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(57) Abstract: A scanning electron microscopy (SEM) system is disclosed. The
SEM system includes an electron source configured to generate an electronbeam
and a set of electron optics configured to scan the electron beam across the
sample and focus electrons scattered by the sample onto one or more imaging
planes. The SEM system includes a first detector module positioned at the one
or more imaging planes, wherein the first detector module includes a multipixel
solid-state sensor configured to convert scattered particles, such as electrons and/
or x-rays, from the sample into a set of equivalent signal charges. The multipixel
solid-state sensor is connected to two or more Application Specific Integrated
Circuits (ASICs) configured to process the set of signal charges from one or more
pixels of the sensor.
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SENSOR MODULE FOR SCANNING ELECTRON MICROSCOPY APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application claims priority to U.S. Provisional Patent Application No.
62/892.545, filed August 28, 2019, naming Marcel Trmpl as inventor, which is

incorporated herein by reference in the entirely.

TECHNICAL FIELD
fooo2y  The present invention generally relates to the fields of scanning electron
microscopy and, more particularly, to @ mullipurpose sensor module for scanning slectron
microscopy applications, which provides for adaplive clustering and distributed

digitization schemes.

BACKGROUND

{003y Fabricating semiconductor devices such as logic and memory devices fypically
includes processing a substrate such as a semiconductor wafer using a large number of
semiconductor fabrication processes to form various features and multiple levels of the
semiconductor devices. As semiconductor device size bacome smaller and smaller,
becomes critical to develop enhanced semiconductor device and photomask inspection
and review devices. Scanning electron microscopy (SEM) systems are one such
technology used to inspection and review samples. SEM system incorporate particle
detectors used to detect secondary slectrons, backscatiered slectrons, and x-rays, which
are scattered from or emitied by the sample in response {0 a primary electron beam
scannead across the sample. In an effort fo improve the efficiency and accuracy of SEM
sysiems, it is desirable to provide improved particle (e.g., electron and x-ray} sensor
devices and methods.

SUMMARY
[0004] A scanning electron microscopy system is disclosed. In one ilustrative
embodiment, the system includes an electron source configured to generate an slectron
beam. In another illusitrative embodiment, the system includes a set of electron optics
configured to scan the slectron beam across the sample and focus electrons scattered
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by the sample onto one or more imaging planes. In another illustrative embodiment, the
system includes a first detector module positioned at the one or more imaging planes. in
another dlustrative embodiment, the first detector module includes a multipixe! solid-state
sensor configured to convert scatlered particles from the sample into a set of equivalent
signal charges. in another iHlustrative embodiment, the mullipixel solid-state sensor s
connected to two or mare Application Specific Integrated Circuits (ASICs) configured to

process the set of signal charges from one or more pixels of the sensor,

{00051  An additional and/or alternative scanning electron microscopy is disclosed. Inone
Hlustrative embodiment, the system includes an electron saurce configured to generate
an electron beam. In another illustrative embodiment, the system includes a set of
electron oplics configured to scan the electron beam across the sample and focus
glectrons scatiered by the sampile onto one or more imaging planes. In another ilustrative
embodiment, the system includes a first detector module positioned at the one or more
imaging planes. In another ilfustrative embodiment, the first detector module includes a
multipixel Application Specific Integrated Circuit (ASIC). In another #lusirative
embodiment, sach pixel of the multipixel ASIC comprises a photodicde configured fo
convert particles scatiered by the sample inte equivalent electrical signals, and each pixel

of the multipixel ASIC includes circuitry to process the equivalent electrical signals.

fooos} A method of inspecting a sample is disclosed. In one illustrative embodiment, the
method includes generating a scan clock signal. in another dlustrative embodiment, the
method includes generating a first electron beam. In another illustrative embodiment, the
method includes deflecting the first electron beam synchronous with the scan clock signal
to scan an area on the sample. in another {llustrative embodiment, the method includes
directing & signal generated by the sample in response ¢ the glectron beam 0 a cluster
comprising two or more pixels. in another flustrative embodiment, the method includes
detecting charge collected by the cluster in a first time interval, wherein the first time
interval is synchronized to the scan cdlock o generate a first electical signal
corresponding o the charge collected by the cdluster in the first time interval and

converting the first glectrical signal into a first digital signal. In another illustrative
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embodiment, the method includes detecting the charge collected by the cluster in a
second time interval, wherein the second time interval is synchronized 1o the scan clock
to generate a second electrical signal corresponding to the charge collected in the second
time interval and converting the second elecirical signal into a second digital signal,
wherein converting the second electrical signal starts before converting the first electrical
signal is completed. In another Hlustrative embodiment, the method includes determining

the presence of g defect by analyzing the first digital signal and the second digital signal.

{00071  An additional and/or altermative method of inspecting a sample is disclosed. In
one dlustrative embodiment, the method includes generating a scan clock signal. In
another iflustrative embodiment, the method includes generating a first electron beam. In
another dlustrative embodiment, the method includes deflecting the first electron beam to
& first focation on the sample. In another iflustrative embodiment, the method includes
directing a signal generated by the sample in response to the first electron beam to a
pixel. In another iHlustrative embodiment, the method includes detecting the charge
collected by the pixel {0 generate an elecirical signal corresponding to the charge
collected by the pixel. In ancther illustrative embodiment, the method includes comparing
the electrical signal with a first threshold and a second threshold and determining the
prasence of an element  the electrical signal s greater than the first threshold and the

electrical signal is smaller than the second threshold,

fooos}] itisto be understood that both the foregoing general description and the following
detailed description are exemplary and explanatory only and are not necessarily
restrictive of the invention as claimed. The accompanying drawings, which are
incorporated in and constitute a part of the specification, Hlustrate embodiments of the
invention and together with the general description, serve 1o explain the principles of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS
{0009} The numerous advantages of the disclosure may be befter understood by those

skilled in the art by reference to the accompanying figures.
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footo]  FIG. 1illustrates a scanning electron microscopy system, in accordance with one
or more embodiments of the present disclosure.

fpo11)]  FIG. ZA Hllustrates a mullipixel detector module configured as a secondary

glectron detector, in accordance with one or more embodiments of the present disclosure.

[oo12]  FIG. 2B iMlustrates a mullipixel detector module configured as a backscattered
electron andfor x-ray detector, in accordance with one or more embodiments of the
prasent disclosurs.

fo013] FIG. 2C illustrates a multipixel detecior module arranged in a multi-electron beam
configuration, in accordance with one or more embodiments of the present disclosure.

{0014} FIGS. 3A-3D illustrate the combining of clusters delivered by ASICs fo a select
number of channels, in accordance with one or more embodiments of the present

disclosure.

joo1s]  FIG. 4A illustrates a block diagram view of a connection between a sensor and
the ASIC and the operation within one readout channel, in accordance with one or more

embodiments of the present disclosura

{0018} FIG. 4B illustrates conceptual view of a coarse floorplan of a sensor pixel, i
accordance with one or more embodiments of the present disclosure.

foo17]  FIGS. BA-EB illustrate the physical assembly of the detector module respectively,
in accordance with one or more embodiments of the present disclosure.

foor8y]  FIGS. 5C-5D Hlustrate the physical assembly of the detector module respectively,
in accordance with one or more additional andfor alternative embodiments of the present

disclosure
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foorey  FIG. BA illustrates a conceptual view of the timing of the disinbuted digitization
scheme using several ADCs within the ASIC to process the clusters, in accordance with
ong or more embodiments of the present disclosure

foo20] FIG. 68 illustrates a concepiual view of the application of a sample and hold
circuit to a signal form one or more pixels and the subsequent analog-to-digital conversion

of the signal, in accordance with one or more embodiments of the disclosura.

foo24y  FIG. 7 dlustrates a block diagram view of an analog-to-digital conversion (ADC)
unit implemented within a pixel of the readout ASIC, in accordance with one or more

ambodiments of the present disclosurs.

{00221 FIG. 8 illustrates a flowchart depicting a method of inspecting a sample, in
accordance with one or more embodiments of the present disclosure.

foe231 FIG. 9 illustrates a flowchart depicting a method of inspecting a sample, in
accordance with one or more additional and/or alternative embodiments of the present

disclosure

DETAILED DESCRIPTION

{00241 The present disclosure has been particularly shown and described with respect
to certain embodiments and specific features thereof. The embodiments set forth herein
are taken to be illustrative rather than limiting. It should be readily apparent to those of
ordinary skill in the ant that various changes and madifications in form and detail may be
made without departing from the spirit and scope of the disclosure. Reference will now
be made in detail to the subject matter disclosed, which is illustrated in the accompanying
drawings.

foozs]  Embodiments of the present disclosure are directed toward a8 mullipurpose
sensor module and methods suitable for scanning electron microscopy applications with

adaptive clustering and a distributed digitization scheme.
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foo2s} FIG. 1 illustrates a conceptual view of a scanning electron microscopy {(SEM)
system 100, in accordance with one or more embaodiments of the present disclosure. The
SEM system 100 may be configured as an inspection and/or a review ool In this regard,
the SEM system 100 may be used io review and/or inspeact a sample 128 for defects and
to reveal the material composition of the sample 128 and/or defects. Alternatively, the
SEM system 100 may be configured as an imaging-based overlay metrology tool. In this
regard, the SEM system 100 may be used {o acquire images of overlay metrology targets
disposed on the sample 128, which may then be used to determine overlay error belween
successive layers of the sample 128.

{00271  In embodiments, the SEM system 100 includes an slectron source 102. The
electron source 102 may include any electron source suitable for generating one or more
electron beams 150. The electron source 102 may include one or more electron emitlers
101. For example, the one or more electron emitters 101 may include a single electron
emitter. By way of another example, the one or more electron emitters 101 may include
muitiple electron emifters. The one or more electron emitters 101 may include any
electron emitter known in the art of electron emission. The electron source 102 may

include one or more extractors 103,

foe2sy  In embodiments, the SEM system 100 includes an electron optical system 111
including a set of slectron optics amranged in an electron-optical column, The electron
optical system 111 may include one or mare focusing optics for focusing the slectron
beam 106 onlo the sample 128, The electron optlical system 111 may include one or
more deflection optics configured to scan the beam 108 across the sample 128, The
glectron optical system 111 may inciude any focusing and deflection optics known in the
art of scanning electron microscopy. For example, the one or more focusing optics may
include, but are not limited to, one or more condenser lenses 107 and one or more
objective lenses 110. The one or more deflection optics may include, but are not limited
to, one or more deflectors {&.g., scanning coils). For exampie, the electron-optical system
111 may include one or more deflectors 105 and one or more lower deflectors 109. During

operation, the electron source 102 generates an electron beam 108. The electron beam

&
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106 may be focused and deflected by multiple focusing and deflection optics 105, 107,
1098, 110 of the electron optlical system 111 onlo sample 128 positioned on & moving
stage 130. In embodiments, the slectron source 102 may generate multiple beams that
are deflected and focused onto the sample 128. it is noted that the electron source 102
and electron-optical column 111 may be arranged in a single-beam configuration orin a

mutti-beam configuration including multiple sourcesfcolumns.

fo029] In embodiments, the system 100 includes one or more detector modules
positioned at one or more selected ocations within the electron optical system 111, The
ong or morg detector modules sach include one or mare multipixel solid-state sensors.
For example, the detector modules 122a, 122b, and/or 122¢ may each include one or
more solid-state sensors. For instance, & first multipixel detector module 122a may be
placed away from the sample 128 to collect secondary electrons 129 that are scatterad
from the sample and collected and accelerated by the electrodes 121 onto the detector
plane of one or more multipixe} solid-state sensors of the detector module 122a. In
another instance, the detector modules 122b and/or 122c may be placed proximate to the
sample 128 {o collect particles, such as, but not limited o, backscattered electrons, x-
rays, andfor auger electrons emansating from the sample 128 {(e.g., particles emanating
from the sample at very high solid angle}. As shown in FIG. 1, one or more of the detector
modules 122a-122¢ may be positioned within the electron-optical column. tis noted that
the scope of the present disclosure is not hmited o the position or number of detector
modules depicted in FIG. 1 and that any number of multipixel detector modules and any

number of positions may be implamented within system 100.

{00301  In embodiments, one or more of mullipixel solid-state sensors of the detector
modules 122a, 122, andfor 122¢ are connected o two or more logic elements. For
example, one or more of the muitipixel solid-state sensors may be connected to two or
more Application Specific Integrated Circuits (ASICs). In embodiments, the two or more
logic elements are configured to process the set of signal charges from the pixels rom a
given multipixel solid-state sensor. While it is noted that the one or more detector modules
may utilize any suitable logic element known in the art to process signal charges from

pixels, for the purposes of simplicity the detector modules are described in the context of

7
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A8ICs. Such a configuration should not be interpreted as a limitation on the scope of the

present disclosure.

[0031] FIGS. 2A-2C illustrate different configurations of the multipixel detector module
122 suitable for use i system 100, in accordance with one or more embodiments of the
present disclosure. FIG. 2A illustrates a multipixel detector module configuration suitable
for use as a secondary electron detector. FIG. 2B #dlustrates a multipixel detector madule
configuration suitable for use as a hackscatiered electron andior x-ray detector. FIG. 2C
illustrates a multipixel detector module configuration for a multi-electron beam system,
where deflected signals from all electron beams are delected simultaneously by the

muttipixel detector module.

{00321  in embodiments, as shown in FIG. 2A, a multipixel detector module 122 includes
a substrate carrier 201. For example, the substrate carrier 201 may include a ceramic
material on which a mullipixel solid state sensor readout by ASICs are mounted. The
substrate carrier 201 includes a set of elecirical contacts 203 for steering and control
voltages and provides for a data pathway, allowing data {o be collected by the modude.
The area 202 represenis an area that is covered by one ASIC. For example, as shown
in FiG. 2B, the area 202 represents an area that is covered by one ASIC with a size of
4mm x 4mm that may contain 16x186 pixel readout channels. it is noted that the scope of
the present disclosure is not limited by the number, size, or position of the ASIC clustering
of pixels as shown in FIG. 2A. Rather, it is noted that for the different use cases, different
ASIC clustening configurations may be implemented. The cluster size and the resulting

cluster copversion rate is lustrated in Table L

Table {. Cluster Conversion Rate for Various Cluster Sizes.

Cluster Size Cluster Size Cluster Conversion Clusters per ASIC
{pixel * pixel) {mm} Rate (MHz)

4x4 1 48 16

8x8 2 192 4

1xt 0.25 3 256
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{0033} The example uses a 250 ym sensor pixel, and a total of 16x186 sensor pixels read
out per ASIC and a data converter with a conversion rate of 3 MHz that is incorporated in
gach readout pixel.

{0034] Inthe example of FIG. 2A, a cluster size of 8x8 pixels is configured and a total of
4 clusters per ASIC are generated. Such a configuration may be particularly useful in the
case of a secondary electron detector. The conversion rate per cluster in this
configuration is approximately 200 MHz. Furthermore, clusters generated by the ASICs
may further be processed in the downstream datapath to generale one or more
subchannels of the detector. it is noted that FIG. 28 dlustrates a case where & channels
are generated by the module.

[pe3sy  In embodiments, as shown in FiIG. 28, mullple detector modules may be
implemented. In the axample depicted in FIG. 2B, mulliple detector modules 122 {e.g.,
2, 3, 4, 5, 6, N detector modules) are arranged around the primary beam 106 to form a
passing aperture 205 proximate fo the sample plane (e.g., wafer plane) to collect
backscaltered electrons andfor other particles, such as x-rays or auger electrons at high
solid angle. In embodiments, each detector module 122 may be configured differently
depending on the purpose of the detection. in one application shown in FIG. 2B, three
detector modules are configured with a cluster size of 2x2, while one detector module
{upper right) is configured o detect x-rays emitied by the sample. i is noled that the
arrangement, number, and cluster size are not limited {o the previous description. Rather,
it is noted that the sat of detector modules shown in FIG. 2B may include any number of
modules 122 arranged in any pattem to form an aperture 205 and the modules may have
any cluster size. It is noted that a cluster size of 4x4 may be used, which yield a cluster
conversion rate of close to 50 MHz. For x-ray detection, a detector module may be
configured to readout each pixel individually {e.g., cluster of 1x1) at g slow conversion

rate, such as, but not limited to, 3 MHz.

{00381 In embodiments, ons or more of the detecior madules 122 may include a screen
204. The screen 204 may be inserted on top of one or more modules 122, The screen

may be formed of a thin material with low atomic number. For example, the screen 204
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may be comprised of, but is not limited to, a 50-150 pm thin beryllium screen. For
instance, the screen may be a 100 ym beryilium screen. By way of another example, the
screen may be comprised of layer of material formed directly onio the sensor module 122,
For instance, the screen may include, but is not limited {0, 3 boron or carbon or aluminum
layer deposited directly onto the sensor module 122, During operation, the screen 204
absorbs electrons scattered by the sample during the scan and allows most of the x-rays
generated by the sample during the scan pass, providing a more efficient detection. The
screen 204 may be added to one or more of the detector modules and may be
permanently installed or maybe be inserted and refractable to change the configuration
of the modules 122. 1t is noted that the utilization of the screen 204 is not limited fo the
configuration depicted in FIG. 2B and one or more screens 204 may be utilized with any
number of detection modules 122 and within any arrangement.

(00371 In embodiments, as shown in FIG. 20, the ASICs of the detector module 122 are
configured with a cluster size of 4x4. it is noted that, if such a detector module were
implemented in a multibeam configuration of the SEM system 100, a total of 400 scattered

beams at a rate close to 50 MHz would be detected with such a module.

foo3g}  FIGS. 3A-3D dlustrate the combining of clusters deliverad by ASICs 1o a select
number of chamnels, in accordance with one or more embodiments of the present
disclosure. It s noted that the formation of the multiple channels, as shown in FIGS. 3A-
3Dd, may be adjusted for different use cases of the SEM system 100. For example, as
shown in FIG. 3A, a configuration with one center channe! 301 and 4 side channels 302a,
302b, 302¢, 302d is illushrated. The combination of clusters may be performed
dynamically during a scan, whereby the shape and the size of the channels may be
changed within the module 122. Such a fealure may accommodate changes in the
scattered beam 129 during a scan such as changes in focus/defocus of the primary beam
106 or wandering of the scattered beam 129. For example, the cluster configuration of
FIG. 3B may be implemented to accommuodate situations where the scattered electron
beam 129 wanders or drifts, moving from a center location of the module {¢ a non-
centered location.

10
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jopsey By way of ancther example, the cluster configuration of FIG. 3C may be
implemented to accommodate situations where a larger center channel is needed. By
way of another example, the cluster configuration of FIG. 3D may be implemented to
accommaodate situations where a smaller center channel is needed. By way of ancther

example, multiple separate clusters may be combined into a single center channel.

food0] FIG. 4A illustrates a block diagram view of a connection between a sensor and
the ASIC and the operation within one readout channel, in accordance with one or more
ambodiments of the present disclosure.

[60411 In embodiments, a sensor 401 ig attached 1o one or more ASICs 402 with at least
one connection per pixel. In one configuration, the sensor pixel 403 may be composed of
a floating diffusion node (FD), such as a floating diffusion capacitor, that collects the
charge that is generated within the pixel in a volume that is connectad to the gate of an
amplifier stage. In this example, the amplifier stage may be biased by a common voltage
VOD (Voltage Drain). The culput of the amplifier stage (08) may be connected to an
individual readout pixel 404 of the ASIC for further processing. In embodiments, the
amplifier in the sensor pixel may be connected such that the source potential is biased at
a constant voltage and that the signal is read out at the drain.

{00427 In embodiments, the voltage of the floating diffusion node is controlled by a reset
stage. in this configuration, the reset stage may include a simple reset transistor, whereby
the drain of the transistor is connected to a global reset voltage (RD). The reset stage

may be controlled via the Reset Gate (RG).

{00431 In embodiments, the Reset Gate may provide a global signal that is common to

all pixels of the sensor array.

{00441 in embodiments, an additional contact per pixel may be provided between the
Reset Gate of the pixel of the sensor {ayer and a reset aircuit unit within sach pixel of the
ASIC.

{00451 The top sensor tier 401 of the assembly may be a sensor {ayer ulilizing resistive
gate and floating diffusion technology as described in U.S. Patent No. 8767986, issued

11
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on September 19, 2017, entiled "Scanning eleclron microscope and methods of
inspecting and reviewing samples”™ to Brown et al, which is incorporated herein by
reference in the entirety.

[eo481 In embodiments, instead of the use of a sensor layer 401 that is aftached {o the
readout ASIC, a photodiode may be implementead in each pixel of the ASIC 1o detect the
particles deflected from the sample 128 during a scan. The photodicde may be
implemented by the use of deep implants of a high voltage (HV) process with more than
10V supply rail.

{00471  In embodiments, the pixel of the readout ASIC 404 receives the signal from the
sensor pixel with an input stage. The parasitic impedance between the amplifier output
and the input stage may be kept to a minimum 10 achieve maximal speed for processing
at a given power consumption. The input stage is connected by a cluster summing circuit
that sums the signals from this pixel and neighboring pixels to a cluster. FIG. 4A shows
the connection from the central pixel with the two direct neighbors, additional inputs from
other pixels i the vicinity are indicated. Practical sizes for the cluster should be in the
range of 1-10 pixel, where a cluster of 1 represents the summing being disabled and each
pixel being processed individually (e.g., see examples given in Table 1). The cluster
signal may then be further processed by digitization and additional processing. The
digitization step may include a standard analog-to-digital conversion with equidistant
quantization steps or a multi-threshold chemical elemental search as further described in
FIG 7. For the applications involving detecting separate events, a timestamp unit may be
implemented to record the arrival of each evert with the scan clock and assign the event
to the scan location on the sample. it is noted that part of the postprocessing involves the
data stream handling necessary to evacuate the data from each pixel off each ASIC.
Summing of the pixel values may be performed in the posiprocessing unit after

digitization.

{0048] In embodiments, a reset circuit may be triggered by the digitization unit o control
the voliage of the reset gate of the sensor pixel. The reset circuit may use high voltage

procass components to provide an adequate voltage for the reset stage to function {e.g.,

12
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10-30V). The control of the reset gate may be in form of a reset pulse to reset the floating
diffusion. A pixelwise reset can extend the dynamic range of the sensor pixel indefinitely
and accommodate for particle flux variations between pixels within the sensor. S8uch a
reset pulse may be synchronized for all pixals of the sensor {o mimic the functionality of
a global reset. The ulilization of a pixelwise reset may enable a very fast reset at low
power as a much smaller capacitance is driven compared {o a global reset that is routed
throughout the whole sensor array. The reset circuit may algo provide an analog voltage
to form a closed feedback loop control to the floating diffusion to enhance immunity fo

pixel to pixel transistor variations and thermal drifts.

foo48y  FHG. 4B Hlustrates conceptual view of a coarse floorplan of a sensor pixel, in
accordance with one or more embuodiments of the present disclosure. FIG. 4B depicts the
course floorplan of the sensor pixel with the reset gate (RG) and output signal (OS)
connection to the readout ASIC and the other bias points, reset drain (RD) and voltage
drain (VOD) of the sensor pixel being routed as global signals for the entire sensor array.
in embodiments, where the reset gate (RG) is not provided for each pixel from the ASIC,
the reset gate (RG) may be routed row-wise or globally on the sensor similar to the resat

drain and voltage drain signals.

[oosa]  FIGS. 5A-SB illustrate the physical assembly of the detector module 122
respectively, in accordance with ong or more embodiments of the present disclosure.

{00511 FIG. 5A depicts a backside view of one embodiment of a multipixel detector
module, where several ASICs 507 are connected to the sensor. The view is onto the
backside of the ASICs. FIG. 5B depicts a sideview of the detector module 122 including
muttipixel solid-state sensor 502 with a backside treatment 501. In embodiments, the
backside treatment may include a boron costing. In embodiments, the sensor layer is
connected o a Through-Silicon-via-interposer (TS} 504 via solder bumps. Other
assembly techniques, such as Direct-Bond-Interconnect (DBI) may be utilized. The TSI
of approximately 100 ym thickness may utilize fine pitch (10 pm-20 pm). Through Silicon-
Vias 505 may electrically connect the front side of the TS! with the backside. The pitlch of
the TSVs in the TS| may be much denser than the pixel pitch in the sensor or ASIC. A

13
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multi-metal Re-Distribution-Layer (RDL) comprising muttiple metal layers 506 (eg., 4 or
more} is used on the backside of the TSi o route the different pixel oulpuls from the
sensor to the inputs of the ASICs 507 that may be at different pitch. For example, a 250
um x 250 um sized pixel on the sensor layer could be maltched by a pixe! of approximately
180 pm x180 pm size in the ASIC.

{00521 In embodiments, as shown in FIG. 5B, the ASIC may embody TSVs and the
inputs and outputs of the ASIC may be connected on the backside of the ASIC to electrical
connections on the mechanical substrate 509, in the case of a 16x16 pixel covered by
gach ASIC, the difference in pixel size between the ASIC and sensor may leave
approximately 1 mm space hetween the ASICs as an assembly margin.

{00531  In embodiments, the ASIC may not contain TSVs. in this case, as shown in FIGS.
5C and 5D, an alternative assembly may be implemented. In this embodiment, one row
of ASICs 511 at the side of the senor is offset such that wire bond pads are exposed and
accessible for connection to the substrate. The steering signal and the data transfer from
one to other ASICs that are under the sensor area may be accomplished via additional
solder connections o the TSI and are routed within the RDL of the TSI to the other ASICs.

{00541 1 is noted that, in embodiments where the detector module 122 utilizes one or
more TSVs in the ASIC, the construction of an indefinitely scalable detector module
without creating gaps within the sensitive area of the module are possible.

f00851 The assembly depicted in FIG. 50 may be fabricated using the following

procadure.

[ooss]  The T8I 504 may be fabricated to have a selected thickness (e.g., approximately
100 um}, the ASICs 507 may be thinned down to a selected thickness {e.g., approximatesly
100 ym), and an un-thinned sensor 502 may be provided. First, a handle wafer {not
shown)} may be attached to the frontside side {i.e., botlom side of sensor 502 as shown
in FIG. 50 of the sensor 502. Then, the backside of the sensor 502 may be thinned.
Following thinning, the backside of the sensor 502 may be treated. For example, the
backside of the sensor 502 may be {reated with a boron implant process to form a boron
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implant layer 501. Then, a handle wafer (not shown)} may be attached to the backside
{i.e., top side of sensor 502 as shown in FiG. 5D} of the sensor 502, in turn, the handle
wafer may be removed from frontside of the sensor 502. Then, the frontside of sensor
502 may be electrically connected via one or more connection mechanisms 503 {o the
front side of the TSI {e.g., with solder bump or direct bond {DBI) techniques). In addition,
the ASICs 507 may be electrically connected fo the backside of the TSI 504 with the
redistribution layer 506. Finally, the handle wafer may be removed from backside of
sensor 502 and the sensor/ TSIVASIC assembly may be attached to a substrate 509. The
handle wafer may be removed after the sensor/TSVASIC assembly is aftached to the
substrate 509,

{00571 It is noted that the procedure for fabricating the assembly depicted in FIG. 5B
may take on a similar method to the procedure for the assembly depicted in FIG. 5D, In
addition, the fabrication of the assembly of FIG. 5B may include ASICs with TSVs
{Through-Silicon-Vias) and an additional step whereby 3 handle wafer is used {o thin and
mount the ASICs 507 to the substrate 508 and electrically connect the pads with solder
bumps 513

foose}  FIG. BA illustrates a conceptual view 600 of the fiming of the distributed
digitization scheme using several ADCs within the ASIC to process the clusters, in
accordance with one or more embodiments of the present disclosure. it is noted that the
distributed digitation scheme may empioy any number of ADCs, such as, but not limited
to, 256. FIG. 6B depicts a conceptual view 610 of a sample and hold (§&H) circuit fo a
signal form one or more pixels and the subssquent analog-to-digital conversion of the
signal. As shown in FIG. 6B, each digitizer may employ a fast S&H circuit that can hold
the analog value at the speed of the sample scan clock 1, at which the electron beam is
rastering across the sample. Each ADC may then convert the analog value o a digital
value within the conversion time 12, which is significantly slower than t1. The conversion
time {2 is compatible with the number of sample scans and the number of pixels (hence
ADC) that are combined to a cluster. In one example, 8x8 pixel of the sensor might be

combined into one cluster and 84 ADCs are used for the conversion of this cluster. in this

15



WO 2021/041356 PCT/US2020/047709

example, g single conversion frequency of 3 MHz may then support a wafer scan clock
of 192 MHz.

foos9]  FIG. 7 illustrates the analog-to-digital conversion (ADC) unit 700 within each pixel
of the readout ASIC, in accordance with one or more embadiments of the present
disclosure. in embodiments, an initial S&H unit stores an acquired signal from the detector
for each clock cycle of a sample scan. The ADC 700 may then be used in a classical
analog-to-digital conversion foltowing a SAR (Successive-Approximation-Register) ADC
principle. In ‘ADC mode,’ the DAC (Digital-to-Analog-Converter) is supplied by a look-up
table (LUT), which is a standard conversion table, thal contains standard conversion
steps from & binary search that resulls in equidistant digitization.

[o0s0]  In embodiments, the DAC may also be driven by a fook-up-table (LUT)} that
contains reference lavels equivalent to upper and lower thresholds values {defining
energy windows) of chemical elements that may be present during the sample scan, such
as stlicon, aluminum, copper, titanium and others. The result of the comparison of each
signal with the energy window yields the presence of a particular chemical element. This
mode may be called ‘Element ID Mode’. In embodiments, the ADC unit 700 may swilch
betwean ADC mode and Element ID mode. It is noted that switching between ADC mode
and Element 1D mode may only require different configuration of the look-up-table thatl is
used in the ADC. The ADC unit may contain muitiple comparators, one for the upper
thresholds and one for the lower thresholds defining energy windows for each specific

elemeant to be detected.

fooe1] FIG. 8 dlustrate a flowchart of a method 800 for inspecting a sample, in
accordance with one or more embodiments of the present disclosure. i s noted herein
that the steps of method 800 may be implemented all or in part by system 100. it is further
recognized, however, that the method 800 is not limited fo the system 100 in that
additional or alternative systerm-level embodiments may carry out all or part of the steps
of method 800,
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fooszy  In step 802, the method includes generating a scan clock signal. in step 804, the
method includes generating a first electron beam. In step 808, the method includes
deflecting the first electron beam synchronous with the scan clock signatl to scan an area
on the sample. In step 808, the method includes directing a signal generated by the
sample in response to the electron beam to a cluster comprising two or more pixels. in
step 810, the method includes detecting charge collected by the cluster in a first time
interval, wherein the first time interval is synchronized {o the scan clock to generate g first
glectrical signal corresponding to the charge collected by the cluster in the first time
interval and converting the first electrical signal into a first digital signal. in step 812, the
method includes detecting the charge collected by the cluster in a second time interval,
wheregin the second time interval is synchronized {0 the scan clock to generate a second
electrical signal corresponding to the charge collected in the second time interval and
converting the second electrical signal into a second digital signal, whersin converting the
second electrical signal starts before converting the first electrical signal is completed. In
step 814, the method includes determining the presence of a defect by analyzing the first
digital signal and the second digital signal.

fooe3)  FIG. 9 jllustrates s flowchart of 8 method 800 for inspecting a sample, in
accordance with one or more additional and/or altemative embodiments of the present
disclosure. it is noted herein that the steps of mathod 900 may be implemented all or in
part by system 100. }f is further recognized, however, that the method 200 is not imited
to the system 100 in that additional or alternative system-level embodiments may cany
out all or part of the steps of method 800,

{00641 In step 802, the method includes generating a scan clock signal. In step 904, the
method includes generaling a first electron beam. In step 808, the method includes
deflecting the first electron beam o a first location on the sample. In step 908, the method
includes directing a signal generated by the sample in response {0 the first electron beam
to a pixel. In step 910, the method includes detecting the charge collected by the pixel to
generate an electrical signal corresponding to the charge collected by the pixel. In step

912, the method includes comparing the electrical signal with a first threshold and a
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second threshold and determining the presence of an element i the elgctncal signal is
greater than the first threshold and the electrical signal is smaller than the second
threshold.

f0065] Referring again to FIG. 1, in embodiments, the system 100 includes a controller
140. The controfler 140 may be used {o provide one or more control signals C to the
electron source 102, electron optical column 111, and/or the detector assemblies 122a-
122¢. In this regard, the controller 140 may control any aspect of the SEM system 100,
in embodiments, the controlier 140 may raceive one or more image data signals (D1, 1D2
from the detector assemblies 122a-122¢ indicative of or containing one or more fealures
of the sample 128 (e.g., defects, pattern Teatures, metrology targets, and the like). The
controller 140 may include one or more processors configured to execule program
instructions maintained in a memory medium. In this regard, the one or more Processors
of controller 140 may execute any of the varnous process steps described throughout the
present disclosure

foos6] All of the methods described herein may include storing results of one or more
steps of the method embodiments in memory. The results may include any of the resulis
described herein and may be stored in any manner known in the art. The memory may
include any memory described herein or any other suitable storage medium known in the
art. After the results have been stored, the resulfs can be accessed in the memory and
used by any of the method or system embodiments described herein, formatted for
display to a user, used by another software module, method, or system, and the like.

bl

Furthermore, the resulis may be stored “permanently,” “semi-permanently,” temporarily,”
or for some period of time. For example, the memory may be random access memaory

{RAM), and the results may not necessarily persist indefinitely in the memaory.

foo67y i is further contemplated that each of the embodiments of the method described
above may include any other step(s) of any other method{s) described herein. In addition,
gach of the embodiments of the method described above may be performed by any of

the systems described herein.
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fooss}  One skilled in the art will recognize that the hersin described components
operations, devices, objects, and the discussion accompanying them are used as
sxamples for the sake of conceptual clarity and that various configuration modifications
are contemplated. Consequently, as used herein, the specific exemplars set forth and the
accompanying discussion are intended o be reprasentative of their more general classes.
in general, use of any specific exemplar is intended 1o be representative of its class, and
the non-inclusion of specific components, operations, devices, and objects should not be

taken as limiting.

o 2208

{00691 As used herein, directional terms such as "fop,” “battom,” “over,” "under,” “upper”
‘upward,” "lower,” "down,” and "downward” are intended to provide relative positions for
purposes of description, and are not intended fo designate an absolute frame of
reference. Various modifications o the described embodiments will be apparent to those
with skill it the anl, and the general principles defined herein may be applied {o other

embodiments

{0070}  With respect fo the use of substantially any plural and/or singular terms herein,
those having skill in the art can fransiate from the plural to the singular and/or from the
singuiar to the plural as is appropriate to the context andfor application. The various
singular/plural permutations are not expressly set forth herein for sake of clarity.

{0074} The herein described subject matter sometimes illustrates different components
contained within, or connected with, other components. it is to be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures
can be implemented which achieve the same functionality. in a conceptual sense, any
arrangement of components o achieve the same funclionality is effectively "associated”
such that the desired funclionality is achieved. Hence, any fwo components herein
combined to achieve a particular functionality can be seen as "associated with” each other
such that the desired functionality is achieved, irrespective of architectures or intermedial
components. Likewise, any two components so associated can also be viewed as being
"connacted,” or "coupled,” to sach other to achieve the desired functionality, and any two
components capable of being so associated can also be viewed as being "couplable” 1o
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each ather o achieve the desired funclionality. Specific examples of couplable include
but are not limited to physically mateable and/or physically interacting components and/or
wirelessly interactable andfor wirelessly interacting components andior logically

interacting and/or logically interactable componenis.

foo72]  Furthermore, it is to be understood that the invention is defined by the appendsd
claims. it will be undersiood by those within the art that, in genersal, terms used herain,
and aspecially in the appended claims {8.g., bodies of the appended claims) are generally
intended as "open” terms {e.g., the term “including” shouild be interpreted as “including
but not limited t0,” the term “having” should be interpreted as “having at least” the term
“includes” should be interpreted as "includes but is not limited {o.” and the like). It will be
further understood by those within the art that if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited in the claim, and in the
absence of such recitation no such intent is present. For example, as an aid to
understanding, the following appended claims may contain usage of the introductory
phrases "at least one” and "one or more” {0 introduce claim recitations. However, the use
of such phrases should not be construed {o imply that the intreduction of a claim recitation
by the indefinite arlicles "g" or "an” limits any particular claim containing such introduced
claim recitation to inventions containing only one such recitation, even when the same
claim includes the introductory phrases "one or more® or "at least one” and indefinite
articles such as "a&" or "an" (e.q., "a" and/or "an’” should typically be interpreted to mean
“at least one” or “one or more™); the same holds true for the use of definite articles used
to infroduce claim recitations. In addition, even if a specific number of an intreduced claim
recitation is explicitly recited, those skilled in the art will recognize that such recitation
should typically be interpreted o mean at least the reciled number {e.g., the bare
recitation of "two recifations,” without other modifiers, typically means at least two
recitations, or two or more recitations). Furthermore, in those instances where a
convention analogous fo “at least one of A, B, and C, and the like" is used, in general
such a construction is intended in the sense one having skill in the art would understand
the convention (e.g., “ a system having at least one of A, B, and C" would include but not
be limited to systems that have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, and the like). In those instances
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where a convention analogous to "at least one of A, B, ar C, and the like" is used, in
general such a construction is intended in the sense one having skill in the art would
understand the convention {e.g., * a system having at least one of A, B, or C” would
include but not be limited to systems that have A alone, B alone, C alone, A and B
togather, A and C together, B and C together, andfor A, B, and C together, and the like).
it will be further understood by those within the art that virtually any disjunctive word
and/or phrase presenting two or more alternative terms, whether in the description,
claims, or drawings, should be understood to contemplate the possibilities of including
one of the terms, either of the terms, or both terms. For example, the phrase "A or B" will
be understood 1o include the possibilities of A" or “B” or "A and B.”

{00731 It is believed that the present disclosure and many of its attendant advantages
will be understood by the foregoing description, and it will be apparent that various
changes may be made in the form, construction and arrangement of the components
without departing from the disclosed subject matier or without sacrificing all of its matenal
advantages. The form described is merely explanatory, and it is the intention of the
following claims to encompass and include such changes. Furthermore, it is fo be

understood that the invention is defined by the appended claims.
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CLAIMS
What is claimed:

1. A scanning electron microscopy system comprising:

an electron source configured to generate an electron beam;

a set of electron optics configured {0 scan the slectron beam across the sample
and focus electrons scattered by the sample onto one or more imaging planes; and

a first detector module positioned at the one or more imaging planes,

wherein the first detector module includes a multipixel solid-state sensor configured
to convert scattered particles from the sample into a set of equivalent signal charges,

wherein the mullipixel solid-state sensor is connected 1o two or more Application
Specific integrated Circuits (ASICs) configured to process the set of signal charges from
one or more pixels of the sensor.

2. The scanning electron microscopy system of Claim 1, wherein a pixel of the muitipixel
solid-state sensor comprises a floating diffusion capacitive node to collect the equivalent
signal charges and generate an equivalent voltage, a reset stage to control the voltage of
the floating diffugion node, and an ampiifier to drive the vollage at the floating diffusion

node to an input of the two or more ASICs.

3. The scanning electron microscopy system of Claim 2, wherein the pixel of the mullipixel
solid-state sensor of the first detector module comprises a second contact connecied o

a reset stage of the pixel and controlled by the two or more ASICs.

4. The scanning electron microscopy system of Claim 1, wherein the electron source
comprises a multi-beam electron source configured to generate a second electron beam,
wherein the set of electron optics is further configured to scan the second beam across
the sample.

5. The scanning electron microscopy system of Claim 4, wharein the set of electran optics

are further configured to focus slectrons scattered by the sample from the first beamto a
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first pixel of the multipixel sensor, and to focus elecirons second scattered by the sample

from the second beam to a second pixel of the multi-pixel solid-state sensor.

6. The scanning electron microscopy system of Claim 1, wherein the first detector module
includes a multipixel solid-state sensor layer and an ASIC layer fabricated on different
wafers and directly connected by at least one of microsolder bumps or direct bond
interface connections of 100-200 um pitch, wherein one or more ASICs are attached to a
substrate and at least one of inputs or outputs of the one or more ASICs are connected

to electrical traces on the substrate by wire bonds.

7. The scanning slectron microscapy system of Claim 1, wherein the multipixel solid-state
sansor and the two or more ASICs are connected via a Through-Silicon-interposer (TSI,

8. The scanning slectron microscopy system of Claim 1, wherein the two or more ASICs
further comprise Through-Silicon-Vias (TSV) {0 connect one or more inputs and one or
more outputs of the two or more ASICs to traces on a substrate.

9. The scanning electron microscopy system of Claim 1, further comprises: at least a
second detector module substantially coplanar to the first detector module, wherein the
first detactor module and the at least the second dstector module are configured to form
an aperture for the electron beam and the set of electron optics are configured such that
the eleciron beam passes through the aperture.

10. The scanning slsctron microscopy system of Claim 1, wherein atleast one of the two
or more ASICs comprises a Look-Up-Table (LUT) configured to store a first threshold and
a second threshold, and a comparator configured to compare signal charges {o the first
threshold and to the second threshold, wherein the comparator is configured to generate
resulls indicative of whether each signal charge is within the first and the second
threshold,

11. The scanning electron microscopy system of Claim 1, wherain the first detsctor
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module comprises one or more screens, wherein the one or more screens is formed from

& law atomic number materisl.

12. The scanning electron microscopy system of Claim 1, wherein the low atomic number

material comprises at ipast one of beryilium, carbon, boron, magnesium, or aluminum.

13. The scanning electron microscopy system of Claim 1, wherein the first detector

maodule is configured to detect backscattered electrons from the sample.

14. The scanning electron microscopy system of Claim 1, whearein the first detector

module is configured o detect secondary electrons from the sample.

15, The scanning electron microscopy system of Claim 1, wherein the first detector
module s configured 1o detect x-rays from the sample.
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16. A scanning electron microscopy system comprising:

an electron source configured to generate an electron beam;

a set of electron optics configurad o scan the elactron beam across the sample
and focus electrons scattered by the sample onto one or more imaging planes; and

a first detector module positioned at the one or more imaging planes,

wherein the first detector module includes a multipixel Application Specific
Integrated Circuit {(ASIC), wherein each pixel of the multipixel ASIC comprises a
photadiode configured to convert particles scattered by the sample into equivalent
electrical signals, and each pixel of the multipixet ASIC includes circuilry to process the

equivalent electrical signals.

comprises a multi-beam electron source configured {0 generate a second slectron beam,
wherein the set of electron optics is further configurad to scan the second beam across

the sampie.

18. The scanning electron microscopy system of Claim 17, wherein the set of electron
optics are further configurad to focus electrons scattered by the sample from the first
beam to a first pixel of the multipixel sensor, and to focus electrons second scattered by
the sample from the second beam {o a second pixel of the multi-pixel solid-state sensor,

19. The scanning electron microscopy system of Claim 16, wherein the multipixel
Application Specific Integrated Circuit (ASIC) further comprises Through-Silicon-Vias
{TSVs) o connect one or more inputs and one or more outputs of the multipixel
Application Specific Integrated Circuit {ASICHo traces on a substrate.

20. The scanning slectron microscopy system of Claim 18, further comprises: at least a
second detector module substantially coplanar to the first detector module, wherein the
first detector module and the at least the second detector module are configured {o form
an aperture for the electron beam and the set of electron optics are configured such that

the electron beam passes through the aperture.
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21. The scanning electron microscopy system of Claim 18, wherein the ASIC comprises
a Look-Up-Table {LUT) configured to store a first threshold and a second threshold, and
a comparator configured to compare signal charges fo the first threshold and to the
second threshold, wherein the comparator is configured o generate results indicative of

whether each signal charge is within the first and the second threshold.

22. The scanning electron microscopy system of Claim 18, whersin the first detsclor
module comprises one or more screens, wherein the one or more screens is formed from

a law atomic number material.
23. The scanning electron microscopy system of Claim 22, wherein the low alomic
number material comprises at least one of bervllium, carbon, boron, magnesium, of

aluminum.

24. The scanning electron microscopy system of Claim 16, wherein the first defector

module is configured to detect backscatiered electrons from the sample.

25. The scanning electron microscopy system of Claim 18, wherein the first detector
module is configured to delect sscondary electrons from the sample.

28. The scanning electron microscopy system of Claim 16, wherein the first detector
module is configured to detect x-rays from the sample.
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27. A method of inspecting a sample comprising:

generating a scan clock signal;

generating a first electron beam;

deflecting the first electron beam synchronous with the scan clock signal to scan
an area on the sample;

directing a signal generated by the sample in response 1o the slectron beam to a
cluster comprising two or more pixels;

detecting charge collected by the cluster in a first time interval, wherein the first
time interval is synchronized to the scan clock 1o generate a first electrical signal
corresponding 10 the charge collected by the cluster in the first time interval and
converting the first elecirical signal info a first digital signal;

detecting the charge collected by the cluster in a second time interval, wherein the
second time interval is synchronized {o the scan clock 1o generale a second electnical
signal corresponding to the charge collected in the second time interval and converting
the second electrical signal into a second digital signal, whearein converting the second
electrical signal starts before converting the first electrical signal is completed; and

determining the presence of a defect by analyzing the first digi#tal signal and the

second digital signal.

28. The method of claim 27, wherein detecting the charge comprises summing the
charges from the two pixels.

29. The method of claim 28, wherein the summing comprises summing one of a voltage
domain and a current domain.
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30. A method of inspecting a sample comprising:

generating a scan clock signal;

generating a first electron beam;

deflecting the first electron beam to a first location on the sample;

directing a signal generated by the sample in response o the first electron beam
to a pixel;

detecting the charge collected by the pixel to generate an electrical signal
corresponding to the charge collected by the pixel; and

comparing the electrical signal with a first threshold and a second threshold and
determining the presence of an elament # the electrical signal is greater than the first
threshold and the electrical signal is smaller than the second threshold.

31. The method of Claim 30, wherein the first threshold is smaller than the electrical signal
corrasponding to a characteristic energy of the element, and the second threshold s

greater than the electrical signal corresponding to a characteristic energy of the element.

32. The method of Claim 30, wherein the slement comprises at least one of silicon,

aluminum, copper, tungsten, or titanium.

33. The method of Claim 30, further comprising:

deflecting the first electron beam to a second location on the sample;

directing a second signal generated by the sample in response {0 the first electron
beam to a pixel;

detecting & second charge collected by the pixel to generate a second electrical
signal corresponding o the second charge collected by the pixel;

comparing the second electrnical signal with the first threshold and the second
threshold and determining the presence of the element if the second electrical signal is
graater than the first threshold and the second electrical signal is smaller than the second
threshold:; and

creating a map of where the slament is present on the sample.
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34, The method of Claim 33, further comprising:

comparing the first and second electncal signal with a third threshold and g fourth
threshold and determining the presence of a second element if the second elactrical
signal is greater than the third threshold and the second electrical signal is smaller than
the fourth thrashold; and

creating a map of where at least one of the first element or second element is

present on the sample.
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806 DEFLECTING THE FIRST BEAM SYNCHRONOUS WITH
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ON THE SAMPLE
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810~ CLUSTER IN AFIRST TIME INTERVAL AND

CONVERTING A FIRST ELECTRICAL SIGNAL
INTO A FIRST DIGITAL SIGNAL

DETECTING THE CHARGE COLLECTED BY THE

812~ CLUSTER IN A SECOND TIME INTERVAL AND
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