
 

 

 

  -1-  

SEMICONDUCTOR PROCESS RECIPE ACQUISITION METHOD AND SYSTEM, 

AND SEMICONDUCTOR PROCESS EQUIPMENT    

 

TECHNICAL FIELD  

[0001] The present disclosure generally relates to the semiconductor manufacturing technology 

field and, more particularly, to a semiconductor process recipe acquisition method, a 

semiconductor process recipe acquisition system, and semiconductor process equipment.      

BACKGROUND 

[0002] In the field of microelectronics manufacturing, plasma etching is a critical process in 

device fabrication. For example, in discrete transistor devices, trench gates are etched to suppress 

short-channel effects and address a problem such as mobility reduction caused by channel 

electron scattering. Thus, the discrete transistor devices are transitioning from traditional planar 

gates to trench gates and are applicable to both silicon-based and silicon carbide-based Metal-

Oxide-Semiconductor Field-Effect Transistor (MOSFET) devices. Additionally, by etching super 

junctions in the discrete transistor devices, on-resistance can be effectively reduced, and a device 

switching speed can be enhanced. Since a drive current of a lateral super junction is small, 

mainstream products in the market adopt super junctions with a vertical structure. The process 

technology is developed from multiple times of epitaxial process to a deep trench process. Thus, 

deep silicon etching is needed. Moreover, in High Electron Mobility Transistor (HEMT) devices 

of gallium nitride, a method to realize a normally-off device includes etching a gate recess at the 

gate. Surface state energy levels of gallium nitride are changed by the gate recess to realize the 

device to be normally-off. For the discrete devices that originally need trench etching, the 
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process is also developed toward high depth and width radio and high verticality. For example, 

in the traditional silicon capacitor device, when the trench is deeper, the device space can be 

more effectively used to improve the capacitance. When the verticality is higher, the actual 

device is closer to the theoretical model, and the design needs are better satisfied. For another 

example, in advanced packaging, the device performance can be improved, the power 

consumption can be lowered, and the size of the device can be reduced by etching a through 

silicon vias (TSV) structure. 

[0003] Thus, with the development in the semiconductor discrete devices and the advanced 

packaging fields, higher and higher requirements are imposed on deep silicon etching. Since the 

silicon deep microstructure has a large depth and width ratio and high verticality, it is difficult 

for traditional wet etching to finish the silicon deep microstructure, which must be obtained in a 

dry etching method. To obtain the silicon microstructure with a large depth and a vertical angle, 

a dry etching process with isolated time can be adopted, i.e., the Bosch process. In the process, 

the plasma is used to induce fluorocarbon polymer to provide sidewall passivation protection and 

downward etching the silicon through fluorine-based plasma chemical reactions. The sidewall 

passivation protection (deposition step) and fluorine-based plasma chemical reaction (etching 

step) alternate during the process. Since the deposition and etching are performed alternatively in 

the Bosch process, shell-like structures are inevitably formed, which leads to significant sidewall 

roughness. 

[0004] Typically, the shell size at the top of deep silicon structures is the largest, with the 

roughest sidewalls, exhibiting noticeable shells and lateral wrinkles. Therefore, methods need to 

be provided to reduce the roughness at the top of the deep silicon structure. In addition to 

considering the sidewall roughness, the etch morphology (an angle of the sidewall). After the 
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deep silicon structure is formed, it is difficult for the plasma to drill into the deep silicone 

structure. The product after etching can be difficult to remove from the deep silicon structure to 

form deep silicon structures large at the top and small at the bottom. Then, the process parameter 

can be adjusted to improve the average free path of the plasma and aid the plasma to move 

towards the wafer. Additionally, etching depth, etching rate, selective ratio to the mask, etc., can 

be used as indications to rate the etching effect of the deep silicon etching effect. To obtain a 

good deep silicon etching effect, the process parameter needs to be ire. That is, the process recipe 

can be adjusted. Currently, various recipes are tried manually by the process user. Thus, whether 

the recipe of the process requirements is satisfied can be determined. The process can be very 

complex and low-efficiency and cannot be automated.        

SUMMARY 

[0005] The present disclosure is intended to provide a semiconductor process recipe acquisition 

method and system, and semiconductor equipment to automatically obtain the corresponding 

process recipe according to the given process requirement to improve the acquisition efficiency 

for the process recipe.  

[0006] To realize the above purpose, the present disclosure provides a semiconductor process 

recipe acquisition method, including: 

randomly inputting a process parameter set required for a process into a constructed deep 

neural network model to obtain process result evaluation indices corresponding to the process 

parameter set, the process parameter set including a plurality of process parameters, the deep 

neural network model being a trained multi-layer deep neural network, the deep neural network 

model including an input layer, at least one intermediate layer, and an output layer, the input 
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layer being configured to input the process parameter set, and the output layer being configured 

to output the process evaluation indices corresponding to the process parameter set; 

   determining whether a difference degree between the process evaluation indices and 

corresponding set process requirements meets set requirements; 

if yes, using the process parameter set as the process recipe to perform an actual process; 

and 

otherwise, according to the process requirements, along a direction from the output layer 

to the input layer, based on a gradient algorithm and a self-consistent iteration method, 

optimizing feature values of the at least one intermediate layer and values of the process 

parameters in the input layer layer by layer to optimize the values of characteristics in each 

middle layer and the values of each process parameter in the input layer layer by layer, until 

obtaining a process parameter set in the input layer that satisfies all process result evaluation 

indices output by the deep neural network model and meets the process requirements, and using 

the process parameter set that meets the process requirements as the process recipe to perform 

the actual process. 

[0007] In some embodiments, a method for constructing the deep neural network model 

includes: 

determining a number of layers and a structure of the deep neural network model 

according to a number of process parameters included in the process parameter set and a number 

of process result evaluation indices corresponding to the process parameter set; a number of the 

intermediate layers is a difference between the number of process parameters and the number of 

process result evaluation indices, and each deep neural network layer of the deep neural network 

model including a plurality of neurons, along the direction from the input layer to the output 
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layer, one neuron being reduced sequentially between neighboring deep neural networks, each 

neuron being connected to all neurons in a previous deep neural network layer, each process 

parameter being used as an input feature of a neuron in the input layer, each neuron of the 

intermediate layer being configured to perform calculation on output features of all neurons in a 

previous deep neural network layer, an output feature of each neuron in the output layer being a 

process result evaluation index, and the number of the process parameters included in the process 

parameter set being greater than the number of the process result evaluation indices 

corresponding to the processing parameter set; and  

determining an activation function for running the deep neural network model according 

to a number of layers of the deep neural network model. 

[0008] In some embodiments, the method for constructing the deep neural network model 

further includes: 

using a process database as training data and training the deep neural network model 

using a deep learning method, the process database including historical process parameter data 

and historical process result data of a specific process; and 

determining a weight item and a bias item of each deep neural network layer of the deep 

neural network model according to a training result of the activation function. 

[0009] In some embodiments, optimizing the feature values of the at least one intermediate layer 

and the values of the process parameters of the input layer based layer by layer on the gradient 

algorithm and the self-consistent iteration method includes: 

step S1, finding a process result evaluation index having a largest difference degree with 

the process requirement in the output layer; 
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step S2, finding a process parameter with a largest value in the weight item related to the 

process result evaluation index having the largest difference degree from an intermediate layer 

neighboring to the output layer;   

step S3, keeping a value of the weight item and a value of the bias item of the process 

parameter with the largest value in the weight item unchanged, using a gradient algorithm to 

optimize and step-adjust a feature value of the process parameter having the largest value in the 

weight item until a difference degree between the process result evaluation index having the 

largest difference degree in the output layer and the process requirement meets the set 

requirement;  

step 4, if another process result evaluation index having a difference degree with the 

process requirement not meeting the set requirement exists in other process result evaluation 

indices, repeating step S1 to step S3 until all the process result evaluation indices in the output 

layer meet the process requirement, and determining a feature value of each process parameter in 

the intermediate layers; and  

step S5, based on the feature value of each process parameter in the intermediate layer 

obtained in step S4, along a direction from the output layer to the input layer, continuing to use 

the gradient algorithm and self-consistence iteration method to optimize the feature value of each 

process parameter in other intermediate layers and the values of the process parameters in the 

input layer layer by layer, until a process parameter set causing all the process result evaluation 

indices output by the deep neural network model to meet the process requirement is obtained in 

the input layer.  

[0010] In some embodiments, the semiconductor process recipe acquisition method further 

includes, after step S3, determining whether a difference degree between the adjusted process 
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result evaluation index through step S3 and the process requirement meets the set requirement, if 

yes, performing step S4, and if not, keeping the process parameter with the largest value in the 

weight item adjusted and optimized through step S3 and performing the following steps: 

step S6, finding a process parameter with a second largest value in the weight item 

related to the process result evaluation index adjusted in step S3 from the intermediate layer 

neighboring to the output layer; and  

step S7, keeping the value of the weight item of the process parameter having the second 

largest value in the weight item unchanged, and using the gradient algorithm to optimize and 

step-adjust a feature value of the process parameter having the second largest value in the weight 

item, until a difference degree between the process result evaluation index correspondingly 

adjusted in step S3 in the output layer and the process requirement meets the set requirement.  

[0011] In some embodiments, the semiconductor process recipe acquisition method further 

includes, after step 5: 

step S8, if a process result evaluation index having a different degree with the process 

requirement not meeting the set requirement still exists in the output layer after optimizing and 

adjusting all the process parameters related to the process result evaluation indices,  

selecting process parameters that causes a sum of squares of difference degrees between 

the process result evaluation indices and the process requirements to form a new process 

parameter set, and using the new process parameter set as a process recipe for performing an 

actual process.  

[0012] In some embodiments, a calculation equation of the gradient algorithm is: 

xi = xi - θ × (∂y/∂xi), 
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where xi denotes the adjusted process parameter in the intermediate layer, y denotes the 

adjusted process result evaluation index, and θ denotes an adjustment step size. 

[0013] In some embodiments, the difference degree is calculated by: 

Δ = |(y - yactual) / yactual|, 

wherein:  

Δ denotes the difference degree between the process result evaluation index and 

the set process requirement, y denotes the process result evaluation index output by the 

deep neural network model, and yactual denotes the given process requirement; and  

the set requirement includes the difference degree between the process result 

evaluation index and the corresponding set process requirement ranging between 0 and 

10%. 

[0014] As a second aspect, the present disclosure further provides a semiconductor process 

recipe automatic acquisition method, including: 

a deep neural network model, the deep neural network model being a multi-layer 

structured deep neural network that has been trained, the deep neural network model outputting 

accurate process result evaluation indices corresponding to a process parameter set based on 

input process parameters; and  

a calculation module configured to perform the semiconductor process recipe acquisition 

method according to any one of claims 1 to 8.  

[0015] As a second aspect, the present disclosure further provides semiconductor process 

equipment, including the semiconductor process recipe automatic acquisition system according 

to claim 9. 
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[0016] The beneficial effects of the present disclosure are as follows. 

[0017] In the present disclosure with the given process requirement, based on the constructed 

deep neural network model, and according to the set process requirement, along the direction 

from the output layer to the input layer, the gradient algorithm and the self-consistent iteration 

method can be used to optimize and adjust the feature values of the intermediate layer and the 

process parameter set of the input layer layer by layer, until the process parameter set that causes 

all the process result evaluation indices output by the deep neural network model meet the 

process requirement is reverse-engineered and used as the process recipe of the actual process. 

Compared to the existing method in which an operator repeatedly adjusts the process recipe 

parameters, in the present disclosure, the process recipe parameters satisfying the process 

requirement can be automatically provided by the deep neural network model according to the 

process requirement, which improves the acquisition efficiency of the process recipe and 

increases the automation degree of the etching machine.  

[0018] The system of the present disclosure includes other features and advantages. These 

features and advantages are obvious from the accompanying drawings and the specific 

embodiments or are described in detail in the accompanying drawings and the specific 

embodiments. These accompanying drawings and the specific embodiments are used to explain 

the principle of the present disclosure.   

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] Embodiments of the present disclosure are described in more detail in connection with 

the accompanying drawings. The above or other purposes, features, and advantages of the 

present disclosure become more obvious. In embodiments of the present disclosure, same 

reference numerals can represent a same component. 
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[0020] FIG. 1 illustrates a schematic diagram of a deep neural network model applied to a 

lithography of the existing technology one.  

[0021] FIG. 2 illustrates a schematic diagram of a neural network model for predicting an 

etching process result of the existing technology three.  

[0022] FIG. 3A illustrates a schematic flowchart of a semiconductor process recipe acquisition 

method according to some embodiments of the present disclosure.   

[0023] FIG. 3B illustrates another schematic flowchart of a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure.  

[0024]  FIG. 3C illustrates another schematic flowchart of a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure.  

[0025] FIG. 3D illustrates another schematic flowchart of a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure.  

[0026] FIG. 4 illustrates a schematic diagram of a deep neural network model in a 

semiconductor process recipe acquisition method according to a second embodiment of the 

present disclosure.  

[0027] FIG. 5 illustrates a schematic diagram showing an etching process with a feature size of 3 

micrometers in the semiconductor process recipe acquisition method according to some 

embodiments of the present disclosure.  

[0028] FIG. 6 illustrates a schematic diagram showing an impact of a chamber pressure on a 

rating index of a groove etching process result in a semiconductor process recipe acquisition 

method according to some embodiments of the present disclosure.  
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[0029] FIG. 7 illustrates a schematic diagram showing an impact of an electrode end power 

under an etching step on a rating index of a groove etching process result in a semiconductor 

process recipe acquisition method according to some embodiments of the present disclosure.  

[0030] FIG. 8 illustrates a schematic diagram showing an impact of an end time of an etching 

step on a rating index of a groove etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure.  

[0031] FIG. 9 illustrates a schematic diagram showing an impact of an end time of a deposition 

step on a rating index of a groove etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure.  

[0032] FIG. 10 illustrates a schematic diagram showing an impact of an SF6 gas of an etching 

step on a rating index of a groove etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure. 

[0033] FIG. 11 illustrates a schematic diagram showing an impact of a C4F8 gas of a deposition 

step on a rating index of a groove etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure. 

[0034] FIG. 12 illustrates SEM diagrams of groove etching process requirements in a 

semiconductor process recipe acquisition method according to some embodiments of the present 

disclosure.  

[0035] FIG. 13 illustrates a schematic diagram showing an impact of a chamber pressure on a 

rating index of a hole etching process result in a semiconductor process recipe acquisition 

method according to some embodiments of the present disclosure. 
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[0036] FIG. 14 illustrates a schematic diagram showing an impact of an electrode end power of 

an etching step on a rating index of a hole etching process result in a semiconductor process 

recipe acquisition method according to some embodiments of the present disclosure. 

[0037] FIG. 15 illustrates a schematic diagram showing an impact of an end time of an etching 

step on a rating index of a hole etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure. 

[0038] FIG. 16 illustrates a schematic diagram showing an impact of an end time of a deposition 

step on a rating index of a hole etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure. 

[0039] FIG. 17 illustrates a schematic diagram showing an impact of an SF6 gas of an etching 

step on a rating index of a hole etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure. 

[0040] FIG. 18 illustrates a schematic diagram showing an impact of a C4F8 gas of a deposition 

step on a rating index of a hole etching process result in a semiconductor process recipe 

acquisition method according to some embodiments of the present disclosure. 

[0041] FIG. 19 illustrates SEM diagrams of hole etching process requirements in a 

semiconductor process recipe acquisition method according to some embodiments of the present 

disclosure. 

DETAILED DESCRIPTION OF THE EMBODIMENTS 

[0042] The existing technology one provides a deep neural network model applied in a 

photolithography machine. The deep neural network model is shown in FIG. 1. In the solution, 

based on the deep neural network model completing deep learning, a photolithography process 
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result can be automatically output according to a photolithography process parameter input to the 

model. 

[0043] The deep neural network model is the existing technology. In some embodiments, an 

activation function of the model needs to be defined. Linear conversion can be performed on 

parameters of an input layer y=f(Σi wi xi+b). xi denotes an input feature, wi denotes weights of 

the features, and b denotes bias. This is the simplest case with a single-layer neural network. If a 

multi-layer neural network exists, the activation function for a two-layer model can be 

transformed into y=g(Σj wj f(Σi wi xi+ b1)+ b2). The activation function for a three-layer model 

can be transformed into y=h(Σk wk g(Σj wj f(Σi wi xi+ b1)+ b2)+ b3), and so on. 

[0044] Then, a target function of J(wi, b)= (Σi wi xi+b- yr)
2 is defined according to a sum of 

squares of deviations between input and output values (xi, y) obtained using the activation 

function of the model and the actual dataset (xi, yr). If n actual datasets (xi,n, yr,n) exist, the target 

function may need to be arithmetically averaged: J(wi, b)= (1/n) Σn (Σi wi xi,n +b- yr,n)
2. 

[0045] In the neural network model, data training is an important step and mainly involves 

parameter optimization. Currently, mainstream optimizers can include a stochastic gradient 

descent method, a momentum stochastic gradient descent method, and an Adam optimization 

method. Taking the stochastic gradient descent method as an example, the algorithm is wi = wi –

η×[! J(wi, b)/ ! wi], b = b –η×[! J(wi, b)/ ! b].  

[0046] That is, partial derivative calculation is performed on the relevant parameters, and 

movement is performed each time according to the product of the step size η and the partial 

derivative until the target function obtains the minimum value to be stabilized. That is, the 

deviation between the model predicted data and the actual data is minimum. For multi-layer 

neural networks, calculation can be reversed layer by layer to cause the target function of each 
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layer to obtain the minimum value. That is, the deviations between the whole model predicted 

data and the actual value are minimum.  

[0047]  After research, the inventor finds the following problem in the existing technology one.  

[0048] The neural network model can only provide forward learning and prediction. That is, the 

process result can be derived from the process parameter recipe in a forward manner. During the 

forward derivation, variables in the gradient optimization algorithm are the weights wi, reverse 

derivation of obtaining the process parameters according to the process requirements cannot be 

realized. Moreover, the existing technology one does not involve machine automation.   

[0049] Photolithography machines have high requirements for precision, and the algorithms of 

the optimizers are relatively complex. Other semiconductor process equipment such as etching 

machines can have some tolerance for precision relative to the computational process speed. 

[0050] The existing technology two provides a self-consistent iterative method. That is, only 

numerical solutions can be obtained instead of analytical solutions when transcendental 

equations are solved. When the numerical solutions are calculated, a method of continuous 

iterative processes can be adopted until convergence to the optimal solution is achieved to form 

self-consistency. 

[0051] If an operator in an equation is a function of unknown variables, only the self-consistent 

iterative method can be used. Initially, a set of assumed numerical values for the unknown 

variables is provided, and the operator is solved. The obtained operator is then substituted back 

into the original equation to obtain another set of numerical solutions for the unknown variables. 

This process repeats until the assumed numerical values of the unknown variables and the 

calculated values of the unknown variables are completely consistent, i.e., self-consistency. The 

method has been used in solving the Hartree-Fock equation in the field of quantum computing. 
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[0052] However, the method has not been applied to the neural network model or in the 

semiconductor process equipment field. 

[0053] The existing technology three provides a neural network model for predicting etching 

process results shown in Figure 2. After research, the inventor found that the solution only uses a 

single-layer neural network model, which belongs to a regular neural network rather than a deep 

neural network. Moreover, the solution can only be used to predict etching process results and 

cannot reverse-engineer the process parameters through the etching process results. 

[0054] In the present disclosure, a process recipe for performing relative processes (such as dry 

etching) can be automatically provided according to the actual process requirements using 

software algorithms. In practical applications, if a user needs to obtain a deep silicon structure 

with a specific etching depth, a sidewall angle, a sidewall roughness, and a selectivity ratio of the 

mask, and expects to achieve a specific etching rate, the process parameter recipe can be 

automatically provided through the solution of the present disclosure, e.g., a chamber pressure, 

power of upper and lower electrodes, a gas flow rate, and etching time.  

[0055] The present disclosure is described in more detail with reference to the accompanying 

drawings. Although the accompanying drawings show some embodiments of the present 

disclosure, it should be understood that the present disclosure can be implemented in various 

forms and is not limited to the embodiments described here. On the contrary, the embodiments 

are provided to make the present disclosure more transparent and complete. Moreover, the scope 

of the present disclosure can be completely conveyed to those skilled in the art. 

[0056] FIG. 3A to FIG. 3D illustrate several schematic flowcharts of steps of a semiconductor 

process recipe acquisition method according to some embodiments of the present disclosure. The 

semiconductor process recipe acquisition method includes the following steps. 
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[0057] At S101, a process parameter set (including a plurality of process parameters) required by 

the process is input into the constructed deep neural network model, and a process result 

evaluation index corresponding to the process parameter set is obtained.   

[0058] The deep neural network model can be a trained multi-layer deep neural network. The 

deep neural network model can include an input layer, at least one intermediate layer, and an 

output layer. The input layer can be configured to input the process parameter set. The output 

layer can be configured to output the process result evaluation index corresponding to the 

process parameter set. That is, each layer of the input layer, the at least one intermediate layer, 

and the output layer can be a one-layer deep neural network. 

[0059] In some embodiments, before step S101, the deep neural network model can be 

constructed first. As shown in FIG. 3B, a construction method of the deep neural network model 

includes the following steps.  

[0060] At S201, a number of deep neural network layers and a structure of the deep neural 

network model are determined according to a number of process parameters included in the 

process parameter set and a number of the processing result evaluation indices corresponding to 

the processing parameter set. 

[0061]  The deep neural network model can include the input layer, the at least one intermediate 

layer, and the output layer. A number of intermediate layers can be the difference between the 

number of process parameters included in the process parameter set and the number of process 

result evaluation indices corresponding to the process parameter set. Each deep neural network 

layer of the deep neural network model can include a plurality of neurons. Along a direction 

from the input layer to the output layer, one neuron is successively reduced between neighboring 

deep neural networks. Each neuron can be connected to all neurons in a previous deep neural 
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network layer. Each process parameter can be used as an input feature of a neuron in the input 

layer. Each neuron in the intermediate layer can be used to perform calculation on the output 

features of all neurons in the previous deep neural network layer. An output feature of each 

neuron in the output layer can be a corresponding process result evaluation index. The number of 

process parameters included in the process parameter set can be greater than the number of 

process result evaluation indices corresponding to the process parameter set. 

[0062] At S202, the activation function of running the deep neural network model is determined 

according to the number of layers of the deep neural network model.  

[0063] The deep neural network model of embodiments of the present disclosure is shown in 

FIG. 4. In some embodiments, the method for constructing the deep neural network model 

further includes the following steps. 

[0064] At S203, a process database is used as training data to train the deep neural network 

model using a deep learning method. 

[0065] The process database can include historical process parameter data and historical process 

result data for specific processes. 

[0066] At S204, a weight item and a bias item of each deep neural network layer of the deep 

neural network model are determined according to the training results of the activation function 

to finally complete the construction of the deep neural network model. 

[0067] In a specific implementation process, for a semiconductor process machine such as an 

etching machine, the number of process result evaluation indices is generally less than the 

number of process parameters. Therefore, based on the method for constructing the neural 

network model disclosed in existing technology one, the deep neural network model of the 

present disclosure can be constructed. 
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[0068] The number of layers of the neural network model can be determined by the difference 

between the number of input variables (the number of process parameters) and the number of 

output variables (the number of process result evaluation indices). One intermediate feature 

variable is subtracted between each two deep neural network layers shown in FIG. 4. Taking the 

etching machine for example, if the input process parameter set includes 6 process parameters, 

i.e., 6 variables, including chamber pressure, upper electrode power, lower electrode power, SF6 

flowrate, O2 flowrate, and etching time. The process result corresponding to the process 

parameter set that is finally obtained can include three evaluation indices, including an etching 

depth, a sidewall angle, and an etching rate. Then, a deep neural network model (three deep 

neural network layers) with two layers of intermediate feature variables can be constructed.  

[0069] The process parameters and process result databases obtained in routine work can be used 

for deep learning training of the model. An optimization algorithm similar to the existing 

technology one can be used to obtain the optimal model function y=h(Σk wk g(Σj wj f(Σi wi xi+ 

b1)+ b2)+ b3). That is, a model relationship between the process parameters and the process 

results can be obtained. 

[0070] For practical problems, when the process results/process requirements are known, the 

optimal process recipe may need to be reverse-engineered. According to the deep neural network 

model of the present disclosure, the number of process result evaluation indices can be less than 

the number of process parameters in the process recipe. Therefore, the problem can be equivalent 

to solving an indeterminate equation. Theoretically, an infinite plurality of solutions can exist. To 

quickly find the optimal solution, a self-consistent iterative method can be adopted in the present 

disclosure. 
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[0071] At S102, whether the difference degree between the process result evaluation indices and 

the corresponding set process requirement meet a set requirement is determined. 

[0072] At S103, if yes, the input process parameter set above is used as the process recipe of the 

actual process. 

[0073] In some embodiments, in step S101 to step S103, a process parameter set (including a 

plurality of process parameters xi) can be randomly provided as input features of the neurons in 

the input layer of the deep neural network model. Then, the process result evaluation index y 

output from the output layer of the deep neural network model can be compared with the actual 

process requirement y. If the difference degree meets the set requirement, the process parameter 

set can be used for the actual process. 

[0074] The difference is calculated by the following equation: 

 Δ=|( y-y_actual)/ y_actual| 

 where Δ denotes the difference degree between the process result evaluation index and 

the set process requirement, y denotes the process result evaluation index output by the deep 

neural network model, and y_actual denotes the set process requirement. 

[0075] In some embodiments, the set requirement includes the difference degree between the 

process result evaluation index and the corresponding set process requirement being between 0 

and 10%, preferably 5%. 

[0076] At S104, otherwise, according to the set process requirement, along the direction from the 

above output layer to the input layer, the feature values in the intermediate layers and the 

numerical values of the process parameters in the input layer are optimized layer by layer based 

on the gradient algorithm and self-consistent iterative method until obtaining a process parameter 

set in the input layer that can make all the process result evaluation indices output by the above 
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deep neural network model meet the corresponding set process requirement. The process 

parameter set that meets the above process requirement as the process recipe for the actual 

process. 

[0077] In some embodiments, as shown in FIG. 3C, based on the gradient algorithm and the self-

consistent iterative method, optimizing the feature values in the intermediate layers and the 

numerical values of the process parameters in the input layer includes the following steps.  

[0078] At S301, a process result evaluation index in the output layer having the largest 

difference degree with the corresponding set process requirement is determined. 

[0079] At S302, a process parameter having a largest value in a weight item related to the 

process result evaluation index having the largest difference degree is determined from the 

intermediate layer neighboring to the output layer.  

[0080] At S303, the value of the weight term and the value of the bias term of the process 

parameter having the largest value in the weight item are kept unchanged, and the feature value 

of the process parameter having the largest value in the weight item is adjusted using the gradient 

algorithm until the difference degree between the process result evaluation index having the 

largest difference degree in the output layer and the set process requirement meet the set 

requirement.  

[0081]  After step S303, the method further includes: 

 determining whether the difference degree between the process result evaluation index 

adjusted through step S303 and the set process requirement meets the set requirement. If yes, 

proceed to step S304, and if not, proceed to step S306. 

[0082] At S304, if another process result evaluation index that has a difference degree with the 

set process requirement not meeting the set requirement exists in the other process result 
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evaluation indices, step S301 to step S303 are repeated until all the process evaluation indices in 

the output layer meet the set process requirement, and a feature value of each process parameter 

in the intermediate layer is determined.  

[0083]  At S305, based on the feature value of each process parameter in the intermediate layer 

obtained in step S304, along the output layer to the input layer, the feature value of each process 

parameter in the outer intermediate layers and the values of the process parameters in the input 

layer are continued to be optimized layer by layer using the gradient algorithm and the self-

consistent iterative method, until the process parameter set in the input layer is obtained to make 

all process result evaluation indices output by the deep neural network model meet the set 

process requirement.  

[0084]  At S306, the process parameter corresponding to the weight item with the largest value 

adjusted and optimized in step S303 is kept unchanged, a process parameter having a second 

largest value in the weight item related to the adjusted process result evaluation index 

corresponding to step S303 is determined in the intermediate layer neighboring to the output 

layer.  

[0085] At S307, the value of the weight item of the process parameter with the second largest 

value in the weight item is kept unchanged, and the feature value of the process parameter with 

the second largest numerical value in the weight item is optimized and adjusted using the 

gradient algorithm until the difference degree between the process result evaluation index 

adjusted corresponding to step S303 in the output layer and the corresponding set process 

requirement meets the set requirement. 

[0086] In some embodiments, after step S303, step S304 can be directly executed without 

determining whether the difference degree between the adjusted process result evaluation index 
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in step S303 and the set process requirement meets the set requirement, and step S306 and step 

S307 can be omitted. 

[0087] In some embodiments, after step S305, the method further includes: 

 at S308, if a process result evaluation index having the difference degree with the set 

process requirement not meeting the set requirement still exists in the output layer after 

optimizing and adjusting all the process parameters related to the process result evaluation index,  

 selecting process parameters that cause the sum of squares of the different degrees 

between the process result evaluation indices and the set process requirement to be minimum to 

form a new process parameter set, and using the new process parameter set as the process recipe 

for performing the actual process.  

[0088] In embodiments of the present disclosure, the calculation equation of the gradient 

algorithm is: 

 xi=xi- ×(!y/!xi) 

 where xi denotes the adjusted process parameter in the intermediate layer, y denotes the 

adjusted process result evaluation index, and denotes the adjustment step size. 

[0089] In a specific implementation process from step S301 to step S308, the process result 

evaluation index y output by the output layer of the deep neural network model is first compared 

with the process requirement yactual, if the set requirement is not met, according to the output 

difference degree =|( y-yactual)/ yactual| between the process result evaluation index y and the 

process requirement yactual, a process result evaluation index having the largest difference degree 

with the set process requirement can be determined. According to the value w of the weight item 

of the process parameter set corresponding to the process result evaluation index, and according 

to a process parameter xi of the process parameter set corresponding to the largest value in the 
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weight item can be adjusted according to the gradient algorithm xi=xi- ×(!y/!xi), where is the 

step size, and so on to repeat, until self-consistency is achieved. That is, the process result 

obtained by the deep neural network model with the provided process parameters can be nearly 

consistent with the process requirement (the process result evaluation index output reaches 95% 

of the set process requirement, with a range between 90% and 100%).  

[0090]  If the process requirement is not met after the process parameters with the largest values 

in the weight item are traversed using the gradient algorithm, a process parameter with the 

largest value in the weight item adjusted and optimized in S303 can be kept unchanged, the 

feature value of the process parameter with the second largest value in the weight item can be 

optimized using the gradient algorithm, and so on. If the process requirement is not met after all 

the process parameters are traversed, the actual process can be performed according to the 

process parameter with the sum of squares of the difference degree  between the process result 

evaluation index y and the process requirement yactual for all the process result evaluation indices 

being minimum. That is, process parameters that cause the sum of the squares of the difference 

degrees between the process result evaluation indices and the set process requirement to be 

minimum can form a new process parameter set. The new process parameter set can be used as 

the process recipe for the actual process. 

[0091] Taking the etching machine as an example, the process of the optimal solution of the self-

consistency method is further described.     

[0092] First, a process parameter set of the process recipe can be used randomly. A process 

result can be obtained at the output layer after inputting the process parameter set into the deep 

neural network model. Then, a process result evaluation index having the largest difference with 

the set process requirement can be determined in the process result. For example, assume that the 
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sidewall angle has the largest difference, an item in a previous deep neural network layer having 

the largest weight related to the sidewall angle can be then determined. Then, the value of the 

weight item can be kept unchanged, and the value of the weight item can be adjusted step by step 

according to the gradient algorithm until the sidewall angle meets the requirement (e.g., achieved 

95% of the set value). Then, the other process result evaluation indices output by the model may 

change too. If the other process result evaluation indices also exceed the set process requirement, 

the process result evaluation indices can be optimized according to a method similar to the above 

method until all the process result evaluation indices meet the set process requirement. 

Meanwhile, feature values of the process parameters of the intermediate layer neighboring to the 

value set of the process result evaluation indices can also be obtained. the feature values of the 

process parameters of the intermediate layer can be optimized in a similar method, and so on, 

until the data of the above process parameter set of the input layer at the most left side in FIG. 4, 

i.e., in the process recipe, is obtained.  

[0093] Embodiments of the present disclosure further provide a semiconductor process recipe 

automatic acquisition system, including: 

 a deep neural network model, the deep neural network model being formed by a plurality 

of trained deep neural network layers, and the deep neural network model being able to output 

accurate process result evaluation indices corresponding to the process parameter set based on 

the input process parameter set; and  

 a computation module configured to perform the semiconductor process recipe 

acquisition method of embodiments of the present disclosure. 

[0094] The present disclosure further provides semiconductor process equipment, including the 

semiconductor process recipe acquisition system of embodiments of the present disclosure.  
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[0095] In the solution of the present disclosure, the process recipe can be automatically provided 

by the software according to the process requirement to improve the automatic degree of the 

etching machine. That is, the process evolves from the process engineer inputs and repeatedly 

adjusts the process parameters based on experience to directly input the process requirement. 

Then, the software can provide the corresponding process recipe.  

[0096] The present disclosure is further described through the following specific embodiments.  

[0097] Specific embodiments 

[0098] The present disclosure can be applied to an etching machine. The specific process can be 

realizing an etching process with a critical dimension of 3 micrometers. The etching process with 

the critical dimension of 3 micrometers is shown in FIG. 5.  

[0099]  The etching pattern may need to use a Bosch process. Thus, the plurality of process 

parameters xi of the process parameter set can include a deposition step chamber pressure, a 

deposition step upper electrode center power, a deposition step lower electrode edge power, a 

deposition step center C4F8 flowrate, a deposition step edge C4F8 flowrate, deposition step 

starting time, deposition step ending time, an etching step chamber pressure, an etching step 

upper electrode center power, an etching step lower electrode edge power, an etching step lower 

electrode starting power, an etching step lower electrode ending power, an etching step center 

C4F8 flowrate, an etching step edge C4F8 flowrate, etching step starting time, and etching step 

ending time. The process result evaluation index y can include an etching depth, an upper 

opening dimension, a lower opening dimension, a selection ratio, an upper sidewall roughness (a 

scallop size), and a lower sidewall roughness (a scallop size).  

[0100] Taking groove etching as an example, the deep neural network model of embodiments of 

the present disclosure is trained according to the process data shown in FIG. 6 to FIG. 11. 
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[0101] A trend of values of the weight item of the model function trained based on the process 

data shown in FIG. 6 to FIG. 11 is as follows.  

[0102] The chamber pressure has relatively strong relevance with the etching topography, and 

the value of the weight item is relatively large. The lower electrode ending power (i.e., Bias) has 

relatively strong relevance with the etching topography, and the value of the weight item is 

relatively large. 

[0103] It needs to be noted that, in addition to the process database established in embodiments 

of the present disclosure, the process trend of the process database is also reported in various 

documents. Thus, the corresponding process database can also be established by reading the 

documents.  

[0104] After the model is trained, the process recipe meeting the process requirement can be 

reverse-engineered according to the process result shown in FIG. 12 through a recursive and 

iterative method. When performing reverse-engineering on the etching angle, since the etching 

angle has relatively strong relevance (weight) with the lower electrode ending power and the 

etching ending single step time, in the solution of the present disclosure, the two process 

parameters can be optimized using the gradient algorithm to obtain the process recipe shown in 

Table 1.  

Table 1 Etching process recipe 

Process 

step 

Pressure 

(mTorr) 

upper 

electrode 

center 

power 

(W) 

upper 

electrode 

edge 

power 

(W) 

Lower 

electrode 

power* 

(W) 

Center 

SF6 

flowrate 

(sccm) 

Edge 

SF6 

flowrate 

(sccm) 

Center 

C4F8 

flowrate 

(sccm) 

Edge 

C4F8 

flowrate 

(sccm) 

Single 

step 

time** 

(s) 

Deposition 

step 25 2000 600 1 0 0 350 50 0.8 - 0.4 

Etching 

step 25 2000 600 100-225 150 80 0 0 1.6 - 2.8 
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[0105] *The lower electrode power increases from the initial value to the final value. 

[0106] **The single-step time increases from the initial value to the final value. 

[0107] Similarly, for a hole etching process, the process databases shown in FIG. 13 to FIG. 18 

are established for training the deep neural network model. After obtaining the trained model, the 

process recipe can be reverse-engineered according to the process result shown in FIG. 19 

through the recursive iteration method and is shown in Table 2.  

Table 2: Etching Process Recipe 

Process 

step 

Pressure 

(mTorr) 

upper 

electrode 

center 

power 

(W) 

upper 

electrode 

edge 

power 

(W) 

Lower 

electrode 

power 

(W) 

Center 

SF6 

flowrate 

(sccm) 

Edge 

SF6 

flowrate 

(sccm) 

Center 

C4F8 

flowrate 

(sccm) 

Edge 

C4F8 

flowrate 

(sccm) 

Single 

step 

time (s) 

Deposition 

step 40 2000 600 1 0 0 180 50 0.8 

Etching 

step 40 2000 600 100 300 80 0 0 1.6 

 

[0108] In summary, in the solution of the present disclosure, the process recipe can be 

automatically provided in the etching machine according to the process result, which improves 

the automation degree of the machine. It needs to be noted that the present disclosure is not only 

suitable for the etching machine but also for the other processing processes in the semiconductor 

field, for example, PVD, CVD, a furnace tube, a cleaning machine, etc. 

[0109] Embodiments of the present disclosure are described above. The above description is 

merely exemplary not exhaustive and is not limited to disclose the embodiments. Many 

modifications and variations can be apparent to those skilled in the art without departing from 

the scope and spirit of the described embodiments. 
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CLAIMS 

WHAT IS CLAIMED IS: 

1. A semiconductor process recipe acquisition method comprising: 

randomly inputting a process parameter set required for a process into a constructed deep 

neural network model to obtain process result evaluation indices corresponding to the process 

parameter set, the process parameter set including a plurality of process parameters, the deep 

neural network model being a trained multi-layer deep neural network, the deep neural network 

model including an input layer, at least one intermediate layer, and an output layer, the input 

layer being configured to input the process parameter set, and the output layer being configured 

to output the process evaluation indices corresponding to the process parameter set; 

   determining whether a difference degree between the process evaluation indices and 

corresponding set process requirements meets set requirements; 

if yes, using the process parameter set as the process recipe to perform an actual process; 

otherwise, according to the process requirements, along a direction from the output layer 

to the input layer, based on a gradient algorithm and a self-consistent iteration method, 

optimizing feature values of the at least one intermediate layer and values of the process 

parameters in the input layer layer by layer to optimize the values of characteristics in each 

middle layer and the values of each process parameter in the input layer layer by layer, until 

obtaining a process parameter set in the input layer that satisfies all process result evaluation 

indices output by the deep neural network model and meets the process requirements, and using 

the process parameter set that meets the process requirements as the process recipe to perform 

the actual process. 
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2. The semiconductor process recipe acquisition method according to claim 1, 

wherein a method for constructing the deep neural network model includes: 

determining a number of layers and a structure of the deep neural network model 

according to a number of process parameters included in the process parameter set and a number 

of process result evaluation indices corresponding to the process parameter set, a number of the 

intermediate layers being a difference between the number of process parameters and the number 

of process result evaluation indices, and each deep neural network layer of the deep neural 

network model including a plurality of neurons, along the direction from the input layer to the 

output layer, one neuron being reduced sequentially between neighboring deep neural networks, 

each neuron being connected to all neurons in a previous deep neural network layer, each process 

parameter being used as an input feature of a neuron in the input layer, each neuron of the 

intermediate layer being configured to perform calculation on output features of all neurons in a 

previous deep neural network layer, an output feature of each neuron in the output layer being a 

process result evaluation index, and the number of the process parameters included in the process 

parameter set being greater than the number of the process result evaluation indices 

corresponding to the processing parameter set; and  

determining an activation function for running the deep neural network model according 

to a number of layers of the deep neural network model. 

 

3. The semiconductor process recipe acquisition method according to claim 2, 

wherein the method for constructing the deep neural network model further includes: 
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using a process database as training data and training the deep neural network model 

using a deep learning method, the process database including historical process parameter data 

and historical process result data of a specific process; and 

determining a weight item and a bias item of each deep neural network layer of the deep 

neural network model according to a training result of the activation function. 

 

4. The semiconductor process recipe acquisition method according to claim 3, 

wherein optimizing the feature values of the at least one intermediate layer and the values of the 

process parameters of the input layer layer by layer based on the gradient algorithm and the self-

consistent iteration method includes: 

step S1, finding a process result evaluation index having a largest difference degree with 

the process requirement in the output layer; 

step S2, finding a process parameter with a largest value in the weight item related to the 

process result evaluation index having the largest difference degree from an intermediate layer 

neighboring to the output layer;   

step S3, keeping a value of the weight item and a value of the bias item of the process 

parameter with the largest value in the weight item unchanged, using a gradient algorithm to 

optimize and step-adjust a feature value of the process parameter having the largest value in the 

weight item until a difference degree between the process result evaluation index having the 

largest difference degree in the output layer and the process requirement meets the set 

requirement;  

step 4, if another process result evaluation index having a difference degree with the 

process requirement not meeting the set requirement exists in other process result evaluation 
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indices, repeating step S1 to step S3 until all the process result evaluation indices in the output 

layer meet the process requirement, and determining a feature value of each process parameter in 

the intermediate layers; and  

step S5, based on the feature value of each process parameter in the intermediate layer 

obtained in step S4, along a direction from the output layer to the input layer, continuing to use 

the gradient algorithm and self-consistence iteration method to optimize the feature value of each 

process parameter in other intermediate layers and the values of the process parameters in the 

input layer layer by layer, until a process parameter set causing all the process result evaluation 

indices output by the deep neural network model to meet the process requirement is obtained in 

the input layer.  

 

5. The semiconductor process recipe acquisition method according to claim 4, 

further comprising, after step S3: 

determining whether a difference degree between the adjusted process result evaluation 

index through step S3 and the process requirement meets the set requirement, if yes, performing 

step S4, and if not, keeping the process parameter with the largest value in the weight item 

adjusted and optimized through step S3 and performing the following steps: 

step S6, finding a process parameter with a second largest value in the weight item 

related to the process result evaluation index adjusted in step S3 from the intermediate layer 

neighboring to the output layer; and  

step S7, keeping the value of the weight item of the process parameter having the second 

largest value in the weight item unchanged, and using the gradient algorithm to optimize and 

step-adjust a feature value of the process parameter having the second largest value in the weight 
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item, until a difference degree between the process result evaluation index correspondingly 

adjusted in step S3 in the output layer and the process requirement meets the set requirement.  

 

6. The semiconductor process recipe acquisition method according to claim 5, 

further comprising, after step 5: 

step S8, if a process result evaluation index having a different degree with the process 

requirement not meeting the set requirement still exists in the output layer after optimizing and 

adjusting all the process parameters related to the process result evaluation indices,  

selecting process parameters that causes a sum of squares of difference degrees between 

the process result evaluation indices and the process requirements to form a new process 

parameter set, and using the new process parameter set as a process recipe for performing an 

actual process.  

 

7. The semiconductor process recipe acquisition method according to any one of 

claims 1 and 4-6, wherein a calculation equation of the gradient algorithm is: 

xi = xi - θ × (∂y/∂xi), 

wherein, xi denotes the adjusted process parameter in the intermediate layer, y denotes 

the adjusted process result evaluation index, and θ denotes an adjustment step size. 

 

8. The semiconductor process recipe acquisition method according to any one of 

claims 1 and 4-6, wherein the difference degree is calculated by: 

Δ = |(y - yactual) / yactual|, 

wherein:  
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Δ denotes the difference degree between the process result evaluation index and 

the set process requirement, y denotes the process result evaluation index output by the 

deep neural network model, and yactual denotes the given process requirement; and  

the set requirement includes the difference degree between the process result 

evaluation index and the corresponding set process requirement ranging between 0 and 

10%. 

 

9. A semiconductor process recipe automatic acquisition system comprising: 

a deep neural network model, the deep neural network model being a multi-layer 

structured deep neural network that has been trained, the deep neural network model outputting 

accurate process result evaluation indices corresponding to a process parameter set based on 

input process parameters; and  

a calculation module configured to perform the semiconductor process recipe acquisition 

method according to any one of claims 1 to 8.  

 

10. Semiconductor process equipment comprising the semiconductor process recipe 

automatic acquisition system according to claim 9. 

 

 

 

 

  


