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ABSTRACT 
 

As the semiconductor industry develops, the difficulty of newly required process technology becomes difficult, and 

the importance of production yield and product reliability increases. As an effort to minimize yield loss in the 

manufacturing process, interests in the process defect process for facility diagnosis and defect identification are 

continuously increasing. This research observed the plasma condition changes in the multi oxide/nitride layer 

deposition (MOLD) process, which is one of the 3D-NAND manufacturing processes through optical emission 

spectroscopy (OES) and monitored the result of whether the change in plasma characteristics generated in repeated 

deposition of oxide film and nitride film could directly affect the film. Based on these results, it was confirmed that if 

a change over a certain period occurs, a change in the plasma characteristics was detected. The change may affect the 

quality of oxide film, such as the film thickness as well as the interfacial surface roughness when the oxide and 

nitride thin film deposited by plasma enhenced chemical vapor deposition (PECVD) method. 
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1. Introduction 1 

1.1 Process technology and process diagnostics  

Although the 14nm DRAM and 176 layers of 3D-NAND 

were successfully converted to mass production from the 

second half of 2021, the technical limitations of the overall 

process conversion speed of actual memory semiconductors 

are seen, and the resolution of semiconductor shortage may 

take up to 10 years. The current high volume semiconductor 

manufacturing industry faces with the situation that the 

process diagnosis becoming more important. It has shown as 

slow change in preparation for the development of process 

technology, is emerging. The actual semiconductor process 

diagnosis refers to a process that raises reliability by detecting 

sudden faults in production environment with equipment 

status data with various sensors [1]. The general flow of 
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process diagnosis is that attached sensor to finding 

abnormality with fault detection and classification (FDC) and 

then adjust process of manufacturing with advanced process 

control (APC) or equipment setting with advanced equipment 

control (AEC). Additionally, there are some systems like  

 

 

Fig. 1. Diagram about Machine Learning with specific items. 
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virtual metrology system using chamber to chamber matching 

(C2CM) [2,3]. 

The practical application of artificial intelligence (AI) is 

delayed in the changing semiconductor process, which is 

becoming more complex, and the limitation of smart factory 

implementation is that cannot bring complete automation in 

the process control part with AI-based static diagnosis that 

interprets big data with statistics. In the case of the plasma 

process, which is the core of the semicon-ductor fabrication 

process, there is a difference in the sophistication of the parts 

that analyzes/controls various parameter in the chamber. Since 

the AI exceeds the pre-dictable range and the results between 

the process factors show non-linearity, there was as problem 

in using AI and Machine Learning (ML).  

AI/ML is based on a statistical analysis method for a huge 

amount of process data accumulated in mass production in the 

industry. AI/ML analysis for the fault detection and 

classification study still suffers from the lack of domain 

knowledge to interpret the data analysis result with their 

physical meanings to take a corrective action. Numerous 

efforts are being made in academic domain as well as 

industrial domain, but the incorporation of the subject matter 

knowledge or domain knowledge should be considered in the 

first place. It is recommended that a physical model is 

necessary in advanced to AI/ML modeling, and the task of 

deriving smart data based on the understanding of physical 

phenomena as well as modeling of algorithm has arisen [4,5]. 

 

1.2 Purpose of research and outline  

In 3D-NAND, the MOLD process is the basic process in 

making cells, and it has a trend that continues to increase the 

number of with the development of manufacturing technology. 

As for the continuous increase in pairs, the difficulty of 

technology increases due to the importance of interface 

characteristics between nitride film and oxide film, stress, 

purity and other characteristics of film. The purpose of this 

study is to investigate the effect of the plasma condition 

changes to the deposited dielectric thin film by conducting a 

study on what plasma change, and result can be generated by 

a chemical vapor deposition (CVD) reaction of PECVD.  

The currently implemented technology can find probl-ems 

in a comprehensive sense, but the reality is that it spends 

extended time to check the condition and to find problems 

with high-cost metrology and inspection (MI) tools. It has 

been confirmed in many equipment and processes that cause 

performance degradation or yield degradation in cells only 

with minor changes. Many efforts are being made to alleviate 

the concerns, and it is being off-set by improving components 

in equipment and developing monitoring methods. 

Plasma diagnostic technology has emerged as a method of 

sensing overall changes, and the purpose of experimenting 

with whether state monitoring results can be applied to actual 

mass production and whether process results can be inferred 

using sensors is improved. In-situ monitoring is beneficial to 

prevent the throughput delays from the off-line MI, and OES 

is advantageous from the no perturbation of the process 

plasma in the manufac-turing environment. Technical 

interpretation of OES data requires a complicated 

spectroscopic analysis, but we rather focused on the time 

series data trend of OES for easier adaptation that suits for the 

actual manufacturing aspect in this research [7,8]. 

 

2. Research background 

2.1 NAND Flash Memory 

 

Fig. 2. Flash cell vs. MOSFET. 

 

NAND Flash was named flash memory, comparing the 

process of erasing the contents of the entire memory to the 

flash of the camera. Flash memory, like other memories, 

consists of an array of basic storage units called 'cells', and 

there is a charge storage node called floating gate (FG) for 

storing bit information in the flash memory cell. The cell 

structure is the same as the standard MOSFET except that it 

has two gates. Bit information of '0' and '1' is stored 

respectively by applying a high field to both ends of the 

Tunnel Oxide in each cell to inject electrons into the FG, 

known as program operation, or by withdrawing electrons 

from the FG known as erase operation. Since FG is insulated 

by an oxide layer, electrons located there are trapped, and the 

stored information does not disappear even if power is not 

supplied. Fig. 2 illustrates a simple comparison of a con-

ventional metal oxide semiconductor field effect transistor 
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(MOSFET) vs. flash memory device. 

3D-NAND is a flash memory technology that increases 

integration by stacking circuits in a three-dimensional vertical 

structure instead of putting many circuits on a plane (2D). 

Existing 2D-NAND stores data by locking electric charges in 

a floating gate, which is a conductor. However, as the floating 

gate became narrower due to miniaturization, electrons were 

leaked, resulting in cross talk between cells. At the same time 

as overcoming this problem, 3D-NAND has higher space 

efficiency than the existing flat cell structure, and it is possible 

to maximize storage capacity by increasing the number of 

steps vertically in the same part. In addition, the existing 

floating gate was used to store electric charges in poly-Si, 

which was converted into a silicon nitride (Si3N4) to create a 

charge trap flash (CTF). CTF has a characteristic that leakage 

current is low because the nitride has a strong force holding 

the charge. 

 

 

Fig. 3. Migration of Planar NAND to 3D-NAND. 

(Picture source : Samsung 3D-NAND technology 

White Paper) 

 

The most critical and difficult technology in the 3D-NAND 

structure is film stack deposition which covered optimized 

layer as customized, Channel hole etching for high aspect 

ratio (HAR) by drilling the holes in their stacked structure, 

and word line file with abnormality void and uniformity as 

shown in Fig. 3 [15]. 

In this paper, as study was conducted on MOLD stack. The 

MOLD of 3D-NAND is that SiO2 and Si3N4 are repeatedly 

stacked by singular number of 3D-NAND. The important 

point in the MOLD process is to ensure film uniformity, low 

defect, productivity, and stress reduction. For the solving this 

problem, this research investigates whether as problem in film 

caused by equipment defect could be detected in advance [18]. 

 

 

2.2 PECVD Mechanism 

PECVD is a chemical vapor deposition process used to 

deposit thin films from a gas state to a solid state on a 

substrate. Chemical reactions are involved in the process, 

which occur after creation of a plasma of the reacting gases. 

The plasma is generally created by radio frequency (RF) 

discharge between two electrodes, the space between which is 

filled with the reacting gases. 

Surface diffusion and reaction are that after gas is adsorbed 

on the substrate surface, the adsorbed material diffuses and 

moves due to the difference in surface concentration, and at 

this time, a film is made through a chemical reaction. In 

addition, the probability of bonding to each other is made 

differently depending on external variables such as 

temperature/gas concentration, and after such bonding, 

nucleation proceeds. When unspecified target atoms combine 

to form a nucleation nucleus, the next atoms are attached to it, 

and nucleation continues the substrate surface, causing 

continuous growth. In this way, the crystal direction is made 

in the same direction, becomes larger and more attached, and 

becomes as polycrystalline crystal. 

 

 

Fig. 4. Gas reaction mechanism on substrate. 

 

Surface desorption occurs, and the expansion of nucleation 

causes the gaseous by-products that come out after the 

reaction to be pumped off the wafer. As the adsorption 

continues, it continuously reacts and forms a crystal film. At 

the same time as using this CVD mecha-nism, when ions hit 

the surface in the plasma state, they receive more energy and 

the atoms attached to the bottom are more diffused and exited 

by exposure to plasma, so they have more movement before 

stabilization as shown in Fig. 4. By randomly moving even 

after adhering to the substrate, the probability of uniform 
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deposition as a whole possibility is increased and a high 

aspect ratio is provided [17]. 

 

2.3 Plasma Mechanism 

Plasma consists of electrons, ions, and neutral particles, 

which are free charged particles, and the concept of having an 

electrically neutral property was first introduced by Langmuir 

in 1928. The chemical reaction inside the plasma is very 

complicated. An electron accelerated by an externally applied 

electric field ionizes an atom or molecule through a collision 

of atoms or molecules, and another accelerated electron 

ionizes the electron through a collision with an atom. 

Electrons with accelerated high energy cause dissociation 

through collision with molecules as well as ionization of 

neutral species, resulting in high density of active species. The 

excited electrons are transitioned again to emit photons, 

through which the plasma emits light of a specific wavelength. 

In addition, ionization is simultaneously generated by charge 

exchange, ion recombination, electron-ion recombination, ion 

recombination, and the like, and the discharged plasma may 

be maintained in a stable state by controlling an electric field 

equal to or higher than a predetermined voltage [10]. 

 

 

Fig. 5. Typical representation of electron-collisional cross 

sections as a function of electron energy. 

 

Plasma may undergo various physical/chemical re-actions 

while interacting with the surface of the material. The high-

density active species activated by plasma cause a reaction 

with atoms on the surface of the material through direct action 

with the surface, thereby etching and deposition. At this time, 

the speed of the process through plasma may be controlled 

through adjustment of the active species of the gas required 

during the process, voltage, frequency, and flow rate. Most of 

the processes by plasma are performed through this reaction 

mechanism as presented in Fig. 5. 

The Paschen curve is helpful to understand plasma. It was 

named after Friedrich Paschen, an empirical discovery in 

1889. Below, the Paschen curve is a graph showing the  

 

Fig. 6. Paschen curve. 

 

formation conditions of plasma. In Fig. 6, the horizontal axis 

is 'pressure*distance', and the unit is Pascal meter (Pa·m). The 

vertical axis represents the voltage (V) applied to the plasma. 

The equation of this graph is as follows [16].  

 

� =
� ∗ ��

� + ln����
  

It can be found that the pressure and distance of appropriate 

conditions are required for the discharge voltage for plasma 

formation. When the distance d is constant, if the number of 

substances is increased at high pressure, the distance between 

substance is narrowed, and thus the substance is not 

sufficiently accelerated, and thus ionization does not occur. At 

low pressure, accelerated electrons have less chance of 

colliding with substance, so ionization does not occur 

sufficiently. When the pressure P is constant, the voltage is 

fixed at the long distance (V=E*d), and when the distance is 

far, the intensity of the electric field decreases, and thus 

electrons do not receive sufficient energy. In the case of a 

close distance, the gap between the electrodes narrows, so 

ionization does not occur sufficiently. It can be confirmed that 

ignition occurs only when each condition has the above 

conditions and plasma satisfies these conditions [19]. 

 

3. Experimental set up 

3.1 Configuration of experimental preparation  

This study used 300mm PECVD to realize the structure of 

a MOLD of 5 parts of continuous oxide and nitride films. The 

equipment has a conductive-coupled plasma (CCP) structure, 

and RF power used single fre-quency 13.56MHz, and the 

process temperature was maintained as 400 C°, thereby 

performing thermal decom-position and chemical reaction 

conditions of the process gas and the formation of glow 

discharge plasma with PECVD. 
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Fig. 7. Configuration of simple experimental chamber str-

ucture. 

 

The SiH4, N2O, NH3 and N2 were used as the reaction gas 

and OES data for each condition change for 10 %, 5 %, 2 % 

and 1 % were collected based on the reference, and TEM was 

measured under 10 % condition only to confirm the effect if 

the change on the oxide film, and the overall, thickness was 

measured. A total of four test groups and 17 types of data were 

collected, and this part was considered for each measurement 

condition for the suitability and result of the data. 

 

3.2 OES measurement 

OES is the most widely used plasma optical diagnostic 

technology throughout equip-ment development and mass 

production processes. When a high-energy electron pre-sents 

in a plasma impulse on an atom, light comes out when the 

energy level of the electron bound in the atom rises and then 

transitions back to a lower energy state. The light emitted at 

this time has different wavelengths depen-ding on the type of 

atom, through which elements present in the plasma can be 

estimated, and the amount of element can be estimated from 

changes in the intensity of the wavelength, and diagnostic 

equipment using this principle is called OES. In addition to 

intuitively obser-ving the emitting species, it is widely used to 

detect quantitative changes in plasma properties according to 

various external variables (gas composition, flow rate, applied 

power, driving frequency, etc.). However, since the majority 

of species in the plasma are electrically underlying, it is 

necessary to first measure the density of these underlying 

states. OES usually collects light in the visible light region 

through the lens, while this light is focused toward the slit of 

the spectroscopy. 

Energy of released photon is equal to the difference 

between excited and lower energy state and corresponding 

with wavelength of spectral line described by relation: 

� =

��

�����

           

here h is Planck’s constant, c is the speed of light, Ep and Ek 

is upper and lower energy state, respectively. Since the energy 

of a transition is a characteristic of the particle species, the 

analysis of the photon energy can reveal the composition of 

the plasma. It is important to note, that when spectral lines of 

some particles are not observed by OES, these substances 

could be still present in discharge plasma but not excited. 

 

 

Fig. 8. Schematic of OES configuration. 

 

Most optical methods use averaged values over the optical 

path of the plasma but combining a fiber optic device with a 

small lens with an OES diagnosis enables more local 

measurement of emission lines. The lens can collect light 

sequentially from the focal point to the front right there [11]. 

 

4. Result and Discussion 

4.1 Analysis of various conditions 

In this experiment, for each change, the actual thickness of 

the single film and the difference in the progress of the actual 

MOLD process were checked, and the parts that the 

difference could have been confirmed. For the reference 

condition, the short film thickness was verified with a 500 nm 

Target to check the difference in data in more detail, and an 

intermediate film (3rd layer) was measured in the actual 

MOLD process to limit variables except for each change. We 

observed that the thickness measurement in a transmission 

electron micro-scope (TEM) was slightly different because an 

issue occurred between equipment during the reference 

process and the actual thickness difference occurred in the 

SiN layer [14]. 
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Table 1. Condition of reference and test 

Parameter Ref. Condition 
Variation 

Condition 

Substrate 300 mm Wafer Fixed 

DepoTemp 400 ℃ Fixed 

RF Power 400 watts 360-400watts 

Preesure 2250 mTorr 2025~2250mTorr

Gas 

SiH4 : 200 sccm  

N2O :4000sccm  

N2 : 3000 sccm  

 

 

(a) Micro scaled TEM image 

 

 

(b) Nano scaled TEM image with each layer thickness measure 

Fig. 9. Transmission elector microscope measurement of the 

MOLD stack; baseline. 

 

 

(a) Micro scaled TEM image 

 

 

(b) Nano scaled TEM image with each layer thickness measure 

Fig. 10. Transmission elector microscope measurement of 

the MOLD stack; 10% SiH4. 

 

 

 

(a) Micro scaled TEM image 
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(b) Nano scaled TEM image with each layer thickness measure 

Fig. 11. Transmission elector microscope measurement of 

the MOLD stack; 10% N2 variation. 

 

 

 

(a) Micro scaled TEM image 

 

 

(b) Nano scaled TEM image with each layer thickness measure 

Fig. 12. Transmission electron microscope measurement of 

the MOLD stack; 10% pressure variation. 

 

 

(a) Micro scaled TEM image 

 

 

(b) Nano scaled TEM image with each layer thickness measure 

Fig. 13. Transmission elector microscope measurement of 

the MOLD stack; 10% power variation. 

 

 

(a) Micro scaled TEM image 



 

Abnormal Detection in 3D-NAND Dielectrics Deposition Equipment Using Photo Diagnostic Sensor 

 

Journal of KSDT Vol. 21, No. 2, 2022 

 

 

81 

 
(b) Nano scaled TEM image with each layer thickness measure 

Fig. 14. Transmission elector microscope measurement of 

the MOLD stack; 10% power variation. 

 

To compare data, a comparison was conducted with 

normalized data, and based on this, the actual data difference 

between the single film and the process progress was 

compared. The comparison between RF power and pressure 

has the same trend, even though there is a slight difference 

between the single film and the actual process progress, and 

the thickness trend is detected in a continuous pair of SiO2 and 

Si3N4 for gas change. This changes the characteristics at the 

interface between the oxide film and the nitride film as the gas 

composition ratio changes and shows a difference in thickness 

between layers in the actual process due to a decrease or an 

increase in thickness. 

 

Table 2. Measurement data from each condition with 

MOLD oxide and single oxide layer 

No Condition 

MOLD 

oxide thi-

ckness 

by TEM 

Single oxide 

layer thickness 

by Reflectorme-

try  

1 Base line 47.36 nm 57.44 nm 

2 SiH4 (10 %) ↓ 48.83 nm 53.17 nm 

3 N2 (10 %)↓ 44.53 nm 59.29 nm 

4 Pres (10 %) ↓ 43.14 nm 53.19 nm 

5 Power(10 %)↓ 47.31 nm 57.42 nm 

 

Comparing the data through normalization, it was found 

that the 10 % reduction of SiH4 had an 8 % effect on the 

thickness reduction in the single film, and the trend of 

increasing by 3 % in the MOLD. In addition, the 10 % 

decrease in N2, which is inert gas, actually showed a 3 % 

increase in thickness in the single membrane and a 6 % 

decrease in thickness in the MOLD as shown in Fig. 15 [20]. 

According to the results of the two experiments, it is 

estimated that the change in the composition ratio of gas 

directly affects the character of the film, and a change in a 

contact surface between the layer and the layer or a shrinkage 

is generated, thereby making a difference between the MOLD 

and the single layer. In addition, it was estimated that if the 

density of electrons and radicals in plasma decreases, the 

deposition rate decreases, and if the pressure decreases, the 

diffusion rate of radicals and the efficiency of transferring 

transition energy to active species increase, but the actual 

measurement did not. As an estimation cause, it seems that the 

range of the current recipe on process margin did not reflect 

changes in pressure and power. 

 

 

Fig. 15. Normalized date from reference and experiment 

data. 

 

4.2 Analysis of OES result 

To analyze with OES data, the peak of gas was checked 

based on the wavelength of the entire process, and the 

difference generated for each condition and how much change 

was seen through the comparison of the data of the SiO2 with 

a specific wavelength in the process. Through this, it was 

attempted to check whether the process change in the reactor 

can be detected, recorded, and tracked through plasma. 
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Fig. 16. Contents verification with wavelength from inten-

sity. 

 

The measured OES data is shown in Fig. 17. Com-pared 

with each condition, 10 % deviation show only Si intensity 

changed even scale is large size due to sensitivity lower. The 

intensity of OES was classified according to the wavelength 

based on the process order (time dif-ference).  

 

 

Fig. 17. Intensity comparison from SiH4 variation. 

 

Changes were detected in the entire Si, N, and O, but this 

also showed a significant difference only at 10 % of the 

deviation, but the change was insufficient within a small 

number of deviations. Through this experiment, it is judged 

that there is a limit to the detection of minute changes in the 

equipment only based on the change in intensity within the 

currently conducted test [21]. 

 

Fig. 18. Intensity data comparison with consecutive ON 

stack pairs. 

 

5 pairs of oxide/nitride pairs, 10 dielectric layers, were 

continuously performed, and only Si, O, and N wave-lengths 

of 3rd SiO2 were monitored. Since Si3N4 has no actual change, 

it is believed that there is no change in intensity, and it may be 

seen that SiO2 shows a minimum change for each condition. 

 

 

Fig. 19. Intensity comparison from content of nitrogen. 

 

 

Fig. 20. Intensity comparison from content of oxygen. 

 

The above three graphs were analyzed for SiH4 changes 

among 17 tests. In fact, N2, Pressure, and Power had a 

relatively small change in Intensity, making it difficult to 

analyze, and SiH4, which showed a relatively large change, 

was analyzed as a representative. Intensity was collected for  
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Fig. 21. Intensity comparison from content of silicon. 

 

Wavelength N (357.7 nm), O (777.2 nm), and Si (337.6 nm), 

and changes to 10 %, 5 %, 2 %, and 1 % were reflected. In the 

actual experimental group, as the change point increased, the 

increase in Intensity occurred proportionally, and the largest 

increase in Si (337.6 nm). In addition, as the amount of 

change increased, the overall width of the bandwidth tended 

to increase, and this caused a phenomenon in which the range 

of intensity overlapped despite the difference in the change 

point. It was con-firmed that the degree of increase in the 

change point cannot be classified by intensity. This is actually 

result of disproving that the intensity identified through OES 

can be a problem in the area used as fault detection [22]. 

 

 

Fig. 22. Intensity comparison with bandwidth from N, O, 

and Si. 

 

5. Result and Discussion 

Currently, the use of plasma is continuously expan-ding in 

mass-production processes of semicon-ductors and displays, 

such as etching, deposition, and cleaning, and this does not 

directly measure and reflect plasma variables in actual process 

abnormality detection and process control. Instead, the 

electrical signals, flow rates, light em-ission signals, 

temperature, etc. of the source and bias power terminals are 

measured and managed, and process errors are detected 

through database construction and data processing based on 

this.  

This study realized the limitations of actual plasma 

monitoring through OES and checked the level of accu-racy 

and reliability improvement according to plasma variable 

measurement. It was confirmed that the results of the 

thickness between the actual single film and the mold process 

did not match, and this part was shown to cause a difference 

between the film quality in the continuous process of the 

nitride film and the oxide film. In addition, compared the 

intensity, the monitoring progress result for each variable 

showed a slight difference in the content, but it was confirmed 

that the intensity was increased acc-ording to the amount of 

change. However, as the dif-ference in the Intensity 

bandwidth under the same con-ditions also increased, the 

intensity bandwidth over-lapped, and it was confirmed that the 

difference in variation was not clearly visible. In conclusion, it 

was possible to conclude that OES alone is too much to 

determine equipment abnormality and problem. 

Therefore, in future research, it is necessary to com-bine 

OES data with contents that detect process errors such as flow 

rate and light emission signal temperature to correlate and 

conduct research on the correlation of each signal. 
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