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Abstract

:

Featured Application


This is the first time to be issued of a new clean agent can applied into wafer dicing process of silicon contaminant cleaning directly.




Abstract


A new cleaning agent for silicon contamination in the wafer dicing process was formulated in this research. Ammonium bifluoride was introduced as the main ingredient in the formula, and MSA and sulfuric acid were added as the solvent and buffer solution against metal corrosion. It was confirmed that the new formula cleaning agent could be used in the cleaning of silicon contamination from dicing. Silicon contamination is common in the wafer dicing process and consists of silicon powder and relevant metal particles during cutting, all of which are mixed with some adhesive residues. These contaminating particles on the IC surface are exposed to cleaning agents. However, while it is imperative to clean the wafer, the exposed surface is also vulnerable to damage from the solution. This further complicates the procedure because there is currently no ideal cleaning agent for the process. Our proposed formula hopefully provides an ideal chemical for use in wafer cleaning (SC-1, SC-2, BOE), since it uses a less toxic compound, ammonium bifluoride, which yielded good results during our experiments.
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1. Introduction


In 1958, Bell Labs began using silicon wafers to make transistors in wafer, transforming all semiconductors into silicon-based products. As the manufacturing technologies of integrated circuits advanced, silicon transistors were applied in more sectors such as computers, mobile devices, automobiles, etc. With this transition to silicon-based semiconductors, they also developed a wafer dicing process that turned out to be a rather polluting and irreparable procedure, not to mention that production with this process was either a complete success or complete failure. Therefore, the race is on for engineers to improve the technique for better dicing quality and higher yields. Nevertheless, the process continues to be plagued by many uncontrollable factors, which are either human or machine in nature, and these do not include other, external factors such as water, power, gas, and air shortages that further contribute to the contamination and damage of the wafer surface. In addition, the lack of proper cleaning agents and procedures in the dicing industry has forced companies to discard a large number of dies (ICs), burdening them with financial costs and losses, as well as creating a negative impact on the environment.



1.1. Level of Silicon Contamination


In this study, we categorized the severity of contamination into three levels (Table 1). Level 1 includes deposits of contaminating fine powder around the bumps; given the granule size, this is by far the most difficult to remove using current technology. Level 2 comprises deposits of silicon contamination in non-bump areas, which are easy to remove using existing agents on the market. In Level 3 are the water marks left on the wafer surface; these are also easy to clean using existing cleaning agents on the market.




1.2. EDX Analysis of Silicon Contamination


The contaminants from the dicing process can be analyzed by energy-dispersive X-ray spectroscopy (EDX) analysis (shown to include Si, Cu, N, and O elements), which may include not only solid elements or chips from the diamond blade but also adhesive residues from UV glue of tape or base film (Figure 1). The EDX analysis explains why it is difficult to remove these contaminants, especially those in Level 1, where fine powder of silicon is deposited around the bumps, shielding them from cleaning agents by shadow effect.




1.3. History of Cleaning Agents in the Semiconductor Industry


The earliest known cleaning agent, SC-1, for semiconductors was first developed in 1970 by Kern and Buodinant of the Radio Corporation of America (RCA) [1], and the formula remains the most used agent for cleaning in the semiconductor manufacturing industry.



The formula of SC-1 is NH4OH:H2O2:H2O, mixed in the ratio of 1:1:5 to 1:2:7, and it can remove organic contaminants on wafers in an operating temperature range of 70–80 °C. Another formula, of SC-2, is HCl:H2O2:H2O, mixed in the ratio of 1:1:6 to 1:2:8, and it can remove inorganic contaminants on wafers in an operating temperature range of 70–80 °C. Given that wafers are pure silicon, the main ingredient in these cleaning agents is hydrofluoric acid (HF), which in its vapor form can remove the oxide layer on silicon wafers in the semiconductor IC process and can be combined with hydrogen peroxide (H2O2) or ammonia water (NH4OH) to enhance the cleaning. However, these formulas are not suited wafer the dicing process because the ingredients in these agents are corrosive to metals, including Al, Cu, Ni, Ti, TiW, Sn, etc., which are common elements used in the semiconductor manufacturing and packaging process (Figure 2).



There are other cleaning methods, such as UV-ozone treatment, which was developed by Vig in 1985 [2]. Another method for cleaning the wafer involves using oxygen plasma cleaning [3]. However, despite the availability of these materials and methods to clean wafers, they are still not suited for cleaning after dicing.





2. Materials and Methods


2.1. Challenges of Cleaning the Contamination


As shown in Figure 2, the cross section of a wafer is exposed after dicing, making it susceptible to the actions of cleaning agents that target not only both the organic and inorganic contaminants (such as the passivation layer on the IC, aluminum metal (Al) trace, and a composite of copper metal (Cu), titanium (Ti), and titanium tungsten (TiW) metals), but also the residues from adhesive tapes, ink marks and other non-metal objects. Therefore, a suitable cleaning agent candidate should remove the silicon contaminants without disrupting the adhesiveness of the tape, i.e., have the properties of dissolving silicon but with non-corrosiveness to the wafer surface, which is, at best, contradictory in terms of function and makes it quite a challenge to develop a proper cleaning agent [4].




2.2. Types of Cleaning Agents for Wafer Dicing on the Market


There are many cleaning agents available on the market. Each supplier has their own specific formula and instructions, but regardless, they can be classified into four categories, as shown in Table 2. The first type is a pure solvent. The second type is an alkaline solution. The third type is an alkaline agent with surfactant. The fourth type is known as a photoresist stripper.



In this study, we also tested the performance of seven types of commercial cleaning agents. It was found that both SP-700 stripper and buffered oxide etch (BOE) (HF + NH4F) effectively removed Level 1 silicon contaminants (Table 3), while the other agents failed.



Although the stripper was capable of removing Level-1 silicon contamination, it was more aggressive and corrosive, even against ink marks, tape adhesives residues, IC metals, etc. Therefore, to clean the contaminants on an IC surface, it is recommended to move the entire die away from the dicing frame to another special platform for manual cleaning. This process of relocating for decontamination and manual cleaning often delays the production process, in turn increasing financial costs or losses. BOE, on the other hand, is only aggressive and corrosive against metals. Thus, if a protective mechanism can be devised to shield the system from corrosion, BOE can be a potential agent for cleaning the wafer directly during the dicing process.




2.3. Formation of Contaminants


Silicon contaminants from dicing are similar in principle to residual water stains, as they both interfere with the function of the wafer [5,6]. The major difference involves the reactions that may occur at the interfaces between two substances. For example, reactions may take place between Si powder and water, as described in Equations (3) and (4).



Water stains are the most common type of contamination seen on a blank wafer. The formation has been described as follows in the literature [6]. When water droplets are on the wafer surface, the following two reactions will occur between the air and the water droplets, as well as between the water droplets and the wafer. First, O2 molecules in the air will dissolve into the water droplets, and together, they react with the silicon atoms on the surface of the wafer, as illustrated in Equations (1) and (2). The reactions are as follows:


2H2O + Si ⇌ SiO2 + 4H+ +4e−



(1)






Si +O2 ⇌ SiO2



(2)







The product, SiO2, will continue to react with water to produce silicic acid (H2SiO3) [6,7,8,9,10,11,12], as shown in Equations (3) and (4):


SiO2 + H2O ⇌ H2SiO 3



(3)






H2SiO3 ⇌ H+ + HSiO3−



(4)







As the water evaporates, the monomers of silicic acid in the water will gradually polymerize into dimer or trimer complexes to form insoluble polymers of polysilicic acid [6,7,8,9,10,11,12] that are deposited on the surface of the wafer. Polysilicic acid and silicon dioxide are the residual stains [13,14]. Similarly to the formation of water stains in the literature [6,15], the formation and characteristics of silicon contaminants from dicing are as detailed in Figure 3.



Although silicon contaminants are similar to the water stains on the wafer surface, the aforementioned reaction of silicic acids will occur on both the water and contaminant surfaces, leaving residues of silicic acids on both sides. Given the presence of silicic acids on both surfaces as described by this mechanism, only an agent that dissolves silicic acid can remove the silicon contaminants (Table 3, test 4 and 7) [7,8,9,10,11].




2.4. Mechanism of Contaminant Cleaning


To summarize the results listed in Table 3, we assumed the bonding forces of silicon contamination to have include three sources, as follows:




	
Silicic acid bonding



	
Glue adhesive residue



	
van der Waals forces








The major force comes from silicic acid bonding, since it is chemical bonding. The next force is that from the glue adhesive residue, which involves polar attraction. The last and minimal force is van der Waals force. As the results in Table 3 show, only agents that can dissolve silicic acid can remove the contamination.



The alkaline surfactant can clean Level 2 and Level 3 contaminants, but not those in Level 1. It is assumed that it can assist with Level-1 contaminant cleaning, but it is not the main agent for that purpose. Extra agitation is needed when cleaning the contamination; this agitation is believed to be effective against van der Waals forces.



Figure 4 is the assumed cleaning mechanism for silicon contamination, and it indicates which cleaning agents may be chosen. The main agent should have the ability of dissolve polysilicic acid. The next agent should be able to dissolve glue residue on contaminant particles but not attack the UV tape glue or ink marks. A dispersing agent may be used with the new cleaning agents, since preventing reprecipitation is very important and needs to be taken into consideration. Other additives such as metal protectants are key to whether a new cleaning agent can be used in the dicing process or not.




2.5. Development of a New Cleaning Agent


Five targets needed to be achieved by the new cleaning agent developed in this research.



	
Full cleaning of the silicon contamination (Levels 1 to 3)



	
No IC trace (Al) corrosion remaining after cleaning process



	
No more UBM under cut to enhance



	
No gel residue



	
In mark area, residue is more than 80% and is readable.






Existing agents used in the cutting process, such as the stripper and alkaline solvents, are mostly alkaline based. However, given the fact that the contaminants are primarily bound together by the interaction between water and silicic acid polymers (Figure 3), we would propose a cleaning agent based on the acidic properties of HF (BOE) [16].The chemical reactions involved are shown in Equations (5) and (6) below [17]:


SiO2 + 4HF + 2NH4F ⇌ (NH4)2SiF6 + 2H2O



(5)






SiO2 + 6HF ⇌ H2SiF6 + 2H2O



(6)







Since HF is highly toxic to the human body, we used NH4F-HF instead to verify the cleaning effect against silicon contamination [18,19,20,21].



The IC metal is mostly aluminum and must be protected during the manufacturing process. The role of sulfuric acid in the cleaning agent is to provide hydrogen ions (H+) in solution. Additionally, as noted in the literature, metal can be passivized when the sulfuric acid exceeds a specific concentration; that will be prevented from occurring during the cleaning process [5,22,23].



In addition to the silicon element, there are other contaminants such as the adhesive glue, the dicing tape, the metal chips from the blade and other materials from the IC dicing assembly line (passivation material, SiO2, Al, Cu, etc.) [24].



Therefore, in order to successfully remove these contaminants, a proper solvent, in addition to ammonium bifluoride as an ingredient, must be added [25], but must not be so strong as to erode away the exposed IC metals [22]. Methane sulfonic acid (MSA) was selected as the solvent for this research. Since it is a derivative of sulfate, it formed a buffer solution of sulfuric acid, which allowed us to control the release of hydrogen ions (H+) and adjust the acidic acid level and prolong the lifespan of the cleaning agent [5]. MSA has an R group, which is –CH3, giving it the ability to dissolve glues. The combination of the organic R group and an inorganic sulfate also gives it the properties of surfactant, further enhancing its cleaning strength [5].



For a comprehensive review, N-methylethylamine (MEA) and propylene glycol methyl ether acetate (PGMEA) were included in the testing list. Four groups of tests were planned for this research. The first was to test the performance of the alkaline (MEA) formula, the second to test the solvent-based formula (PGMEA), the third to verify the surfactant additive, and the fourth to study the acidic formulas assumed in Section 2.4 (ammonium bifluoride/sulfuric acid/MSA).





3. Results and Discussion


The combination of MEA and ammonium bifluoride rendered the cleaning agent ineffective in removing Level-1 contamination, but this preparation was good for the other concerns, such as leaving no CI trace corrosion, no UBM under cut, and no gel residue and not attacking ink marks.



The combination of propylene glycol methyl ether acetate (PGMEA) solvent and ammonium bifluoride (Figure 5) rendered the cleaning agent ineffective in removing Level-1 contamination as well as other contaminants such as glues from the dicing tape.



As seen in Figure 6, ammonium bifluoride in acidic conditions (H2SO4 + NH4F-HF) could effectively remove Level-1 silicon contamination. This result proved the assumptions of Section 2.4.



In Test 3 of Table 4, the results confirmed that the combination of ammonium bifluoride in high concentration with sulfuric acid could effectively remove Level-1 contaminants (Figure 6), without corroding the aluminum metal [8,22]. Additionally, no signs of disruption of the adhesive materials from the dicing tape and ink dot were observed, but when the solution came in contact with under-bump metal (UBM), the peel-off of the bumps was noticeable (Figure 7).



The comparison of Test 3, 4, and 6 in Table 4 showed that the mixture of H2SO4 and NH4F-HF left the ultraviolet (UV) glue of the cutting tape and ink marks intact, while it only removed Level-1 silicon contamination. Higher concentrations of H2SO4 could indeed protect the aluminum metal, but not UBM (Ti/TiW) [5,26,27].



Test 5 in Table 4 found that the non-ionic surfactant additive did not remove the contaminants by a general ionic mechanism, as expected, but by the chemical reaction of micro-etching, as illustrated below in Equation (7) [5,26,28,29].


H2SiO3 + 6NH4F-HF → H2SiF6 + 3H2O + 6NH4F



(7)







The reaction product of H2SiF6 is soluble in water, so NH4F-HF could effectively remove the polysilicic acid to free the silicon powder from bonds with the wafer surface, which in turn could be easily removed [1,30]. The NH4F solution served as a chemical buffer to ammonium bifluoride, such that it slowed down and stabilized the etch efficiency [17,20].



When comparing Test 7 and Test 8 in Table 4, we found that methane sulfonic acid (MSA) could protect UBM metals, but the solution’s ability to remove contaminants was significantly reduced (possibly because without dissociation of ammonium bifluoride, silicon dioxide and polysilicic acid cannot be dissolved) [31]. Moreover, it was found that MSA did dissolve the dicing glue and ink marks, as expected (Test 7 in Table 4).



Table 4 lists a summary of the tests performed on the alkaline formula (Test 1), solvent base formula (Test 2), and formula with surfactant additive (Test 5), in this study of acidic formulas for cleaning agent.



When comparing the results of Test 3 and Test 8 in Table 4, we found that MSA could reduce the corrosion of UBM (Ti/TiW) during cleaning (Figure 8). This result means MSA may absorb on under-bump metal (Ti/TiW) surfaces during the cleaning process and prevent H+ and F− ions from penetrating and corroding the UBM. This result may be applied to the development of a UBM etchant.



The results of Test 9 in Table 4 suggested the MSA concentration could prevent ink mark attack and lower ammonium bifluoride concentration would lead to lower under-bump metal (UBM) under cut.




4. Conclusions


The function of ammonium bifluoride is to free silicic polymers from the silicon contaminants on the IC surface by micro-etching. This will release the silicon contaminants from the wafer surface to be cleaned physically by the agent [18,25].



Sulfuric acid in the solution of the cleaning agent provides hydrogen ions (H+). As mentioned in the literature, a specific concentration of sulfuric acid will lead to the passivation of metal, such as in this case, the aluminum, which in turn prevents any corrosion of the metal during the cleaning process. Our test proved the hypothesis as well [22,23], which also implied that the formulas of cleaning agents in this study could be used to remove Si contamination, provided the cleaning time can be tightly controlled.



The corrosion-resistant properties of aluminum in the cleaning agent may be rendered ineffective by adding non-ionic surfactant. We speculated that the surfactant reduced the surface tension of the passive metal layer to create defects or micro-cracks, where acid would slip through to directly react with and corrode the pure aluminum metal.



The replacement of water with MSA could indeed stop the corrosion of the chip’s circuit metal (Al) and the under-bump metal (Ti/TiW). The possible explanation is that ammonium bifluoride cannot be dissociated in MSA and becomes shielded from corrosion, but it also loses the ability to remove silicon contaminants. However, we also found that MSA acted as an organic solvent to dissolve the UV glue on dicing tapes. In other words, MSA improves the cleaning strength of solutions used in removing organic materials, and given that Level-1 contamination does include adhesives such as the dicing tape, the presence of such an organic solvent will certainly assist in cleaning the silicon contaminants.



This study showed that MSA helped the under-bump metal (Ti/TiW) to resist corrosion by the cleaning agent, especially when the cleaning time was well-controlled, which translated to control of the UBM under cut. Based on these results, we confirmed that the proposed cleaning agent formula could be used in the cleaning of silicon contamination from dicing.
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Figure 1. EDX analysis of silicon contamination finding elements of Si, N, O, and Cu, all mixed with other residues from the dicing blade, taping, glue, etc. 
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Figure 2. Cross-sectional illustration of wafer after dicing, showing various materials exposed to the cleaning agent. 
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Figure 3. The formation of silicon contamination on the wafers. (a) The chemical reaction mechanism of the formation of silicon contamination on wafer; (b) The Silicon contamination condition after water dried; (c) The assumed microstructure of silicon contamination. 






Figure 3. The formation of silicon contamination on the wafers. (a) The chemical reaction mechanism of the formation of silicon contamination on wafer; (b) The Silicon contamination condition after water dried; (c) The assumed microstructure of silicon contamination.



[image: Applsci 13 05294 g003]







[image: Applsci 13 05294 g004 550] 





Figure 4. There are two main steps in the process of cleaning silicon contamination: the first is to dissolve the bonds of polysilicic acid, the particle-to-particle bonds, and the bonds between the particles and the surface of the IC; in the second step, water spray or a brush is used to cause agitation between the contamination particles, thus aiding the silicon contamination removal efficiency. 
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Figure 5. PGMEA, as a solvent, not only obstructed ammonium bifluoride from cleaning Level-1 silicon contaminants (shown by the red arrow) but also dissolved the UV glue from the dicing tapes, leaving more residues on the IC surface. 
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Figure 6. Cleaning results with ammonium bifluoride in acid formula, with the right side showing clear removal of all contaminants. 
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Figure 7. Bump peeled off (at the red arrow) after 15 min of applying the cleaning agent in Test 3 of Table 4, with UBM being etched completely by such acidic formula. 
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Figure 8. Comparison of UBM under cuts after 15 min of applying cleaning agents of different formulas in acid formula and 30%MSA, revealing MSA as an inhibitor that protected UBM in acidic solution of ammonium bifluoride. 
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Table 1. Three levels of silicon contamination.
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	Level 1
	Level 2
	Level 3





	Circular around bumps
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	Deposit at non-bump area
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	Water mark
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Table 2. Four types of cleaning agents on the market that are applied to the dicing process.
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	Type
	Solvent-Based
	Alkaline-Based
	Alkaline + Surfactant
	Stripper (Photoresist)





	Products
	Triton: X-100
	Developer (D05)
	GDC03 (Alkaline)
	Stripper (SP-700)



	Formula
	[image: Applsci 13 05294 i004]
	0.5% TMAH

0.05% non-ionic

surfactant
	Petroleum ether

Amine base surfactant
	8% TMAH (25%)

85% DMSO

7% Sorbitol
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Table 3. Comparison of the performance of different cleaning agents.






Table 3. Comparison of the performance of different cleaning agents.





	
Test

	
Type of Cleaner

	
Performance




	

	
Level 1~3 contamination cleaning performance: Full cleaning is good, otherwise no good.



	
Al corrosion: No corrosion is good, otherwise no good.



	
UBM under cut: No more under cut is good. Less than 1 um under cut is acceptable but needs to be improved; over 1 um under cut will be treated as no good.



	
Gel residue: No residues is good, otherwise no good.



	
Ink marks: Ink mark area residue of more than 80% is good; if the area is less than 80%, then no good.









	
Silicon Contamination (Si)

	
Al

	
UBM

	
Gel

	
Ink Mark




	
Level 1

	
Level 2

	
Level 3




	
1

	
Triton X-100

	
NG

	
NG

	
OK

	
OK

	
OK

	
OK

	
OK




	
2

	
Developer (D05)

	
NG

	
OK

	
OK

	
NG

	
OK

	
OK

	
OK




	
3

	
Alkaline + Surfactant (GDC03)

	
40% NG

	
OK

	
OK

	
20% NG

	
OK

	
OK

	
NG




	
4

	
Stripper (SP-700)

	
OK

	
OK

	
OK

	
OK

	
50% NG

	
NG

	
NG




	
5

	
SC-1

	
NG

	
NG

	
OK

	
NG

	
NG

	
NG

	
NG




	
6

	
SC-2

	
NG

	
NG

	
OK

	
NG

	
NG

	
OK

	
OK




	
7

	
BOE (HF buffer)

	
OK

	
OK

	
OK

	
NG

	
NG

	
OK

	
OK
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Table 4. Summary of Cleaning Performance for Si Contaminants.






Table 4. Summary of Cleaning Performance for Si Contaminants.





	
Test

	
Composition

	
Performance




	
Si

Level 1

	
Al Corrosion

	
UBM

Under Cut

	
Gel Residue

	
Ink Marks






	
1

	
40% MEA + 4% NH4F-HF + 56% H2O

	
NG

	
OK

	
OK

	
OK

	
OK




	
2

	
40% PGMEA + 4% NH4F-HF + 56% H2O

	
NG

	
OK

	
OK

	
NG

	
NG




	
3

	
10% H2SO4 + 4% NH4F-HF + 86% H2O

	
OK

	
OK

	
NG

	
OK

	
OK




	
4

	
15% H2SO4 + 1% NH4F-HF + 84% H2O

	
NG

	
OK

	
NG

	
OK

	
OK




	
5

	
15% H2SO4 + 4% C NH4F-HF + 7% non-ionic surfactant + 74% H2O

	
NG

	
NG

	
NG

	
NG

	
NG




	
6

	
20% H2SO4 + 6% NH4F-HF + 74% H2O

	
OK

	
OK

	
NG

	
OK

	
OK




	
7

	
20% H2SO4 + 3% NH4F-HF + 77% MSA

	
NG

	
OK

	
OK

	
NG

	
NG




	
8

	
20% H2SO4 + 3% NH4F-HF + 30% MSA + 47% H2O

	
OK

	
NG

	
△OK

	
OK

	
NG




	
9

	
10% H2SO4 + 1.5% NH4F-HF + 8.5% MSA + 80% H2O

	
OK

	
OK

	
△OK

	
OK

	
OK








PS: OK indicates good performance. NG indicates “no good” performance. △OK indicates acceptable performance but has room for improvement. “Good” and “no good” were defined by different subjects. 1. Level-1 contamination cleaning performance: Fully cleaning is good, otherwise no good. 2. Al corrosion: No corrosion is good, otherwise performance is no good. 3. UBM under cut: No more under cut is good; under cut of less than 1 um is acceptable but needs to be improved, and under cut of over 1 um is treated as no good. 4. Gel residue: No residue is good, otherwise no good. 5. Ink marks: Ink mark area residue of more than 80% is good; if the area is less than 80%, then no good.
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