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Detection and Correction of System Responses in Real-Time 

CROSS REFERENCE TO RELATED APPLICATIONS 

100011 	This application claims priority to the provisional patent application filed December 14, 

2018 and assigned U.S. App. No. 62/779,485, the provisional patent application filed December 

18, 2018 and assigned U.S. App. No. 62/781,412, and the provisional patent application filed 

December 26, 2018 and assigned U.S. App. No. 62/785,164, the disclosures of which are hereby 

incorporated by reference. 

FIELD OF THE DISCLOSURE 

10002] 	The disclosure generally relates to improvements in semiconductor wafer metrology. 

More particularly the disclosure generally relates to methods and systems for reducing systematic 

error in electron beam measurements. 

BACKGROUND OF THE DISCLOSURE 

100031 	Evolution of the semiconductor manufacturing industry is placing greater demands on 

yield management and, in particular, on metrology and inspection systems. Critical dimensions 

continue to shrink, yet the industry needs to decrease time for achieving high-yield, high-value 

production. Minimizing the total time from detecting, a yield problem to fixing it determines the 

return-on-investment for a semiconductor manufacturer. 

[0004] 	The measurements of the overlay between different semiconductor layers are crucial for 

ensuring the functionality of integrated circuits (ICs). As the size of structures scale down, electron 

beam (EB) systems, e.g.,. EB inspection, review, and metrology systems, based on the principle of 

scanning electron microscopes become more and more attractive due to their high-resolution 

capabilities. However, EB systems may suffer from systematic error contributions reducing the 

theoretically possible accuracy, and thus perturbing measurement results. 

100051 	One previous method relied on a single offline measurement of internal latencies and a 

correction for them. Changes of these latencies are not covered by the measurement. The internal 

latencies can lead to shifts or asymmetries of the detected image, thus resulting in error 

contributions in distance measurements. Changes in the latencies on a short time scale can act as 

an additional source of noise. Changes in the latencies on a long time scale can show up as drift- 

like effects. 
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[0006] 	Detection of secondary electrons (SEs is beneficial as they are produced in a sample in 

a small interaction volume close to the surface thus resulting in a precise measurement with high 

spatial resolution. However, the SE signal is perturbed by other electron sources, mainly, back- 

scattered electrons (BSEs) with a broad-band energy distribution. Present band-path energy filters 

can discriminate the BSEs with high energy. Low and medium energy BSEs typically pass through 

the band-pass filter adding an additional background signal to the SE signal. Hence, the measured 

detector signal represents a combination of both SE and parasitic, lm to medium energy 

backscattered electron signals. In such prior art solutions, the, parasitic BSE contribution can lead 

to blurry pictures resulting in significant systematic errors. 

[00071 	Some previous methods rely on a static pre-alignment of a beam axis relative to the 

optical axis by aligning the image symmetry of specialized target structures or specialized sensors, 

as illustrated in FIGs. I and 2A-2C. But, the beam alignment has a direct impact on measurements 

of distances or positions in different heights of the specimen. In addition, the orientation of the 

specimen might slightly change from load to load requiring a new alignment of the beam. Keeping 

the old orientation leads to a tilt-induced error. 

[0008] 	Therefore, improved methods and systems for reducing systematic error in EB 

measurements are needed. 

SUMMARY OF THE DISCLOSURE 

[0009] 	Embodiments of the present disclosure serve purposes including: (1) reducing 

systematic errors in high-resolution EB measurements by determining, tracking, and correcting 

tool-internal response; (2) reducing systematic errors in high-resolution EB measurements by 

improving methods of secondary electron (SE) detection—embodiments are not limited to overlay 

measurement and can be used for both semiconductor metrology and inspection; and (3) reducing 

systematic errors in EB measurements by measuring and aligning the beam orientation with respect 

to the specimen's surface normal. 

[0010] Embodiments may correct a response function by modulating beam parameters, detector 

or filter parameters, or using asymmetry detection to correct beam tilt. 

[0011] Embodiment methods and systems may detect a response of a system due to a 

perturbation of the system, determine correction metrics to the response, and apply the correction 

metrics. Measuring devices used to detect a response of a system may include metrology, 
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inspection, and review electron beam tools. The response of the system due to a perturbation may- 

be defined as given intrinsically by the system and detected by merits, may be induced by an on- 

purpose perturbation of the beam parameters, or may be induced by external sources. The 

perturbation of the beam parameters may be periodic with a given defined frequency. The 

perturbation may be intrinsic, for example, due to beam tilt. The perturbation may'be external, for 

example, due to magnetic fields. 

100121 	Embodiments may include a method, comprising correcting a response function of an 

election beam tool. This may comprise modulating an electron beam parameter having a 

frequency; emitting an electron beam based on the electron beam parameter towards a specimen, 

thereby scattering electrons, wherein the electron beam is described by a source wave function 

having a source phase and a landing angle; emitting an electron beam based on the electron beam 

parameter towards ,a specimen, thereby scattering electrons, wherein the electron beam is described 

by a source wave function having a source phase and a landing angle; detecting a portion of the 

scattered electrons at an electron detector, thereby yielding electron data including an electron 

wave function having an electron phase and an electron landing angle; determining, using a 

processor, a phase delay between the source phase and the electron phase, thereby yielding a 

latency; and correcting, using the processor, the response function of the electron beam tool using 

the latency and, a difference between the source wave function and the electron wave function_ 

100131 	The scattered electrons may include backscattered electrons, and the method may 

further comprise, with the electron beam tool, detecting a portion of the backscattered electrons at 

a backscattered electron detector, thereby yielding backscattered electron data. 

[0014] 	Correcting the response function may include subtracting the backscattered electron 

data from the electron data_ 

100151 	Correcting the response function may include extrapolating, using the processor, a 

spectral distribution of the backscattered electron data towards a lower energy, thereby yielding 

an extrapolated backscattered electron data; and subtracting, using the processor, the extrapolated 

backscattered electron data from the electron data. 

100161 	Correcting the response function may include modelling, using the processor, an energy 

distribution function of the backscattered electron data, thereby yielding a modeled energy 

distribution function; and calibrating, using  the processor, the modeled energy distribution 

function using one or more measurements taken using the electron beam tool. 
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100171 	Correcting the response function may include determining a relative fraction of a 

measurement parameter and a specimen property based on of the backscattered electron data to a 

sum of the backscattered electron data and the electron data. 

100181 	The relative fraction may be stored on an electronic data storage unit. 

[0019] 	Correcting the response function may include using a machine learning model, and the 

machine learning model may be trained using the stored relative fraction stored on the electronic 

data storage unit. 

[0020] The method may further comprise, with the electron beam tool, detecting a second 

portion of the backscattered electrons at an opposing electron detector, thereby yielding an 

opposing, electron data; comparing, using the processor, the electron data and the opposing electron 

data to generate tilt data; and changing a tilt of the electron beam using the tilt data. 

[00211 	Embodiments may include a system, comprising an electron beam tool and a controller 

in electronic communication with the electron beam tool. 

[0022] 	The electron beam tool may include an electron beam emitter, a stage, and an electron 

detector. The electron beam emitter may be configured to emit electrons in an electron beam. The 

electron beam may be described by a source wave function having a source phase and a landing 

angle. The stage may be configured to hold a specimen in a path of the electron beam. The electron 

detector may be configured to detect a portion of the electrons scattered by the electron beam 

striking the specimen and thereby yield electron data including an electron wave function having 

an electron phase and an electron landing angle. 

[0023] 	The controller may have  a processor. The controller may be configured to instruct the 

electron beam emitter to modulate an electron beam parameter of the electron beam, the electron 

beam parameter having a frequency; determine a phase  delay between the source phase and the 

electron phase, thereby yielding a latency; and correct a response function of the electron beam 

tool using the latency and a difference between the source wave function and the electron wave 

function. 

[00241 	The  scattered electrons may include backscattered electrons and the system may further 

comprise a backscattered electron detector configured to detect a portion of backscattered electrons 

and thereby yield backscattered electron data. 

[0025] 	The controller may be configured to correct the response function by subtracting the 

backscattered electron data from the electron data. 
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[00261 	The controller may be configured to correct the response function by extrapolating a 

spectral distribution of the backscattered electron data towards a lower energy, thereby yielding 

an extrapolated backscattered electron data; and subtracting the extrapolated backscattered 

electron data from the electron data. 

[0027] 	The controller may be configured to correct the response function by modelling an 

energy distribution function of the backscattered electron data, thereby yielding a modeled energy 

distribution function; and calibrating the modeled, energy distribution function using one or more 

measurements taken using the electron beam tool. 

[0028] 	The controller may be configured to correct the response function by determining a 

relative fraction of a measurement parameter and a specimen property based on of the 

backscattered electron data to a sum of the backscattered electron data and the electron data. 

[0029] 	The system may further comprise an electronic data storage unit  configured to store the 

relative fraction. 

[0030] 	The controller may be configured to correct the response function by using a machine 

learning model. The machine learning model may be trained using the stored relative fraction 

stored on the electronic data storage unit. 

[0031] 	The system may further comprise an opposing electron detector configured to detect a 

second portion of the backscattered electrons to yield an opposing electron data. The controller 

may be further configured to compare the electron data and the opposing electron data to generate 

tilt data; and change an angle of the electron beam emitter using the tilt data, thereby changing a 

tilt of the electron beam. 

[0032] Embodiments may include a non-transitory computer-readable storage medium, 

comprising one or more programs for executing steps on one or more computing devices including 

correcting a response function of an electron beam tool. Correcting the response function may 

include modulating an electron beam parameter having a frequency; instructing the electron beam 

tool to emit an electron beam based on the electron beam parameter towards a specimen, thereby 

scattering electrons, wherein the electron beam is described by a source wave function having a 

source phase and a landing angle; receiving, from an electron detector detecting a portion of the 

scattered electrons, electron data including an electron wave function having an electron phase and 

an electron landing angle; determining a phase  delay between the source phase and the electron 

phase, thereby yielding a latency; and correcting the response function of the electron beam tool 
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using the latency and a difference between the source wave function and the electron wave 

function. 

[0033] 	The steps may include training a machine-learning algorithm using the electron beam 

parameter, the electron data, and the response function. 

BRIEF DESCRIPTION OF THE FIGURES 

For a fuller understanding of the nature and objects of the disclosure, reference should be made 

to the following detailed description taken in conjunction with the accompanying drawings, in 

which: 

FIG. l illustrates a method of beam correction according to the prior art; 

FIGS. 2A-2C illustrate a method of metrology correction according to an embodiment of the 

present disclosure; 

FIG_ 3 illustrates a method of metrology correction according to an embodiment of the present 

disclosure; 

FIG. 4 illustrates a method of metrology correction according to an embodiment of the present 

disclosure; 

FIG_ 5 illustrates a system for metrology conection according to an embodiment of the present 

disclosure; 

FIG. 6 illustrates a system for metrology correction according, to an embodiment of the present 

disclosure; 

FIGS. 7A-7C illustrates an embodiment darkfield metrology correction; 

FIG_ 8 illustrates a system embodiment of the present disclosure; and 

FIG. 9 illustrates another system embodiment of the present disclosure. 

DETAILED DESCRIPTION OF THE DISCLOSURE 

[0034] 	Although claimed subject matter will be described in terms of certain embodiments, 

other embodiments, including embodiments that do not provide all of the benefits and features set 

forth herein, are also within the scope of this disclosure. Various structural, logical, process step, 

and electronic changes may be made without departing from the scope of the disclosure. 

Accordingly, the scope of the disclosure is defined only by reference to the appended claims. 

[0035] 	Embodiments disclosed herein include methods, systems, and apparatuses for correcting 

a response function of an electron beam inspection tool. Such embodiments may provide real-time 
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detection and correction of potential latencies and reduce systematic errors of the measurement. 

Thus, measurements may have higher accuracy. 

[0036] 	In an instance, FIG. 3 depicts a first method for correcting a response function, such as 

a warped sine wave, of an electron beam inspection tool. Method 1 may determine and correct for 

intrinsic static or dynamic response, for example, latencies, by modulating the source properties 

with one or more defined frequencies at a defined amplitude. Method 1 may begin by generating 

a frequency 2, which may be modulated. The frequency 2 may be generated using a frequency 

generator. The frequency generated at 2 may be an input to producing a beam parameter 3, e.g, 

an electron beam current. The beam parameter 3 may be a parameter of primary beam 4. Beam 

parameter 3 may be modulated. Primary beam 4 may be directed toward specimen 5, which may 

be a wafer or a die on a wafer. A portion of primary beam 4 may strike wafer '5 and cause a portion 

of the electrons near the surface of wafer 5 to scatter, yielding electrons, which may include 

secondary and backscattered electrons. A portion of the electrons may be detected by a detector 6, 

and modified raw data 7 may be produced. The electrons' modulation due to the modulation of 

beam parameter 3. This modulation can be analyzed with respect to the exciting modulation, for 

example, by means of a phase delay representing the latency. The modulation can be filtered from 

the detected image, and does not perturb the measurement. Modified raw data 7, which may 

represent a signal received at detector 6, may be used with beam parameter(s) 3 to determine a 

phase delay to give a latency 9. Filter 10 may be used to filter modified raw data 7 using latency 

9, to yield a corrected response function 11. 

[0037] The primary beam  4 may be switched on and off, or may be moved to a dump-like 

structure to modulate the beam deflection. For example the dump-like structure may be a beam 

dump, and may include a blocking panel or metal sheet.  

100381 Analyzing the modified raw data 7 may include comparing a sine wave controlling the 

beam parameter 3 with the measured warped sine wave. 

[0039] 	In another instance, a system may comprise an electron beam inspection tool. The 

electron beam inspection tool may comprise an electron beam emitter configured to emit electrons 

in an electron beam. The electron beam may be described by a source electron wave function 

having a source electron phase. 
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[0040] The electron beam inspection tool may further comprise a stage. The stage may be 

configured to hold a specimen. The specimen may be, for example, a wafer. The wafer may contain 

one or more dies. The specimen may be held by the stage in a path of the electron beam. 

[0041] 	The electron beam inspection tool may further comprise a secondary electron detector, 

such as an Everhart-Thomely detector or a solid state detector, and may incorporate low-pass 

filter(s). The secondary electron detector may be configured to detect a portion of the secondary 

electrons generated as a result of the electron beam striking the specimen_ The secondary electron 

detector may then yield electron data, representing the signals of electrons (primary, secondary, or 

backscattered) received at detector 6, as output after detecting electrons. The electron wave 

function may include an electron phase. 

[0042] 	A controller may be in electronic communication with the inspection tool. The 

controller may be configured to instruct the electron beam emitter to, for example, modulate a 

frequency of an electron beam parameter of the electron beam. The controller may deteiuiine a 

phase delay between the source electron phase and the electron phase. This may yield a latency. 

Using this latency in conjunction with a difference between the source wave function and the 

electron wave function, the controller may correct a response function of the electron beam 

inspection tool. The way the response function is corrected may depend on what aspect of the 

response function is in need of correction. Where beam tilt modulation is necessary to correct the 

response function, a beam position connection can, be performed. Where beam current modulation 

is necessary to correct the response function, image intensity corrections may be performed_ 

[0043] 
	

Another embodiment is a non-transitory computer-readable storage medium, which 

may comprise one or more programs for executing steps including those of method 1. 

[0044] 	In other embodiments, electron detectors in various inspection tools may be improved. 

Emitting the electron beam toward the specimen may additionally cause a portion of the electrons 

in the specimen to backscatter, thus yielding backscattered electrons. The method may further 

comprise detecting a portion of the backscattered electrons at a backscatter electron detector, thus 

yielding a backscattered electron data, which may represent the signals received from 

backscattered electrons. 

[0045] In an embodiment depicted in FIG. 4, method 100 may be used to improve electron 

detectors in various inspection tools. Parasitic backscattered electron contributions can lead to 

blurry pictures resulting in significant systematic errors. Method 100 may clean the electron data 
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101 from parasitic backscattered electron contributions. It may determine and correct for the 

parasitic backscattered electron data by sweeping or cycling the bias voltage of an existing high- 

pass filter 102 using high frequency modulation 103 from values close to zero (high-pass oft) to a 

few tens or hundreds of volts (high-pass on). Whether the high-pass filter 102 is in high-pass off 

or high-pass on mode depends on the strength of the filter voltage. The detected data in High-pass- 

off mode corresponds to backscattered electron and secondary electron data 106 while the High- 

pass-on represents the remaining backscattered electron portion 104. Optional spectral 

extrapolation 105 may be perfointed. The backscattered electron and secondary electron data is 

corrected 107 by the backscattered electron data to achieve a backscattered electron corrected pure 

secondary electron data 108. 

100461 	In this way, a secondary electron detector may be improved. Secondary electron 

detectors may be used to dominantly receive data from the top layer for  overlay application. A 

separate detector, e.g., a backscattered electron detector, may be used to receive data from the 

buried layer_ 

100471 	Such embodiments may operate to correct the data in real-time or offline. 

100481 
	

Correcting the response function may include subtracting the backscattered electron 

data from the secondary electron data. 

100491 	Correcting the response function may include extrapolating a spectral distribution 

(similar to the optical spectrum) of the backscattered electron data toward a lower energy. The 

extrapolation may be performed for example, by fitting a function to the spectrum and using that 

function to extrapolate to other spectral locations lacking measured data. This may yield an 

extrapolated backscattered electron data. The extrapolated backscattered electron data may be 

subtracted from the secondary electron data to yield the corrected response function. 

100501 	Correcting the response function may include modelling an energy distribution function 

of the backscattered electron data, thereby yielding a modeled energy distribution function. The 

modeled energy distribution function may be calibrated using one or more measurements taken 

using the electron beam inspection tool. 

[0051] 	Correcting the response function may include determining a relative fraction. The 

relative fraction may  relate a measurement parameter and a specimen property based on the 

backscattered electron data to a sum of the backscattered electron data and the secondary electron 

data. 

9 



WO 2020/123729 	 PCT/US2019/065829 

[0052] 	The relative fraction may be stored on an electronic data storage unit. One or more 

determined relative fractions may be stored in a look-up table for later use. 

[0053] 	Correcting the response function may include using a machine learning model. The 

machine learning module may be trained using the stored relative fraction stored on the electronic 

data storage unit. The machine learning model may be, for example, an artificial neural network. 

such as a convolutional neural network, and may apply the artificial neural network to new 

measurements. 

[0054] 	Such embodiments provide for detecting by measuring the backscattered electron data 

and the backscattered electron and secondary electron data pixel by pixel. Other such embodiments 

provide for detecting by measuring the backscattered electron data and the backscattered electron 

data and secondary electron data by group of pixels (e.g,, line by line or frame by frame). The 

same position may be measured for backscattered electron and backscattered electron-plus- 

secondary electron data. No calibration between different detectors may be necessary. 

[0055] Embodiments may include hardware to control and synchronize a sweep or cycle of the 

filter bias voltage to other system time scales (e.g., the pixel clock or frame rate). 

[0056] 	The method may further comprise detecting a second portion of the secondary electrons 

at an opposing secondary electron detector. Such detection may yield an opposing secondary 

electron data. The secondary electron data maybe compared with the opposing secondary electron 

data to generate tilt data, which may refer to the alignment of the beam axis relative to the optical 

axis. The tilt of the electron beam may be changed using the tilt data. The tilt of the electron beam 

may be changed by changing the electron beam emitter.  

[0057] The secondary electron data maybe compared to the opposing secondary electron data 

utilizing dark field images. Dark field images may be used for contrast enhancement and/or 

topographic measurements. Such images may  be used  to measure and control a beam tilt. 

[00581 An embodiment may determine and correct for a beam tilt of an electron beam 

inspection system. A tilt-related value may be measured by comparing opposing channels using a 

multichannel detector. A comparison of the data, for example, the difference data, may be used to 

control the beam tilt in real-time by means of a feedback loop. Such  a feedback loop  may be used 

to determine and correct for beam tilt in real time by determining a tilt-related value using opposing 

channels of a multichannel detector and a beam tilt calibration target. 
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100591 One embodiment may implement a specialized target using a high-Z substrate and an 

aperture array. The high-Z substrate maybe selected such that it generates backscattered electrons. 

For example, this may be a Peleo silicon nitride support film. 

100601 	A system or non-transitory computer-readable storage medium according to the present 

disclosure may implement such various embodiments of the present disclosure. 

100611 	An embodiment system 12 is illustrated in FIG. 5. In system 12, primary beam 

components 41-43 may be appropriately deflected by a deflection unit 13 towards specimen 5. 

Portions of the secondary and backscattered electrons 44-45, resulting from primary beam 

components 41-43 striking specimen 5, may be detected at detector 6. Detector 6 may have one 

or more portions, for example portions 61-65, configured to detect secondary electrons or 

backscattered electrons at various angles, depending on the flatness or slantedness of a surface. It 

should be noted that there may be embodiments with varying number of portions, rather than 

portions 61-65. Detector 6 may be configured to supply one or more darkfield images 14 to an 

analysis unit 15. Examples of darkfield images 14 include those depicted in FIGs. 7A-7C, 

including images 201 and 202. 

100621 FIG. 6 depicts yet another embodiment system 16, in Which  a membrane having holes 

is placed between the specimen 5 and the detectors 66-68. It should be noted that there may be 

embodiments with varying number of detectors, rather than detectors 66-68. The membrane 

having holes may be, for example 200 nm thick andior made of silicon. However, another thickness 

or material may be used depending on the process needs. Membrane 17 having holes may have 

one or more holes, and those  holes may be circular or other-shaped. For example, membrane 17 

havMg holes may have circular holes with diameters ranging, for example from 2500 run to 5000 

nm_ Specimen 5 may be a high-Z target for strong backscatter data. The membrane 17 having holes 

may be placed a distance h above specimen 5. For example, distance h may range from 2-10 p.m, 

however another distance h may be used depending on process needs. Portions of backscattered 

electrons 47 and 48 may result from primary beam 4 striking specimen 5. 

100631 	Referring back to FIG. 5, analysis unit 15 may analyze the darkfield images, for example 

by converting using image processing techniques (e.g., by comparing several side channels), to 

determine the tilt of the specimen. For example, referring to FIG. 7A, darkfield image 201 may 

show that the surface from which the scattered electrons emanate is flat. For a further example, 

referring to FIG. 7B, darkfield images 202 may show that the surface from which the scattered 
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electrons emanate is tilted. In such a way, the tilt of the surface, which may correspond to the tilt 

of the specimen, may be measured, and fed back into the system for correction. 

[0064] 	One embodiment of a system 800 is shown in FIG. 8. The system 800 includes optical 

based subsystem 801. In general, the optical based subsystem 801 is configured for generating 

optical based output for a specimen 802 by directing light to (or scanning light over) and detecting 

light from the specimen 802. In one embodiment, the specimen 802 includes a wafer. The wafer 

may include any wafer known in the art. In another embodiment, the specimen includes a reticle. 

The reticle may include any reticle known in the art. 

10065] 	In the embodiment of the system 800 shown in  FIG. 8, optical based subsystem 801 

includes an illumination subsystem configured to direct light to specimen 802. The illumination 

subsystem includes at least one light source. For example, as shown in FIG. 8, the illumination 

subsystem includes light source 803. In one embodiment, the illumination subsystem is configured 

to direct the light to the specimen 802 at one or more angles of incidence, which may include one 

or more oblique angles and/or one or more normal angles. For example, as shown in FIG. 8, light 

from light source 803 is directed through optical element 804 and then lens 805 to specimen 802 

at an oblique angle of incidence. The oblique angle of incidence may include any suitable oblique 

angle of incidence, which may vary depending on, for instance, characteristics of the specimen 

802. 

100661 	The light source 803, or beam source, can include a broadband plasma source, lamp, or 

laser. In some embodiments, the beam source can also emit light, or photons, which can be in the 

form of infrared, visible, ultraviolet, or x-ray light. 

10067] 	The optical based subsystem 801 may be configured to direct the light to the specimen 

802 at different angles of incidence at different times. For example, the optical based subsystem  

801 may be configured to alter one or more characteristics of one or more elements of the 

illumination subsystem such that the light can be directed to the specimen 802 at an angle of 

incidence that is different than that shown in FIG. 8. In one such example, the optical based 

subsystem 801 may be configured to move light source 803, optical element 804, and lens 805 

such that the light is directed to the specimen 802 at a different oblique angle of incidence or a 

normal (or near normal) angle of incidence. 

[0068] 	In some instances, the optical based subsystem 801 may be configured to direct light to 

the specimen 802 at more than one angle of incidence at the same time. For example, the 
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illumination subsystem may include more than one illumination channel, one of the illumination 

channels may include light source 803, optical element 804, and lens 805 as shown in FIG. 8 and 

another of the illumination channels (not shown) may include similar elements, which may be 

configured differently or the same, or may include at least a light source and possibly one or more 

other components such as those described further herein. If such light is directed to the specimen 

at the same time as the other light, one or more characteristics (e.g., wavelength, polarization, etc.) 

of the light directed to the specimen 802 at different angles of incidence may be different such that 

light resulting from illumination of the specimen 802 at the different angles of incidence can be 

discriminated from each other at the cletector(s). 

[0069] 	In another instance, the illumination subsystem may include only one light source (e.g., 

light source 803 shown in FIG. 8) and light from the light source may be separated into different 

optical paths (e.g.,, based on wavelength, polarization, etc.) by one or more optical elements (not 

shown) of the illumination subsystem. Light in each of the different optical paths may then be 

directed to the specimen 802. Multiple illumination channels may be configured to direct light to 

the specimen 802 at the same time or at different times (e.g., when different illumination channels 

are used to sequentially illuminate the specimen). In another instance, the same illumination 

channel may be configured to direct light to the specimen 802 with different characteristics at 

different times. For example, in some instances, optical element 804 may be configured as a 

spectral filter and the properties of the spectral filter can be changed in a variety of different ways 

(e.g., by swapping out the spectral filter) such that different wavelengths of light can be directed 

to the specimen 802 at different times_ The illumination subsystem may have any other suitable 

configuration known in the art for directing the light having different or the same characteristics 

to the specimen 802 at different or the same angles of incidence sequentially or simultaneously. 

100701 	In one embodiment, light source 803 may include a broadband plasma (1313P) source. In 

this manner, the light generated by the light source 803 and directed to the specimen 802 may 

include broadband light, However, the light source may include any other suitable light source 

such as a laser or lamp. The laser may include any suitable laser known in the art and may be 

configured to generate light at any suitable wavelength or wavelengths known in the art. in 

addition, the laser may be configured to generate light that is monochromatic or nearly- 

monochromatic. In this manner, the laser may be a narrowband laser. The light source 803 may 
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also include a polychromatic light source that generates light at multiple discrete wavelengths or 

wavebands. 

[0071] 	Light from optical element 804 may be focused onto specimen 802 by lens 805. 

Although lens 805 is shown in FIG. 8 as a single refractive optical element, it is to be understood 

that, in practice, lens 805 may include a number of refractive and/or reflective optical> elements 

that in combination focus the light from the optical element to the specimen. The illumination 

subsystem shown in FIG. 8 and described herein may include any other suitable optical elements 

(not shown). Examples of such optical elements include, but are not limited to, polarizing 

component(s), spectral filter(s), spatial filter(s), reflective optical element(s), apodizer(s), beam 

splitter(s) (such as beam splitter 813), aperture(s), and the like, which may include any such 

suitable optical elements known  in the art. In addition, the optical based subsystem 801 may be 

configured to alter one or more of the elements of the illumination subsystem based on the type of 

illumination to be used for generating the optical based output. 

[0072] 	The optical based subsystem 801 may also include a scanning subsystem configured to 

cause the light to be scanned over the specimen 802. For example, the optical based subsystem 

801 may include stage 806 on which specimen 802 is disposed during optical based output 

generation. The scanning subsystem may include any suitable mechanical and/or robotic assembly 

(that includes stage 806) that can be configured to move the specimen 802 such that the light can 

be scanned over the specimen 802. In addition, or alternatively, the optical based subsystem 801 

may be configured such that one or more optical elements of the optical based subsystem 801 

perform some scanning of the light over the specimen 802. The light may be scanned over the 

specimen 802 in any suitable fashion such as in a serpentine-like path or in a spiral path. 

[0073] 	The optical based subsystem 801 further 	includes one or more detection  channels. At 

least one of the one or more detection channels includes a detector configured to detect light from 

the specimen 802 due to illumination of the specimen 802 by the subsystem and to generate output 

responsive to the detected light. For example, the optical based subsystem 801 shown in FIG. 8 

includes two detection channels, one formed by collector 807, element 808, and detector 809 and 

another formed by collector 810, element 811, and detector 812. As shown in FIG. 8, the two 

detection channels are configured to collect and detect, light at different angles of collection. In 

some instances, both detection channels are configured to detect scattered light, and the detection 

channels are configured to detect tight that is scattered at different angles from the specimen 802. 
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However, one or more of the detection channels may be configured to detect another type of light 

from the specimen 802 (e.g., reflected light). 

[0074] 	As further shown in FIG. 8, both detection channels are shown positioned in the plane 

of the paper and the illumination subsystem is also shown positioned in the plane of the paper. 

Therefore, in this embodiment, both detection channels are positioned in (e.g., centered in) the 

plane of incidence. However, one or more of the detection channels may be positioned out of the 

plane of incidence. For example, the detection channel fonned by collector 810, element 811, and 

detector 812 may be configured to collect and detect light that is scattered out of the plane of 

incidence. Therefore, such a detection channel may be commonly referred to as a "side" channel, 

and such a side channel may be centered in a plane that is substantially perpendicular to the plane 

of incidence. 

[0075] 	Although FIG. 8 shows an embodiment of the optical based subsystem 801 that  includes 

two detection channels, the optical based subsystem 801 may include a different number of 

detection channels (e.g., only one detection channel or two or more detection channels). In one 

such instance, the detection channel formed by collector 810, element 811, and detector 812 may 

form one side channel as described above, and the optical based subsystem 801 may include an 

additional detection channel (not shown) formed as another side channel that is positioned on the 

opposite side of the plane of incidence. Therefore, the optical based subsystem 801 may include 

the detection channel that includes collector 807, element 808, and detector 809 and that is centered 

in the plane of incidence and configured to collect and detect light at scattering angle(s) that are at 

or close to normal to the specimen 802 surface. This detection channel may therefore be commonly 

referred to as a "top" channel, arid the optical based subsystem 801 may also include two or more 

side channels configured as described above. As such, the optical based subsystem 801 may 

include at least three channels (i.e., one top channel and two side channels), and each of the at least 

three channels has its own collector, each of which is configured to collect light at different 

scattering angles than each of the other collectors. 

[0076] 	As described further above, each of the detection channels included in the optical based 

subsystem 801 may be configured to detect scattered light. Therefore, the optical based subsystem 

801 shown in FIG. 8 may 	be configured for dark field (DF) output generation for specimens 802. 

However, the optical based subsystem 801 may also  or alternatively include detection channel(s) 

that are configured for bright field (BF) output generation for specimens 802. In other words, the 
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optical based subsystem 801 may include at least one detection channel that is configured, to detect 

light specularly reflected from the specimen 802. Therefore, the optical based subsystems 801 

described herein may be configured for only DF, only BF, or both DF and BF imaging. Although 

each of the collectors are shown in FIG. 8 as single refractive optical elements, it is to be 

understood that each of the collectors may include one or more refractive optical clie(s) and1or one 

or more reflective optical elements}. 

[0077] 	The one or more detection channels may include any suitable detectors known in the 

art. For example, the detectors may include photo-multiplier tubes (PMTs), charge coupled devices 

(CCDs), time delay integration (TDI) cameras, and any other suitable detectors known in the art. 

The detectors may also include non-imaging detectors or imaging detectors. In this manner, if the 

detectors are non-imaging detectors, each of the detectors may be configured to detect certain 

characteristics of the scattered light such as intensity but may not be configured to detect such 

characteristics as a function of position within the imaging plane. As such, the output that is 

generated by each of the detectors included in each of the detection channels of the optical based 

subsystem may be signals or data, but not image signals or image data. hi such instances, a 

processor such as processor 814 may be configured to generate images of the specimen 802 from 

the non-imaging output of the detectors. However, in other instances, the detectors may be 

configured as imaging detectors that are configured to generate imaging signals or image data. 

Therefore, the optical based subsystem may be configured to generate optical images or other 

optical based output described herein in a number of ways. 

[0078] 	It is noted that FIG. 8 is provided herein to generally illustrate a configuration of an 

optical based subsystem 801 that may be included in the system embodiments described herein or 

that may generate optical based output that is used by the system embodiments described herein. 

The optical based subsystem 801 configuration described herein may be altered to optimize the 

performance of the optical based subsystem 801 as is normally performed when designing a 

commercial output acquisition system. In addition, the systems described herein may be 

implemented using an existing system (e,g., by adding functionality described herein town existing 

system). For some such systems, the methods described herein may be provided as optional 

functionality of the system (e.g., in addition to other functionality of the system). Alternatively, 

the system described herein may be designed as a completely new system. 

100791 	In an instance, the processor 814 is in communication with the system 800. 
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100801 FIG. 9 is a block diagram of an embodiment of a system 900. The system 900 includes 

a tool, e.g., a wafer inspection tool (which includes the electron column 901), configured to 

generate images of a specimen 904, which may include a wafer or a reticle. 

100811 	The tool includes an output acquisition subsystem that includes at least an energy source 

and a detector_ The output acquisition subsystem may be an electron beam-based output 

acquisition subsystem. For example, in one embodiment, the energy directed to the specimen 904 

includes electrons, and the energy detected from the specimen 904 includes electrons. In this 

manner, the energy source may be an electron beam source. In one such embodiment shown in 

FIG 9, the output acquisition subsystem includes electron column 901, which is coupled to 

computer subsystem 902. A stage 910 may hold the specimen 904. 

100821 	As also shown in FIG. 9, the electron column 901 includes an electron beam source 903 

configured to generate electrons that are focused to specimen 904 by one or more elements 905. 

The electron beam source 903 may include, for example, a cathode source or emitter tip. The one 

or more elements 905 may include, for example, a gun lens, an anode, a beam limiting aperture, a 

gate valve, a beam current selection aperture, an objective lens, and a scanning subsystem, all of 

which may include any such suitable elements known in the art. 

100831 	Electrons returned from the specimen 904 (e.g., secondary electrons) may be focused 

by one or more elements 906 to detector 907. One or more elements 906 may include, for example, 

a scanning subsystem, which may be the same scanning subsystem included in element(s) 905. 

100841 	The electron column 901 also may include any other suitable elements known in the art. 

100851 	Although the electron column 901 is shown in FIG. 9 as being configured such that the 

electrons are directed to the specimen 904 at an oblique angle of incidence and are scattered from 

the specimen 904 at another oblique angle, the electron beam may be directed to and scattered 

from the specimen 904 at any suitable angles. In addition, the electron beam-based output 

acquisition subsystem may be configured to use multiple modes to generate images of the 

specimen 904 (e.g., with different illumination angles, collection angles, etc.). The multiple modes 

of the electron beam-based output acquisition subsystem may be different in any image generation 

parameters of the output acquisition subsystem. 

100861 Computer subsystem 902 may be coupled to detector 907 as described above. The 

detector 907 may detect electrons returned from the surface of the specimen 904 thereby forming 

electron beam images of the specimen 904. The electron beam images may include any suitable 
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electron beam images. Computer subsystem 902 may be configured to perform any of the functions 

described herein using the output of the detector 907 and/or the electron beam images. Computer 

subsystem 902 may be configured to perform any additional step(s) described herein. A system 

900 that includes the output acquisition subsystem shown in FIG. 9 may be further configured as 

described herein 

100871 	It is noted that FIG. 9 is provided herein to generally illustrate a configuration of an 

electron beam-based output acquisition subsystem that may be used in the embodiments described 

herein. The electron beam-based output acquisition subsystem configuration described herein may 

be altered to optimize the performance of the output acquisition subsystem as is normally 

performed when designing a commercial output acquisition system. In addition, the systems 

described herein may be implemented using an existing system (e.g., by adding functionality 

described herein to an existing system). For some such systems, the methods, described herein may 

be provided as optional functionality of the system (e.g., in addition to other functionality of the 

system). Alternatively, the system described herein may be designed as a completely new system. 

100881 	Although the output acquisition subsystem is described above as being an electron 

beam-based output acquisition subsystem, the output acquisition subsystem may be an ion beam 

based output acquisition subsystem. Such an output acquisition subsystem may be configured as 

shown in FIG. 9 except that the electron beam source may be replaced with any suitable ion beam 

source known in the art. in addition, the output acquisition subsystem may be any other suitable 

ion beam-based output acquisition subsystem such as those included in commercially available 

focused ion beam (FIB) systems, helium ion microscopy (HIM) systems, and secondary ion mass 

spectroscopy (SIMS) systems. 

[00891 	The computer subsystem 902 includes a processor 908 and an electronic data storage 

unit 909. The processor 908 may include a microprocessor, a microcontroller, or other devices. 

100901 The processor 814 or 908 or computer subsystem 902 may be coupled to the components 

of the system 800 or 900, respectively, in any suitable manner (e.g., via one or more  transmission 

media, which may include wired and/or wireless transmission media) such that the processor 814 

or 908, respectively, can  receive output. The processor 814 or 908 may be configured to perform 

a number of functions using the output. The system 800 or 900 can receive instructions or other 

information from the processor 814  or 908, respectively. The processor 814 or 908 and/or the 

electronic data storage unit 815 or 909, respectively, optionally may be in electronic 
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communication with a wafer inspection tool, a wafer metrology tool, or a wafer review tool (not 

illustrated) to receive additional information or send instructions. For example, the processor 814 

908 andlor the electronic data storage unit 815 or 909, respectively, can be in electronic 

communication with a scanning electron microscope (SEM). 

[0091] 	The processor 814 or 908 is in electronic communication with the wafer inspection tool. 

such as the detector 809 or 812, or detector 907, respectively. The processor 814 or 908 may be 

configured to process images generated using measurements from the detector 809 or 812, or 

detector 907, respectively. For example, the processor may perform embodiments of the method 

100 or portions of schematic 1 or systems 12 and 16. 

[0092] 	The processor 814 or 908 or computer subsystem 902, other system(s), or other 

subsystem(s) described herein may be part of various systems, including a personal computer 

system, image computer, mainframe computer system, workstation, network appliance, internet 

appliance, or other device. The subsystem(s) or system(s) may also include any suitable processor 

known in the art, such as a parallel processor. In addition, the subsystem(s) or system(s) may 

include a platform with high-speed processing and software, either as a standalone or a networked 

tool. 

[0093] 	The processor 814 or 908 and electronic data storage unit 815 or 909, respectively, may 

be disposed in or otherwise part of the system 800 or 900, respectively, or another device. In an 

example, the processor 814 or 908 and electronic data storage unit 815 or 909, respectively may 

be part of a standalone control unit or in a centralized quality control unit. Multiple processors 814 

or 908 or electronic data storage units 815 or 909, respectively, may be used. 

[0094] The processor 814 or 908 may be implemented in practice by any combination of 

hardware, software, and firmware. Also. its functions as described herein may be performed by 

one unit, or divided up among different components, each of which may be implemented in turn 

by any combination of hardware, software and firmware. Program code or instructions for the 

processor 814 or 908 to implement various methods and functions may be stored in readable 

storage media, such as a memory in the electronic data storage unit 815 or 909, respectively, or 

other memory. 

[0095] 	If the system 800 or 900 includes more than one processor 814 or 908 or computer 

subsystem 902, then the different subsystems may be coupled to each other such that images, data, 

information, instructions, etc. can be sent between the subsystems. For example, one subsystem 
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may be coupled to additional subsystem(s) by any suitable transmission media, which may include 

any suitable wired and/or wireless transmission media known in the art. Two or more of such 

subsystems may also be effectively coupled by a shared computer-readable storage medium (not 

shown). 

[0096] The processor 814 or 908 may be configured to perform a number of functions using 

the output of the system 800 or 900, respectively, or other output. For instance, the processor 814 

or 908 may be configured to send the output to an electronic data storage unit 815 or 909, 

respectively or another storage medium. The processor 814 or 908 may be further configured as 

described herein. 

[0097] The processor 814 or 908 or computer subsystem 902 may be part of a defect review 

system, an inspection system, a metrology system, or some other type of system. Thus, the 

embodiments disclosed herein describe some configurations that can be tailored in a number of 

manners for systems having different capabilities that are more or less suitable for different 

applications. 

100981 If the system includes more than one subsystem, then the different subsystems may be 

coupled to each other such that images, data. information. instructions, etc. can be sent between 

the subsystems. For example, one subsystem may be coupled to additional subsystem(s) by any 

suitable transmission media, which may include any suitable wired and/or wireless transmission 

media known in the art. Two or more of such subsystems may also be effectively coupled by a 

shared computer-readable storage medium (not shown). 

[0099] 	The processor 814 or 908 may be configured according' to any of the embodiments 

described herein. The processor 814 or 908 also may be configured to perform other functions or 

additional steps using the output of the system 800 or 900, respectively, or using images or data 

from other sources. 

[0100] The processor 814 or 908 may be communicatively coupled to any of the various 

components or sub-systems of system 800 or 900, respectively, in  any manner known in  the art. 

Moreover, the processor 814 or 908 may be configured to receive and/or acquire data or 

information from other systems (e.g., inspection results from an inspection system such as a review 

tool, a remote database including design data and the like) by a transmission medium that may 

include wired and/or wireless portions. In this manner, the transmission medium may serve as a 
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data link between the processor 814 or 908 and other subsystems of the system 800 or 900, 

respectively, or systems external to system 800 or 900, respectively. 

[0101]I 	In an embodiment, processor 814 or processor 908 may be configured to carry out the 

steps according to an embodiment of method 100 or portions of schematic 1 or systems 12 and 16, 

[0102] 	In an embodiment, the processor 814 or processor 908 may be further configured to 

perform a fine alignment comprising of a partitioned translation, wherein the partitioned 

translation comprises: partitioning the reference image into one or more reference image sub- 

sections; partitioning the test image into one or more test image sub-sections, each test image sub- 

section corresponding to a reference image sub-section; and translating each test image sub-section 

is translated to align with its corresponding reference image sub-section. 

10103j 	Various steps, functions, and/or operations of system 800 or system 900 and the 

methods disclosed herein are carried out by one or more of the following: electronic circuits, logic 

gates, multiplexers, programmable logic devices, ASICs, analog or digital controls/switches, 

microcontrollers, or computing systems. Program instructions implementing methods such as 

those described herein may be transmitted over or stored on carrier medium. The carrier medium 

may include a storage medium such as a read-only memory, a random access memory, a magnetic 

or optical disk, a non-volatile memory, a solid state memory, a magnetic tape, and the like. A 

carrier medium may include a transmission medium such as a wire, cable, or wireless transmission 

link. For instance, the various steps described throughout the present disclosure may be carried out 

by a single processor 814 or a single processor 908 (or computer subsystem 902) or, alternatively, 

multiple processors 814 or multiple processors 908 (or multiple computer subsystems 902). 

Moreover, different sub-systems of the system 800 or system 900 may include one or more 

computing or logic systems. Therefore, the above description should not be interpreted as a 

limitation on the present disclosure but merely an illustration. 

[0104] 
	

An additional embodiment relates to a non-transitory computer-readable medium 

storing program instructions executable on a controller for performing a computer-implemented 

method for determining a height of an illuminated region on a surface of a specimen 802 or 904, 

as disclosed herein. In particular, as shown in FIG. 8 or 9, electronic data storage unit 815 or 909 

or other storage medium may contain non-transitory computer-readable medium that includes 

program instructions executable on the processor 814 or 908, respectively. The computer- 
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implemented method may include any step(s) of any method(s) described herein, including 

embodiments of method 100 or portions of schematic 1 or systems 12 and 16. 

[0105] 	Program instructions implementing methods such as those described herein may be 

stored on computer-readable medium, such as in the electronic data storage unit 815, electronic 

data storage unit 909, or other storage medium. The computer-readable medium may be a storage 

medium such as a magnetic or optical disk, a magnetic tape, or any other suitable non-transitory 

computer-readable medium known in the art. 

10106] The program instructions may be implemented in any of various ways, including 

procedure-based techniques, component-based techniques, and/or object-oriented techniques, 

among others. For example, the program instructions may be implemented using ActiveX controls, 

C 	I I objects, JavaBeans, Microsoft Foundation Classes (MFC), Streaming SIMD Extension 

(SSE), or other technologies or methodologies, as desired. 

1010'7]I 	The component(s) executed by the processor, can include a deep learning module (e.g., 

a convolutional neural network (CNN) module). The deep learning module can have one of the 

configurations described further herein. Rooted in neural network technology, deep learning is a 

probabilistic graph model with many neuron layers, commonly known as a deep architecture. Deep 

learning technology processes the information such as image, text, voice, and so on in a 

hierarchical manner. In using deep learning in the present disclosure, feature extraction is 

accomplished automatically using learning from data, For example, features to reference in 

determining rotation and translation offsets can be extracted using the deep learning module based 

on the one or more extracted features. 

10108] 	Generally speaking, deep learning (also known as deep structured learning, hierarchical 

learning or deep machine learning) is a branch of machine learning based on a set of algorithms 

that attempt to model high level abstractions in data. In a simple case, there may be two sets of 

neurons: ones that receive an input signal and ones that send an output signal. When the input layer 

receives an input, it passes on a modified version of the input to the next layer. In a deep network, 

there are many layers between the input and output, allowing the algorithm to use multiple 

processing layers, composed of multiple linear and non-linear transformations. 

101091 Deep learning is part of a broader family of machine learning methods based on learning 

representations of data. An observation (e.g., a feature to be extracted for reference) can be 

represented in many 	ways such as a vector of intensity values per pixel, or in a more abstract way 
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as a set of edges, regions of particular shape, etc. Some representations are better than others at 

simplifying the learning  task (e.g., face recognition or facial expression recognition). Deep 

learning can provide efficient algorithms for unsupervised or semi-supervised feature learning and 

hierarchical feature extraction. 

[0110] 	Research in this area attempts to make better representations and create models to learn 

these representations from large-scale data. Some of the representations are inspired by advances 

in neuroscience and are loosely based on interpretation of information processing and 

communication patterns in a nervous system, such as neural coding which attempts to define a 

relationship between various stimuli and associated neuronal responses in the brain. 

[0111] 	There are many variants of neural networks AV it h deep architecture depending on the 

probability specification and network architecture, including, but not limited to, Deep Belief 

Networks (DBE;); Restricted Boltzmann Machines (RBM), and Auto-Encoders. Another type of 

deep neural network, a CNN, can be used for feature analysis. The actual implementation may 

vary depending on the size of input images, the number of features to be analyzed, and the nature 

of the problem. Other layers may be included in the deep learning module besides the neural 

networks disclosed herein. 

[0112] 	In an embodiment, the deep learning model is a machine learning model. Machine 

learning can be generally defined as a type of artificial intelligence (AI) that provides computers 

with the ability to learn without being explicitly programmed. Machine learning focuses on the 

development of computer programs that can teach themselves to grow and change when exposed 

to new data. Machine learning explores the study and construction of algorithms that can learn 

from and make predictions on data. Such algorithms overcome following strictly static program 

instructions by making data driven predictions or decisions, through building a model from sample 

inputs. 

[0113] 	In some embodiments, the deep learning model is a generative model. A generative 

model can be generally defined as a model that is probabilistic in nature. In other words, a 

generative model is one that performs forward simulation or rule-based approaches. The generative 

model can, be learned (in that its parameters can be learned) based on a suitable training set of data. 

In one embodiment, the deep learning model is configured as a deep generative model. For 

example, the model may be configured to have a deep learning architecture in that the  model may 

include multiple layers, which perform a number of algorithms or transformations. 

23 



WO 2020/123729 	 PCT/US2019/065829 

101141 In another embodiment, the deep learning model is configured as a neural network. In 

a further embodiment, the deep learning model may be a deep neural network with a set of weights 

that model the world according to the data that it has been fed to train it. Neural networks can be 

generally defined as a computational approach Nvhich is based on a relatively large collection of 

neural units loosely modeling the way a biological brain solves problems With relatively large 

clusters of biological neurons connected by axons. Each neural unit is connected with many others, 

and links can be enforcing or inhibitory in their effect on the activation state of connected neural 

units. These systems are self-learning and trained rather than explicitly programmed and excel in 

areas where the solution or feature detection is difficult to express in a traditional computer 

program. 

101151 	Neural networks typically consist of multiple layers, and the signal path traverses from 

front to back. The goal of the neural network is to solve problems in the same way that the human 

brain would, although several neural networks are much more abstract. Modern neural network 

projects typically work with a few thousand to a few million neural units and millions of 

connections. The neural network may have any suitable architecture and/or configuration known 

in the art. 

[0116] 	In one embodiment, the deep learning model used for the semiconductor inspection 

applications disclosed herein is configured, as an AlexNet. For example, an AlexNet includes a 

number of convolutional layers (e.g., 53 followed by a number of fully connected layers (e.g., 3) 

that are, in combination, configured and trained to analyze features for determining rotation and 

translation offsets. In another such embodiment, the deep learning model used for the 

semiconductor inspection applications disclosed herein is configured as a GoogleNet. For 

example, a GoogleNet may include layers such as convolutional, pooling, and fully connected 

layers such as those described further herein configured and trained to analyze features for 

determining rotation and translation offsets. While the GoogleNet architecture may include a 

relatively high number of layers (especially compared to some other neural networks described 

herein), some of the layers may be operating in parallel, and groups of layers that function in 

parallel with each other are generally referred to as inception modules. Other of the layers may 

operate sequentially. Therefore, GoogleNets are different from other neural networks described 

herein in that not all of the layers are arranged in a sequential structure. The parallel layers may be 

similar to Google's Inception Network or other structures. 
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[0117] In a further such embodiment, the deep learning model used for the semiconductor 

inspection applications disclosed herein is configured as a Visual Geometry Group (VGG) 

network. For example, VGG networks were created by increasing the number of convolutional 

layers while fixing other parameters of the architecture. Adding convolutional layers to increase 

depth is made possible by using substantially small convolutional filters in all of the layers. Like 

the other neural networks described herein, VGG networks were created and trained to analyze 

features for determining rotation and translation offsets_ VGG networks also include convolutional 

layers followed by fully connected layers. 

[0118] In some such embodiments, the deep learning model used for the semiconductor 

inspection, applications disclosed herein is configured as a deep residual network. For example, 

like some other networks described herein, a deep residual network may include convolutional 

layers followed by fully-connected layers, which are, in combination, configured and trained for 

feature property extraction. In a deep residual network, the layers are configured to learn residual 

functions with reference to the layer inputs, instead of learning unreferenced functions. In 

particular, instead of hoping  each few stacked layers directly fit a desired underlying mapping, 

these layers are explicitly allowed to fit a residual mapping, which is realized by feedforward 

neural networks with shortcut connections. Shortcut connections are connections that skip one or 

more layers. A deep residual net may be created by taking a plain neural network structure that 

includes convolutional layers and inserting shortcut connections which thereby takes the plain 

neural network and turns it into its residual learning counterpart 

[0119] 	In a further such embodiment. the deep learning model used for the semiconductor 

inspection applications disclosed herein includes one or more fully connected layers configured 

for analyzing features for determining rotation and translation offsets. A fully connected layer may 

be generally defined as a layer in which each of the nodes is connected to each of the nodes in the 

previous layer. The fully connected layer(s) may perform classification based on the features 

extracted by convolutional layer(s), which may be configured as described further herein. The fully 

connected laver(s) are configured for feature selection and classification. In other words, the fully 

connected layer(s) select features from a feature map and then analyze the input image(s) based 

on the selected features. The selected features may include all of the features in the feature map (if 

appropriate) or only some of the features in the feature map. 
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101201 In some embodiments, the information determined by the deep learning model includes 

feature properties extracted by the deep learning model. In one such embodiment, the deep learning 

model includes one or more convolutional layers. The convolutional layeqs) may have any 

suitable configuration known in the art. In this manner, the deep learning model (or at least a part 

of the deep learning model) may be configured as a CNN. For example, the deep learning model 

may be configured as a CNN, which is usually stacks of convolution and pooling layers, to extract 

local features. The embodiments described herein can take advantage of deep learning concepts 

such as a CNN to solve the normally intractable representation inversion problem. The deep 

learning model may have any CNN configuration or architecture known in  the art. The one or more 

pooling layers may also have any suitable configuration known in the art (e.g., max pooling layers) 

and are generally configured for reducing the dimensionality of the feature map generated by the 

one or more convolutional layers while retaining the most  important features. 

10121] 	In general, the deep learning model described herein is a trained deep learning model. 

For example, the deep learning model may be previously trained by one or more other systems 

andlor methods. The deep learning model is already generated and trained and then the 

functionality of the model is determined as described herein, which can then be used to perform 

one or more additional functions for the deep learning model. 

101221 	As stated above, although a CNN is used herein to illustrate the architecture of a deep 

learning system, the present disclosure is not limited to a CNN. Other variants of deep learning 

architectures may be used in embodiments. For example, Auto-Encoders, DBNs, and RBieils, can 

be used. Random forests also can be used.  

101231 	Training data may be inputted to model training (e.g., CNN training), which may be 

performed in any suitable manner. For example, the model training may include inputting the  

training data to the deep learning model (e.g., a CNN) and modifying one or more parameters of 

the model until the output of the model is the same as (or substantially the same as) external 

validation data. Model training may generate one or more trained models, which may then be sent 

to model selection, which is performed using validation data. The results that are produced by each 

one or more trained models for the validation data that is input to the one or more trained models 

may be compared to the validation data to determine which of the models is the best model. For 

example, the model that produces results that most closely match the validation data may be 

selected as the best model. Test data may then be used for model evaluation of the model that is 
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selected (e.g., the best model). Model evaluation may be performed in any suitable manner. Best 

model may also be sent, to model deployment in which the best model may be sent to the 

semiconductor inspection tool for use (post-training mode). 

101241 The steps of the method described in the various embodiments and examples disclosed 

herein are sufficient to carry out the methods of the present invention. Thus, in an embodiment 

the method consists essentially of a combination of the steps of the methods disclosed herein. In 

another embodiment, the method consists of such steps. 

[0125] 
	

Although the present disclosure has been described with respect to one or more 

particular embodiments, it will be understood that other embodiments of the present disclosure 

may be made without departing from the scope of the present disclosure. 
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What is claimed is: 

I. A method, comprising: 

correcting a response function of an electron beam tool by: 

modulating an electron beam parameter having a frequency; 

emitting an electron beam based on the electron beam parameter  towards a specimen, 

thereby scattering electrons, wherein the electron beam is described by a source wave 

function having a source phase and a landing angle; 

detecting a portion of the scattered electrons at an electron detector, thereby yielding 

electron data including an electron wave function having an electron phase and an 

electron landing angle; 

determining, using a processor, a phase delay between the, source phase and the electron 

phase, thereby yielding a latency; and 

correcting, using the  processor, the response function of the electron beam tool using the 

latency and a difference between the source wave function and the electron wave 

function. 

2. The method of claim 1, wherein the scattered electrons include backscattered electrons, and 

wherein the method further comprises, with the electron beam tool: 

detecting a portion of the backscattered electrons at a backscattered electron detector, thereby 

yielding backscattered electron data. 

3. The method of claim 2, wherein correcting the response function includes subtracting the 

backscattered electron data from the electron data. 

4. The method of claim 2, wherein correcting the response function includes: 

extrapolating, using the processor, a spectral distribution of the backscattered electron data 

towards a lower energy, thereby yielding an extrapolated backscattered electron data; and 

subtracting, using the processor, the extrapolated backscattered electron data from the electron 

data. 

5. The method of claim 2, wherein correcting the response function includes: 
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modelling, using the processor, an energy distribution function of the backscattered electron 

data, thereby yielding a modeled energy distribution function; and 

calibrating, using the processor, the modeled energy distribution function using one or more 

measurements taken using the electron beam tool. 

6. The method of claim 2, wherein correcting the response function includes determining a relative 

fraction of a measurement parameter and a specimen property based on of the backscattered 

electron data to a sum of the backscattered electron data and the electron data. 

7. The method of claim 6, further comprising storing the relative fraction on an electronic data 

storage unit. 

8. The method of claim 7, wherein the correcting the response function of the electron beam tool 

includes using a machine learning model, the machine learning model trained using the stored 

relative fraction stored on the electronic data storage unit. 

9. The method of claim 1, further comprising, with the electron beam tool: 

detecting a second portion of the backscattered electrons at an opposing electron detector, 

thereby 	yielding an opposing  electron data; 

comparing, using the processor, the electron data and the opposing electron data to generate 

tilt data; and 

changing a tilt, of the electron beam using the tilt data. 

10. A system, comprising: 

an electron beam tool including: 

an electron beam emitter configured to emit  electrons in an electron beam, wherein the 

electron beam is described by a source wave function having a source phase and a 

landing angle; 

a stage configured to hold a specimen in a path of the electron beam; 

an electron detector configured to detect a portion of the electrons scattered by the electron 

beam striking the specimen and thereby yield, electron data including an electron wave 

function having an electron phase and an electron landing angle; and 
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a controller in electronic communication with the electron beam tool, the controller having a 

processor; and 

wherein the controller is configured to: 

instruct the electron beam emitter to modulate an electron beam parameter of the electron 

beam, the electron beam parameter having a frequency; 

determine a phase delay between the source phase and the electron phase, thereby yielding 

a latency; and 

correct a response function of the electron beam tool using the latency and a difference 

between the source wave function and the electron wave function. 

11. The system of claim 10, wherein the scattered electrons include backscattered electrons; and 

wherein the system further comprises: 

a backscattered electron detector configured to detect a portion of backscattered electrons and 

thereby yield backscattered electron data. 

12. The system  of claim 11, wherein the controller is configured to correct the response function 

by subtracting the backscattered electron data from the electron data. 

13. The system of claim 11, wherein the controller is configured to correct the response function 

by: 

extrapolating a spectral distribution of the backscattered electron data towards a lower energy, 

thereby yielding an extrapolated backscattered electron data; and 

subtracting the extrapolated backscattered electron data from the electron data. 

14. The system of claim 11, wherein the controller is configured to correct the response function 

by: 

modelling an energy distribution function of the backscattered electron data, thereby yielding 

a modeled energy distribution function; and 

calibrating the modeled energy distribution function using one or more measurements taken 

using the electron beam tool. 

15. The system of claim 11, wherein the controller is configured to correct the response function 

by: 
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determining a relative fraction of a measurement parameter and a specimen property based on 

of the backscattered electron data to a sum of the backscattered electron data and the 

electron data. 

16. The system of claim 15, further comprising an electronic data storage unit configured to store 

the relative fraction. 

17. The system of claim 16, wherein the controller is configured to correct the response function 

using a machine learning model, the machine learning model trained using the stored relative 

fraction stored on the electronic data storage unit. 

1.8. The system of claim 10, further comprising: 

an opposing electron detector configured to detect a second portion of the backscattered 

electrons to yield an opposing electron data; and 

wherein the controller is further configured to: 

compare the electron data and the opposing electron data to generate tilt data; and 

change an angle of the electron beam emitter using the tilt data, thereby changing a tilt of 

the electron beam_ 

19. A non-transitory computer-readable storage median-1, comprising one or more programs for 

executing the following; steps on one or more computing devices: 

correct a response function of an electron beam tool by: 

modulating an electron beam parameter having a frequency; 

instructing the electron beam tool to emit an electron beam based on the electron beam 

parameter towards a specimen, thereby scattering electrons, wherein the electron beam 

is described by a source wave function having a source phase and a landing angle; 

receiving, from an electron detector detecting a portion of the scattered electrons, electron 

data including an electron wave function having an electron phase and an electron 

landing angle; 

determining a phase delay between the source phase and the electron phase, thereby 

yielding a latency; and 

correcting, the response function of the electron beam tool using the latency and a difference 

between the source wave function and the electron wave function. 
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20. The non-transitory computer-readable storage medium of claim 19, wherein the one or more 

programs are further configured to execute, on one or more computing devices: 

training a machine-learning algorithm using the electron beam parameter, the electron data, 

and the response function. 
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