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Abstract

:

Though copper nano-pillars (CNPs) filled in anodic aluminum oxide (AAO) film has been developed for many years, the high pore-filling percentage in AAO is still a bottleneck. We have demonstrated a new electrodeposition method to fill CNPs in AAO without the seed layer which is required in the traditional electrodeposition process. CNPs with uniform heights were obtained and the pore-filling percentage reached up to 97.5%. Low current density is beneficial for the high pore-filling percentage due to the uniform growing rate in different nanoscale pores. The high temperature increased the diffusion velocity of ions and enhanced the pore filling percentage but also corroded the AAO film simultaneously. Results showed that CNPs grains with <220> orientation were fabricated. Electrodeposition with low electric current could contribute to the forming of CNPs with (220) preferred orientation due to the promotion of dehydration reduction processes. The thermal conductivities of Cu-AAO interposers reaches 92.34 W/(m·K) and 3.19 W/(m·K) in vertical and horizontal directions, respectively.
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1. Introduction


The change from two-dimensional integrated circuits (2D ICs) to 3D ICs is a trend in the electronics industry to break through the limits of very-large-scale integration circuits (VLSI) [1,2]. The interposer structure, which is a crucial part in 3D ICs, has been served as a substrate that can provide a rigid insulating layer between stacked chips and can provide electrical connectivity between layers through the embedded vertical vias [3].



Though silicon with through silicon vias (TSVs) has served as the interposer in 3D ICs for many years [4,5,6], it is far from popular in the industry because of its high cost during the fabrication process which involves deep reactive ion etching (DRIE), chemical vapor deposition (CVD), physical vapor deposition (PVD), etc. [7]. In addition, the coefficient of thermal expansion (CTE) mismatch among silicon (2.5 ppm/K), silicon dioxide (0.6 ppm/K), and copper (17.5 ppm/K) also will bring many serious reliability problems, such as cracks and delamination. Recently, glass with superior insulating property and low cost has been introduced as a replacement for silicon [8]. Unfortunately, the formation of the vias in glass with a diameter of less than 50 μm was proved to be very difficult due to the frangibility of glass. Anodic aluminum oxide (AAO) films can provide natural close-packed parallel cylindrical nano-pores [9,10,11], thus the drilling process and other high-cost processes for via pores can be avoided.



To endow the interposer with electrical conductivity at special areas, the AAO can be filled with copper nano-pillars (CNPs) using the electrodeposition process. The conventional electrodeposition process needs to prefabricate high-quality seed layers on the interposer surface, which involves complicated fabrication processes [12,13,14,15], such as the sputtering process, as indicated in Figure 1a. Furthermore, the high pore-filling percentage in AAO is still a bottleneck [16]. The effects of technical parameters (current density and temperature) on the pore-filling percentage need to be systematically investigated.



In this study, indium tin oxide (ITO) conductive glass, an ideal material with high conductivity and extremely flat surface was used as the conductive substrate during the electrodeposition process. As shown in Figure 1b, the AAO film was tightly fixed onto the ITO glass surface using insulating sealant and insulated adhesive tape. The ITO glass served as a frame and an electrode for the AAO film during the subsequent electrodeposition process and the uniform nano-pillars were obtained in an AAO template. After deposition, the ITO glass can be easily removed from the AAO structure. To achieve a high pore-filling percentage, electrodeposition parameters (current density, temperature) of Cu nano-pillars were investigated.




2. Materials and Methods


AAO film (Figure 2) with an average thickness of 55 μm, interpore diameter of 70 nm, and interpore center distance of 125 nm was used in this study. AAO film was fixed onto ITO conductive glass with insulating sealant and insulating adhesive tape. Firstly, the AAO film and ITO glass were fixed together by insulating sealant, to ensure the sealing between AAO film and ITO glass. Subsequently, the other areas of the ITO glass were covered with adhesive tape to prevent the unwanted Cu deposition. The AAO film was set as a cathode and copper plate was employed as an anode. The anode copper plate was prepared with 1 mol/L H2SO4 solution to remove the surface oxides. An electrolyte mixture of 1.5 mol/L CuSO4·5H2O and 1.5 mol/L H2SO4 aqueous was used.



Electrodeposition experiments were carried out by a direct current (DC) power supplier (ZHAO XIN, Shenzhen, China). SEM images were collected using Merlin Compact (ZEISS, Oberkochen, Germany) with an acceleration voltage of 20 kV. Crystalline structure was characterized by X-ray diffractometer (BRUKER AXS GMBH, Rheinstetten, Germany) using a Rigaku D/max-γB diffractometer with a Cu Kα emission source and wavelength of λ = 1.5418 Å, a scanning speed of 5°/min and a step of 0.02°. The electrochemical testing was accomplished by electrochemical workstation (CHENHUA, Shanghai, China). Hg(s)/Hg2SO4(aq)/SO42−(aq) was set as reference electrode. The density of the Cu-AAO interposer was measured by drainage method. Heat capacity was measured by a differential scanning calorimeter (NETZSCH, Bavaria, Germany), and the thermal diffusion coefficient was collected by a laser thermal conducting instrument (NETZSCH, Bavaria, Germany). The pore-filling percentage was counted by the number of filled pores divided by the number of all pores. For the convenience of the pore-filling percentage calculation, the samples were polished to remove the excess copper bulks on top to reveal the filled Cu pillars. Under each parameter, three samples were selected for the pore-filling percentage calculation.




3. Results and Discussion


3.1. Effect of Parameters on Pore-Filling Percentage


The experiment was carried out under different current densities (5 A/dm2, 10 A/dm2, 15 A/dm2) at 40 °C. Figure 3a shows the pore-filling results under 5 A/dm2, nearly all pores had been filled and the pore-filling percentage had reached 97.5%. When current density was 10 A/dm2, the pore-filling percentage was decreased to 61.8%, as shown in Figure 3b. When the current density was 15 A/dm2, only a few pores were filled, and the pore-filling percentage decreased to 35.8% (Figure 3c). The curve of pore-filling percentage versus the current densities is displayed in Figure 3d. These results revealed that lower current density is beneficial for higher pore-filling percentages.



High current density will bring a higher driving force, which increases the movement speed of copper ions and enlarge the uneven movement of copper ions, resulting in different growing rates in different pores [17,18,19]. A uniform growing rate of CNPs in different pores is required for high pore-filling percentages. The mechanism is shown in Figure 4a, some nano-pillars with high growing rates firstly reached the AAO film surface and then spread out onto the surrounding area. After the continuous copper bulks formed on the top surface, the pillar filling process in these pores under the copper bulks stopped, as indicated in Figure 4b. The blocking of pores and impeding of pillars were caused by the small copper bulks. The percentage of blocked pores (PBP) at high current density was counted by Equation (1) using Figure 4c:


PBP = Nb/Na = (Sb × p)/(Sa × p) = Sb/Sa



(1)







In which Nb and Na are the number of blocked pores and the number of all pores, respectively. Sb and Sa are the area of AAO film covered by copper bulk and the whole area of AAO film, respectively. p is the area percentage of pores. The area was counted by pixels in the Photoshop software. The percentage of blocked pores was 41.2% for the samples fabricated under 40 °C and the current density of 15 A/cm2 at 4 h. With a lower current density, a uniform growth happened and the nano-pillar in each pore grew sufficiently, resulting in a high pore-filling percentage, as shown in Figure 4e–f.



To investigate the effect of temperature on the nano-pillar growth behavior, the current density is fixed at 10 A/dm2. Figure 5 shows the AAO film surfaces after electrodeposition process under different deposition temperatures (20 °C, 40 °C, 60 °C). Figure 5a shows that a low pore-filling percentage of 40.2% was obtained at 20 °C. When the electrodeposition temperature increased up to 40 °C, more pores were filled, and the pore-filling reached 61.8%. Lastly, the pore-filling percentage reached up to 89.8% under 60 °C. The relationship between the pore-filling percentage and temperature is shown in Figure 5d. The pore-filling percentage increased with the electrodeposition temperature.



The effect of electrodeposition temperature can be explained by diffusion. Equation (2) shows the relationship between diffusion coefficient and temperature:


D = D0 ∗ exp((−Q)/RT)



(2)




where D is diffusion coefficient, D0 is diffusion constant, Q is activation energy, R is gas constant, and T is absolute temperature. It can be seen that the diffusion velocity is positively correlated with the temperature. The Cu2+ needs to diffuse from the electrolyte to the bottom of the pores. Cu2+ at high temperature would have a high diffusion velocity and enter the nanoscale pores more easily than that at low temperature, leading to a high pore-filling percentage.



AAO film provided the dielectric performance and supporting frame for vertical interconnection, and its integrity is very important. Although high pore-filling percentage (Figure 5c) could be observed at 60 °C, serious corrosion of the AAO film was also observed at 60 °C. As shown in Figure 5e, the dissolution of AAO films in some area resulted in the exposure of CNPs. The dissolution was caused by the excessive hydrogen ions. It was mentioned above that sulfuric acid was used in the electrolyte and thus lots of hydrogen ions were contained in the electrolyte and the chemical reaction between acid and metallic oxide would occur with the following way:


6H+ + Al2O3 → 2Al3+ + 3H2O



(3)







At low temperature, the chemical reaction rate is slow, which has a small influence on the corrosion of AAO. As the temperature increases, the chemical reaction rate increases gradually. Hence, the corrosion of AAO is serious at high temperature. It is necessary to balance the conflict between the damage and the high pore-filling percentage. In summary, the electrodeposition temperature of 40 °C was expected to be optimum, with the electrodeposition current density of 5 A/dm2 in this work.




3.2. Growth of CNPs on ITO


The growth process of CNPs on ITO was investigated by chronopotentiometry (V-t characteristic curve) experiment with electrodeposition parameters of 5 A/dm2 and 40 °C. The obtained potential-time curve (Figure 6a) can be divided into three stages during the growth process. At the beginning, a thin copper layer with a thickness of ~200 nm was generated in the tiny gap between the AAO film and the ITO glass, as shown in Figure 6b. The gap distance between AAO film and ITO glass slightly changed in each experiment. Thus, the time for the first stage will have a tiny change. However, the varying distance does not affect subsequent stages. The first section of growth is to fill the gap and obtain a uniform copper layer, which will be the seed layer for the subsequent growth of the copper pillars. As long as the gap is filled, and a uniform seed layer is formed, copper nano-pillars could grow uniformly on this basis. The potential was extremely negative, indicating the difficulties for electrodeposition on ITO glass [20,21]. It was believed that the surface of ITO glass (with the surface roughness of 0.312 nm) is relatively smooth and it is difficult to find nucleation sites. Hence, great negative potential was necessary to provide the drive force for copper atoms diffusion onto ITO glass. With the continuous deposition of copper atoms, a thin copper layer covered the ITO glass surface. The deposition on the copper layer was easier and the potential increased. After filling of gap between AAO film and ITO glass, Cu2+ accumulated in the nano-pores and CNPs was formed (Figure 6c). It was difficult for Cu2+ to pass through the nano-pores of the template, so the potential was still relatively negative to provide the drive force. As the heights of CNPs increased, the diffusion distance required for Cu2+ to the deposition surface was shorter and the potential increased. At the last period, the potential is almost constant, indicating that the growth of CNPs finished and copper atoms deposited on the surface of the AAO film (Figure 6d).



The electrodeposition process can be divided into four steps [22]. Firstly, the hydrated copper cations diffused from the electrolyte onto the cathode surface. Secondly, the hydrated copper cations transformed into copper atoms by dehydration and reduction. Thirdly, the copper atoms deposited onto the cathode surface. Finally, the deposited copper atoms incorporated into the ionic metal lattices and started to crystallize.




3.3. Performance of Cu-AAO Interposer


According to the X-ray diffraction (XRD) analysis results, only the (220) crystal plane could be observed when the electrodeposition current density was 5 A/dm2 (as shown in Figure 7a), which indicated that the CNPs have formed a single crystal structure, and <220> is the preferred crystal orientation. When the current density increased to 10 A/dm2 and 15 A/dm2, the crystal planes with crystal planes of (111), (200), and (220) were observed (as shown in Figure 7b), which revealed the CNPs are the polycrystalline structure. In fact, CNPs with a single-crystal is beneficial to fabricating the unidirectional microbumps in the subsequent Cu/Sn bumping process, which can suppress the vacancy formation and improve the interconnection reliability [23].



It is reported that lower current density resulted in lower overpotential, and further resulted in lower nucleation rates. The observations in this study are consist with the references [12,18]. During the crystallization process, there are two ways for crystal formation to occur. One is the continuing growth on the preexisting crystal nuclei and the other is the formation of new grains [21,22,23,24,25,26]. According to the above-mentioned discussion, low current density and low overpotential will suppress the nucleation rate. Therefore, the copper pillars will prefer to grow along initial crystal orientation and newly formed grains will be greatly suppressed.



Preferred forming of the (220) crystal plane was caused by the dehydration reduction process. During the growing process of CNPs, copper ions in electrolyte need to obtain electrons to form copper atoms. Therefore, the CNPs will choose the crystal structure that is most favorable for receiving electrons [22]. As the copper crystal is face-centered and cubic, three crystal planes could be chosen to form nano-pillars in this study, which include (200), (111), and (220) planes. The schematics of atoms arrangement with three crystal orientations were shown in Figure 7b. The atoms on (111) and (200) planes have six and four nearest neighboring atoms, respectively, which are arranged very tightly. Therefore, it is difficult for electrons to pass in the narrow space. However, in the case of (220), each Cu atom merely has two nearest neighboring atoms. The arrangement gaps between atoms provide sufficient space for the movement of electrons. As a result, <220> will be the preferred orientation. Furthermore, the pore size also has an influence on the growth of crystal. Due to the restriction of nanoscale pore size, only one critical nuclei with <220> orientation could form in it. Moreover, low current density could not provide enough energy for the <220>-oriented grain to rotate in the narrow space. Hence, a <220>-oriented grain is difficult to rotate into the grain with other orientations. And then, subsequent copper atoms can be stacked along previously <220>-oriented nuclei. Ultimately, a pillar with a <220>-oriented grain was formed.



High thermal conductivity is necessary for interposer material. The thermal conductivities were respectively calculated in horizontal and vertical directions by the following equations:


λvc = VCuλCu + VAAOλAAO



(4)






λhc = λCuλAAO/(VCuλAAO + VAAOλCu)



(5)







In which, λVc and λhc are the calculated value of thermal conductivities in vertical and horizontal directions, respectively. VCu and VAAO are the volume fraction of copper and AAO. λCu and λAAO are the thermal conductivities of copper and AAO. The thermal conductivity of copper and AAO are 383 W/(m·K) and 1.249 W/(m·K), respectively. For full filling the Cu-AAO film interposer, the volume fraction is equal to the area fraction in top-view, which was counted by pixels in Photoshop. The volume fraction of copper and the AAO film are 36.3% and 62.7%, respectively. Hence, the thermal conductivities in vertical and horizontal directions can be estimated to be 139.81 W/(m·K) and 1.99 W/(m·K).



The thermal conductivity was also measured experimentally, which was achieved by the following equations:


λhe = ρ·C·αh



(6)








λve = ρ·C·αv



(7)





In which, λhe and λve are the experimental value of thermal conductivities in vertical and horizontal directions. ρ is the density of the Cu-AAO interposer. C is the heat capacity of the Cu-AAO interposer. αh and αv are the thermal diffusion coefficient in horizontal and vertical directions. The test data results are shown in the Table 1.



The experimental value of thermal conductivities in vertical and horizontal directions are 92.34 W·m−1·K−1 and 3.19 W·m−1·K−1. In the horizontal direction, the value of thermal conductivity is very small, so the measurement error of experimental value is relatively large. The experimental value is slightly less than the theoretical value in the vertical direction. This phenomenon could be attributed to two reasons. Firstly, a 100% filling percentage was considered in the calculation process, but the actual pore-filling-percentage is only 97.5%. Secondly, the thermal conductivity of the copper produced by the electroplating process is smaller than that of the bulk material [27]. In the vertical direction, the thermal conductivity is comparable to silicon (149 W/(m·K)) and far surpasses glass (0.77 W/(m·K)). The thermal conductivity in the horizontal direction may be improved by an extra copper layer. It is also very important to test the mechanical properties of the copper nano-pillars. In future work, we will measure the fracture toughness of the copper pillars by dissolving the AAO film structure using a similar test method in Reference [28].





4. Conclusions


In this paper, CNPs filled in an AAO film interposer and was prepared by a modified DC electrodeposition, which has the ability to replace the conventional Si interposer as a next generation interposer. By decreasing current density and increasing temperature, the pore-filling percentage reached up to 97.5%. The pore-filling percentage decreased with current density due to the non-uniform growing rate in different pores. In addition, under low current density, CNPs with highly <220>-oriented grains formed. Appropriately high temperatures are favorable for high pore-filling percentage due to the enhancement of Cu2+ diffusion. Whereas, higher temperatures will lead to faster corrosion of the AAO film. At 40 °C, 5 A/dm2, with deposition for 8 h, a single-crystal, high pore-filling percentage AAO film interposer filled in with unbroken Cu-AAO interposer can be achieved. The experimental value of thermal conductivities of Cu-AAO interposer are 92.34 W/(m·K) and 3.19 W/(m·K) in vertical and horizontal directions, respectively.
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Figure 1. The schematic diagram of electrodeposition (a) with seed layer and (b) with indium tin oxide (ITO) glass. 
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Figure 2. (a) Optical image, (b) top view, (c) cross-sectional, (d) magnified images of AAO and (e) the installation for electrodeposition. 
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Figure 3. Top-view of copper nano-pillars (CNPs) filled in AAO interposer with different electric current densities with 8 h: (a) 5 A/dm2; (b)10 A/dm2; (c)15 A/dm2 and (d) the relationship of the pore-filling percentage versus current density. 
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Figure 4. (a) The schematic depiction of nano-pillars electrodeposition at high current density; (b) SEM images of side-view at high current density; (c) top-view of SEM images at high current density; (d) the schematic of nano-pillars electrodeposition with low current density; (e) side-view of SEM images at low current density; (f) top-view of SEM images top-view at low current density. 
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Figure 5. Top-view of CNPs filled AAO film interposer with different temperatures in 8 h: (a) 20 °C; (b) 40 °C; (c) 60 °C; and (d) the relationship of the pore-filling percentage versus electrodeposition temperature; (e) top-view of the corroded area at 60 °C; and (f) the whole area at 60 °C. 
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Figure 6. Potential vs. time curve for the galvanostatic electrodeposition of CNPs (i = 5 A/dm2) into pores of an AAO film. The scheme displays three different stages of the growth process: in region (a) growth on the ITO glass; (b) growth in the nano-pores; in region (c), growth on the surface. 
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Figure 7. (a) X-ray diffraction (XRD) spectrum of CNPs formed with different electric current densities; (b) atoms arrangement on different crystal planes. 
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Table 1. Data about experimental value of thermal conductivities.






Table 1. Data about experimental value of thermal conductivities.





	Item
	Value





	ρ (g/cm3)
	4.5



	C (J/(kg·K−1))
	631



	αh (m2/s)
	1.123 × 10−6



	αv (m2/s)
	32.521 × 10−6



	λhe (W·m−1·K−1)
	3.19



	λve (W·m−1·K−1)
	92.34
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