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Abstract

:

In 3D-system packaging technologies, eutectic bonding is the key technology of multilayer chip stacking and vertical interconnection. Optimized from the aspects of the thickness of the electroplated metal layer, the pretreatment of the wafer surface removes the oxide layer, the mutual alignment between the wafers, the temperature of the wafer bonding, the uniformity of pressure and the deviation of the bonding process. Under the pretreatment conditions of plasma treatment and citric acid cleaning, no oxide layer was obtained on the metal surface. Cu/Sn bumps bonded under the condition of 0.135 Mpa, temperature of 280 °C, Sn thickness of 3–4 μm and a Cu-thickness of five micrometers. Bonded push crystal strength ≥18 kg/cm2, the average contact resistance of the bonding interface is about 3.35 mΩ, and the bonding yield is 100%. All performance indicators meet and exceed the industry standards.
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1. Introduction


The three-dimensional integration technology based on through-silicon via (TSV) achieves homogeneous or heterogeneous three-dimensional integration by making vertical via, which can greatly reduce the size of the chip, while improving interconnection density and electrical performance [1,2]. This technology has broad application prospects in network big data and memory manufacturing, as well as MEMS systems and has become the fourth-generation advanced packaging technology with the most development potential [3]. However, the impact of packaging on reliability is inevitable. Among them, bonding technology is one of the key technologies for 3D integration and packaging. Bump and bumpless interconnections are two mainstream interconnection methods [4,5]. Bumpless interconnection refers to the direct bonding between the upper and lower structures including the interconnection layer and the insulating layer, which is generally used for structures with a bonding pitch of less than 10 μm. Bump interconnection refers to making bumps on the interconnect layer and bonding to realize the interconnection of the upper and lower chips. Therefore, the reliability problem caused by the ultra-fine pitch microbump interconnection will become more severe [6].



The currently achievable 3D-bonding schemes include metal-to-metal direct bonding and solder bonding, etc [7,8]. Metal–metal direct bonding is mainly based on the interdiffusion of atoms between two bonding surfaces under high temperature and high pressure, such as Au–Au, Cu–Cu, and the bonding time is long [9,10]. This process condition will cause severe thermal shock to pre-embedded devices in the through–via process after TSV and may fail. In addition, the high temperature will cause greater thermal stress in the internal TSV structure, which is prone to deformation and fracture. Device reliability, device manufacturing yield, and technology applicability are all under great pressures [11]. Solder bonding realizes the bonding by heating, melting, reflowing and infiltrating low melting point metals or metal alloys, such as Sn, In–Sn, which avoids the negative effects of high temperature processes, but the process is easy to melt back, and the bonding process is reversible, which also cannot be applied to TSV stereo integration [12].



To this end, this paper studies high-density Cu–Sn microbump eutectic bonding process. Microbumps were produced by electroplating on 8-inch silicon wafers. The thickness of bonding materials, structure and layout were designed and optimized. By comparing different prebonding pretreatment and bonding processed, intermetallic compounds at the interface with stable performance were obtained, which was Cu3Sn. The bonding realized the low resistance electrical performance connection of the device and obtains higher reliability, and it could be applied to all wafer-level integration of multilayer devices. It not only realizes large-size wafer-level bonding, but also meets mass production requirements. The bonding process was optimized to meet the strict oxidation requirements of CuSn. Integrating pretreatment and bonding, it achieves high yield. The testing and evaluation methods had also been improved, and related methods were patented.




2. Experimental Method


In this paper, the bonding material system, bonding layer structure, wafer lithography pattern was designed, and the bonding process was optimized to realize large-scale wafer-level Cu–Sn eutectic bonding.



2.1. Layout Design


In order to realize the electrical performance test of the bonding products, the purpose was to used a series of bumps designed with a “daisy chain” with pad, by monitoring the size of the contact resistance, to comprehensively, accurately, effectively, real-time monitor and reflect the bonding process Bonding effect. Not only could the yield of the entire bonding surface be monitored in a timely and effective manner, but the wafer failure problem in the subsequent process due to poor bonding could be predicted or avoided in advance [13,14].



Specific design ideas: design different bonding patterns for the upper and lower 8-inch Si wafers, respectively. One side was a series bump structure with pad and “daisy chain”, which was the upper bonding surface of the wafer-level bonding. Its pad was for testing resistance and used for current conduction. After the bumps were each N independent bumps on the horizontal axis and the vertical axis, a series of “fishbone” series bumps were added, that was—each two two-two series—forming a test for bonding. The conductive lines of the intact bonding interface were formed, and this design was distributed to each die of the entire wafer. Figure 1 was a partial area of this layout that was, the layout of the lower left part, and the graphic distribution of the remaining upper left part, lower right part and upper right part was the same.



The other side was a tandem bump structure with only “daisy chain”, which was the lower bonding surface of wafer-level bonding, and its “daisy chain” bumps were each N independent bumps on the horizontal and vertical axes. After the point, add a series of “fishbone” series bumps, that was, two two-two strings in series, forming a conductive path line that could be used to test whether a good bonding interface was formed after bonding, and this design was distributed in the whole die for each wafer. Figure 2 shows the wafer with only bumps and the lower left part of the daisy chain layout, and the remaining upper left part, lower right part and upper right part had the same pattern distribution.



The specific layout size designed in this experiment, in which the bump size was designed as a circular bump with a diameter of 40 μm (the bonding experiment was also applicable to other sizes, this article chose the bump size to be 40 μm) and a pitch of 20 μm (“pitch” means the distance from the edge of the bump to the edge of the bump, the distance from the center of the bump to the center of the bump was 60 μm), every 6 micro bumps had a series of bumps with a daisy chain as a circuit conduction and each surface includes 92 dies. The area of each die was 18.72 mm ∗ 18.72 mm. Each die contains 44,100 bumps, including 3178 on the daisy chain. After the production of the two bonding surfaces was completed, the two wafer surfaces were bonded and the structure diagram after bonding was shown in Figure 3. After bonding, the bumps were all columnar and the bonding surfaces were all horizontal.




2.2. Sample Production


First, we prepared two 8 inch, 700 μm Si wafers as top and bottom to be bonded and deposit 1-μm-thick SiO2 as an insulating layer on the surface; Then, physical vapor deposition (PVD) was used to sputter redistribution layer (RDL) that TiCu was 0.1/0.4 μm, where Ti serves as an adhesion layer and a barrier layer, Cu served as an electroplating seed layer. Then photolithography was used for the opening area of the microbump, and the thickness of Cu was increased to 4 μm by electroplating. After that, the bumps were patterned, and the metal of the bonding layer was plated. Among them, the electroplated Cu and Sn were compared with samples of different thicknesses. After the plating, the seed layer other than the bumps was peeled off, and the two wafers to be bonded were completed [15].



2.2.1. Wafer Surface Cleaning


First, a plasma cleaning machine with an O2 flow rate of 90 sccm, an N2 flow rate of 10 sccm, and a power of 300 W was used to perform plasma cleaning 360S on bare wafers. Then, we used a wafer surface cleaning machine with megasonic cavity parameters: frequency 1 MHz, power 55 W, megasonic cleaning speed 50 rpm, time 120 S for megasonic cavity cleaning. Then we used 2000-rpm speed, time 120 S for high-speed spin-drying; then used iso-propyl alcohol (IPA) Rinse for 120 S to further remove moisture. The purpose of plasma cleaning, megasonic cleaning and IPA cleaning was to clean the particles and impurities on the surface of the wafer while taking away the water on the surface of the wafer. Finally, we used a N2 oven for further baking at 125 °C for 30 min to ensure the cleanliness, drying and subsequent bonding of the wafer surface.




2.2.2. SiO2 Deposition on the Wafer Surface


A plasma chemical vapor deposition method was used to deposit a 1-μm SiO2 thin film on the top surface Si wafer surface and the bottom surface Si wafer surface. The thickness could be measured by a nonmetal film thickness measuring instrument. If the SiO2 layer was too thick, it may affect the subsequent process and cause the reliability of the bump to decrease. The test method was a nine-zone nine-point test method, See Figure 4. We calculated the uniformity according to the results of the nine-zone test, which requires <2%.




2.2.3. Wafer RDL TiCu Sputtering


The physical vapor deposition method was used to deposit TiCu on the top surface Si wafer surface and bottom surface Si wafer surface with SiO2 film deposited, which requires Ti 0.1 μm and Cu 0.4 μm. Among them, Ti acts as an adhesion layer and barrier layer, and Cu acts as an electroplating seed layer. Bump electroplating was performed in combination with photolithography and electroplating methods. After the deposition was completed, we used a stress tester to test the wafer surface warp Curvature test. After the film was deposited, as the temperature decreased, due to the difference between the thermal expansion coefficient of the substrate and the film, resulting in stress and bending. Wafer warpage test method was as follows: we selected two vertical inspection lines that cross the center of the wafer and selected 3 points for each inspection line [16].




2.2.4. RDL Graphic


In order to ensure the cleanliness of the wafer surface, IPA was used for rotary surface cleaning. Then, the surface of the wafer was coated with 4620 photoresist to 10 μm. The role of photoresist was to engrave RDL patterns on the surface of the material. After the coating was applied, it was exposed and then developed and baked. We made sure there were no bad phenomena such as unclean development, glue pouring and residual glue after the patterning; the opening size was controlled at 60 ± 5 μm.




2.2.5. RDL Preparation


Before electroplating, the residual glue on the wafer surface was removed, and the dry glue remover was used to etch using the combination of O2 and Ar. A 5-μm-thick Cu layer was electroplated by electroplating process, and DC voltage was used for electroplating. In the case of the same electroplating solution, the most important process parameters that affect the effect of Cu electroplating were current density and waveform. Larger current density could shorten the plating time, but due to excessive current density will lead to poor plating uniformity, rough metal layer and other problems. By optimizing the time distribution of the current density and the concentration of each additive in the potion, the compactness and uniformity of the plating could be ensured. After the plating was completed, the thickness of the plating was tested by X-ray fluorescence spectrometer (XRF). The test method was the nine-zone nine-point test method, as shown in Figure 4. After the test was completed, the wet photoresist was removed [17]. The current density of different parts of the electroplating process and the brands of Cu and SnAg plating solutions were shown in Table 1.




2.2.6. Graphic Bumping


In order to ensure that there was no residual glue on the surface of the wafer, a dry glue remover was used to etch using a combination of O2 and Ar. Then apply wafer surface glue, used THB111 photoresist to apply glue 10 μm, apply glue and then expose, then develop and bake. After patterning, ensure that there were no abnormalities such as unclean development, glue pouring and residual glue; the opening size was 40 ± 5 μm.




2.2.7. Bump Plating


After the bump patterning was completed, the wafer electroplating machine was used for bump plating. The plating thickness requirements were: Cu 5 μm for the top bonding surface; Cu 5 μm for the bottom bonding surface and SnAg 3 μm (The ratio of SnAg plating was 100:1). A small amount of Ag was selected here to improve the stability, corrosion resistance and conductivity of Sn during electroplating. After the plating was completed, the thickness of the plating was tested by XRF. The test method was the nine-zone nine-point test method [18], as shown in Figure 4. After the test was completed, the wet photoresist was removed. Figure 5 is a single-die picture after the top bonding surface bumps were made. Figure 6 is a single-die picture after the bottom bonding surface bumps were finished. The optical inspection equipment was used to detect the high consistency of the bumps on the wafer surface, and the MAP was formed as shown in Figure 7 and Figure 8. The edge of Figure 7 was an invalid die, showing gray. Except for the invalid die, the whole piece was uniform and highly consistent. The yield could reach 100%. The distribution of die on the top and bottom surfaces was the same. Figure 8 shows the morphology of the scanned die top and bottom. When bonding, the bumps on the top and bottom surfaces correspond to each other.





2.3. Bonding Process


After the bumps on the two bonding surfaces were completed, the Cu/Sn bump-bonding process was performed. The process of Cu/Sn bonding mainly included 4 steps [19]:




	
Sample pretreatment before bonding:




	
Plasma cleaning;



	
After washing with citric acid (concentration: 1:10 = citric acid: water), rinse and dry with IPA;



	
Oven drying; in order to obtain the optimal pretreatment process parameters, different pretreatment process conditions are compared, parameter settings are shown in Table 2.








	
Sample alignment:




	
After surface treatment, the wafer alignment machine is used to align the upper and lower wafers. According to the upper and lower pairs of CCD (charge coupled device) camera of the wafer alignment machine, the lower CCD looks at the upper wafer and the marks of the upper and lower wafers are found and aligned.








	
Wafer-level bonding:




	
In order to obtain the optimal bonding parameters, different bonding temperatures, pressures, temperature holding time and pressure holding time are compared, Table 3 are the settings of parameter. Too much temperature rise rate will cause voids in the bonding interface.















3. Results and Discussions


In the cleaning pretreatment method before bonding, the main gases for plasma cleaning were Ar, N2, H2, the purpose was to remove surface oxides and residual impurities; after the citric acid reacts with the surface oxide layer, then used IPA to clean and spin dry, in order to Take away the residual liquid and water on the bonding surface; Group 4 was the best pretreatment process setting. The non-baking was to prevent the bonding surface from oxidizing during the oven baking process. This proves that the segmented citric acid cleaning was more effective in removing the oxide layer, and the IPA cleaning was followed by oven baking. Since the oven was not a reducing atmosphere, it was likely to cause secondary oxidation, so it was better not to perform baking. Therefore, we choose Group 4 as the best process.



Among the wafer-level bonding methods with different parameters, Group 3 was the optimized combination of wafer-level bonding parameters. Figure 9 is a graph of the bonding temperature curve in which the optimized bonding parameters were reflected in the bonding process. (1) During the bonding process, in order to effectively prevent oxidation, the reducing mixed gases N2 and H2 were introduced; at the same time, the temperature was first raised to 150 °C for pretreatment to remove moisture from the sample surface. In order to make up for the cleaning pretreatment without baking, we directly moved this step to the bonding machine to prevent the oxidation of the baking process of the oven; (2) Then, we raised the temperature to 240 °C, pressure 7000-N and prebonded for 5 min; Increase the prebonding step to make Sn first enter the molten state for prepressing, so as to allow Cu/Sn to diffuse more fully; (3) After that, raise the temperature to 280 °C with the constant pressure. Cu–Sn completely infiltrated and forms an intermetallic compound and then complete bonding [20]; The reaction was carried out at different times during this process. When the reaction took place for 25 min, the complete stable product Cu3Sn were formed and at 20 min and 15 min, two compounds will appear at the bonding interface, namely Cu3Sn and Cu6Sn5. The reason was that Cu6Sn5 did not had enough time to continue to react with Cu to form Cu3Sn [21]; (4) Cooling: in order to reduce thermal stress due to the different thermal expansion coefficient between Si wafer and different metals, slowly lowering the temperature to 150 °C at a lower rate, then evacuate and fill N2 to break the vacuum.



The entire wafers which bonded with the optimal bonding parameters were diced to five areas according to the marks. Moreover, the chip units in each area were selected for scanning electron microscope (SEM) observation, thrust test and electrical performance test experiments.



3.1. SEM Test


Figure 10 and Figure 11 show the bonding interface obtained by using the parameters of Group 3 for pretreatment and bonding and the parameters of Group 4 for the wafer bonding. The bonding interface can be divided into three layers. The upper and lower layers are electroplated Cu layers. The middle is an inter-metallic compound (IMC) layer without via, cracks and cracks, which is formed by solid–liquid diffusion growth [22]. According to energy dispersive spectrometer (EDS) analysis, the ratio of the number of Cu atoms to the number of Sn atoms is about 11:3, and then the composition analysis of the cross sections of different bonding bumps is basically close to the atomic ratio of Cu3Sn, so the intermediate layer was determined to be Cu3Sn [23]. The Cu3Sn and Cu have similar density; when Cu3Sn grew on the surface of Cu, the change in volume was very small, so it could generate a dense structure, reasonable metal structure and bonding optimization conditions, there was not too much Cu6Sn5, avoiding the Kirkendall effect [24,25]. In addition, there were some white bright spots in the IMC layer, but they were not via. EDS analysis (spot2, 3) show they were mainly Ag. This was due to the electroplating process. The electroplated Sn layer was not pure Sn, there was a thin Ag layer existing, but it did not affect the IMC Layer formation [26,27]. The Si was detected in EDS analysis because the wafer was Si wafer and SiO2 on the surface. Si itself was an interference impurity. Only Cu and Sn play the role of eutectic.




3.2. Pushing Force Testing


To measure the reliability of semiconductor packaging machinery by pushing the crystal force, we used a ball-pushing machine to perform the ball pushing test from the bonding interface, tensile test speed is 700 μm/s, as shown in Figure 12. The test process was as follows: Choose a single die in different areas from the entire wafer and use a ball pusher to perform the bonding force test. This test does not need to remove the top wafer. It is found that the bonding strength of the entire large area is greater than 20.23 kg (unit area is 30.5 kg/cm2); the bonding strength is greater than the requirements of 18 kg/cm2. It shows in Figure 13 that the strength of the Cu–Sn bonding layer meets the requirements of the binding force test standard. The detection method is as follows: one of the five selected dies of one wafer is selected from the optimized wafers for thrust test [28].




3.3. Electrical Performance Test


We conducted the circuit conduction test on the series bumps with daisy chain, added the DC signal to the pads at both ends of the daisy chain, used a multimeter to measure the series resistance and calculated the average value of the contact resistance as 3.35 mΩ [29]. There were 44,100 bumps in a single die. Among them, 3178 were distributed on the daisy chain. A total of 68 series routes were formed, all of which were conductive, and the conductivity was 100%. Among them, the bumps were activated on the daisy chain in each region. With the increase of the number of series bumps, the resistance value had a linear relationship with the number of bumps. Figure 14 was to select 5 dies in 5 regions of the wafer after bonding and calculate the resistance of each series line to obtain a graph of the number of bumps and the resistance value. Figure 15 was a schematic diagram of region selection on a wafer and a schematic diagram of serial circuits on a die. The distribution of the bumps in the four areas above a die was the same, according to the engineering drawing, the diagonal center is measured from the four corners. The contact resistance of each pair of bumps is shown in Figure 16.



In addition, we randomly selected 2 dies from each of the 5 regions of the bonded wafer for reliability experiments of high and low temperature impact 100 times (−65–150 °C) and high temperature storage 1000 h (150 + 10 °C). Performance test: After the test, the contact resistance was calculated to be 3.36 mΩ and 3.35 mΩ, respectively. All bumps distributed on the daisy chain in the tested die were turned on, and the conduction rate was 100%. It shows that bonding achieved good electrical performance and has high electrical and thermal reliability [10,30].





4. Conclusions


This paper studies a wafer-level, high-density and irreversible bump eutectic bonding technology. Based on the principle of Cu/Sn low-temperature bonding and the principle of testable current conduction, a bump bonding structure was designed, and a dense Cu3Sn IMC layer was obtained by optimizing bonding pretreatment and bonding process conditions. The bonding strength reaches and exceeds the industry standard. The current conductivity of the daisy chain was tested to be 100%. Reliability tests show that the performance of the CuSn solid–liquid diffusion IMC layer was stable. After the process of high temperature and high humidity, there was no reverse reaction of the compound at the bonding interface, and it had good thermal and mechanical reliability. The realization of wafer-level bonding of different size patterns showed that the wafer-level Cu/Sn bump bonding technology could meet the requirements of wafer-level TSV three-dimensional integration and multichip vertical interconnection.
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Figure 1. Wafer with pad, bumps and daisy chain partial layout (quarter of die, the green bumps in figure are the superposition of redistribution layer (RDL) and Under Ball Metal (UBM). 
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Figure 2. Wafer with only bumps and daisy chain partial layout (quarter of the die, the green bumps in figure are the superposition of RDL and UBM). 
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Figure 3. Schematic diagram of the structure after bonding. 
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Figure 4. Schematic diagram of the location of the film thickness test point. 
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Figure 5. Partial array of wafers with only bumps and daisy chains. 
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Figure 6. Partial array of wafers with pads, bumps and daisy chains. 
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Figure 7. Distribution of the whole die scanned by automated optical inspection (AOI). 
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Figure 8. Morphology of a single die scanned by AOI. 






Figure 8. Morphology of a single die scanned by AOI.



[image: Micromachines 11 00789 g008]







[image: Micromachines 11 00789 g009 550] 





Figure 9. Curves of bonding temperature. 






Figure 9. Curves of bonding temperature.
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Figure 10. SEM photograph. 






Figure 10. SEM photograph.
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Figure 11. ESD spectrum. 






Figure 11. ESD spectrum.
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Figure 12. Schematic diagram of the pushing of the ball. 






Figure 12. Schematic diagram of the pushing of the ball.
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Figure 13. Result of the binding test after optimization of parameters. 
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Figure 14. Resistance curve of daisy chain in each region. (a) die in Region 1; (b) die in Region 2; (c) die in Region 3; (d) die in Region 4; (e) die in Region 5. 
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Figure 15. Schematic diagram. (a) Different regions on a wafer; (b) different serial circuits on a die. 
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Figure 16. Statistics of contact resistance. 
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Table 1. Current density of different parts, brand of Cu and SnAg plating solutions.






Table 1. Current density of different parts, brand of Cu and SnAg plating solutions.





	Project
	Current Density
	Brand





	RDL-Cu
	1.726ASD
	Chuangzhi Success Technology Co., Ltd.



	UBM-Cu
	2.5ASD
	Chuangzhi Success Technology Co., Ltd.



	UBM-SnAg
	1.68ASD
	Japan Ishihara Industry Co., Ltd.
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Table 2. Parameters setting of different cleaning pretreatment before bonding.






Table 2. Parameters setting of different cleaning pretreatment before bonding.





	Group
	Plasma Cleaning
	Citric Acid Cleaning
	IPA Cleaning
	Oven Baking





	1
	–
	10 min
	5 min
	150 °C 10 min



	2
	Ar, N, H2 5 min
	10 min
	5 min
	150 °C 10 min



	3
	Ar, N2, H2 5 min
	10 min
	5 min
	–



	4
	Ar, N2, H2 5 min
	Citric acid 5 min—quick dump rinse (QDR)—citric acid 5 min
	5 min
	–
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Table 3. Parameter settings of different wafer-level bonding.






Table 3. Parameter settings of different wafer-level bonding.





	Group
	Pretreatment
	Prebonding
	Bond
	Cool Down





	1
	Raise temperature to 240 °C 2 min
	–
	280 °C (heating rate 10 °C/min) 7000 N 25 min
	Cool down to 150 °C charge N2 to 80 °C



	2
	H2 reduction + raise temperature to 150 °C 2 min
	–
	280 °C (heating rate 10 °C/min) 7000 N 25 min
	Cool down to 150 °C charge N2 to 80 °C



	3
	H2 reduction + raise temperature to 150 °C 2 min
	Raise temperature and pressure to 240 °C (heating rate 15 °C /min) 7000 N 5 min
	280 °C (heating rate 10 °C /min) 7000 N 25 min
	Cool down to 150 °C charge N2 to 80 °C



	4
	H2 reduction + raise temperature to 150 °C 2 min
	Raise temperature and pressure to 240 °C (heating rate 15 °C/min) 7000 N 5 min
	280 °C (heating rate 10 °C/min) 7000 N 20 min
	Cool down to 150 °C charge N2 to 80 °C



	5
	H2 reduction + raise temperature to 150 °C 2 min
	Raise temperature and pressure to 240 °C (heating rate 15 °C/min) 7000 N 5 min
	280 °C (heating rate 10 °C/min) 7000 N 15 min
	Cool down to 150 °C charge N2 to 80 °C











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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