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Abstract Copper deposition in a plating bath known to fill narrow trenches was studied on a rotating disc electrode by impedance measurements. The chemistry of this bath contained, in addition to sulphuric acid, copper sulphate and chloride ions, polyethylene glycol (PEG) as an inhibitor and 3-mercapto-1-propanesulfonate, sodium salt (MPSA) as an accelerator. The experimental results were compared with a model taking into account these organic additives. A competitive adsorption of two complexes: PEG–Cl–CuI and CuI SPS formed from Cu+ and the additives, is proposed. A good agreement was shown between this model and the experiments on fresh plating bathes. © 2005 Published by Elsevier Ltd. Keywords: Copper; PEG; MPSA; Damascene process; Copper deposition; Organic additives



1. Introduction Dual damascene copper electroplating is now commonly used for copper interconnects in integrated circuit manufacturing to replace aluminium. Because of the reduction of feature size, the speed of the microcircuits are now limited by the interconnects both from the resistance of the lines and the capacitance between the conductor and the dielectric. As copper has a better electrical conduction and a lower electromigration than aluminium, it is replacing this metal. A patterning process, called damascene from the ancient Greek and Egyptian artisans and sword makers, has been developed where the dielectric material is deposited and then the trenches for vias and lines are etched into the dielectric layer [1]. Copper fills the trenches to create vias and lines and, due to overplating, the excess metal is removed by chemical mechanical polishing. Copper electroplating baths used in the damascene process usually contain a mixture of H2 SO4 and CuSO4 , to which chloride ions are added. In addition, to obtain a so∗
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called superconformal deposit, i.e. a deposit without void in the trenches, different types of organic additives are added [2,3]: brightener/accelerator, inhibitor/suppressor and leveller. The accelerators change the nucleation process by providing growth sites and accelerate the charge transfer process at the copper interface. The inhibitors adsorb evenly at the wafer surface and change the structure of the deposit and increase the overpotential. Accelerators diffuse more easily than inhibitors to the bottom of the trenches, whereas the inhibitors stay at the trench opening. Therefore, the trenches are filled from the bottom to the top without voids. Levellers can be used to decrease the growth rate at regions with high mass transfer rates, limiting copper deposit thickness above trenches and vias [3]. In this paper, 3-mercapto-1-propanesulfonate, sodium salt (MPSA) and bis(sodiumsulfopropyl)disulphide (SPS) as accelerators and polyethylene glycol (PEG) as an inhibitor will be used in the bath. Impedance techniques have been largely used to investigate copper deposition, especially without additives. They have revealed, in addition to the expected charge transfer resistance, low frequency relaxations [4,5], which have been ascribed to various processes. The low frequency capacitive
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features have been interpreted as diffusion of Cu2+ from the solution and reaction intermediate relaxations. The inductive features have been interpreted as the relaxation of the surface concentration of adatoms [6] and as the activation of the electrode area with increasing potentials. However, it has not been possible to make a clear distinction between a slow increase of the surface area due to the nucleation and the development of growth centres [7] and a slow removal of inhibiting species such as anionic species, hydroxides and organic molecules [5]. A previous thorough investigation of copper deposition [8] has already shown that electrode activation occurs with increasing current density and that the low frequency features appeared to be strongly dependent on the growth mode of the deposit. It has been shown that the addition of low quantities of chlorides in a copper sulphate bath modifies the electrode kinetics by stabilizing cuprous ions, which form various types of complexes [9], depending on the respective concentrations of chloride and cuprous ions. However, the amount of chloride ions added to plating baths are adjusted so that CuCl is not formed in the bulk bath. Chloride ions adsorb at copper surfaces above the potential of zero charge (PZC), which is negative to OCP [10,11], even at amounts as low as 1 ppm. When the CuCl film coverage is low, chloride ions enhance copper deposition/dissolution rate because, above the PZC, they facilitate the access of Cu2+ to the electrode by bridging it to the metal. Soares et al. [9] have showed that the formation of CuCl opens a parallel mechanism of Cu2+ reduction to Cu0 . In a previous paper [12], we have also investigated the role of chlorides in the copper deposition mechanism by kinetic methods based on impedance measurement techniques, in a bath containing no organic additives. It has been shown that chloride ions adsorb on the copper electrode to form CuCl, which partially blocks the electrode surface, and that this adsorbed CuCl is further reduced to copper metal. This path, via CuCl, is preponderant for copper deposition over the two-step mechanism through Cu+ . In addition, at sufficiently high current densities, this model has shown that the surface coverage of CuCl is preponderant, which supports the major role of the CuCl deposition path. For lower current density, the effect of an anionic adsorbed species has to be taken into account to fit the model previsions with the experimental results: an inductive loop is observed in the lowest frequency range. Finally, it has been shown that the experimentally observed mass transport limitation is due to the diffusion of the cupric ions. The demanding nature of copper deposition in the damascene process requires a thorough knowledge of the reaction mechanism underlying this phenomenon. Therefore, in this paper, we propose a model of copper deposition without mass transport limitations but taking into account the effect of the organic additives in a superconformal deposition bath whose composition is well-known. The validity of this model was checked with the behaviour of fresh bath solutions. The comparison of the model predictions with results
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obtained for ageing bathes will be reported in a forthcoming paper.



2. Theory The cathodic deposition of copper in sulphuric solutions is generally supposed to occur through two consecutive charge transfer steps involving the soluble intermediate Cu+ [13–17]: k1



Cu2+ + (∗) + e− −→Cu+ (∗) k2



Cu+ (∗) + e− −→Cu



(1) (2)



where (*) shows the free sites on the electrode surface. The two-step reaction pathway with adsorbed CuCl as an intermediate is also taken into account: k3



Cu2+ + Cl− + e− + (∗)−→CuCl(∗) k4



CuCl(∗) + e− −→Cu0 + Cl− + (∗)



(3) (4)



Concerning the organic additives, Healy et al. [11,18] have shown that, above the PZC, chloride ions bridge CuI intermediates to PEG molecules, creating a PEG–Cl–CuI adsorbed complex. Hence, the following reactions are proposed: k5



PEG + CuCl(∗)−→PEG–Cl–CuI (∗) k6



PEG–Cl–CuI (∗) + e− −→Cu0 + PEG + Cl−



(5) (6)



Some authors [2,19–21] have shown that the superfilling behaviour of the plating bath is due to the substitution of the adsorbed inhibitors by accelerators after an induction period and to the subsequent reduction of copper with the adsorbed accelerator. Healy et al. [22] have observed that a CuI –thiolate complex acts as a key intermediate for both SPS and MPSA decomposition. They proposed that this species is formed from the cuprous ions, generated by a proportionation/disproportionation reaction: 2Cu+  Cu0 + Cu2+ [Cu+ ] = 5.8 × 10−7 , [Cu2+ ]



(7)



2



Kf,Cu+ =



(8)



as reported in [3], cuprous ions then react with MPSA or SPS to produce the thiolate complex. Frank and Bard [23] have shown using mass spectrometry and UV–visible spectroscopy that CuI –thiolate complex is either a complex between one CuI and one SPS or between CuI and two MPSA. Moreover, Moffat et al. [24] have shown that the MPSA containing solutions age within a few hours, even when no current passes, while SPS containing solutions undergo no changes. In their experiments, aged MPSA solutions exhibited the same electrochemical behaviour as SPS containing solutions. They finally suggested the following
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oxidative dimerization mechanism of MPSA to SPS, followed by cupric ion oxidation by oxygen: 2MPSA + 2Cu2+  SPS + 2H+ + 2Cu+



(11)



Finally, it is assumed that the complex CuI SPS adsorbs at the copper surface, according to the following equation: k7



CuI SPS + (∗)−→CuI SPS(∗)



(12)



In addition, once adsorbed, this complex is reduced, according to: k8



CuI SPS(∗) + e− −→Cu0 + SPS



(13)



From the laws of heterogeneous kinetics to reactions (1)–(6), (12) and (13), the following set of equations can be deduced: dθCu+ = k1 c0 (1 − θ1 − θ2 − θ3 − θCu+ ) − k2 θCu+ (14) dt dθ1 = k3 c0 c1 (1 − θ1 − θ2 − θ3 − θCu+ ) − (k4 + k5 c2 )θ1 dt (15) dθ2 = k5 c2 θ1 − k6 θ2 dt dθ3 = k7 c3 (1 − θ1 − θ2 − θ3 − θCu+ ) − k8 θ3 dt



(17)



k7 c3 (1 − θ1 − θ2 − θ3 − θCu+ ) − k8 θ3 = 0



(22)



Once this system is solved, the steady state surface coverages can be determined: θCu+ =







k 2 1 + k 1 c0







k 1 c0 



k3 c1 k1 (k4 +k5 c2 )



1+



k5 c2 k6







+



k7 c3 c0 k1 k8



 (23)



θ1 =



k2 k3 c1 θCu+ k1 (k4 + k5 c2 )



(24)



θ2 =



k5 c2 θ1 k6



(25)



θ3 =



k7 c3 k2 θCu+ c 0 k1 k8



(26)



If the direct reactions through k1 and k2 are supposed to be fast, the relaxation of θCu+ with time is fast in comparison with those of the other parameters, so that θCu+ can be considered to vary in phase with the electrode potential E. Then, at any time, one has: θCu+ = 0



(27)



If a low amplitude sinusoidal perturbation I is superimposed on the polarization current, the responses of the potential, E, and the surface coverages, θ 1 , θ 2 and θ 3 are given by the linearization of Eqs. (14)–(17), which gives the following set of equations in the frequency domain: (jω + k3 c0 c1 + k4 + k5 c2 )θ1 = K1 E − k3 c0 c1 (θ2 + θ3 )



where



K1 = b3 k3 c0 c1 (1 − θ1 − θ2 − θ3 − θCu+ ) − b4 k4 θ1



(28)



(jω + k6 )θ2 = −b6 k6 θ2 E + k5 c2 θ1



(29)



(jω + k8 + k7 c3 )θ3 = −b8 k8 θ3 E − k7 c3 (θ1 + θ2 ) (30) (18)



where θ 1 , θ 2 , θ 3 and θCu+ are the surface coverages of the adsorbed species CuCl, PEG–Cl–CuI , CuI SPS and Cu+ , respectively, and c1 , c2 and c3 are the concentrations of chlorides, PEG and CuI SPS in the bath, respectively. At steady state (dθi /dt = 0), the set of Eqs. (14)–(17) becomes: k1 c0 (1 − θ1 − θ2 − θ3 − θCu+ ) − k2 θCu+ = 0



(21)



(16)



IF = βF [c0 (k1 + k3 c1 )(1 − θ1 − θ2 − θ3 − θCu+ ) + k2 θCu+ + k4 θ1 + k6 θ2 + k8 θ3 ]



k5 c2 θ1 − k6 θ2 = 0



(10)



The concentrations of SPS and CuI SPS complex in the bulk are linked through the equilibrium constant Kf,CuI SPS of this reaction, as follow: [CuI SPS] = Kf,CuI SPS [Cu+ ][SPS]



(20)



(9)



Suarez and Olson [25] have reported that thiourea undergoes the same dimerization reaction to a disulfide compound (FDS) as MPSA and that thiourea and FDS were in equilibrium with CuI –thiourea or CuI –FDS complexes, respectively. These results together with Koh et al. [3] analysis of sulphur atoms chemical properties towards alkyl groups and metal ions suggest that the Cu-accelerator complex is formed in the bulk solution: Cu+ + SPS  CuI SPS



k3 c0 c1 (1 − θ1 − θ2 − θ3 − θCu+ ) − (k4 + k5 c2 )θ1 = 0



(19)



as according to Butler–Volmer, the rate constants are of the form: ki = ki0 ebi E In addition, linearization of Eq. (18) allows the variation of the faradaic current to be calculated: IF = R−1 t E + βF [(k4 − c0 (k1 + k3 c1 ))θ1 + (k6 − c0 (k1 + k3 c1 ))θ2 + (k8 − c0 (k1 + k3 c1 ))θ3 ]



where
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R−1 t = βF [c0 (b1 k1 + b3 k3 c1 )(1 − θ1 − θ2 − θ3 − θCu+ ) + b2 k2 θCu+ + b4 k4 θ1 + b6 k6 θ2 + b8 k8 θ3 ]



(31)



impedance diagram related to this model generally shows three capacitive loops and one inductive loop. However, on fresh solutions, the third capacitive loop hardly appears. But for aged bathes, it clearly appears. The capacitive loop in the high frequency range is related to the double layer capacity in parallel to the charge transfer resistance Rt . The three 



The resolution of the set of Eqs. (28)–(31) allows the values of IF , θ 1 , θ 2 , θ 3 and then ZF to be determined:    k7 c3 b8 k8 θ3 6 k6 θ2 1 + K1 + k3 c0 c1 bjω+k + jω+k θ1 jω+k +k c 8 +k7 c3 6  8 73  = T1 = k5 c2 k7 c3 E jω + k3 c0 c1 + k4 + k5 c2 + k3 c0 c1 jω+k6 + jω+k8 +k7 c3 1 + θ2 −b6 k6 θ2 + k5 c2 T1 = T2 = E jω + k6



(33)



b8 k8 θ3 + k7 c3 (T1 + T2 ) θ3 = T3 = − E jω + k8 + k7 c3



(34)



ZF−1



1 ZF−1



+ jωCdl







(32)



other low frequency loops are related to the relaxations of the surface coverages, θ 1 , θ 2 and θ 3 . The poles of the impedance give three frequencies: k 3 c0 c 1 + k 4 + k 5 c 2 , 2π k6 k7 c 3 + k 8 f2 = and f3 = 2π 2π



(35)



The impedance, which can be measured, can be calculated from Eq. (36) for each frequency for various experimental conditions according to the following equation, which takes into account the double layer capacity, Cdl : Z(ω) =



k5 c2 jω+k6



f1 =



IF = = R−1 t + βF [(k4 − c0 (k1 + k3 c1 ))T1 E + (k6 − c0 (k1 + k3 c1 ))T2 + (k8 − c0 (k1 + k3 c1 ))T3 ]
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(36)



Fig. 1 shows an example of an impedance diagram calculated for a set of parameters given in the caption. The



Fig. 1. Example of impedance diagram calculated according to set of Eqs. (14)–(36) for the following parameters: k10 = 3300 s−1 ; k20 = 5 × 104 s−1 ; b2 = −10 V−1 ; k30 = 2000 s−1 ; b1 = −10 V−1 ; 0 −1 −2 −1 −1 b3 = −16 V ; k4 = 0.049 mol cm s ; b4 = −10 V ; k5 = 4000 mol cm−2 s−1 ; k60 = 0.8 mol cm−2 s−1 ; b6 = −6; k7 = 3400 mol cm−2 s−1 ; k80 = 2 × 105 mol cm−2 s−1 ; b8 = −20 V−1 , c0 = 0.25 M; c1 = 10−3 M; c2 = 8.8 × 10−5 M; c3 = 5 × 10−5 M; β = 10−9 mol cm−2 ; Cdl = 1.2 × 10−5 F cm−2 . The frequencies are given in Hz.



which are related to the two low frequency capacitive loops and the inductive loop, respectively. However, as f1 ≈ k3 c0 c1 /2π and f3 ≈ k7 c3 /2π, then f1 ≈ 9.67, f2 = 0.77 and f3 ≈ 0.0068 Hz. It can be inferred that the second capacitive loop, whose characteristic frequency is f1 , is related to the relaxation of θ 1 , i.e. CuCl. The third capacitive loop, whose characteristic frequency is f2 , is related to the relaxation of θ 2 , i.e. PEG–Cl–CuI , and the inductive loop whose characteristic frequency is f2 , is related to the relaxation of θ 3 , i.e. CuI SPS. Some of the parameters used in the model to calculate the impedance were extracted from the experimental conditions or the experimental results: c0 = 0.25 M, c1 = 10−3 M, β = 10−9 mol cm−2 , Cdl = 1.2 × 10−5 F cm−2 (extracted from the impedance spectra of fresh plating bath with 10−5 M of MPSA). Two parameters, c2 and c3 , corresponding to the concentrations of the additives, were used as variables, but the “nominal” value of c2 was the experimental concentration of PEG in the plating bath: c2 = 8.8 × 10−5 M. To determine the convenient values of the other parameters, the calculated spectra were fitted with some of the experimental results obtained for MPSA containing solutions and SPS containing solutions. Since the Kf,CuI SPS value is not known, the concentration of CuI SPS complex in the bulk is unknown. However, in our model, the c3 parameter is always associated with the k7 kinetic constant through the product k7 c3 . Since the values of both k7 and c3 are unknown, we have assumed for convenience that reaction (10) was complete and instantaneous. According to relation (8), the concentration of free Cu+ can be calculated as 3.74 × 10−4 M when [Cu2+ ] = 0.25 M, a value far above the accelerators concentration considered in this study. As a consequence, the concentrations of accelerator and CuI SPS complex in the bulk could be assimilated. One will notice that, according to reaction (9), the complex
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Fig. 2. Influence of CuI SPS complex concentration in MPSA (a) and SPS (b) containing solutions on calculated impedance spectra for a nominal PEG concentration in the plating bath. The values of the other parameters are given in text. The frequencies are given in Hz.



concentration would be half the accelerator concentration in MPSA containing solutions. We noticed that to correctly fit the spectra obtained for each accelerator, it was necessary to use two different sets of parameters. For MPSA containing solutions, the best fit was obtained with the following set of parameters: k10 = 1830 s−1 ; b1 = −10 V−1 ; k20 = 5 × 104 s−1 ; b2 = −10 V−1 ; k30 = 1900 s−1 ; b3 = −16 V−1 ; k40 = 0.09 mol cm−2 s−1 ; b4 = −10 V−1 ; k5 = 1500 mol cm−2 s−1 ; k60 = 2 mol cm−2 s−1 ; b6 = −6; k7 = 750 mol cm−2 s−1 ; k80 = 3 × 10−4 mol cm−2 s−1 ; b8 = −15 V−1 . For SPS containing solutions, the best fit was obtained with the following set of parameters: k10 = 1850 s−1 ; b1 = −10 V−1 ; k20 = 5 × 104 s−1 ; b2 = −10 V−1 ; k30 = 2250 s−1 ; b3 = −16 V−1 ; k40 = 0.1 mol cm−2 s−1 ; b4 = −10 V−1 ; k5 = 5250 mol cm−2 s−1 ; k60 = 0.9 mol cm−2 s−1 ; b6 = −6; k7 = 1000 mol cm−2 s−1 ; k80 = 4 × 10−5 mol cm−2 s−1 ; b8 = −20 V−1 . In fact, between both set of parameters, only those corresponding to reactions (1)–(4) are slightly modified. The most important changes are the parameters corresponding to the competition between the accelerator and the inhibitor. This



seems to indicate that, despite the results obtained by Moffat et al. [24], the CuI -accelerator complexes formed in MPSA and SPS containing solutions are different, at least in the experimental conditions used in this work. In addition, this behaviour is similar with the one reported for thiourea [25]. Fig. 2 shows the influence of the change of the CuI SPS complex concentration in the plating bath, on the calculated impedance spectra, Z(ω), for the nominal PEG concentration (88 M) both for MPSA and SPS containing bathes. When the complex concentration was supposed to increase in the model, the calculated impedance spectra exhibit an increase in the size of the inductive loop, and also a slight increase in the charge transfer resistance as CuI SPS concentration increases. This latter phenomenon is due to a limitation of the model since in reality it does not change at all. Fig. 3 presents the influence of the change of the PEG concentration in the plating bath on the calculated impedance spectra when the CuI SPS complex concentration is relatively high (2.5 M). In this case, very little changes are observed in the impedance spectra, which is consistent with our experimental results (Fig. 6).



Fig. 3. Influence of PEG concentration in MPSA (a) and SPS (b) containing solutions on calculated impedance spectra for a 50 M CuI SPS concentration in the plating bath. The values of the other parameters are given in text. The frequencies are given in Hz.
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3. Experimental In this paper, a bath, first tested by Moffat et al. and which has already proven its ability to provide superfilling in submicrometer cavities, was used [2,19,26]: [H2 SO4 ] = 1.8 M + [CuSO4 ] = 0.25 M + [NaCl] = 10−3 M + [PEG] = 88 × 10−6 M + [MPSA] = 10−5 M (or [SPS] = 5 × 10−6 M). The PEG used for this deposition bath had a 3400 g mol−1 molecular weight. This bath will be qualified as “the plating bath” in the following. In this study, the behaviour of fresh plating baths with various MPSA and SPS concentrations, ranging from 10−5 to 10−4 M and from 5 × 10−6 to 5 × 10−5 M, respectively, were examined. The influence of PEG concentration was also studied, from 1 to 88 M, for a high SPS concentration in the plating bath (i.e. 50 M). The solution volume was 0.2 L and a standard three-electrode cell was used. It consisted of a saturated mercurous sulfate electrode (SSE) and a copper sheet (Goodfellow 99.99%+) acting as a reference and a counter electrode, respectively. The working electrode was a copper disc (5 mm in diameter—active area was 0.2 cm2 – Goodfellow 99.99%+ copper rod, embedded in an inert and insulating Presi Allylic Glass Fiber resin) rotating at 2000 rpm. It was polished with a 1200 grade SiC paper and rinsed with deionised water to clean the surface before measurement. The impedance spectra were measured using a frequency response analyzer (Solartron 1250) and the polarization of the electrochemical cell was carried out through a galvanostat (Sotelem-Vinci PGstat-Z). The data acquisition was performed using a homemade software program. The measurement frequencies ranged from 62.5 kHz down to 10 mHz, in galvanostatic mode at a 25 mA cm−2 average deposition current density. 4. Results and discussion Fig. 4 shows the current–potential characteristics for copper deposition in solution with or without PEG and/or MPSA,



Fig. 4. I–E characteristics for copper deposition at 10 rpm from acid cupric sulphate electrolytes containing: (i) 10−3 mol/L Cl− , (ii) 10−3 mol/L Cl− + 88 mol/L PEG and (iii) 10−3 mol/L Cl− + 88 mol/L PEG + 10 mol/L MPSA.



for a low rotation speed (10 rpm). It shows the i–E curves obtained in electrolytes containing (i) no additive but chlorides, (ii) chloride and PEG and (iii) all the additives. The addition of PEG to the initial electrolyte clearly inhibits copper deposition, while MPSA slightly accelerates the deposition rate. Furthermore, a hysteresis loop is clearly observed for the complete solution, whereas i–E curves are reversible in other solutions. This behaviour has already been observed by several authors [20,21,24] who attributed it to irreversible changes of the surface chemistry during deposition in the complete electrolyte. At high overpotentials a diffusion limited current was observed. It is noteworthy that this diffusion limitation mainly concerns copper ions as this current was not affected by the presence of additives. In the following, the disc electrode will be rotated at 2000 rpm, not to be limited by mass transport. Fig. 5a shows the evolution of the impedance spectra measured during copper deposition in fresh plating bathes when the MPSA concentration was increased from 10−5 to 10−4 M. Fig. 5b shows the same evolution when SPS concentration was increased from 5 × 10−6 to 5 × 10−5 M. An increase in



Fig. 5. Influence of MPSA and SPS concentration in plating solution on the impedance spectra measured during copper deposition at 25 mA cm−2 . The frequencies are given in Hz.
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Fig. 6. Influence of PEG concentration on the impedance spectra measured in a bath containing 5 × 10−5 M of SPS at 25 mA cm−2 . The frequencies are given in Hz.



the size of the inductive loop is observed when the accelerator concentration increased in the bath as predicted by the model (Fig. 2). In this model, the accelerator concentrations are directly related to CuI SPS concentration through relation (11) and Eq. (9). Therefore, the size of the inductive loop is certainly related to the CuI SPS complex concentration in the bulk bath. Moreover, it is noticed at close sight that the inductive loop obtained in SPS containing solutions appears to be bigger than the one obtained in MPSA containing solutions. It thus seems that reaction (9) is not significant in the operating conditions used in this work. Thus the CuI -accelerator complex formed in each bath is probably different, or the CuI accelerator complex formation rates are different for both accelerator. For comparison, in the case of thiourea, Suarez and Olson [25] thiourea have suggested different complexes. Fig. 6 presents the evolution of the impedance spectra obtained on a bath containing 5 × 10−5 M of SPS when the PEG concentration was increased from 4.5 × 10−6 M to its nominal value of 8.8 × 10−5 M. The size of the inductive loop is almost unaffected by the very high variation of PEG



concentration, as predicted by the model (Fig. 3) indicating that this inductive loop is directly linked with the accelerator adsorption. Moreover, it is also noticed that the very small third capacitive loop appearing for higher PEG concentrations completely disappears when the PEG concentration decreases at 2.2 × 10−5 or 4.5 × 10−6 M. This is in accordance with the assumption that this third capacitive loop is associated with the inhibitor adsorption. Fig. 7 compares the spectra calculated for CuI SPS concentrations c3 = 5 × 10−6 and c3 = 5 × 10−5 M, with the experimental spectra measured during copper deposition in fresh baths whose MPSA concentration was increased 10 times from 10−5 to 10−4 M. A good agreement was obtained between the calculated and experimental spectra both for the frequency repartition on the whole impedance diagram and the size of the inductive loop. Fig. 8 compares the spectra calculated for increasing CuI SPS concentrations with the experimental spectra measured during copper deposition in various fresh baths whose SPS concentration was increased from 5 × 10−6 to 5 × 10−5 M. A good agreement was obtained between the calculated and experimental spectra both for the frequency repartition on the whole impedance diagram and the size of the inductive loop. Fig. 9 presents the influence of the CuI SPS complex concentration on the calculated surface coverages of each adsorbed species and of the free active sites, with the parameters obtained for each type of accelerator, while the PEG concentration is maintained at its nominal concentration (i.e. 8.8 × 10−5 M). Fig. 10 presents the influence of the PEG concentration on the calculated surface coverages of the adsorbed species and the free active sites, with the parameters obtained for each type of accelerator, while the CuI SPS complex concentration is maintained at a high concentration (i.e. 2.5 × 10−6 M). Several observations arise: - There is a significant effect of accelerator nature on adsorbed species surface coverages. However, the observed



Fig. 7. Comparison between the impedances measured during copper deposition at 25 mA cm−2 in fresh bathes containing 10−5 and 10−4 M MPSA and the impedances calculated with c3 = 5 × 10−6 and c3 = 5 × 10−5 M. The frequencies are given in Hz.
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Fig. 8. Comparison between the impedances measured at 25 mA cm−2 during copper deposition in fresh bathes containing various SPS concentrations and the impedances calculated with corresponding c3 values. The frequencies are given in Hz.



trends are similar for both accelerators. The accelerator nature mainly affects the values of CuI Cl, CuI –Cl–PEG and CuI SPS surface coverages. - The most part of the electrode surface consists of adsorbed CuCl, whatever the accelerator nature, but its value is



higher in MPSA containing bathes (between 88 and 96%) than in SPS containing bathes (between 74 and 89%). - The surface coverage of CuI –Cl–PEG complex depends on the nature of the accelerator: 1% for MPSA, 7% for SPS. Moreover, it decreases very slightly when CuI SPS



Fig. 9. Evolution of the calculated surface coverages with the concentration of CuI SPS in the plating bath, for each type of accelerator and c2 = 8.8 × 10−5 M.



Fig. 10. Evolution of calculated surface coverages with the concentration of PEG in the plating bath, for each type of accelerator (c3 = 5 × 10−5 M).
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concentration increases in the bath and increases linearly with the PEG concentration in the bath. There is a significant amount of free active sites at the electrode surface (about 3%), but their amount are almost independent of the nature of the accelerator and of both the PEG and CuI SPS bulk concentrations. The surface coverage of Cu+ is very low (between 0.025 and 0.03%) and is almost independent on the nature of the accelerator. In addition, a slight increase of Cu+ surface coverage is noticed when the PEG concentration increases or when the accelerator concentration decreases. The CuI SPS surface coverage in SPS containing solutions is almost twice as large as the one obtained in MPSA containing solutions. CuI SPS or PEG concentrations have the same effect on the surface coverages: when one or the other increases, the CuI SPS surface coverage increases as well while the CuCl surface coverage decreases.



A quantity proportional to the size of the inductive loop was extracted from the calculated impedance spectra, according to the following equation: DIL = max(Re(Z)) − Re(Z10 mHz )



(37)



Fig. 11 presents the influence of CuI SPS concentration on the evolution of the size of the inductive loop obtained from the impedance spectra calculated with the parameters obtained for each type of accelerator. The same evolution is observed in both cases but the inductive loop obtained for the SPS accelerator is larger than the one obtained for MPSA. Moreover, a continuous increase in the size of the inductive loop is observed when CuI SPS concentration increases. Fig. 12 presents the influence of the PEG concentration on the evolution of the size of the inductive loop obtained from the impedance spectra calculated with the parameters obtained for each type of accelerator, when CuI SPS concentration is fixed at a high level (5 × 10−5 M). In both cases, the size of the inductive loop is almost unaffected by the PEG concentration, which is in accordance with the results presented in Fig. 6.



Fig. 11. Influence of CuI SPS concentration and accelerator nature on the inductive loop size in calculated impedance spectra for c2 = 8.8 × 10−5 M.



Fig. 12. Influence of PEG concentration and accelerator nature on the size of the inductive loop, determined using Eq. (37), in calculated impedance spectra for c3 = 5 × 10−5 M.



From each calculation with defined values of c2 and c3 , we obtain the corresponding surface coverages of CuI SPS complex θ Cu I SPS and DIL values. Fig. 13 presents the correlation between these parameters, for each accelerator, for the different tested values of c2 and c3 . For a specific accelerator, all the points are on the same curve, whatever the additive concentrations. As a consequence, a direct relationship is observed between the size of the inductive loop and the CuI SPS surface coverage. A slight impact of the accelerator nature is observed. For CuCl or CuI –Cl–PEG, no clear correlation can be established between the size of the inductive loop and their surface coverages. According to reaction (10), the CuI SPS complex in the plating bath is in equilibrium with the free Cu+ ions and with SPS (or MPSA, according to reaction (9)) and their concentrations are related through Eq. (11). As a consequence, when the accelerator concentration in the bath increases, the complex concentration increases. Both experimental results (Figs. 5 and 6) and calculations (Figs. 2, 3, 11 and 13), clearly establish that the size of the inductive loop is related to the amount of CuI SPS complex in the plating bath.



Fig. 13. Correlation between calculated surface coverages of CuI SPS complex and the size of the inductive loop, determined using Eq. (37), on calculated impedance spectra, for each type of accelerator.
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Fig. 14. SEM micrographs of copper deposits at 2000 rpm and 25 mA cm−2 in acid cupric sulfate electrolyte (a) without additives, (b) with 10−3 M Cl− , (c) with 10−3 M Cl− and 88 M PEG (d) and in complete solution.



Moreover, both experimental (Fig. 6) and calculated results (Fig. 3) show that the size of the third capacitive loop is directly correlated with the PEG concentration and thus, according to the calculated results presented in Fig. 10, with the CuI –Cl–PEG surface coverage. Although it has been shown by Moffat et al. [2,19] that this plating bath is able to lead to a superconformal deposit in narrow trenches, the microstructure of the copper deposit was observed in the experimental conditions used here. High rate of convective mass transport on a flat electrode is very different from mass transport in trenches where convection does not occur. Fig. 14 shows the micrographs of copper deposits obtained at a disc electrode rotating at a 2000 rpm velocity and at a 25 mA cm−2 current density in acid cupric sulphate plating bath without any additive (Fig. 14a) and with some of the additives and, at last, with all the additives (Fig. 14d). MPSA addition induced a spectacular grain refinement of the deposit (Fig. 14d). This was in agreement with the accelerating effect attributed to this additive, often correlated with a grain size reduction. On the contrary, PEG leads to larger grains (Fig. 14c), while chlorides alone had no significant influence on the microstructure. Therefore, all the additives are necessary in the bath to obtain small grains, which allow superconformal deposition.



This model is able to describe the impedance spectrum changes when the accelerator and inhibitor concentrations are changed in the plating bath. A good agreement between calculated and experimental spectra was obtained. In the absence of mass transport, the model shows that the electrode surface mainly consists of CuCl (between 74 and 96%) and that CuCl surface coverage depends on the nature of the accelerator. Moreover, the model shows that: - The inductive loop is directly related to the CuI SPS surface coverage and is almost independent of the PEG concentration. - The value of the CuI SPS surface coverage is influenced by the nature of the accelerator. - The third capacitive loop is associated with the CuI –Cl–PEG surface coverage. Finally, we can conclude from both the experimental results and calculations that either the nature or the formation rate of the CuI -accelerator complexes is influenced by the nature of the accelerator.



Appendix A



bi



5. Conclusion In this paper, a model of copper deposition from a plating bath containing an accelerator and an inhibitor was tested.



exponential coefficient of Butler–Volmer equation corresponding to reaction nr i. bi = αi ni F/RT (bi < 0 at the cathode and bi > 0 at the anode) c0 , c1 , c2 , c3 bulk concentrations of Cu2+ , Cl− , PEG and CuI SPS (mol L−1 )
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Cdl E f IF ki ki0 M(*) n K1 Rt Z ZF (*)



double layer capacitance (F) overpotential (V) frequency (Hz) faradaic current equation nr i’s kinetic constant equation nr i’s standard kinetic constant M specie adsorbed at copper surface number of mole constant defined in Eq. (28) charge transfer resistance impedance () faradaic impedance () free site at copper surface



Greek letters β total number of adsorption sites at copper surface θ 1 , θ 2 , θ 3 surface fraction covered by adsorbed CuCl, CuI –Cl–PEG and CuI SPS, respectively. ω pulsation (ω = 2πf)



References [1] C. Andricacos, C. Uzoh, J.U. Dukovic, J. Horkans, H. Deligiani, IBM J. Res. Dev. 42 (1998) 567. [2] T.P. Moffat, D. Wheeler, W.H. Huber, D. Josell, Electrochem. Solid State Lett. 4 (2001) C26. [3] L.T. Koh, G.Z. You, S.Y. Lim, C.Y. Lim, P.D. Foo, Microelectron. J. 32 (2001) 973. [4] I. Epelboin, F. Lenoir, R. Wiart, J. Crystal Growth 13 (1972) 417.



[5] I.R. Burrows, J.A. Harrison, J. Thomson, J. Electroanal. Chem. 58 (1975) 241. [6] G. Razumney, J. O’M. Bockris, J. Electroanal. Chem. 46 (1973) 185. [7] J.A. Harrison, H.R. Thirsk, in: A.J. Bard (Ed.), Electroanalytical Chemistry, vol. 5, Marcel Dekker, New York, 1971, p. 67. [8] E. Chassaing, R. Wiart, Electrochim. Acta 29 (1984) 649. [9] D.M. Soares, S. Wasle, K.G. Weil, K. Doblhofer, J. Electroanal. Chem. 532 (2002) 353. [10] S. Goldbach, W. Messing, T. Daenen, F. Lapicque, Electrochem. Acta 44 (1998) 323. [11] J.P. Healy, D. Pletcher, M. Goodenough, J. Electronal. Chem. 338 (1992) 155. [12] C. Gabrielli, Ph. Moc¸ot´eguy, H. Perrot, R. Wiart, J. Electroanal. Chem. 572 (2004) 367. [13] E. Mattson, J. O’M. Bockris, Trans. Faraday Soc. 55 (1959) 1586. [14] J. O’M. Bockris, M. Enyo, Trans. Faraday Soc. 58 (1962) 1187. [15] O.R. Brown, H.R. Thirsk, Electrochim. Acta 10 (1965) 383. [16] F. Chao, M. Costa, Bull. Soc. Chim. Fr. 10 (1968) 4015. [17] S.T. Rashkov, L. Vuchkov, Surf. Technol. 14 (1981) 309. [18] J.P. Healy, D. Pletcher, M. Goodenough, J. Electronal. Chem. 338 (1992) 179. [19] T.P. Moffat, J.E. Bonevich, W.H. Huber, A. Stanishevsky, D.R. Kelly, G.R. Stafford, D. Josell, J. Electrochem. Soc. 147 (2000) 4524. [20] K.R. Hebert, J. Electrochem. Soc. 148 (2001) C726. [21] N.Y. Kovarsky, Z.-W. Sun, G. Dixit, Conference Proceedings ULSI XVII, 2002. [22] J.P. Healy, D. Pletcher, M. Goodenough, J. Electronal. Chem. 338 (1992) 167. [23] A. Frank, A.J. Bard, JECS 150 (4) (2003) C244. [24] T.P. Moffat, B. Baker, D. Wheeler, J.D. Josell, Electrochem. Solid State Lett. 6 (4) (2003) C59. [25] D.F. Suarez, F.A. Olson, J. Appl. Electrochem. 22 (1992) 1002. [26] D. Josell, D. Wheeler, W.H. Huber, J.E. Bonevich, T.P. Moffat, J. Electrochem. Soc. 148 (2001) 767.



























des documents recommandant







[image: alt]





A Model for Copper Deposition in the Damascene Process 

Accelerators diffuse more easily than inhibitors towards the bottom of the trenches, whereas the inhibitors stay at the mouth, allowing the trenches to be filled.










 


[image: alt]





A model of copper deposition for the damascene process C 

deposition is only obtained in the presence of a certain combination on additives in the plating bath. Among those studies available in the literature,. Moffat et al.










 


[image: alt]





a model of copper deposition for the damascene process 

results are compared with theory for the copper sulfate-sulfuric acid bath containing ... presence of a certain combination of additives in the electroplating bath.










 


[image: alt]





Mechanism of copper deposition in a sulphate bath containing chlorides 

The mechanism of copper deposition in a sulphuric acidâ€“sulfate bath in the ... the chloride ions added to a sulphuric acidâ€“sulfate copper-plating bath have a.










 


[image: alt]





Electrochemical Impedance Monitoring of Copper Damascene 

a Air Liquide Chicago Research Center, Countryside, Illinois ... steady state of the bath chemistry, bleed/feed operation, and process perturbations, and may be.










 


[image: alt]





Evidence for participation of the epidermis in the deposition of 

Evidence for Participation of the Epidermis in the Deposition of Superficial Layer of Scales in Zebrafish (Danio rerio):. A SEM and TEM Study. JEAN-YVES SIRE ...










 


[image: alt]





a 3D, process-based model for simulating plant ... - CiteSeerX 

Simulations showed that the spatial distribution of primary production can be strongly affected by the spatial vegetation .... attenuated following Beer's law, depending on the. LAD and on ...... gas exchange chambers (Tournebize et al., 1996), ...










 


[image: alt]





A Security Risk Assessment Model for Business Process ... - Inria 

16 dÃ©c. 2014 - of services regarding security, whereas the business processes have their own ...... yet adapted for an automated treatment, and especially not.










 


[image: alt]





Latent process model for multivariate ... - Christophe Genolini 

Psychometric tests : noisy measures of cognitive functions. â†’ collected in discrete .... 1 discrete quantitative fluency test (IST- scale 0-40). - Time-to-event : age at ...










 


[image: alt]





General decision process model in the IMAGES project : Mixing 

uncertainty) agents have more influence and are located at the extremes of the distribution ... We will here give results concerning complete mixing across the whole .... Figure 4 : Time chart of opinions and thresholds ( Âµ = 0.5 v = 0.05 N = 100, .










 


[image: alt]





An investigation of copper interconnect deposition bath ... - CiteSeerX 

Dec 11, 2007 - taking into account the organic additives in the reaction mechanism. Also, an .... ''Chemistry II'' were used in the experiments. Chemistry I.










 


[image: alt]





copper mine concentrator process dbid 15 












 


[image: alt]





The Dirichlet Process Mixture (DPM) Model 

Oct 31, 2006 - 4 Sampling using a DPM. Escobar [4] first showed that MCMC techniques, specifically Gibbs sampling, could be brought to bear on posterior.










 


[image: alt]





The Dirichlet Process Mixture (DPM) Model 

Oct 31, 2006 - This clustering problem could be solved with Reversible Jump MCMC as it involves ... but a known, constant covariance matrix equal to I2.










 


[image: alt]





A Homogenized Energy Model for the Direct 

PROGRAM ELEMENT NUMBER. 6. AUTHOR(S). 5d. ... PERFORMING ORGANIZATION. REPORT NUMBER. 9. ...... Measured periodic fields having lower ...










 


[image: alt]





A twoÃ¢â€¢'step process for the reflooding of the 

FranÃ§ois Bache,*,â€ ,â€¡ Speranta-Maria Popescu,Â§ Marina Rabineau,Â¶ Christian Gorini,*,â€ . Jean-Pierre Suc,*,â€  Georges Clauzon,** Jean-Louis Olivet,â€ â€  ...










 


[image: alt]





Enhancing the innovation process in the automotive industry with a 

Its straightforward dialogue structure and limited choice of Basic Cooperative Functions ensure ... Collaborative functions of the MAGIE portal. Level. User. Short.










 


[image: alt]





Process Model Extreme Programming 

and it cuts across organisational lines. 5. ... tailed documentation as a factor of success and up-front- ...... Controlled empowerment and organizational structure:.










 


[image: alt]





An investigation of copper interconnect deposition bath ... - CiteSeerX 

Dec 11, 2007 - dual damascene process contain a mixture of H2SO4 and. CuSO4, to ... model taking into account the competitive adsorption of the inhibitor ...










 


[image: alt]





Navigating the Asylum Process in the US 

himself as the "best employee" at a hardware store in. Manhattan ... expresses her concern, "The one-year deadline is awful ... most people have no idea that they are ... No matter the form, however, they can be extremely damaging to their.










 


[image: alt]





A model of the mechanism for the perceived 

quency asymptote and break-frequency x, respectively, of the transfer function (i.e., attenuation ...... coherent whole as easily as the alternate model. One feature of the model's .... flash luminance, duration and energy. Vision Research, 14 ...










 


[image: alt]





The AMF Architecture in a Multiple User Interface Generation Process 

defined a unifying reference framework for multi-target user interfaces [2]. This framework tries to give a global view of the multiples approaches on MUI.










 


[image: alt]





Disinhibition as a basic process in the expression of ... - Research 

During the past decade, electrophysiological approaches have greatly improved understanding of the involvement of the basal ganglia in motor behaviour.










 


[image: alt]





A model for the measurement of the runtime testability of 

Runtime Testability of Component-based Systems. Alberto GonzÃ¡lez. Â´Eric Piel ... operations (such as air traffic control systems, systems ..... even power consumption restrictions. ..... ported by the Dutch Ministry of Economic Affairs un- der the 










 














×
Report A model for copper deposition in the damascene process





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



