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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract

Exploiting the huge amount of data collected by industries is definitely one of the main challenges of the so-called Big Data era. In
this sense, Machine Learning has gained growing attention in the scientific community, as it allows to extract valuable information
by means of statistical predictive models trained on historical process data. In Semiconductor Manufacturing, one of the most
extensively employed data-driven applications is Virtual Metrology, where a costly or unmeasurable variable is estimated by means
of cheap and easy to obtain measures that are already available in the system. Often, these measures are multi-dimensional, so
traditional Machine Learning algorithms cannot handle them directly. Instead, they require feature extraction, that is a preliminary
step where relevant information is extracted from raw data and converted into a design matrix. Features are often hand-engineered
and based on specific domain knowledge. Moreover, they may be difficult to scale and prone to information loss, affecting the
effectiveness and maintainability of machine learning procedures. In this paper, we present a Deep Learning method for semi-
supervised feature extraction based on Convolutional Autoencoders that is able to overcome the aforementioned problems. The
proposed method is tested on a real dataset for Etch rate estimation. Optical Emission Spectrometry data, that exhibit a complex
bi-dimensional time and wavelength evolution, are used as input.
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1. Introduction

During the last years, industries have collected a huge amount of historical data from their production processes,
leading to the so-called Big Data era. The challenges that Big Data pose in industrial environments are various [17]
and the scientific community is in a continuous effort to propose innovative solutions to face them. One of the main
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problems in the Industry 4.0 [14] is how to turn available data into business valuable information. In this sense,
Machine Learning (ML) technologies have become extremely popular, allowing the development of statistical models
that can be employed to infer relevant knowledge of the production process, based on historical data.

In Semiconductor Manufacturing, these data-driven models are the foundation of Advanced Process Control
(APC). Virtual Metrology (VM) [26], in particular, is nowadays extensively applied in the semiconductor industry1;
its goal is to exploit the already available information (e.g. physical sensors measurements) to infer the value of a
costly or even unmeasurable variable that is relevant to assess the status of the production process. Usually this goal
is achieved through supervised learning [5] methods that leverage labeled data, i.e. physical measurements of both
input and output from past process runs, to train a statistical model. Often in Semiconductor Manufacturing the input
data of the VM modules exhibit complex structures. In particular, it is common to encounter data in the form of time
series [24], or with a multidimensional evolution. Traditional ML techniques that are usually employed in this context
are not suitable to deal with these highly structured input data; In fact, they require a preliminary operation, called
feature extraction, where a set of informative values is extracted from the raw data, and then cast into a design matrix.
The feature extraction phase can be performed in two ways:

Hand-designed feature extraction Informative peculiarities of the data are translated into features by means of
visual inspection and quantitative studies; hand-designed feature extraction may require the help of process experts to
exploit physical knowledge of the process under examination.

Automatic feature extraction Features are computed automatically based on statistical properties of the input
variables (such as mean value and standard deviation), sub-sampling, or averaging of different portions of the input
data [8, 20, 30].

Both these approaches present significant drawbacks: Hand designed feature extraction is extremely time consum-
ing and poorly scalable in a complex environment such as the Semiconductor Industry. On the other hand, automatic
feature extraction methods are affected by information loss, and often leads to poor prediction capabilities. Recently,
more sophisticated feature extraction methods have been proposed in order to overcome the aforementioned prob-
lems: in [24], a functional learning solution is presented in order to tackle the feature extraction in a supervised way
for time-series data, by embedding it in the modeling phase. In [18], an approach based on regularization [5] is em-
ployed to deal with Optical Emission Spectroscopy (OES) data. OES data are paradigmatic in motivating the need of a
sophisticated feature extraction mechanism due to their bi-dimensional evolution with respect to time and wavelength.
In this paper, we propose a Deep Learning (DL) [6] based method for feature extraction on OES data that relies on
deep autoencoders. An autoencoder is a particular Artificial Neural Network (ANN) that is trained to reconstruct
its input. Usually, the hidden layers of the network perform dimensionality reduction on the input, learning relevant
features that allow a good reconstruction. Moreover, deep autoencoders exploit multiple non-linear representational
layers that learn complex hierarchical features from the data with high informative content.

The bi-dimensional structure of OES is similar to an image, suggesting the employment of Computer Vision-
inspired methodologies [27]. In particular, the convolution operation is highly effective at extracting local features
from images: actually, Convolutional Neural Networks (CNNs) are extensively employed for problems like object
localization and recognition [11], face recognition [12], and text recognition [28]. For this reason, the proposed model
will be based on CNNs.

The rest of the paper is organized as follows: in Section 2, an overview of Deep Learning for feature extraction
is provided with particular attention to autoencordes, while in Section 3 the dataset at hand is described. In Section
4, the proposed architecture and the experimental results are reported, while the final remarks and future works are
outlined in Section 5.

2. Deep Learning for feature extraction

In recent years, the diffusion of DL technologies has paved the way for sophisticated automatic feature extraction
methods that are able to effectively compress data into a lower dimensional representations without significant loss of

1 We underline that VM/Soft Sensing technologies are applied in many other fields beside semiconductor manufacturing like automotive [1] and
chemical manufacturing [4]
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problems in the Industry 4.0 [14] is how to turn available data into business valuable information. In this sense,
Machine Learning (ML) technologies have become extremely popular, allowing the development of statistical models
that can be employed to infer relevant knowledge of the production process, based on historical data.

In Semiconductor Manufacturing, these data-driven models are the foundation of Advanced Process Control
(APC). Virtual Metrology (VM) [26], in particular, is nowadays extensively applied in the semiconductor industry1;
its goal is to exploit the already available information (e.g. physical sensors measurements) to infer the value of a
costly or even unmeasurable variable that is relevant to assess the status of the production process. Usually this goal
is achieved through supervised learning [5] methods that leverage labeled data, i.e. physical measurements of both
input and output from past process runs, to train a statistical model. Often in Semiconductor Manufacturing the input
data of the VM modules exhibit complex structures. In particular, it is common to encounter data in the form of time
series [24], or with a multidimensional evolution. Traditional ML techniques that are usually employed in this context
are not suitable to deal with these highly structured input data; In fact, they require a preliminary operation, called
feature extraction, where a set of informative values is extracted from the raw data, and then cast into a design matrix.
The feature extraction phase can be performed in two ways:

Hand-designed feature extraction Informative peculiarities of the data are translated into features by means of
visual inspection and quantitative studies; hand-designed feature extraction may require the help of process experts to
exploit physical knowledge of the process under examination.

Automatic feature extraction Features are computed automatically based on statistical properties of the input
variables (such as mean value and standard deviation), sub-sampling, or averaging of different portions of the input
data [8, 20, 30].

Both these approaches present significant drawbacks: Hand designed feature extraction is extremely time consum-
ing and poorly scalable in a complex environment such as the Semiconductor Industry. On the other hand, automatic
feature extraction methods are affected by information loss, and often leads to poor prediction capabilities. Recently,
more sophisticated feature extraction methods have been proposed in order to overcome the aforementioned prob-
lems: in [24], a functional learning solution is presented in order to tackle the feature extraction in a supervised way
for time-series data, by embedding it in the modeling phase. In [18], an approach based on regularization [5] is em-
ployed to deal with Optical Emission Spectroscopy (OES) data. OES data are paradigmatic in motivating the need of a
sophisticated feature extraction mechanism due to their bi-dimensional evolution with respect to time and wavelength.
In this paper, we propose a Deep Learning (DL) [6] based method for feature extraction on OES data that relies on
deep autoencoders. An autoencoder is a particular Artificial Neural Network (ANN) that is trained to reconstruct
its input. Usually, the hidden layers of the network perform dimensionality reduction on the input, learning relevant
features that allow a good reconstruction. Moreover, deep autoencoders exploit multiple non-linear representational
layers that learn complex hierarchical features from the data with high informative content.

The bi-dimensional structure of OES is similar to an image, suggesting the employment of Computer Vision-
inspired methodologies [27]. In particular, the convolution operation is highly effective at extracting local features
from images: actually, Convolutional Neural Networks (CNNs) are extensively employed for problems like object
localization and recognition [11], face recognition [12], and text recognition [28]. For this reason, the proposed model
will be based on CNNs.

The rest of the paper is organized as follows: in Section 2, an overview of Deep Learning for feature extraction
is provided with particular attention to autoencordes, while in Section 3 the dataset at hand is described. In Section
4, the proposed architecture and the experimental results are reported, while the final remarks and future works are
outlined in Section 5.

2. Deep Learning for feature extraction

In recent years, the diffusion of DL technologies has paved the way for sophisticated automatic feature extraction
methods that are able to effectively compress data into a lower dimensional representations without significant loss of

1 We underline that VM/Soft Sensing technologies are applied in many other fields beside semiconductor manufacturing like automotive [1] and
chemical manufacturing [4]
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information. The advancements in DL-based feature extraction are the foundation of the incredible success of these
technologies in Computer Vision: Sun et al. [25] employed DL for face representation. The method relied on CNNs in
order to reduce the dimensionality of the significant regions of the input face and thus obtain a series of ”DeepID” that,
combined together, provided the input for a face verification model. Romero et al. [21], instead, employed a stacked
convolutional autoencoder for unsupervised feature learning on remote sensing images. The unsupervised pretraining
of the autoencoder, combined with a supervised fine-tuning, allowed to cope with the high-dimensionality of the data
and the limited dataset size. The proposed method outperformed traditional methods such as Principal Component
Analysis (PCA), and its kernel counterpart version (kPCA). Moreover, deep architecture performed significantly better
than shallow ones.

As for Semiconductor Industry, the diffusion of DL-based automatic feature extraction methods is still in its in-
fancy: some recent papers employed it to deal with complex VM problems: Lin et al. [15] developed a single layer
autoencoder for screening test escapes. In particular, the autoencoder is trained in an unsupervised fashion only on
good chips, using the euclidean distance as cost function. Then, the faulty chips have been identified because of the
higher reconstruction error compared to good chips. Lee et al. [13] designed a denoising autoencoder for wafer fault
monitoring, showing the ability of the model to extract noise tolerant features from the data that led to high predictive
capabilities. Yan et al. [29] leveraged a similar structure based on Denoising Autoencoders in order to estimate oxygen
levels in flue gases.

In this paper we propose a novel method for automatic feature extraction that present concrete originality compared
to the actual literature:

• While Convolutional Autoencorders are extensively employed in Computer Vision, the same thing does not
apply in Semiconductor Manufacturing.
• All the previously described papers exploit only the last layer of features extracted by the network, while our

method leverages all the layers of the network.
• Often, autoencoders are completed with a regression/classification layer in order to solve a supervised learning

problem. Anyway, simple linear regression or softmax are usually employed. Our model exploit the power-
ful features extraction performed by the autoencoder, combined with complex regression algorithms such as
Support Vector Regression (SVR).

As stated above, DL models have often been employed as supervised end-to-end regression or classification al-
gorithms. However, they can also be used as feature extraction blocks, and then combined with traditional ML tech-
niques, thanks to their inherent ability to treat complex input data automatically, i.e. without the need of time con-
suming and poorly scalable feature extraction. In this paper, we investigate this characteristic in order to realize an
automatic feature extraction procedure based on autoencoders.

2.1. Artificial Neural Networks

Artificial Neural Networks are the foundation of DL technologies. ANNs resemble brain since they are obtained
by the interconnection of many simple units, called neurons. Various ANN architectures have been developed during
the years: the most simple one is the so-called Feedforward Neural Network (FNN) where each neuron is connected
to all the neurons in the previous layer, defining a directed graph without any loops (Fig. 1a).

In recent years, more complex networks, called Convolutional Neural Networks (CNNs), have gained more and
more popularity thanks to their achievements in Computer Vision. CNNs exploit a multilayer structure similar to
FNNs but where different kind of hidden layers are alternated. In particular we can distinguish three kinds of hidden
layers: (i) convolutional, (ii) pooling, (iii) fully connected.

(i) Convolutional layers differ from hidden layers in FNNs because neurons in layer l are not connected to all
neurons in layer l− 1. Instead, each neuron i in layer l applies an activation function to the convolution of the previous
layer’s output with a kernel Wl plus a bias term bl, as depicted in Fig. 1b. The area of layer l − 1 that this filter is
applied to, is called the receptive field of neuron i. CNNs feature parameter sharing, because for each neuron in layer
l, the same convolutional filter is applied to the corresponding receptive field in layer l − 1.

4 Author name / Procedia Manufacturing 00 (2017) 000–000

(a) (b)

Fig. 1: (a) FNN fully connected layers; (b) CNN layers with parameter sharing

Usually, multiple kernels are employed to extract different features simultaneously. In presence of 2D data (images),
it is common to preserve the original input structure by applying bi-dimensional convolutions. The different outputs
obtained using different kernels are then stacked and treated as channels (more details available in [6]).

(ii) Pooling layers just performs a subsampling of the previous layer’s output, usually averaging (average pooling)
or taking the maximum value (max-pooling) over a contiguous region of values.

(iii) Fully Connected (FC) layers are actual FNNs and therefore the same description applies here. Usually FC
layers are placed at the end of the network. Since the structure of FC layer is intrinsically one-dimensional, multi-
dimensional data are flattened in a 1D vector before final FC layers.

ANNs provide an approximation function y = f ∗(x; θ) of an arbitrary complex continuous function f , parametrized
by a set of coefficients θ (matrices and biases in FNNs, kernel/matrices and biases for CNNs) [6]. The creation of the
predictive model thus requires the estimation of the parameters θ that better approximate the desired output; this is
achieved by minimizing a cost function defined according to the output layer properties; common choices are MSE
for regression and cross-entropy for classification. Usually, a gradient-descent based algorithm is used, based on
backpropagation [22].

2.2. Autoencoders

Autoencoders are generative models where an ANN is trained to reconstruct its own input in an unsupervised
way. An autoencoder employs a symmetric structure composed by two main blocks: an encoder part that compresses
the input into a low dimensional representation that contains the informative content of the data; a decoder part that
is trained to reconstruct the input from the features extracted by the encoder. Once the unsupervised pretraining is
completed, the encoder part is thus a powerful automatic feature extractor that, completed with a suitable output layer,
can be then fine-tuned [6] in a supervised way in order to obtain the desired estimation.

More in details, fine-tuning allows to adjust the parameters of the encoder in order to extract features that are even
more effective in addressing the specific target estimation problem. This operation is performed by adding a further
layer to the encoder block. Based on the problem at hand (See Fig. 2(b)), the encoder can be followed by either a
classification or a regression output layer. As explained in Section 3, our problem can be formalized as a regression
one. Thus, in the proposed approach, a linear output layer is added to the encoder, then the resulting network is trained
in a supervised fashion. Note that previously computed encoder weights provide the starting point to the stochastic
gradient descent algorithm. As a consequence, fine tuning is expected to refine the features extracted in unsupervised
fashion, so that they are even more valuable in tackling the regression problem.

Autoencoders can be created using various Neural Network structures. In this paper, we propose a Convolutional
Autoencoder where the underlying ANN exhibits a convolutional structure as described in Section 2.1.
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In this paper we propose a novel method for automatic feature extraction that present concrete originality compared
to the actual literature:

• While Convolutional Autoencorders are extensively employed in Computer Vision, the same thing does not
apply in Semiconductor Manufacturing.
• All the previously described papers exploit only the last layer of features extracted by the network, while our

method leverages all the layers of the network.
• Often, autoencoders are completed with a regression/classification layer in order to solve a supervised learning

problem. Anyway, simple linear regression or softmax are usually employed. Our model exploit the power-
ful features extraction performed by the autoencoder, combined with complex regression algorithms such as
Support Vector Regression (SVR).

As stated above, DL models have often been employed as supervised end-to-end regression or classification al-
gorithms. However, they can also be used as feature extraction blocks, and then combined with traditional ML tech-
niques, thanks to their inherent ability to treat complex input data automatically, i.e. without the need of time con-
suming and poorly scalable feature extraction. In this paper, we investigate this characteristic in order to realize an
automatic feature extraction procedure based on autoencoders.

2.1. Artificial Neural Networks

Artificial Neural Networks are the foundation of DL technologies. ANNs resemble brain since they are obtained
by the interconnection of many simple units, called neurons. Various ANN architectures have been developed during
the years: the most simple one is the so-called Feedforward Neural Network (FNN) where each neuron is connected
to all the neurons in the previous layer, defining a directed graph without any loops (Fig. 1a).

In recent years, more complex networks, called Convolutional Neural Networks (CNNs), have gained more and
more popularity thanks to their achievements in Computer Vision. CNNs exploit a multilayer structure similar to
FNNs but where different kind of hidden layers are alternated. In particular we can distinguish three kinds of hidden
layers: (i) convolutional, (ii) pooling, (iii) fully connected.

(i) Convolutional layers differ from hidden layers in FNNs because neurons in layer l are not connected to all
neurons in layer l− 1. Instead, each neuron i in layer l applies an activation function to the convolution of the previous
layer’s output with a kernel Wl plus a bias term bl, as depicted in Fig. 1b. The area of layer l − 1 that this filter is
applied to, is called the receptive field of neuron i. CNNs feature parameter sharing, because for each neuron in layer
l, the same convolutional filter is applied to the corresponding receptive field in layer l − 1.
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Fig. 1: (a) FNN fully connected layers; (b) CNN layers with parameter sharing

Usually, multiple kernels are employed to extract different features simultaneously. In presence of 2D data (images),
it is common to preserve the original input structure by applying bi-dimensional convolutions. The different outputs
obtained using different kernels are then stacked and treated as channels (more details available in [6]).

(ii) Pooling layers just performs a subsampling of the previous layer’s output, usually averaging (average pooling)
or taking the maximum value (max-pooling) over a contiguous region of values.

(iii) Fully Connected (FC) layers are actual FNNs and therefore the same description applies here. Usually FC
layers are placed at the end of the network. Since the structure of FC layer is intrinsically one-dimensional, multi-
dimensional data are flattened in a 1D vector before final FC layers.

ANNs provide an approximation function y = f ∗(x; θ) of an arbitrary complex continuous function f , parametrized
by a set of coefficients θ (matrices and biases in FNNs, kernel/matrices and biases for CNNs) [6]. The creation of the
predictive model thus requires the estimation of the parameters θ that better approximate the desired output; this is
achieved by minimizing a cost function defined according to the output layer properties; common choices are MSE
for regression and cross-entropy for classification. Usually, a gradient-descent based algorithm is used, based on
backpropagation [22].

2.2. Autoencoders

Autoencoders are generative models where an ANN is trained to reconstruct its own input in an unsupervised
way. An autoencoder employs a symmetric structure composed by two main blocks: an encoder part that compresses
the input into a low dimensional representation that contains the informative content of the data; a decoder part that
is trained to reconstruct the input from the features extracted by the encoder. Once the unsupervised pretraining is
completed, the encoder part is thus a powerful automatic feature extractor that, completed with a suitable output layer,
can be then fine-tuned [6] in a supervised way in order to obtain the desired estimation.

More in details, fine-tuning allows to adjust the parameters of the encoder in order to extract features that are even
more effective in addressing the specific target estimation problem. This operation is performed by adding a further
layer to the encoder block. Based on the problem at hand (See Fig. 2(b)), the encoder can be followed by either a
classification or a regression output layer. As explained in Section 3, our problem can be formalized as a regression
one. Thus, in the proposed approach, a linear output layer is added to the encoder, then the resulting network is trained
in a supervised fashion. Note that previously computed encoder weights provide the starting point to the stochastic
gradient descent algorithm. As a consequence, fine tuning is expected to refine the features extracted in unsupervised
fashion, so that they are even more valuable in tackling the regression problem.

Autoencoders can be created using various Neural Network structures. In this paper, we propose a Convolutional
Autoencoder where the underlying ANN exhibits a convolutional structure as described in Section 2.1.
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Fig. 2: (a) Structure of an autoencoder. X is the input, X̄ is the compressed version of X and X̂ is the reconstructed version of X. (b) Encoder
employed in the final estimation. During fine tuning the pre-trained parameters of the encoder network are adjusted in a supervised way to achieve
better performance.

3. Dataset description

In Semiconductor Manufacturing, etching is a key step in the realization of integrated circuits. In this process, a
masked silicon wafer is hit by an high-speed stream of plasma of an appropriate ionized gas mixture in a vacuum
chamber. The exposed surface is thus etched away because of the chemical and mechanical interaction with plasma.
Plasma etching processes are affected by various factors that may alter the final quality of the product. In particular,
chamber mismatch, non-uniformity across the wafer and within die, and surface composition/roughness have a rel-
evant impact [3]. For this reason, in the perspective of both process control and quality assessment, it is important
to understand the resolution and directionality of etching. In this sense, the etch rate, i.e the thickness of the eroded
surface per unit of time, provides the required information. However, obtaining this measure is extremely costly, and it
requires a post-processing metrology step. Thus, in semiconductor industry, it is pivotal for cost reduction and produc-
tion performance to estimate the etch rate based on cheap and easy to obtain measures. Optical Emission Spectroscopy
(OES) of the plasma is particularly informative for this goal2. It allows to observe the changes in the plasma chemistry
during etching, providing the foundation to VM solutions that exploit historical data to build a predictive model for
etch rate estimation.

The dataset our model will be tested on is composed by N=1747 OES data samples with the associated etch
rate y that has been physically measured during historical process runs. The input OES data present a complex
bi-dimensional structure, with time and wavelength evolution as depicted in Fig. 3. It is possible to notice that the
measurements saturate at a value close to 4000 (normalized value), limiting the range of possible values to the interval
[0, 4000] (normalized values); this behaviour is resemblant of 8-bit greyscale images, where the range of possible
values for each pixel is limited between 0 and 255. This property, in combination with the bi-dimensional structure
of OES, suggests the employment of Computer Vision inspired technologies and justifies the choice of a non linear
model because of the inherent non-linearity of saturation phenomena. The proposed autoencoder will thus be based
on CNNs, that have outperformed other methods in many Computer Vision tasks [7]. Since CNNs are able to extract
hierarchical sparse feature [6] from complex data like images, the proposed autoencoder is expected to provide a
powerful feature extraction model for OES data.

4. Proposed Approach and Experimental Results

4.1. Convolutional Autoencoder-based Feature Extraction

The proposed feature extraction method exploits the representational power of a CNN composed of three convo-
lutional layers alternated with average pooling layers. The employment of average pooling guarantees the extraction
of smooth features that are usually suitable for regression problems as the one under study. Fig. 3 depicts in details
the proposed feature extraction procedure: the aforementioned CNN is trained as described in Section 2 then, the
features extracted by each average pooling layer are flattened and concatenated in order to form a final feature vector
of dimension p = 38464, thus compressing the input to one third of its original size of 2014 wavelengths × 54 time

2 For a detailed description of OES data we invite the reader to refer to [27, 24]
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Fig. 3: Structure of the proposed feature extraction method.

stamps. The notation C@H×W defines the dimension of the input at the respective layer. In particular, C indicates the
number of channels, H indicates the height and W the width.

The obtained features will be fed to a Support Vector Regression (SVR) machine that is trained in a supervised
way in order to perform the final etch rate prediction. In order to asses the quality of the proposed procedure, the
performance will be compared with a standard automatic feature extraction method where four statistics (average,
standard deviation, minimum, maximum) on the first k = 100 Principal Components of the data are computed and
then fed to a LASSO and SVR regression, popular approaches for VM technologies [10, 9, 23, 26].

The proposed algorithm has been implemented and trained using Keras [2] with Tensorflow [16] backend. Adam
optimizer has been employed using Mean Squared Error (MSE) as cost function. More in details, the training operation
has been performed in two steps: the unsupervised pre-training, where the MSE measures the reconstruction error of
the AE and the supervised fine-tuning where the MSE measures the prediction error of the model on the targets y.
It is worth remarking that the fine-tuning procedure is used only to obtain more representative features, and not to
train a predictive model for the problem at hand. Indeed, etch rate is estimated based on a more advanced regression
algorithm (SVR) fed with the features provided by the fine-tuned autoencoder. In particular, features are obtained by
stacking the outputs of all the fine-tuned pooling layers of the network, and not only the last one.

4.2. Results

The performance of the proposed method have been assessed using 100 Monte-Carlo cross validation [19] cycles
with a test set composed by the 30% of the total number of process runs available, i.e. Ntest = 0.3·N. The same
procedure has been employed to estimate the performance of the benchmark methods. In order to estimate the hyper-
parameters of the employed regression algorithms, 10 Monte-Carlo cross validation cycles have been performed on
a validation set composed by 30% of the data not used for test, i.e Nval = 0.3 · (N − Ntest) = 0.21 · N. The metrics
employed to quantify the models prediction capabilities are MSE (Eq. 1) and R2 score (Eq. 1).

MSE =
1
N

Ntest∑
i=1

(yi − ŷi)2 R2 = 1 −
∑Ntest

i=1 (yi − ŷi)2

∑Ntest
i=1 (yi − ȳ)2

(1)

where yi and ŷi are respectively the real and predicted output of test i and ȳ is the average of the test output values.

Table 1: Performance comparison.

SVR LASSO Autoencoder+SVR
MSE 0.238 0.18 0.146
R2 0.972 0.979 0.983

In Table 1 the mean value of the performance indexes over 100 MC cross validation cycles is reported. The proposed
feature extraction method in combination with a SVR outperformed classical automatic feature extraction procedures
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Fig. 2: (a) Structure of an autoencoder. X is the input, X̄ is the compressed version of X and X̂ is the reconstructed version of X. (b) Encoder
employed in the final estimation. During fine tuning the pre-trained parameters of the encoder network are adjusted in a supervised way to achieve
better performance.

3. Dataset description

In Semiconductor Manufacturing, etching is a key step in the realization of integrated circuits. In this process, a
masked silicon wafer is hit by an high-speed stream of plasma of an appropriate ionized gas mixture in a vacuum
chamber. The exposed surface is thus etched away because of the chemical and mechanical interaction with plasma.
Plasma etching processes are affected by various factors that may alter the final quality of the product. In particular,
chamber mismatch, non-uniformity across the wafer and within die, and surface composition/roughness have a rel-
evant impact [3]. For this reason, in the perspective of both process control and quality assessment, it is important
to understand the resolution and directionality of etching. In this sense, the etch rate, i.e the thickness of the eroded
surface per unit of time, provides the required information. However, obtaining this measure is extremely costly, and it
requires a post-processing metrology step. Thus, in semiconductor industry, it is pivotal for cost reduction and produc-
tion performance to estimate the etch rate based on cheap and easy to obtain measures. Optical Emission Spectroscopy
(OES) of the plasma is particularly informative for this goal2. It allows to observe the changes in the plasma chemistry
during etching, providing the foundation to VM solutions that exploit historical data to build a predictive model for
etch rate estimation.

The dataset our model will be tested on is composed by N=1747 OES data samples with the associated etch
rate y that has been physically measured during historical process runs. The input OES data present a complex
bi-dimensional structure, with time and wavelength evolution as depicted in Fig. 3. It is possible to notice that the
measurements saturate at a value close to 4000 (normalized value), limiting the range of possible values to the interval
[0, 4000] (normalized values); this behaviour is resemblant of 8-bit greyscale images, where the range of possible
values for each pixel is limited between 0 and 255. This property, in combination with the bi-dimensional structure
of OES, suggests the employment of Computer Vision inspired technologies and justifies the choice of a non linear
model because of the inherent non-linearity of saturation phenomena. The proposed autoencoder will thus be based
on CNNs, that have outperformed other methods in many Computer Vision tasks [7]. Since CNNs are able to extract
hierarchical sparse feature [6] from complex data like images, the proposed autoencoder is expected to provide a
powerful feature extraction model for OES data.

4. Proposed Approach and Experimental Results

4.1. Convolutional Autoencoder-based Feature Extraction

The proposed feature extraction method exploits the representational power of a CNN composed of three convo-
lutional layers alternated with average pooling layers. The employment of average pooling guarantees the extraction
of smooth features that are usually suitable for regression problems as the one under study. Fig. 3 depicts in details
the proposed feature extraction procedure: the aforementioned CNN is trained as described in Section 2 then, the
features extracted by each average pooling layer are flattened and concatenated in order to form a final feature vector
of dimension p = 38464, thus compressing the input to one third of its original size of 2014 wavelengths × 54 time

2 For a detailed description of OES data we invite the reader to refer to [27, 24]
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Fig. 3: Structure of the proposed feature extraction method.

stamps. The notation C@H×W defines the dimension of the input at the respective layer. In particular, C indicates the
number of channels, H indicates the height and W the width.

The obtained features will be fed to a Support Vector Regression (SVR) machine that is trained in a supervised
way in order to perform the final etch rate prediction. In order to asses the quality of the proposed procedure, the
performance will be compared with a standard automatic feature extraction method where four statistics (average,
standard deviation, minimum, maximum) on the first k = 100 Principal Components of the data are computed and
then fed to a LASSO and SVR regression, popular approaches for VM technologies [10, 9, 23, 26].

The proposed algorithm has been implemented and trained using Keras [2] with Tensorflow [16] backend. Adam
optimizer has been employed using Mean Squared Error (MSE) as cost function. More in details, the training operation
has been performed in two steps: the unsupervised pre-training, where the MSE measures the reconstruction error of
the AE and the supervised fine-tuning where the MSE measures the prediction error of the model on the targets y.
It is worth remarking that the fine-tuning procedure is used only to obtain more representative features, and not to
train a predictive model for the problem at hand. Indeed, etch rate is estimated based on a more advanced regression
algorithm (SVR) fed with the features provided by the fine-tuned autoencoder. In particular, features are obtained by
stacking the outputs of all the fine-tuned pooling layers of the network, and not only the last one.

4.2. Results

The performance of the proposed method have been assessed using 100 Monte-Carlo cross validation [19] cycles
with a test set composed by the 30% of the total number of process runs available, i.e. Ntest = 0.3·N. The same
procedure has been employed to estimate the performance of the benchmark methods. In order to estimate the hyper-
parameters of the employed regression algorithms, 10 Monte-Carlo cross validation cycles have been performed on
a validation set composed by 30% of the data not used for test, i.e Nval = 0.3 · (N − Ntest) = 0.21 · N. The metrics
employed to quantify the models prediction capabilities are MSE (Eq. 1) and R2 score (Eq. 1).
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where yi and ŷi are respectively the real and predicted output of test i and ȳ is the average of the test output values.

Table 1: Performance comparison.

SVR LASSO Autoencoder+SVR
MSE 0.238 0.18 0.146
R2 0.972 0.979 0.983

In Table 1 the mean value of the performance indexes over 100 MC cross validation cycles is reported. The proposed
feature extraction method in combination with a SVR outperformed classical automatic feature extraction procedures
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justifying the employment of a complex deep architecture instead of simple shallow methods such as PCA and statis-
tical moments. A more detailed performance comparison is reported in Fig. 4 where the boxplot of the distributions
of the performance indexes over 100 MC cross validation cycles are depicted. The high values obtained for the R2

metric highlight some limitations of the dataset at hand that appear to be easily predictable also with simple linear
models, suggesting that the input-output relationship is close to linear. While the autoencoder provides better results,
we expect that, employing a more complex dataset with a highly non-linear input-output relationship, this superiority
would be even more evident. Moreover, Deep Neural Networks are known to perform extremely well with big amount
of data it is safe to assume that our model would achieve better performance if trained with an higher number samples.

(a) Distribution of the R2 score over 100 CV cycles. (b) Distribution of the MS E over 100 CV cycles.

Fig. 4: Distribution of: (a) the R2 score over 100 CV cycles; (b) the MS E over 100 CV cycles.

5. Conclusion

In this paper we proposed a novel feature extraction method based on Convolutional Autencoders which, in combi-
nation with traditional Machine Learning algorithms, is able to deal effectively with the data complexity typical of the
semiconductor industry. In particular, we tested our method on OES data coming from a plasma etching process where
the need of a precise etch rate estimate is of fundamental importance. The bi-dimensional structure of such input data
suggested to tackle feature extraction drawing inspiration from Computer Vision algorithms. In particular, we chose
to use Convolutional Neural Networks that have recently outperformed classical methods in a wide range of com-
plex vision tasks. The proposed method outperformed classical shallow feature extraction procedures such as PCA
and statistical moments, providing an accurate prediction of the required target (etch rate) leveraging the information
provided by OES data. This result may have a strong impact on semiconductor manufacturing processes where the
direct measurement of the etch rate is extremely resource demanding both in terms of time and money. The achieved
performance gain justifies the employment of a complex DL model that, exploiting the representational power of
CNNs is able to deal with the inherent bi-dimensional interdependence of OES data exhibiting a time and wavelength
evolution. In addition, the proposed method presents considerable advantages when compared to the employment of
hand crafted features, since it does not require any domain specific knowledge, but it treats the input complexity in
a natural and scalable way. This is of paramount importance in the ever growing semiconductor industry, where the
complexity of the systems keeps increasing at a very fast pace. Similarly, the availability of historical data is in con-
tinuous expansion and the proposed solution is well suited for a Big Data context. Indeed,it is in fact a well known
characteristic of DL algorithms to improve their performance with the increase of data availability [6]. Thus, we are
confident that with a larger training dataset our method would allow to extract even more representative features.

Finally, the presented approach provides a general feature extraction method for similar problems where the input
data exhibits a complex evolution whose structure cannot be properly handled by traditional ML algorithms that
require the input to be organized in a design matrix, where each row represents a single data observation. Instead,
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the proposed method is can work with data where each observation exhibits a bi-dimensional evolution, and thus it is
a matrix itself. While promising performance have been obtained, the presented results are still preliminary; a more
extensive comparison with other autoencoder structures such Denoising Autoencoders and simple methods combined
with hand designed features is left as a future development.
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suggested to tackle feature extraction drawing inspiration from Computer Vision algorithms. In particular, we chose
to use Convolutional Neural Networks that have recently outperformed classical methods in a wide range of com-
plex vision tasks. The proposed method outperformed classical shallow feature extraction procedures such as PCA
and statistical moments, providing an accurate prediction of the required target (etch rate) leveraging the information
provided by OES data. This result may have a strong impact on semiconductor manufacturing processes where the
direct measurement of the etch rate is extremely resource demanding both in terms of time and money. The achieved
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CNNs is able to deal with the inherent bi-dimensional interdependence of OES data exhibiting a time and wavelength
evolution. In addition, the proposed method presents considerable advantages when compared to the employment of
hand crafted features, since it does not require any domain specific knowledge, but it treats the input complexity in
a natural and scalable way. This is of paramount importance in the ever growing semiconductor industry, where the
complexity of the systems keeps increasing at a very fast pace. Similarly, the availability of historical data is in con-
tinuous expansion and the proposed solution is well suited for a Big Data context. Indeed,it is in fact a well known
characteristic of DL algorithms to improve their performance with the increase of data availability [6]. Thus, we are
confident that with a larger training dataset our method would allow to extract even more representative features.

Finally, the presented approach provides a general feature extraction method for similar problems where the input
data exhibits a complex evolution whose structure cannot be properly handled by traditional ML algorithms that
require the input to be organized in a design matrix, where each row represents a single data observation. Instead,
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with hand designed features is left as a future development.
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