
configured to detect an arrival event of a charged particle on a sensing element by detecting an
amount of energy received by the sensing element.

80. The detector of any one of clauses 61 or 62, wherein the circuit includes a comparator
configured to compare an amount of energy received by the sensing element with a reference and

increment the counter after making a determination based on the reference.
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81. The detector of any one of clauses 61 or 62, wherein the circuit includes a comparator
configured to compare an amount of energy received by the sensing element with a reference value
and increment the counter when the amount of energy is greater than the reference value.

82. The detector of clause 61 or 62, wherein the circuit includes a comparator configured to
compare an amount of energy received by the sensing element with a reference range including a
lower limit and an upper limit, and wherein the counter is incremented in response to a determination
based on the amount of energy in relation to the reference range.

83. The detector of clause 82, wherein the circuit is configured to increment the counter when
the amount of energy is below a reference value included in the reference range.

84. The detector of clause 82, wherein the circuit is configured to increment the counter when
the amount of energy is greater than a reference value included in the reference range.

85. The detector of clause 82, wherein the circuit is configured to increment the counter when
the amount of energy is above the lower limit and below the upper limit.

86. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset all
sensing elements of the array of sensing elements simultaneously.

87. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset all
sensing elements of a region of the array of sensing elements simultaneously.

88. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset
each sensing element of the array of sensing elements individually.

89. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset
some sensing elements of the array of sensing elements simultaneously and some sensing elements of
the array of sensing elements individually.

90. The detector of any one of clauses 86 to 89, wherein data from each sensing element is
stored before resetting.

91. The detector of any one of clauses 86 to 90, wherein the detector is configured to reset
sensing elements with a fixed period.

92. The detector of any one of clauses 86 to 90, wherein the detector is configured to reset
sensing elements with a varying period.

93. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset all
sensing elements of the array of sensing elements based on a predetermined condition, wherein data
from each sensing element is stored before resetting.

94. The detector of clause 93, wherein the predetermined condition includes a condition that
at least a first proportion of sensing elements in the array of sensing elements receive at least one
charged particle.

95. The detector of clause 93 or clause 94, wherein the predetermined condition includes a
condition that at least a first proportion of sensing elements in the array of sensing elements encounter

overflow.
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96. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset all
sensing elements of a region of the array of sensing elements based on a predetermined condition,
wherein data from each sensing element in the region is stored before resetting.

97. The detector of clause 96, wherein the predetermined condition includes a condition that
at least a first proportion of sensing elements in the region of the array of sensing elements receive at
least one charged particle.

98. The detector of clause 96 or clause 97, wherein the predetermined condition includes a
condition that at least a first proportion of sensing elements in the region of the array of sensing
elements encounter overflow.

99. The detector of any one of clauses 60 to 85, wherein the detector is configured to reset
each sensing element of the array of sensing elements individually based on a predetermined
condition, wherein data from each sensing element is stored before resetting.

100. The detector of clause 99, wherein the predetermined condition includes a condition that
a first sensing element in the array of sensing elements receives at least one charged particle.

101. The detector of clause 99 or clause 100, wherein the predetermined condition includes a
condition that a first sensing element in the array of sensing elements encounters overflow.

102. The detector of any of clauses 60 to 101, wherein the number is a whole number.

103. The detector of any of clauses 60 to 102, wherein the semiconductor substrate includes a
PIN diode.

104. The detector of any one of clauses 60 to 103, wherein the array of sensing elements
includes segmented diodes, wherein the segmented diodes include PIN or NIP diodes.

105. A method comprising:

processing outputs from a plurality of sensing elements of an array of sensing elements of a
detector;

counting a number of charged particles incident on a detector, wherein the counting includes
incrementing a counter in response to a charged particle arrival event on a sensing element of the
array; and

determining a time stamp of the charged particle arrival event.

106. The method of clause 105, wherein the time stamp is based on a global system time of
the detector, the global system time being common to each sensing element in the array.

107. The method of clause 106, wherein the time stamp is based on a local time of the
sensing element, the local time being independent of other sensing elements in the array.

108. The method of any one of clauses 105 to 107, wherein the time stamp is associated with
a position on a surface of a sample scanned by a primary charged particle beam of a charged particle
beam apparatus.

109. The method of clause 108, wherein the time stamp is associated with a pixel of a SEM

image.
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110. The method of any one of clauses 105 to 109, further comprising combining counts of
the plurality of sensing elements of the array based on time stamps of the counts.

111. The method of any one of clauses 105 to 110, wherein the counting comprises counting
up to only one charged particle arrival event in a sensing element before being reset without
discriminating energy of the one charged particle arrival event.

112. The method of any one of clauses 105 to 110, wherein the counting comprises counting
numbers of charged particle arrival events without discriminating energy of the charged particle
arrival events and to set an overflow flag when overflow is encountered in a sensing element.

113. The method of clause 112, wherein the numbers of charged particle arrival events
include one.

114. The method of any one of clauses 105 to 110, wherein the counting comprises counting
up to only one charged particle arrival event in a sensing element for a first energy range before
resetting.

115. The method of any one of clauses 105 to 111, wherein the counting comprises counting
numbers of charged particle arrival events for a first energy range and to set an overflow flag when
overflow is encountered in a sensing element.

116. The method of clause 115, wherein the numbers of charged particle arrival events
include zero or one.

117. The method of any one of clauses 105 to 116, further comprising comparing an output
signal from the sensing element with a reference value and incrementing the counter when the output
signal is greater than the reference value.

118. The method of any one of clauses 105 to 116, further comprising:

comparing an output signal from the sensing element with a reference range including a lower
limit value and an upper limit value, and

incrementing the counter in response to a determination based on the output signal in relation
to the reference range.

119. The method of clause 118, further comprising incrementing the counter when the output
signal is below a reference value included in the reference range.

120. The method of clause 118, further comprising incrementing the counter when the output
signal is greater than a reference value included in the reference range.

121. The method of clause 118, further comprising incrementing the counter when the output
signal is above the lower limit value and below the upper limit value.

122. The method of any one of clauses 105 to 117, further comprising detecting an arrival
event of a charged particle on a sensing element by detecting an amount of energy received by the

sensing element.
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123. The method of any one of clauses 105 to 117, further comprising comparing an amount
of energy received by the sensing element with a reference and incrementing the counter after making
a determination based on the reference.

124. The method of any one of clauses 105 to 117, further comprising comparing an amount
of energy received by the sensing element with a reference and incrementing the counter when the
amount of energy is greater than the reference value.

125. The method of any one of clauses 105 to 117, further comprising comparing an amount
of energy received by the sensing element with a reference range including a lower limit and an upper
limit, and incrementing the counter in response to a determination based on the amount of energy in
relation to the reference range.

126. The method of clause 125, further comprising incrementing the counter when the
amount of energy is below a reference value included in the reference range.

127. The method of clause 125, further comprising incrementing the counter when the
amount of energy is greater than a reference value included in the reference range.

128. The method of clause 125, further comprising incrementing the counter when the
amount of energy is above the lower limit and below the upper limit.

129. The method of any one of clauses 105 to 128, further comprising resetting all sensing
elements of the array of sensing elements simultaneously.

130. The method of any one of clauses 105 to 128, further comprising resetting all sensing
elements of a region of the array of sensing elements simultaneously.

131. The method of any one of clauses 105 to 128, further comprising resetting each sensing
element of the array of sensing elements individually.

132. The method of any one of clauses 105 to 128, further comprising resetting some sensing
elements of the array of sensing elements simultaneously and some sensing elements of the array of
sensing elements individually.

133. The method of any one of clauses 129 to 132, further comprising storing data from each
sensing element before resetting.

134. The method of any one of clauses 129 to 133, further comprising resetting sensing
elements with a fixed period.

135. The method of any one of clauses 129 to 133, further comprising resetting sensing
elements with a varying period.

136. The method of any one of clauses 105 to 123, further comprising resetting all sensing
elements of the array of sensing elements based on a predetermined condition, and storing data from
each sensing element before resetting.

137. The method of clause 136, wherein the predetermined condition includes a condition
that at least a first proportion of sensing elements in the array of sensing elements receive at least one

charged particle.
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138. The method of clause 136 or clause 137, wherein the predetermined condition includes a
condition that at least a first proportion of sensing elements in the array of sensing elements encounter
overflow.

139. The method of any one of clauses 105 to 123, further comprising:

resetting all sensing elements of a region of the array of sensing elements based on a
predetermined condition, and

storing data from each sensing element in the region before resetting.

140. The method of clause 139, wherein the predetermined condition includes a condition
that at least a first proportion of sensing elements in the region of the array of sensing elements
receive at least one charged particle.

141. The method of clause 139 or clause 140, wherein the predetermined condition includes a
condition that at least a first proportion of sensing elements in the region of the array of sensing
elements encounter overflow.

142. The method of any one of clauses 105 to 123, further comprising:

resetting each sensing element of the array of sensing elements individually based on a
predetermined condition, and

storing data from each sensing element before resetting.

143. The method of clause 142, wherein the predetermined condition includes a condition
that a first sensing elements in the array of sensing elements receives at least one charged particle.

144. The method of clause 142 or clause 143, wherein the predetermined condition includes a
condition that a first sensing element in the array of sensing elements encounters overflow.

145. The method of any of the clauses 105 to 144, wherein the number is a whole number.

146. A charged particle beam apparatus comprising a detector and a controller with at least
one processor and a non-transitory computer readable medium comprising instructions that, when
executed by the processor, cause the apparatus to:

process outputs from a plurality of sensing elements of an array of sensing elements of the
detector;

count a number of charged particles incident on a detector, wherein the counting includes
incrementing a counter in response to a charged particle arrival event on a sensing element of the
array; and

determine a time stamp of the charged particle arrival event.

147. A detector for a charged particle beam apparatus, the detector comprising:

an array of sensing elements,

wherein the detector is configured such that no more than a predetermined number of charged
particles is received on a sensing element of the array in a sampling period with no more than a
predetermined miscount rate.

148. The detector of clause 147, wherein the predetermined number is one.
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149. The detector of clause 147, wherein the predetermined number is greater than one.

150. The detector of clause 147, wherein the predetermined number is one or two.

151. The detector of any one of clauses 147 to 150, wherein the sampling period is less than a
dead time associated with the sensing element.

152. The detector of any one of clauses 147 to 151, wherein the array includes a plurality of
uniformly sized sensing elements.

153. The detector of any one of clauses 147 to 151, wherein the predetermined miscount rate
is 10%.

154. The detector of any one of clauses 147 to 153, wherein the sampling period is a time
channel width of a multi-channel scaler connected to the sensing element.

155. The detector of clause 151, wherein the detector is configured such that the dead does
not include a paralyzable dead time associated with the sensing element.

156. A detector for a charged particle beam apparatus, the detector comprising:

a semiconductor substrate including an array of sensing elements; and

a circuit configured to count a number of charged particles incident on the detector.

157. The detector of clause 156, wherein the circuit is configured to determine a number of
charged particles received on a sensing element of the array in a sampling time.

158. The detector of clause 156 or clause 157, wherein the semiconductor substrate includes
a plurality of segmented diodes.

159. The detector of clause 156, wherein the semiconductor substrate includes an amplifier
connected to each of the plurality of segmented diodes.

160. The detector of any one of clauses 156 to 159, wherein the circuit includes a plurality of
circuits, each of the circuits connected to a respective sensing element of the array.

161. The detector of clause 160, wherein each of the circuits includes an amplifier, an event
pulse detector, and a counter.

162. The detector of clause 160, wherein each of the circuits includes a single-bit counter.

163. The detector of any one of clauses 156 to 162, wherein the circuit includes a summing
unit configured to determine a total number of charged particles incident on the detector in each
sampling period.

164. The detector of any one of clauses 156 to 163, wherein the circuit includes an event flag
detector and an overflow flag detector.

165. The detector of any one of clauses 156 to 164, wherein the circuit includes a front-end
analog circuit.

166. The detector of clause 165, wherein the front-end analog circuit includes a current buffer
and an amplifier including one of a transimpedance amplifier, a charge amplifier, or a charge transfer
amplifier.

167. A detector for a charged particle apparatus comprising:
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a plurality of sensor elements, each of the sensor elements having a corresponding circuit
configured to detect an electron event based on a current pulse generated by the corresponding sensor
element in response to an electron impacting the corresponding sensor element, each of the sensor
elements including a diode that is configured to operate in a linear mode; and

a second circuit configured to determine a number of electron events detected by the plurality
of sensor elements during a predetermined period of time.

168. The detector of clause 167, wherein the diode is a PIN diode or an avalanche diode
operating in a linear mode.

169. The detector of clause 168, wherein the avalanche diode operating in the linear mode is a
low gain avalanche diode.

170. The detector of clause 167, wherein the diode being configured to operate in a linear
mode includes the diode being configured to avoid operation in a Geiger mode or in a photon
counting mode.

171. The detector of clause 167, wherein the diode being configured to operate in a linear
mode includes the diode being configured to generate the current pulse with a magnitude distribution
that is substantially proportional to a kinetic energy of the impacting electron when the impacting
electron enters the diode.

172. The detector of clause 171, wherein said corresponding circuit includes circuitry to
determine a first characteristic of the current pulse, and to determine a second characteristic of the
incoming electron based on the first characteristic.

173. The detector of clause 172, wherein the first characteristic is a magnitude of the current
pulse and the second characteristic is a determination that the electron is any one of a secondary
electron, a backscattered electron, or an electron from a noise source.

174. The detector of clause 173, wherein the determination that the electron is from a noise
source is based on the magnitude of the current pulse being below a first threshold, wherein the
determination that the electron is a secondary electron is based on the magnitude of the current pulse
being above the first threshold and below a second threshold, and wherein the determination that the
electron is a backscattered electron is based on the magnitude of the current pulse being above the
second threshold.

175. The detector of clause 172, wherein the second characteristic is a determination that the
electron event corresponding to the electron is one of multiple electron events resulting from multiple
electrons impacting said corresponding sensor element during the predetermined period of time.

176. The detector of clause 175, wherein the current pulse generated by said corresponding
sensor element is in response to the multiple electrons impacting said corresponding sensor element.

177. A method of reducing miscounting in an electron counting detector, the method
comprising:

detecting charge in two or more adjacent sensing elements at substantially a same time;
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comparing the charge detected in each of the adjacent sensing elements to one or more
reference values; and

based on the comparison, determining if the charge results from one electron impacting one of
the sensing elements or from multiple electrons impacting the two or more sensing elements.

178. The method of clause 177, wherein a sensing element included in an array of sensing
elements has a size such that an incoming electron impacts no more than four sensing elements at the
same time.

179. The method of clause 178, wherein the size is configured such that no dimension of the
sensing element is less than a penetration depth of the incoming electron in a material of the sensing
element.

[00416]In some embodiments, a detector may communicate with a controller that controls a charged
particle beam system. The controller may instruct components of the charged particle beam system to
perform various functions, such as controlling a charged particle source to generate a charged particle
beam and controlling a deflector to scan the charged particle beam. The controller may also perform
various other functions such as adjusting a sampling rate of a detector, resetting sensing element, or
performing image processing. The controller may comprise a storage that is a storage medium such
as a hard disk, random access memory (RAM), other types of computer readable memory, and the
like. The storage may be used for saving scanned raw image data as original images, and post-
processed images. A non-transitory computer readable medium may be provided that stores
instructions for a processor of controller 109 to carry out charged particle beam detection, sampling
period determination, image processing, or other functions and methods consistent with the present
disclosure. Common forms of non-transitory media include, for example, a floppy disk, a flexible
disk, hard disk, solid state drive, magnetic tape, or any other magnetic data storage medium, a CD-
ROM, any other optical data storage medium, any physical medium with patterns of holes, a ROM, a
PROM, and EPROM, a FLASH-EPROM or any other flash memory, NVRAM, a cache, a register,
any other memory chip or cartridge, and networked versions of the same.

[00417]Block diagrams in the figures may illustrate the architecture, functionality, and operation of
possible implementations of systems, methods, and computer hardware/software products according
to various exemplary embodiments of the present disclosure. In this regard, each block in a schematic
diagram may represent certain arithmetical or logical operation processing that may be implemented
using hardware such as an electronic circuit. Blocks may also represent a module, segment, or portion
of code that comprises one or more executable instructions for implementing the specified logical
functions. It should be understood that in some alternative implementations, functions indicated in a
block may occur out of the order noted in the figures. For example, two blocks shown in succession
may be executed or implemented substantially concurrently, or two blocks may sometimes be
executed in reverse order, depending upon the functionality involved. Some blocks may also be

omitted. It should also be understood that each block of the block diagrams, and combination of the



10

15

WO 2019/233991 101 PCT/EP2019/064445

blocks, may be implemented by special purpose hardware-based systems that perform the specified
functions or acts, or by combinations of special purpose hardware and computer instructions.

[00418] It will be appreciated that the present invention is not limited to the exact construction that has
been described above and illustrated in the accompanying drawings, and that various modifications
and changes can be made without departing from the scope thereof. For example, while a PIN diode
has been discussed with reference to certain exemplary embodiments, other types of diodes, such as a
NIP diode may be similarly applied. Furthermore, other types of devices that may generate a
measurable signal in response to receiving incident energy may be applied in a detector.

[00419]1t will be understood that elements shown in separate figures may be combined. For example,
detection system 901 of Fig. 19A may additionally include energy storage units, like detection system
902 of Fig. 19B. And detection system 902 may include elements shown as being a part of detection
system 901.

[00420] Furthermore, while scanning electron microscopy has been discussed with reference to some
embodiments, other types of systems may be applicable as well. For example, a detector may be used
in transmission electron microscopy (TEM), scanning transmission electron microscopy (STEM), or

structured illumination microscopy (SIM) systems.



