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ABSTRACT

Deep learning has recently been successfully applied to lithography hotspot detection. However, automatic cor-
rection of the detected hotspots into non-hotspots has not been explored. This problem is challenging because
the standard supervised learning requires a training dataset with pairs of hotspots and non-hotspots, which is
impractical to collect because lithography hotspots involve diverse and complicated lithographic pattern prop-
erties. In this paper, we propose a new framework for lithography hotspot correction with a deep generative
network combined with a learning strategy optimized for lithography patterns. Our key idea is to learn to
translate hotspots to non-hotspots and vice versa, simultaneously. In this way, the training dataset does not
have to be paired, and hotspot patterns in variety of background can be learned. Our method does not require
the understanding of the cause of hotspots and can correct hotspots that are difficult to recognize by conven-
tional approaches. For evaluation, we propose to synthesize a training dataset that reflects a variety of real-world
lithography patterns. Experimental results show that our framework can correct hotspot images with comparable
quality as a conventional complicated process, while significantly reducing the overall processing time.
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1. INTRODUCTION

Recently, deep learning has been applied to various subjects in computational lithography including optical and
resist modeling [1-3] and mask correction, especially in assist feature generation [4-9]. However, manipulation of
lithography hotspots, such as simultaneously detecting and correcting hotspots to coldspots,! with deep learning
has been unexplored. Hotspot manipulation is complicated and expensive in the conventional approach, which
consists of the series of processes including modeling physical and chemical phenomena, applying the model to
mask correction, and verifying the mask using that model. Moreover, for hotspot correction, the whole process
should be iterated many times to check the feasibility of modified design. Therefore, replacing such a complicated
process with a deep neural network has many advantages, because it can be time-efficient and would not require
a complicated sequential processing and understanding of lithographic phenomena.

Hotspot detection with deep convolutional neural network (CNN) has been explored in prior works [10-15].
However, the correction of those hotspots has not been explored yet, because how to correct the hotspots into
corresponding coldspots is not apparent in data obtainable from the real world. In particular, conventional su-
pervised learning approaches are not easily applicable to hotspot correction, because of the difficulty in collecting
paired hotspot and coldspot data. Furthermore, prior works on detection do not localize hotspots in the given
images, which may cause unnecessary change on surrounding non-hotspot region around hotspots, which we
refer to as background. In summary, we have the following desiderata in hotspot correction: (a) the mapping
from hotspots to coldspots should be learned without explicitly pairing hotspot images and coldspot images and
(b) background around hotspots should not be modified by the hotspot correction method.

*Equal contributions. Correspondence to Woojoo Sim (space.sim@samsung.com) and Kibok Lee (kibok@umich.edu).
"Hotspots are not printed properly on the wafer, resulting in the deformation of the physical patterns that ruins the
function of circuits. In this paper, we refer to non-hotspots as coldspots.



To satisfy such desiderata, we propose a new framework where an advanced deep generative network is
trained with synthetic data optimized to lithography patterns. Specifically, we build upon the recently proposed
cycle-consistent generative adversarial network (CycleGAN) [16]. With this approach, hotspot and coldspot data
do not have to be paired for training hotspot correction models, because the model implicitly understands the
lithographic pattern properties by learning bidirectional mappings between hotspots and coldspots with cycle
consistency. For example, cycle consistency requires that, when a hotspot image is mapped to coldspot and
mapped back to hotspot, then the resulting image would be similar to the original image. To achieve this,
only the hotspots (not the backgrounds) should be corrected; otherwise, the model would fail to recover the
background around the hotspots. Thus, cycle consistency ensures that only the hotspots are corrected while
the background remains the same. Moreover, this approach requires neither any prior knowledge on pre-defined
lithographic pattern types nor any pre-processing like classification or segmentation. This enables the model to
correct any hotspots even when the cause of them is unclear; we provide an example of this with experimental
results in Figure 8. Further, we emphasize that our framework only contains a single neural network that
does both detection of hotspots and the correction of them in one shot, such that the overall process is not a
complicated combination of sub-processes using different neural networks.

To evaluate our model, we propose to synthesize a dataset with various types of hotspots. As we do not have
a corresponding coldspot image for each hotspot image in the real world cases, the generated hotspot images are
not paired with their desired corrections. Rather, we provide a dataset of unpaired hotspot and coldspot images,
such that our model learns to understand how to correct hotspots into coldspots. In addition, only a small
subset of possible geometries and locations of hostpots are represented in the training data. Further, multiple
hotspot types may exist in the same images with random backgrounds. Combined with all these properties, the
synthesized dataset effectively reflects the challenging real-world scenarios.

We measure the performance of our model under the pixel-based precision and recall for each corrected
image. For both simple and complicated hotspot types, significant portion of the corrected images have high
precision and recall values as they can be accepted as proper coldspot images. The experimental results show
that the corrected images are comparable with the results of the conventional method with the iterations of
lithography modeling, mask correction, and verification process, while ours significantly outperforms them in
the whole process time.2 Moreover, for the cases of complicated hotspot types and unknown hotspot types,
our method detects their locations, extracts their properties and corrects them simultaneously, which cannot be
automatically done by the conventional approaches.

2. RELATED WORK
2.1 Computational Lithography Using Deep Learning

There have been several studies on the application of deep learning to computational lithography, including
lithography modeling, mask correction, and hotspot detection. In case of modeling, the regression error rate
was considerably reduced [1] by the application of CNN. In addition, effective generation of modeling data using
residual neural networks and transfer learning has been explored [3]. Since mask correction using deep learning
was initiated by [4], correction runtime has been reduced by more than half using hierarchical Bayes model
combined with model-based correction [5], and polar basis has been used for efficient feature extraction [6].
Moreover, pattern correction considering etching process has been explored using deep learning, where pattern
densities and polygon biases are mapped to each other as in mask correction, resulting in the improvements in
the biasing accuracy [17]. For the generation of assist features, which is a part of mask correction, when neural
network with binary classification (good and bad placement of the assist features) was applied, the generation
runtime has been substantially reduced [7], maintaining the assistance performance. Also, assist features were
optimized in Fourier space of the mask function using CNN to reduce the degree of freedom in grayscale image
data [8,9]. More recently, GAN has been also applied to mask correction [18]. Finally, for detecting lithography
hotspots, deep neural networks have been successfully applied to layout data [10-15]. They mainly focus on the

2Conventional hotspot correction takes at least a few days even when the lithography model is prepared before the
correction. When model is not prepared, it takes more than two or three weeks. In contrast, the correction using our
method (i.e., performing both training and testing) can be done in a few hours.
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Figure 1: Comparison of hotspot correction methods: a neural network (left) and conventional correction work-
flow (right). There are many sub-procedures including the generation of a lithography model, mask correction
and verification using the conventional model, and the manual iterations of those procedures are necessary.

detection of hotspots by the binary classification of layout data into hotspot images and coldspot images, where
CNN plays key role to effectively capture the hotspot properties. In addition, efficient data augmentation method
to balance hotspot and coldspot domain [12], and image tensor extraction using discrete cosine transform have
been studied to improve the network performance [13].

However, those methods only focus on the detection of hotspots, not on the correction of the hotspots. Con-
ventionally, the correction of hotspots is much more complicated and time consuming, because mask correction
and verification need to be added to the series of sub-processes and moreover the iterations of the whole process
are inevitable to improve the correction accuracy. (See Figure 1 for the whole hotspot correction process.) In
contrast, our proposed framework performs the correction in a single process, where a target layout including
hotspots is directly transformed to the one without hotspots. Moreover, our method does not require separate
detection or segmentation of hotspots as pre-processing steps prior to hotspot correction.

2.2 Deep Generative Model

Generative Adversarial Networks (GANs) [19] have achieved remarkable results in many computer vision tasks
such as image generation [20-22], image-to-image translation [16,23], and text-to-image synthesis [24,25]. The
key idea of GAN is adversarial learning of two models. A generator learns to generate realistic images by mapping
a simple Gaussian distribution to a complex image distribution, while a discriminator learns to distinguish real
images and images generated from the generator. In this competitive learning scenario, the generator evolves to
fake the discriminator, which turns out to be an effective learning strategy for deep generative models.

CycleGAN [16] is a deep generative model based on GAN for unpaired image-to-image translation. It learns to
translate an image in a domain to another domain and vice versa. The key idea is to enforce the cycle consistency
by training two mappings together with an additional cycle consistency loss to guarantee that two mappings are
an inverse mapping of each other. It has been observed that learning GANs with the cycle consistency loss incurs
training more stable and avoids the mode collapse issue. An advantage of training with the cycleGAN objective
is that training can be done in an unpaired manner: an image in one domain does not have to be matched with
a corresponding image in another domain.

Since the correction of lithography hotspots can be considered as a translation from hotspot to coldspot, the
idea of cycleGAN is well suited to the problem. Similar to the idea of the original cycleGAN, a deep generative
model for correction of lithography hotspots learns to translate hotspots to coldspots and vice versa.
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Figure 2: Hotspot correction as an image-to-image translation. Polygons in green represent original patterns,
and pixels in red and blue represent deleted and added polygons after correction, respectively.

3. FRAMEWORK

We define our problem in Section 3.1 and introduce the cycleGAN and how to adapt it to hotspot correction in
Section 3.2. Finally, we present a method of preparing data applicable to real world scenarios in Section 3.3.

3.1 Overview

Lithography hotspots are identified according to the geometries of the patterns associated with lithographic
proximity in some regions of an image. However, except for the region of hotspots, the corresponding coldspot
image is mostly the same with the hotspot image. For example, Figure 2 (left) shows hotspots of small tip-to-
tip (A) or tip-to-bar (B) spaces. Then, the corresponding coldspot image where those hotspots are corrected
is shown in Figure 2 (middle), where the tip-to-tip or tip-to-bar space has been increased; this correction is
visualized as color-coded image in Figure 2 (right). Note that some hotspots would be determined by non-local
lithographic pattern properties. For example, in Figure 2, the low density of the polygons near the tip-to-tip
(C) causes hotspots; note that such hotspots are formed because of non-local interaction. Thus, in the mappings
between hotspots and coldspots, the properties extracted are not only the local geometries but also non-local
properties like as topologies of patterns and densities.

Mathematically, as an image-to-image translation problem, we denote the domain of hotspot images and
coldspot images by X and Y, and their data distributions by  ~ pgata(x) and y ~ pgata(y), respectively. Then,
our goal is to learn a mapping G : X — Y. Since it is difficult to obtain a paired dataset in real world cases, the
mapping cannot be learned with a naive autoencoder approach. For example, the following loss function is only
applicable when data from X and Y are paired, i.e., (z,y) ~ Ddata(2,y) such that

L(G, X, Y) = Bt yympaaca e [y = G(@)]1]

To overcome this issue, we introduce our formulation based on the cycleGAN framework in Section 3.2.

3.2 Hotspot Correction with Image-to-Image Translation by CycleGAN

When there are two data domains X and Y with data distributions & ~ pgata () and y ~ pyata(y), respectively,
the cycleGAN learns bi-directional mappings between them. The networks that transform the data from one
domain to the other are denoted as G : X — Y and F : Y — X. Dx and Dy are discriminator networks that try
to differentiate the images in one domain (real images) from the images translated from the other domain (fake
images). Those generators and discriminators are optimized in an adversarial manner with cycle consistency.
The loss function of cycleGAN consists of three terms as follows:

[:(G,F, Dx,Dy) = ﬁGAN(G,Dy,X,Y) + Laan(F, DX,Y,X) + )\ﬁcyc(G,F). (1)

Here the first and second terms are GAN losses of image-to-image translation from domain X to Y and from Y
to X, respectively. The first term is defined as follows (the second term is defined in a similar way):

EGAN(Gv DY7 X7 Y) = Ey'vpdam(y) [1Og DY (y)] + ]E$diata(w) [lOg(l - DY (G(I))] . (2)
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Figure 3: CycleGAN for hotspot correction. Tip-to-tip shapes that are common to both hotspot and coldspot
domains (A and B respectively) are extracted and their sizes are corrected when the images of each domain
are mapped to the other (A to A’ and B to B’), whereas the background of the images are maintained. In
this example, X and X (Y and }7) should be identical in order to minimize Lcy., and Dx (or Dy) learns to
discriminate X and F(Y) (or Y and G(X)) to learn F (or G) in an adversarial manner, respectively.

When mini-max game is applied to this loss, the discriminator D tries to differentiate images in one domain
(y) from the translated images from the other domain (G(x)) using the generator G, while G tries to make
G(z) non-distinguishable from y. Note that in Eq. (1), the two GAN loss terms are symmetrically placed, which
induces unpaired image-to-image translations when they are combined with the third term of the equation, which
is the cyclic consistency loss:

Leye(G, F) = Borpyora @) [1F(G(@)) = 2lli] + Eyapyora o [1G(F () = yll]- (3)

In the loss, the difference between original images (x) and cyclically generated images (F(G(x))) indicates that
some features of the original images might be kept under the translation. Now, when all the terms are combined
and the mini-max optimization is applied to the total loss:

G, F —&I‘gIélleI?lDIil%(y L(G,F,Dx, Dy), (4)
This image-to-image translation formulation encourages the generator G to correct only the regions that are
associated with hotspots, while keeping the rest of the background non-hotspot regions unchanged. Specifically,
there are properties that hotspots and coldspots have in common, e.g., the overall shapes of patterns, while there
are differences in details, e.g., the size or the placement of the shapes. Therefore, when cycleGAN is applied
to the hotspot correction, the common properties and differences in details are extracted from both domains,
and the domain-specific patterns are transformed from one to the other while the common properties remain the
same. In addition, the background is maintained as well in terms of their shapes and geometries. This is the key
property of cycleGAN that makes it an effective solution for hotspot correction with unpaired data.

Figure 3 illustrates an example of our framework with the tip-to-tip hotspots and its corresponding coldspots
denoted by A and B, respectively. While the geometrical shapes representing tip-to-tip’s are common in both
hotspot and coldspot domain, the size of the tip-to-tip’s differ between the two domains. Then, by the cycleGAN,
common tip-to-tip shapes are extracted from both domains and only their sizes are corrected, A to A’ and B



to B’, with the translation of hotspot images into coldspot images and vice versa. At the same time, the
backgrounds as well as the overall shape of the tip-to-tip are maintained during the translations. Note that, in
the training of cycleGAN, coldspot images are translated to hotspot images as well by the symmetric nature of
the cycleGAN formulation. For example, in Figure 3 coldspot tip-to-tip B is changed into hotspot B’. However,
we only utilize the generator G for correction of hotspots into coldspots in practice, e.g., A to A’. This is because
the correction of coldspots into hotspots are not only unnecessary but also non-deterministic, as there are many
ways of making a hotspot image from a coldspot image.

In summary, there are several aspects that cycleGAN benefits the hotspot correction. First, by the cyclic
nature of its loss function, the images from the two domains are not needed to be paired in training. In addition,
prior knowledge of the hotspots or coldspots are not required. In other words, preprocessing like classification
or segmentation of hotspots is not necessary for our method. In particular, from experiments in Section 4.3 and
Section 4.4, we observe that even when there are multiple hotspot types, our proposed method is able to correct
them properly. We note that translating multiple types of objects is not discussed in the original cycleGAN
paper, but our experimental results show that it is possible.

3.3 Synthetic data generation for training

Although the cycleGAN does not require a paired training dataset, collecting a training dataset for various cases
of hotspots is still nontrivial. For such cases, we propose to train our model with a synthesized dataset to deal
with various hotspot patterns in the real world. During training, we do not provide information about the types
and locations of hotspots. This makes the training more difficult but gives flexibility in the real world application:
whenever a new type of hotspot is found, we can update the model with the corresponding hotspot images. To
make the synthesized dataset similar to the one extracted from the real circuit layouts, we only take a small
subset from a huge variety of hotspot patterns for training (i.e., varying size of polygons that cause hotspots as
well as their locations in the image). In addition, we also consider rare but crucial cases when multiple hotspots
appear in a small region, which is discussed in Section 4.3.

4. EXPERIMENTAL RESULTS

We experiment and evaluate our proposed model in three different settings together with a baseline described in
Section 4.1. In the first two experiments, single and multiple types of hotspots appear in a random background,
respectively. In the case of multiple types of hotspots, to make it more realistic, we mix the images including dif-
ferent hotspot types. Moreover, we construct hard-to-detect hotspot types using the difference in the dimensions
or densities of neighboring patterns. In the last experiment, more diverse types of hotspots are experimented,
but non-hotspot backgrounds in the images are fixed for ease of generation of variety of pattern types.

4.1 Experimental Setup

Baseline. As a baseline, we propose a hotspot correction method based on a classification model. Intuitively,
given a pre-trained classification model, we can modify the hotspot image with gradient descent in the pixel
space such that the prediction of the model becomes coldspot. This idea is relevant to prior work on adversarial
perturbations [26] and visualizing neural networks [27,28].> For example, suppose Z = X UY, where X and Y
are hotspot and coldspot domain respectively, and D : Z — [0, 1] is a classification model where D(z) learns to
be close to 1 if z € X and to 0 if z € Y, respectively. Once the classification model is trained by minimizing a
classification loss L.s(D, Z), then one step of the correction can be described as follows:

0
a_ ('eDa 9
xeerozamE‘l(( x) (5)

where « is a hyperparameter. By applying this update multiple times, the classification loss grows larger, such
that the updated image will be eventually classified as a coldspot image.

3Specifically, [26] describes a gradient-based method for generating adversarial perturbations. [27] presents a method
for visualizing neural network by optimizing a hidden layer activation (or classifier output) via gradient ascent in pixel
space. [28] focused on visually localized explanation on which areas of the image contribute to the prediction of the model.



) Correction of tip-to-tip types by cycleGAN

) Correction of tip-to-tip types by baseline method

Figure 4: Correction of tip-to-tip hotspot types in random backgrounds. By the cycleGAN, the small tip-to-tips
are properly changed to larger ones with the least amount of modifications for correction into coldspots (a). In
contrast, the corrections by baseline are excessive and unclear (b).

(a) Correction of tip-to-bar types by cycleGAN

) Correction of tip-to-bar types by baseline method

Figure 5: Correction of tlp—to—bar hotspot types in random backgrounds. Tip-to-bar spaces are extended properly
by cycleGAN (a), whereas the corrected regions by baseline are not clearly focused (b).

Network architecture. Our cycleGAN has the following structure. The generator network consists of encod-
ing and decoding CNNs of three layers with varying kernel size optimized to the geometries of hotspot types,
and seven residual layers connecting those two CNNs. The discriminator network is composed of CNNs of four
layers with varying kernel size as well as generator CNNs, and with channels whose numbers are optimized to
the variety of the patterns in the images including both hotspot regions and backgrounds. For both generator
and discriminator, we used Adam optimizer with an initial learning rate 0.001 and 80 iterations.

Evaluation metric. For quantitative evaluation, we propose to measure precision and recall for each corrected
image. Note that the output of the hotspot correction model is real-valued, thus we map the output image to
binary values with a threshold. For comparison with the ground truth, we generate two masks for each hotspot:



Table 1: Test result of representative hotspot types: mean precision and recall

CycleGAN Baseline
Hotspot type
Mean precision | Mean recall | Mean precision | Mean recall

Tip-to-tip 0.810 0.998 0.195 0.850

Tip-to-bar 0.986 0.927 0.250 0.374

Tip-to-tip + Tip-to-bar 0.976 0.956 0.588 0.699
Tip-to-tip + Width of neighboring lines 0.873 0.797 0.295 0.207

Tip-to-tip Tip-to-bar

(a) Single-type hotspots
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(b) Single-type hotspots: baseline method

Figure 6: Histograms of precisions and recalls for the correction of single-type hotspots. While the cycleGAN
results have large number of images with high precisions and recalls, images of low precision and recalls are
dominant in the baseline result.

one covers a region that must be corrected, and the other covers a larger region that is a buffer, for which
correction is not required but acceptable. With these masks, precision is defined by the ratio of the number of
pixels modified (i.e., flipped binary pixel values) in the large mask and the total number of pixels modified. On
the other hand, recall is defined by the ratio of the number of pixels modified in the small mask and the number
of pixels in the small mask. We compute precision and recall per image and average them over all test images
to evaluate the overall performance.

4.2 Single-type Hotspots in Random Background

Figure 4 and 5 show the correction results when tip-to-tip and tip-to-bar hotspot types are given, respectively.
As shown in Figure 4a and 5a, small tip-to-tip and tip-to-bar spaces causing hotspots are extended such that
they are accepted as coldspots using our proposed cycleGAN model. However, in Figure 4b and 5b, although
the baseline detects the locations of hotspots successfully (because the classification model knows which regions



) Correction of tip-to-tip + tip-to-bar types by cycleGAN

(b) Correction of tip-to-tip + tip-to-bar types by baseline method

Figure 7: Correction of tip-to-tip + tip-to-bar hotspot types in random backgrounds. By cycleGAN (a), both
single hotspots (left three images) and multiple hotspots (right three images) are corrected minimizing the change
of images. Whereas, by the baseline (b), some hotspot regions are not corrected and inappropriate regions are
corrected.

) Correction of tip-to-tip with the width of nelghbormg lines by cycleGAN

(b) Correction of tip-to-tip with the width of neighboring lines by baseline method

Figure 8: Correction of tip-to-tip + width of neighboring line types in random backgrounds. The disparity of
performance between cycleGAN and the baseline method is the most apparent for this case. While the thick lines
near tip-to-tip are clearly corrected as well as small tip-to-tips by cycleGAN (a), there are almost no corrections
for both tip-to-tips and thick lines in the baseline (b).

contribute to the hotspot properties), it fails to correct them properly. The corrected images by the baseline
method have many dots, which is unrealistic in real circuit layouts, and it often adds unnecessary polygons
around hotspots. Since the classification model is trained with a discriminative objective, the corrected images
would not necessarily reflect the distribution of real circuit layouts. Such issues are addressed by our proposed
cycleGAN model because it learns with a generative objective such that the model can generate realistic images.

The first two rows in Table 1 show the quantitative evaluation results in single-type hotspot cases. Our pro-
posed cycleGAN approach outperforms the baseline in all cases with a significant margin. Among the cycleGAN
result, the mean precision of tip-to-tip is relatively low. This is because some patterns in vertical directions are
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(a) Multi-type and complicated hotspots
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(b) Multi-type and complicated hotspots: baseline method

Figure 9: Histograms of precision and recall for the correction of multi-type and complicated hotspots. As in
the case of single-type hotspots, majority of the images reside in high precision and recall regions for cycleGAN
result (a), whereas there are no such behaviour for the baseline (b).

deleted as shown in the rightmost example in Figure 4a; since vertical patterns are rare in the training dataset,
they are not expected to be in any domain. These images are represented by the small bins along the top
horizontal axis in the histograms of precision and recall in Figure 6.

4.3 Multi-type and Complicated Hotspots in Random Background

In more realistic cases, there could be multiple hotspot types in a dataset, such that the images including only
one of those types and images including more than one type are mixed in the dataset. For example, as depicted
in Figure 7, while some images have only one of the tip-to-tip or the tip-to-bar hotspots, others have both types
of hotspots. In some cases, it can be difficult to detect the hotspot region or to analyze the cause of hotspot.
Figure 8 shows such a case, where what determines whether the tip-to-tip is hotspot or not is the width of
neighboring (next-next to the tip-to-tip) lines. That is, width of neighboring line in Figure 8 is a more non-local
hotspot pattern, where the tip-to-tip is hotspot only if the width of the line in the two-hop next is thick. We note
that this type of hotspots is hard to be captured by the conventional hotspot correction approaches, because the
lithography has many unknown factors coming from materials and complicated processes. For both cases, we
see that our cycleGAN model performs proper corrections. In Figure 7, both tip-to-tip and tip-to-bar spaces are
enlarged, regardless that either tip-to-tip or tip-to-bar exists in a image or both of them exist in a image. For the
hard-to-detect cases in Figure 8, all the imaged are corrected to the ones where both small tip-to-tip spaces and
thick neighboring lines are suppressed. In contrast, as shown in Figure 7b and 8b, the baseline cannot correct
the hotspots properly, and furthermore, it often fails to detect the hotspots.

The last two rows in Table 1 and the histograms in Figure 9 show the quantitative evaluation results in multi-
type hotspot cases. Similar to the results of single-type hotspots, our proposed cycleGAN approach outperforms
the baseline in all cases with a significant margin. Among the cycleGAN result, the mean precision of the tip-to-
tip + width of neighboring lines is relatively low. This is because the correction on width is difficult to evaluate
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Figure 10: Correction of various hotspot types in fixed background with CycleGAN. Not only the single types
but also combined multiple-types are corrected into coldspots by the minimum changes of the corresponding
polygons.

quantitatively. In some cases, the model would split the line to two as in the first example in Figure 8a, but it
would also shrink the width of the line as in the forth example in Figure 8a.

4.4 Diverse Hotspot Types

Figure 10 shows the correction results when the hotspot types are more diverse: tip-to-tip, tip-to-bar, line or
space width, pitch variation, density of neighboring patterns and their combinations. Similar to Section 4.3,
multiple types of hotspots are detected and corrected properly by our proposed method, though the resulting
images are sometimes noisy because the hotspot patterns are complicated. The overall evaluation results show
that hotspots of all types are corrected with high accuracy, which is comparable to the result of conventional
correction process which takes much longer processing time as depicted in Fig 1.

5. CONCLUSION AND FUTURE WORK

In this paper, we presented a novel hotspot correction method based on a deep generative model. Our method
is built on the cycle-consistent generative adversarial network, which allows for effective training without paired
data or separate preprocessing steps. Our method learns to detect and correct various types of hotspots, achieving
comparable correction performance as conventional iterative processes with significantly reduced processing time.

As future work, for the large-scale circuit layouts in real world cases, our framework can be applied multiple
times in different resolutions in a hierarchical manner: if we have large-scale images with hotspots but do not
know their location, a model can be first trained with the large-scale images to detect the region of hotspots.
After then, we zoom in the detected region of the hotspots and train another model with the zoomed images, such
that the model can correct the hotspots with high precision. Thus, our work provides the base of a systematic
learning strategy that can be applied to circuit layouts in the real world.
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