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In semiconductor manufacturing, lithography represents the core process of frontend fabrication as the quality 

outcome in terms of overlay errors depends entirely on it. Hence, particular attention is devoted to the 
inspection of each wafer layer, having 100% measurements of markers distributed across a wafer with 

subsequent long inspection times. At the same time, process control is based on each layer’s overall 
measurements, discouraging companies from improving productivity by reducing inspection time. As a 

consequence, in this context product, process and system are extremely inter-related. Recent developments in 

joint product-process modelling show that robust model-based control coupled with optimal down-selection of 
measurement markers enables improved process control without increasing the defects. However, when 

considering the system level, new dynamics should be accounted for in order to take decisions about production 

system configuration and operations. This paper proposes a novel analytical model for the evaluation of quality 
and productivity performance in manufacturing systems characterized by propagation of quality errors, process 

adaptation and alternative inspection policies. The proposed model is general but particularly useful for the 

semiconductor sector. Application of this method to an industrial-scale semiconductor manufacturing system 

shows that when product-process-system are considered together, global optimal solutions can be achieved. 
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1 Motivation and objectives 

Performance evaluation is an essential step towards improvement of manufacturing systems and 

involves estimating the effect of various factors on performance indicators such as throughput, work in 

process level, efficiency, among others. Quality is considered one of the most critical factors that can 

influence system behavior and performance. Therefore, efforts for the integration in performance 

evaluation models start with including production resources that may produce parts with imperfect quality. 

Contributions from the community include the integration of SPC methods in analytical models, the 

evaluation and improvement of systems including quality-quantity coupled operations, quality 

deterioration, caused by machine stoppages and long waiting times, scrapping policies in response to 

machine failures, considering buffer-less systems with both presence and absence of deterioration memory, 

or scrapping policies resulting from stoppages of production systems, and differentiating between long 

lasting failures, causing deterioration, and rapid failures. The semiconductor manufacturing system is 

recognized as a highly intricate production process. The initial phase, known as wafer manufacturing or the 

front-end, incurs significant costs. During this phase, circuits are methodically layered onto the wafer using 

a series of sequential procedures. Numerous processing steps are involved in this phase. Consequently, the 

dynamics, performance, and characteristics of both the process and the end product are determined by an 

extensive range of factors. The propagation of multi-stage dynamics has a clear impact on the 

responsiveness of the quality strategy. At product level, each stage operates a transformation on the product 
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and may add product deviations, in form of overlays. Particular attention is devoted to the inspection of 

each wafer layer, having 100% measurements of markers distributed across a wafer with subsequent long 

inspection times. Despite technological advancements and research & development efforts in this direction, 

inspection time could not be reduced yet, and still represents a limit for the system productivity (Chien 

2020). To ensure the required quality, process control based on models such as stream of variation (SoV) 

was introduced and studied (Graff 2023). Errors propagation is analytically described and incorporated in 

process control models robust to inaccuracies between process parameters and error generation. As a 

consequence, here product, process and system are extremely inter-related, and a clear understanding of the 

interaction between quality and production is envied to improve the capacity planning of fabs (Ghasemi 

2020). This work integrates state-of-the-art quality models for inspection optimization in lithography 

combined with model-based process control into an approximate analytical model. Given the unique 

characteristics, this novel approach is particularly suitable for semiconductor fabrication, but it has general 

validity. The novel contributions of this work can be summarized as follows: 

1. State-based Markovian synthetic representation of semiconductor fabrication stages in lithography 

threads embedding selective inspection strategies and model-based process control; 

2. System-level stochastic model with close-to-reality assumptions, as split and scrap, integrating 

propagation of product quality and inspection errors along stages; 

3. Joint optimization of productivity and quality at system-level in semiconductor fabrication for the 

downsizing of measurement selection. 

2 Methodology and results 

The system includes 𝐾 stages, where each stage 𝑆𝑘 is composed of one photolithography machine and 

one inspection station. Stages are decoupled by buffers 𝐵𝑘 characterized by buffer capacity 𝑁𝑘. Both 

photolithography machines and inspection stations are fully reliable, and no failures occur in either stage. If 

the downstream carrier has enough capacity, no blocking phenomenon affects the lithography machines. 

Similarly, starvation may occur if the lithography thread is not adequately balanced. Whenever an 

inspection station performs a conformity check on the wafer and finds that the patterned layer is defective, 

a parameter tuning of the photolithography machine is immediately performed, as usual in run-to-run 

control. At the same time, the defective wafer is promptly unloaded from the inspection machine and 

rejected from the line. This preserves downstream station capacity from being wasted on processing 

defective wafers. Given the high automation level and the type of process, both photolithography and 

inspection have constant cycle time. The target performance measures include the average total throughput 

𝑡ℎ𝐾 at the end of the lithography thread, the average total throughput of good wafers 𝑡ℎ𝐾
𝐺  and the average 

throughput of expected defective wafer 𝑡ℎ𝐾
𝑁𝐺. If the inspection station inspects 100% of the markers on the 

patterned layer of the wafer, the throughput of expected defective wafers 𝑡ℎ𝐾
𝑁𝐺 includes only the wafers for 

which the last patterned layer is out of specification. On the other hand, if the inspection station inspects a 

reduced number of markers on the patterned layer, the throughput of expected defective wafers 𝑡ℎ𝐾
𝑁𝐺  

includes also those wafers with non-compliant layers that have not been detected by inspection stations 𝑘 =
1,… , 𝐾 − 1. From the perspective of the production flow, there is no conservation of flow, as the 

production flow decreases along the lithography thread, because at each stage in-process scrap may occur, 

when non-compliant patterned layers are detected. The product and process model utilizes a robust run-to-

run control that considers not only overlay errors but also stack-up overlay errors. These errors are 

described by the summation of the overlay of non-adjacent layers, using Zernike polynomial-based models 

(Zhang 2022). The product-process model selects the best combination of a given percentage of available 

measurement points 𝑚,𝑚 ∈ [0,1], known as markers, for the robust control of lithography errors. This 

ensures that the measure of overlay errors at all the candidate measurement points is minimized. However, 

it is important to note that the down-selection of markers for the wafer inspection may not detect bad 

wafers, allowing them to continue along the manufacturing line. The definition of the system-level 

Markovian model extends the work introduced by Magnanini (2023). Hence, the state space for the stage 

𝑆𝑘 at system level is Ω𝑘 = {𝐺,𝐵𝐷, 𝐵𝑁𝐷, 𝑆𝐺 , 𝑆𝐵𝐷, 𝑆𝐵𝑁𝐷, 𝐵𝐺 , 𝐵𝐵𝑁𝐷, 𝑁𝑄1, 𝑁𝑄𝑗 , … , 𝑁𝑄𝑘−1}, where: 

• Local states: state G represents the production condition of good wafers at the lithography machine that 

afterwards are correctly identified as compliant by the inspection station; state BD represents the 

production condition of bad wafers at the lithography machine that afterwards are correctly identified 

as not-compliant by the inspection station; state BND represents the production condition of bad wafers 
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at the lithography machine that afterwards are not detected as not-compliant by the inspection station, 

due to the down-selection of markers 𝑚. 

• Remote states {𝑆𝐺 , 𝑆𝐵𝐷, 𝑆𝐵𝑁𝐷} in which the stage is upstream limited from the perspective of production 

flow, i.e. the considered stage is starved or slowed down. 

• Remote states {𝐵𝐺 , 𝐵𝐵𝑁𝐷} in which the stage is downstream limited from the perspective of production 

flow, i.e. the considered stage is blocked or slowed down. 

• Remote states {𝑁𝑄1, 𝑁𝑄𝑗 , … , 𝑁𝑄𝑘−1} in which the stage is processing defective layers from previous 

stages that were not detected by the down-selection of markers in upstream inspection stations. 

The decomposition method obtains the probability density function of each Building Block, then the two-

level decomposition approach obtains the transition rate matrix for each Integrated Machine by lumping of 

the Building Block state-space into the Integrated Machine state-space. In this way, the number of states do 

not explode. Results in Fig. 1 shows that reducing the number of inspected markers clearly improves the 

productivity with respect to the baseline case (100%). On the other hand, when the yield is analyzed, it is 

possible to notice that using a good uncertainty model of the propagation of deviations coupled with the 

process control guarantees the identification of the optimal set of measurement markers, not only to the 

optimal number of measurement markers to be inspected. In particular, the highest productivity in terms of 

good wafers is obtained when the measurement reduction is set according to the proposed novel product-

process-system model, as it exploits the knowledge from the product and process level, together with the 

knowledge about the dynamics at system level. 

 

 

Figure 1. Comparison of performance measures with alternative quality control strategies. 
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