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ABSTRACT. Background: Nanoscale measurements of critical dimensions in semiconductor
manufacturing rely on scanning electron microscopy (SEM) and SEM image analy-
ses. The acquisition of SEM images requires a low primary electron beam current
and a low dose of the SEM imaging microscope to avoid integrated circuit (IC)
sample charging and inflicted damage to sensitive IC structures. These require-
ments inevitably result in noisy, low-contrast images, which can make traditional
SEM image analyses no longer viable.

Aim: With the advancement in computational hardware and artificial intelligence (Al)
models, IC structure detection via Al-based SEM image segmentation can extend
the viability of these measurements from noisy, low-contrast images. However, the
use of Al models raises questions about the detection limits of extracted measure-
ments and the confidence in such measurements.

Approach: Our approach is to relate SEM image quality characteristics with Al-
based object segmentation accuracy to establish detection limits of Al-based
models and their relationships to human detection limits. Using SEM image simu-
lation software, we create six image sets of quasi-circular objects on a substrate with
varying noise and contrast characteristics. These sets of SEM images are charac-
terized by 25 image quality metrics and then used to train and evaluate three Al
models. The 25 SEM image quality characteristics and three Al model accuracy met-
rics per SEM image define the mapping between the quality of input SEM images
and the performance of the trained Al models.

Results: We used the mapping to establish the detection limits of trained Al models
with respect to a required confidence and then relate the human detection limits to
the trained Al model detection limits. The human detection limit was established by
Rose as the minimal signal-to-noise ratio (SNR = 5) to reliably delineate the shape
and size of objects in an image. We matched the signal-to-noise ratio (SNR) defined
by Rose to image quality characteristics and demonstrated the upper and lower SNR
bounds for three Al models with respect to the human detection limit and for a speci-
fied confidence.

Conclusion: We establish a method to determine the detection limits of Al-based
SEM dimensional metrology. The study is relevant to semiconductor vendors and
consumers of Al models because critical dimension measurements are derived
from noisy and low-contrast SEM images using Al models with varying performance
characteristics. Given a measured SEM image with estimated noise and contrast
characteristics, each Al model will be characterized by unique detection limits that
can be trusted in semiconductor production. Our method enables improving the trust
in critical dimensions while using advanced Al models.
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1 Introduction

Process control in integrated circuit (IC) semiconductor manufacturing is critical for high yield
in a process and for reliable operations of ICs in a plethora of digital devices. With the higher
density of electronic circuits on IC wafers, in-line scanning electron microscope (SEM) mea-
surements of linewidth, contact hole, and overlay are used for identifying the measurement area
and generating indispensable process control information. The acquisition of SEM images for
that application requires a low primary electron beam current and a low dose of the SEM imaging
microscope to avoid IC sample charging and inflicted damage to sensitive IC structures. These
requirements inevitably result in noisy, low-contrast images, which (depending on the noise
and contrast) can make traditional SEM image analyses no longer viable, for tasks such as,
IC structure detection and dimensional measurements.

With the advancement in computational hardware and artificial intelligence (AI) models, IC
structure detection via SEM image segmentation based on Al models can extend the viability
of these measurements from noisy, low-contrast images. However, the use of Al models raises
questions about the detection limits of extracted measurements and the confidence in reported
measurements. The confidence is captured by a confusion matrix, which includes correct and
incorrect detections—true positive (TP) and true negative (TN) versus false positive (FP) and
false negative (FN). A confusion matrix is computed by comparing the Al model’s predicted
labels to the ground truth labels known for the pixel, object class, or both (semantic, instance,
or panoptic segmentation tasks). Given that humans have a limited ability to detect objects (or
discriminate between foreground and background objects), it is hard to verify Al model perfor-
mance visually unless the reported objects by Al models are erroneous (physically impossible or
statistically unlikely).

Our motivation is to establish and demonstrate the methodology for quantifying detection
limits for Al-based measurements from SEM images. The detection limits establish the relation-
ship between the quality of SEM images and human or Al model detection performance. In
addition, our objective is to assist suppliers and system integrators for original equipment
manufacturers (OEMs) to deliver trusted SEM measurements with known limits of Al-enabled
systems. Thus, our objective is to share all code and visualizations for reuse by others.

The technical problem addressed in this paper is relating human observer detection limits to
(a) numerical detection limits (e.g., a trained Al model) and (b) the image quality characteristics.
Human detection limits can be visually verified, whereas numerical observer detection limits are
beyond visual verification and are continuously improving with Al advancements. Both types of
observers associate their confidence with the detection of objects of interest. The confidence is
important in establishing the detection limits from SEM images because it incorporates image
quality (i.e., sample preparation and SEM imaging characteristics) and human eye capabilities
(i.e., image perception) or Al-based image segmentation model performance (i.e., the accuracy of
detecting image pixels belonging to an integrated circuit structure of interest).

The past work on human detection limits dates back to the paper by Rose.' The Rose cri-
terion is based on a definition of signal-to-noise ratio (SNR) and defines detection limits for
human observers as SNR > 5, which means that to design an equivalent criterion for numerical
observers (Al models executed by computers) to the Rose criterion for human observers, we have
to address the following challenges:

¢ What digital image quality metrics are equivalent to the human eye-based definition
of SNR?'

* How to simulate digital SEM images with varying image quality, including SNR values
(i.e., noisy, low-contrast)?

* How does the detection limit of a human observer compare with the detection limit of
a specific numerical observer (i.e., an instance of a trained Al model)?
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Fig. 1 Outline of the approach to establishing detection limits for numerical observers.

Our proposed approach is outlined in Fig. 1. We select typical foreground (FRG) and back-
ground (BKG) parameters of SEM images and feed them into a simulator of SEM images.” The
simulations generate a collection of intensity images with varying sizes and densities of circular
objects, and varying noise and contrast intensity levels. These variables correspond to the var-
iations of exposure time and dot size (area) explored by Rose when deriving the Rose criterion.'
The reference mask images (pixel-level labels of objects) were derived from SEM intensity with-
out noise and with maximum contrast by thresholding. Next, several image quality metrics and
Al-based image segmentation metrics are computed to establish relationships between (a) the
SNR defined by Rose and the digital image quality metrics and (b) the Rose criterion using
an eye model and an Al model.

The novelty of our work lies in relating the AI model accuracy metrics to the image quality
metrics computed over the same set of images and studied in the context of human and numerical
observer detection limits.

2 Related Work

Several past studies were motivated to extend the viability of dimensional measurements from noisy
and low-contrast SEM images using Al models for denoising®® and segmentation tasks.”” Our
work differs from previous work by designing a methodology for measuring and relating
the detection limits of Al models to the detection limits of human observers to establish boundaries
for trusted measurements (i.e., high-confidence measurements). By contrast, the past work focused
on automating SEM image analysis tasks using AI models and improving Al model accuracy.

Although human detection limits were established by Rose,' further analyses pointed out
several assumptions of the Rose approach to defining detection limits, for instance, by Burgess'”
and Hsieh et al.'" The Rose criterion states that image objects are undetectable by human observ-
ers for SNR < 5. Burgess'” revisited the Rose criterion and pointed out the importance of task
considerations. Rose designed his criterion primarily for appearance optimization tasks in tele-
vision and photography, printing on film. Other optimization tasks to support decision making,
such as detection, discrimination, and identification in medical applications, require different
methods for estimating FRG and BKG parameters. These methods must also consider SEM
detector characteristics and placement as documented by Newbury et al.'> Thus, FRG and
BKG estimation methods from SEM images must be considered in the context of applica-
tion-specific detection tasks.

The estimation methods depend on the application-specific input signals, which may violate
Rose’s assumptions. For instance, Hsieh et al."' showed that the validity of the Rose criterion is
limited in computer tomography imaging due to the presence of correlated noise. While operat-
ing under similar dose reduction requirements in X-ray medical imaging applications to the
low-dose requirements in in-line SEM IC manufacturing applications, the authors derived differ-
ent tomographic projection SNR values as detection limit criteria for a numerical observer
(e.g., SNR = 1.7 for single object detection tasks).

In the context of SEM applications, Kuisma-Kursula'? analyzed the detection limits in elec-
tron and proton X-ray imaging by characterizing the counting time, the accelerating voltage, the
beam current, the line used to measure the element, and the composition of both the Medieval
Glass sample and the NIST glass standards. The detection limits were defined via concentration
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(parts per million) of material standards (NIST glass standard SRM 611 and 89, and Corning
glass standards C and D). Both medical and SEM applications to glass characterization illustrate
that the detection limits defined via SNR have imaging modality and material dependencies,
as well as numerical observer-specific limits. Currently, there is a gap in establishing the IC
material-specific Rose criterion with human and numerical observers.

One should acknowledge that image quality metrics and Al model accuracy metrics for
segmentation tasks have pitfalls.'* Reinke et al.'* categorized pitfalls into three categories, related
to (1) the inadequate choice of the problem category, (2) poor metric selection, and (3) poor
metric application. In addition, Fiete and Tantalo' pointed out the confusion in the remote sens-
ing field due to the lack of clarity about how SNR values are computed and how they relate to
image quality (signal versus noise). In our work, although we have a clear problem category, we
selected 10 SNR metrics and 15 other metrics to understand the strengths, weaknesses, and lim-
itations of a variety of relevant image quality metrics. In addition, we mainly focused on noise
and contrast image quality simulation parameters because they directly impact SNR and relate to
human perception abilities according to psychophysics (Weber-Fechner law'®).

3 Methods

We structured this section to address the three technical challenges introduced in Sec. 1:
(1) matching SNR derived from a human eye model with digital image quality metrics; (2) sim-
ulation of SEM images with varying SNR values; and (3) comparison of the detection limits for
human and numerical observers.

3.1 Matching SNR Derived from a Human Eye Model with Digital Image Quality
Metrics

Our approach to matching eye model-derived SNR with image metrics is based on correlating
SNR assumptions in an eye model with the numerical values of a multitude of SNR definitions
in imaging. Rose' assumed that human detection limits are established from a signal (foreground
pixels in images) with known parameters (size, shape, location) in additive, uncorrelated
Gaussian noise of a known background observed by a human observer. A signal is measured
as a photo-electron count by the detector, where an imaging sensor is characterized by its quan-
tum efficiency, and a human eye achieves ~0.5% to 5% efficiency of detection during 0.5 s of
accumulation time. These assumptions were mapped to a signal-to-noise ratio defined in Eq. (1)

AN =kx VN, 6]

where N is the average absorption of fluctuating light quanta in the primary photo-process, AN is
the smallest change in N that may be detected by a human eye, and k is the threshold SNR. SNR
is determined experimentally by considering a characteristic equation relating scene luminance
B, percent contrast C, detector side &, angle subtended at the lens a, quantum yield 6, diameter
of a lens D, and exposure time ¢ in Eq. (2)

k2
X
D*x tx6a*x C?
To relate the k defined by Rose' (while considering the pitfalls of image quality metrics),'*
we explored 10 definitions of SNR metrics because the definitions depend on the science and
engineering disciplines. All 10 mathematical definitions of SNR metrics in a set S = {SNR;};
i=1,...,10 are provided in Appendix A. We optimized the match of SNRg,,. = k to one of
the 10 SNR definitions by analyzing SNR; statistics computed over an image set with varying
quality. The optimization follows Eq. (3):

SNRselecled = SNR»er?:iI{lSNR~}(M(SNRi) - SNRRose)v 3)

B=5

d
x 1073 x 3.42625909960—2. 2)
m

where y(SNR;) is the average of all SNR values for a defined type of SNR; computed over a set
of images with varying image quality, and the value of SNRg,,. = k is set to 5.

We also explored an additional 15 image data quality metrics defined in Appendix B as
potential proxies for SNRy.. In practice, all data quality metrics can be classified into categories
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depending on the supplementary information needed to compute them. In our work, we included
metrics that depend on (1) only the intensity image (e.g., Michelson contrast using minimum and
maximum intensity values), (2) the intensity image and the segmented mask (e.g., mutual infor-
mation), and (3) the intensity image and the reference intensity image (e.g., structural similarity
index). The pair-wise numerical correlations of the additional image quality metrics can be found
in Appendix C.

3.2 Simulation of SEM Images with Varying SNR Values

To simulate the variations of exposure time and dot size (area) by Rose,! we created six
collections of SEM images with the open-source software, artificial SEM image generator
(ARTIMAGEN),? written by Cizmar and Swedlove.!” The software enables designing image
content to include particles, lines, and contact holes of integrated circuits, suitable for our study.
Varying-size, quasi-circular objects approximate IC contact holes and help assess the directional
fidelity of segmentation. The designed SEM images can be augmented very quickly by simulated
imaging effects, such as noise, contrast, astigmatism, focus, density, drift distortion, vibration,
and edge effect.

Each of the six collections is unique in terms of varying sizes of quasi-round objects (par-
ticles) and their spatial densities, as shown in Fig. 2. Each SEM image collection contains images
augmented with Poisson noise 4 that varied between 7 and 915 (27 4 values), and by contrast,
that varied between 0 and 100 (21 intensity multiplier values). Figure 3 displays the collection of
images with varying noise and contrast and one zoomed image.

3.3 Comparison of the Detection Limits for Human and Numerical Observers

A numerical observer can be any of the popular Al models designed for object detection or image
segmentation. A trained Al model is characterized by its accuracy metrics. In our work, we

o
23 I 7

Fig. 2 (a) Six SEM image configurations of varying size quasi-round objects (particles) and their
spatial densities. (b) The segmentation masks for the six SEM image in panel (a).

Contrast

Noise

‘\\ 512

Fig. 3 Visualization of images in one SEM image collection.
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Fig. 4 Relating Al model accuracy to image quality via evaluations of the same SEM image
collection with varying noise and contrast parameters.

considered the U-Net architecture'® as our segmentation task-specific AI model. The AI model
was trained on simulated SEM images. The accuracy of an Al model is typically derived from
confusion matrix entries (TP, TN, FN, and FP defined in Appendix D). In our work, we derived
three single-valued metrics from the confusion matrix with the resulting values within the
range [0,1]:

2TP

* Dice-Sorensen similarity index: D = 555

* False positive rate: FPR = it
* False negative rate: FNR = .

Our approach to establishing detection limits relates single-valued Al model accuracy met-
rics Dice, false positive rate (FPR), and false negative rate (FNR), with image data quality metrics
SNR; via a common set of images with varying quality. The segmentation masks are inferred
using the Al model with an input image characterized by image quality metrics. The Al model
accuracy is derived by comparing the predicted and ground truth segmentation masks, resulting
in the accuracy metrics. For the human borderline detection case of an image with SNRy.. = 5,
we can determine the corresponding single-valued Al model metric to relate the likelihood of
correct detection by the human and by the Al model.

Figure 4 illustrates how the Al model accuracy captured by the Dice index can be related to
SNRRos- In this example, we used Dice = (0.7 because Al model predictions cannot be trusted
for smaller values of Dice.'® Similarly, application-specific requirements can be imposed on FPR
and FNR. Figure 4 includes the values of FPR = 0.294 and FNR = 0.097 that correspond to the
value Dice = 0.7.

To visualize the human detection limits SNRg,.. = 5 for the application-specific AI model
accuracy, we selected the values of Dy, = 0.8, FPRy.qn = 0.1, and FNRy, sy = 0.1 as the
minimum acceptable Dice or maximum acceptable FNR and FPR values. For these threshold
values, we compute the average corresponding SNR value over the images with close values (see
Eq. (4) for SNR,,  index, where N is the number of SNR; values that meet the inequality for
e = 0.1). Figure 5 shows the example visualization with two planes referring to the defined
detection limits as SNRg. =5 (red plane) and Dy, = 0.8 (blue plane). The mapping of
D yresn t0 SNR is shown at the top of the graph for Dy, .qn and Dy,

1
SNRD[hresh = ﬁ X ZSNRi; v l|D(SNR,) - Dthresh| <e

1
SNRp,, =X D SNR;;  V i|D(SNR;) = Dy | <€ (4)
i

4 Experimental Results

We organized the experimental results assuming that training and testing SEM image collections
with varying image quality parameters have already been generated. We describe (1) selection of
matching SNR, (2) Al model training, and (3) establishing detection limits for trained AI models.
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Fig. 5 Visualization that relates the Dice = 0.8 accuracy of a trained Al model (ID 5) with the
human detection limit of SNRg,se = 5 using one of the possible SNR; definitions as a matching
SNR and the simulated SEM image collection.

4.1 Selection of Matching SNR
We computed statistics for all SNR definitions and their numerical values over a set of images
with varying quality. The statistics are summarized in Table 1. Based on Eq. (3), the SNR equa-

tion is based on the inverse coefficient of variation: SNRPZEY = "(pFn—iS) here u(FRG) is the
average pixel intensity of all foreground pixels, and p,; iS the noise parameter of the back-
ground pixel intensity generator. The definition assumes knowledge of the p, ., from the sim-
ulator of SEM images. However, this parameter p,; 1S unknown in the case of measured SEM
images. Therefore, the analysis of SNRS™ ., with estimated p,;. by 6(BKG) is needed as well.
In practice, we would like to determine detection limits for a measured SEM image and a trained

Al model, and therefore, we need to estimate the inputs needed by a variety of mathematical SNR
definitions.

Table 1 Statistics of 10 SNR definitions used for matching SNRRge -

Standard
SNR type Min Max Average deviation
SNRES!er 0.59 1.44 1.04 0.10
SNRg’;}ISpOWQr 0.09 33.31 2.01 3.36
SNR&., 1.07 89,348.06 1641.09 6612.09
SNRest, 1.04 298.91 21.46 34.39
SNRPEEY 0.11 27.11 3.66 4.86
SNRPEET, 0.01 734.89 37.02 85.25
SNRSSwer 2.60E-06 16.28 0.54 1.56
SNR"Ff,‘vrf;r;‘ower 0.01 1.97 0.33 0.42
Cohend®st 0.04 5.55 1.24 1.47
Cohendparam 7.19E-05 17.85 0.89 2.09

Note: The bold average value 3.66 for one of the SNR definitions is the
closest to the human detection limit of SNR = 5.
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Table 2 Three sets of Al model training hyper-parameters.

Model Train Batch Learning Test every Early stopping Use
ID fraction size rate N steps epoch count augmentation
3 0.7 4 3x1074 10 2 No
5 0.8 8 3x 1074 5 10 Yes
7 0.75 8 1x10™ 5 10 Yes

4.2 Al Model Training

To run the training, inference, and Al model accuracy computations, we leveraged the open-
source scientific framework called the web image processing pipeline (WIPP).>” The WIPP
framework provides full computational provenance and computational scalability on a GPU clus-
ter and allows the creation of workflows from interoperable software packaged in Docker con-
tainers. In this work, we leveraged the open source implementations of U-Net CNN training
plugin and U-Net CNN inference plugin available as Docker containers.?!

We trained three Al models with different hyper-parameter configurations to illustrate the
unique detection limits of each trained Al model. Table 2 summarizes the three sets of training
hyper-parameters. The rest of the hyper-parameters were constant and set to default values (use
of intensity scaling and no image tiling options). When augmentation was enabled, reflection and
rotation-based augmentations were used. Each Al model was trained on five sets of simulated
images described in Sec. 3.2. The sixth set of simulated images was used to evaluate the final
accuracy of trained Al models and to relate the detection limits of human and numerical (Al
model) observers. Figure 6 shows intensity images without and with noise from the sixth set
(a) and the qualitative accuracy of predicted masks with respect to the ground truth mask (b).

4.3 Establishing Detection Limits for Al Models

To explore the space of image data quality metrics and their relationships to AI model accuracy
metrics in the context of detection limits, we generated two-dimensional (2D) scatter plots and
three-dimensional (3D) surface plots of metrics as a function of simulated noise and contrast
variables. In addition, we created pair-wise visualizations of image data quality metrics to explore
correlations. Finally, we created 3D surface plots for all 10 SNR definitions, for which we
included the detection limits as planes corresponding to human and numerical (Al model)
observers. The relationships between the detection limits were established for all three sin-
gle-valued Al accuracy metrics (Dice, FPR, FNR) and 10 SNR definitions according to Sec. 3.3.

Fig. 6 Left column: intensity image without noise (a) and the corresponding mask (b). From right
to left, three columns: intensity images with noise (a) and their Al model-predicted masks (b). The
Al model predicted images (from right to left) are characterized by (noise, contrast, SNRESEY,
SNRest,,) values of (23, 16, 5.09, 13.08), (23, 13, 5.0, 15.64), and (23, 11, 4.92, 18.51).
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Fig. 7 Visualization that relates the FNR = 0.1 (a) and FPR = 0.1 (b) of a trained Al model (ID 5)

with the human detection limit of SNRgse = 5 using the SNRY Y definition as a matching SNR

and the simulated SEM image collection.
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Fig. 8 Example comparison of Al model accuracy measured by Dice for two trained Al models
param

[(a) ID 3, (b) ID 7] with the SNR type SNRP¥2™.

To explore the characteristics of training images and trained Al models, we generated a total
of 540 graphs: (1) 171 2D scatter plots for 25 image quality metrics X 6 image sets + 7 Al model
accuracy metrics X 3 trained Al models, (2) 171 3D surface plots for the same configurations as
in the case of 2D scatter plots, (3) 99 3D surface plots for 10 SNR image quality metrics X 3 Al
model accuracy metrics X 3 trained Al models, and (4) 99 line graphs for the mappings between 3
Al model accuracy metrics and 10 SNR image quality metrics X 3 trained AI models. Figure 7
shows the relationship for one of the Al models (ID 5 in Table 2) with FNR (a) and FPR (b) as the
selected single-valued Al model accuracy metrics related to SNRﬁf‘fg{', (the same model as in
Fig. 5, but Dice is replaced with FNR and FPR). We chose to plot the SNR values on a log-
arithmic scale because the values across the 10 SNR definitions varied a lot (see Table 2).

Due to the volume of visualizations, we designed a website with an interactive online access

to the graphs at Ref. 22. The interactive interface enables subsetting of the visualizations based on
the category (image quality metrics, Al model accuracy, detection limits, Al to SNR mapping),
visualization dimension (2D or 3D), and the ID of a dataset (set 1 to 6) or a trained AI model (ID
3,5 7.
Following Eq. (4) for Dice, we created 3D surface visualizations with two planes denoting
human detection limits (red plane) and numerical (Al model) detection limits (blue plane).
Figure 8 shows two such 3D surface plots with numerical values of the Dice threshold value
related to SNR- definition (blue text). The maximum Dice value for the particular AT model
is also shown (green text) to illustrate the delta between the application-required Dice threshold
and the maximum value. Similarly, we created 3D surface visualizations with two planes for FPR
and FNR in Fig. 9.

Table 3 lists the minimum and maximum Dice, FPR, and FNR values with the corresponding
SNRP2Y values for all three trained Al models. Within these ranges, one can build mappings, as

invCV
illustrated in Fig. 9. The values in Fig. 9 are the average and standard deviation computed from all
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Table 3 Comparison of three trained Al models and their corresponding ranges of Al accuracy

metrics and image quality metrics defined by SNRI 0.
Min Dice Max Dice Max FNR Min FNR Max FPR Min FPR

Model ID SNR SNR SNR SNR SNR SNR
0.49 0.89 0.37 0.0 0.44 0.11

3 0.156 5.428 5.916 1.21 7.828 0.128
0.47 0.97 0.52 0.0 0.28 0.01

5 0.143 5.546 6.531 0.121 12.074 0.122
0.42 0.99 0.53 0.0 0.35 0.01

! 0.161 6.230 7.478 0.125 11.806 0.124

(@) o iy paramena st () T ————— (©) ey pramern ot o

20

SNR_invCV_param
5
SNR_invCV_param

os o o7 o8 o 0.00 0.05 [37) 0ls 020 025 Y o1 02 o3 o4 os
Dice FPR FNR

to SNRPZU to establish

of an input SEM image. The curves are for a trained Al model ID 5.

Fig. 9 Mapping of Al accuracy metrics Dice (a), FPR (b), and FNR (c)

: param
min SNR; oy

SNR; values that meet Eq. (4), where € = W and Dy, takes 100 uniformly sampled
values between min D and max D. Using the mappings, a user-specified minimum value of Dice
or a maximum value of FPR or FNR will establish the minimum SNRYU of an input image.
The established value can be compared with the human detection limits of SNRIVEY = 5.

5 Discussion

The problem of matching a human eye model to digital image quality metrics is not a simple one-
to-one mapping. Although we included results for the closest match between SNRg.. —
SNRIVEL. we disseminate other SNR definitions and their relationships to Al model accuracy
in our online visualization. The decisions about what SNR definition to use (or other image
quality metric), what value of that SNR definition represents human detection limits, what sin-
gle-valued Al metric is the most important for a problem (or a vector of them), and what value of
the single-valued Al metric should be met are application-dependent questions and answers. For
example, if an object detection task requires evaluating an Al model’s accuracy in terms of the
alignment of the object’s boundary, then the Dice index would be applied only to the boundary
pixels as opposed to all image pixels. Due to the open-ended nature of these questions, our objec-
tive was to demonstrate the methodology and share all code and visualizations for reuse.

Regarding the Al modeling part, the presented work is Al model architecture agnostic. The
results show the importance of hyper-parameters for training as the three presented models have
the same architecture but differ in their detection limits (performance) due to training. The reason
for labeling the Al model with odd numbers lies in our failed attempts to increase the batch size
beyond eight images due to a limited GPU memory size. This is another reason why detection
limits must be evaluated for each trained Al model individually given that hardware, software,
and hyper-parameters affect the Al model performance.

6 Conclusion

Our work established a methodology for determining the detection limits of Al-based SEM di-
mensional metrology. Although substantial improvements in object detection and segmentation
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are possible by applying Al models to low-contrast and high-noise SEM images, their detection
limits must be recognized and quantified in the context of critical dimension measurements. The
contribution of this work lies in our ability to characterize each Al model and its unique detection
limits when used in semiconductor production to obtain trusted critical dimensions.

In the future, we plan to design a recommendation system that can evaluate measured SEM
images and Al models that are being trained to automate and speed up SEM-based dimensional
measurements. Such solutions are needed not only for increasing throughput but also for increas-
ing trust in the measurements.

7 Appendix A: Signal-to-Noise Definitions

The mathematical definitions of SNR values computed from intensity SEM images. The symbols
refer to

* u(FRG)
* 6(FRG)
* u(BKG)
* ¢(BKG)
®* DPuoise 18 the noise parameter of the background pixel intensity generator.

is the average pixel intensity of all foreground pixels

is the standard deviation of all foreground pixels

is the average pixel intensity of all foreground pixels

is the standard deviation of all foreground pixels, and

The pixel membership to foreground and background is known from labeled image masks. The
value of p s 1S known from the simulator of SEM images. Table 4 explains the definitions
of SNR.

Table 4 SNR name and its definition.

SNR name Definition
. FRG))2
SNR timat SNRest  — (o
power estimate POWET ™ (6(BKG))?
) o(FRG)
SNR root mean squared (RMS) power estimate SNR;S,\',Ispcwer = +(BKG)
. - - N . _ (u(FRG))?
SNR inverse coefficient of variation to the power of two CV* estimate SNRX v, = (o(BKG))?
. - . . et _ M(FRG)
SNR inverse coefficient of variation (CV) estimate SNR¥ -y = +(BKG)
. FRG
SNR inverse CV parameter snpeaan _ #(FRG)
pnmse
2
SNR inverse CV2 parameter snppean _ (H(FRG)®
(pnoise)
FRG))?
SNR power parameter SNRSSer = M
(pnoise)
SNR RMS power parameter SNRESsoower = U(FBG)
pnmse
, . ((FRG)) — u(BKG)
Cohen’s d estimate SNRE. .4 = TLBKG)
, ((FRG) - u(BKG))
Cohen’s d parameter SNRgi':e"r‘] .= T

8 Appendix B: Additional Image Quality Metrics

We investigated additional image quality metrics and their relationship to the detection limits of
human and numerical observers. The list of additional metrics is provided below.
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* Meangrg: average pixel intensity in the foreground region

* Meangkg: average pixel intensity in the background region

* Varpgg: variance of pixel intensities in the foreground region

* Vargkg: variance of pixel intensities in the background region

* Meanj,ensiry: average intensity over the entire image

* Stdiensity: standard deviation of intensities over the entire image
* Varjpensiiy: variance of intensities over the entire image

* Michelson contrast: contrast measure defined as %

¢ RMS contrast: root mean square contrast measure

¢ SSIM: structural similarity index measure

* PSNR: peak signal-to-noise ratio

¢ Edge effect: contrast-enhancing, increased secondary electron emission at the edges
¢ MI: mutual information between image regions

* NMI: normalized mutual information

* CE: cross-entropy between image distributions

9 Appendix C: Correlations of Image Data Quality Metrics

Figure 10 shows the correlations of image data quality metrics. The figure also includes the two
simulation parameters (noise and contrast). Based on the values, one can conclude that the

Michelson contrast (1"‘#1““")) correlates with the simulated contrast parameter as expected.

(Imax +1
The second highest correlation is between SNRPEE = @ and mutual information ML

Correlation Heatmap
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Fig. 10 Pair-wise correlation of image data quality metrics.

10 Appendix D: Al Model Accuracy Metrics

As the Al model accuracy metrics, we considered the basic values of the confusion matrix (true
positive, true negative, false positive, and false negative), and the derived Dice coefficient as
listed below.
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¢ TRUE POSITIVE (TP): Al model correctly predicts the image foreground pixels

* TRUE NEGATIVE (TN): Al model correctly predicts the image background pixels

¢ FALSE POSITIVE (FP): AI model incorrectly predicts the image foreground pixels

¢ FALSE NEGATIVE (FN): Al model incorrectly predicts the image background pixels

* DICE(D): Dice-Sorensen similarity index—D = s
* FPR: false positive rate—FPR = gt
* FNR: false negative rate—FNR = .
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Code and Data Availability

All simulated images, computed image data metrics fused with Al model accuracy metrics, and
trained Al models are available from https://metis.nist.gov with the DOI 10.18434/mds2-3838. The
source code for detection limits is available from GitHub: https://github.com/usnistgov/detection_
limits. The interactive access to all 2D and 3D visualizations is available from the nist-pages:
https://pages.nist.gov/detection_limits/web/index.html. The Al training and inference workflows
are available using the open source WIPP frameworks accessible for installation from https://
github.com/usnistgov/WIPP.
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