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DEVELOPMENT AND OPTIMIZATION OF A CRYOGENIC-AEROSOL-BAED WAFER-CLEANING SYSTEM Natraj Narayanswami, John Heitzinger, and John Patrin FSI International Inc., 322 Lake Hazeltine Drive, Chaska, MN 55318 Daniel Rader, Timothy O’Hern, and John Torczynski Sandia National Laboratories*, Albuquerque, NM 87185 ABSTRACT A summary of recent advances in cryogenic-aerosol-based wafer-processing technology for semiconductor-wafer cleaning is presented. An argodnitrogen cryogenic-aerosol-based tool has been developed and optimized for removal of particulate contaminants. The development of the tool involved a combination of theoretical (modeling) and experimental efforts aimed at understanding the mechanisms of aerosol formation and the relation between aerosol characteristics and particle-removal ability. It is observed that the highest cleaning efficiencies are achieved, in general, when the cryogenic aerosol is generated by the explosive atomization of an initially liquid jet of the cryogenic mixture.



1. INTRODUCTION Yield enhancement is a major issue in today’s IC manufacturing business. As outlined in a recent study of defect-reduction technology challenges [11, the National Technology Roadmap for Semiconductors (NTRS) targets contamination detection and control as an important focus area for achieving yields in the 8 5 9 5 % range for mature products. The study points out that surface-contamination problems are expected to continue to be one of the significant factors affecting yield in future Front End of the Line (FEOL) and Back End of the Line (BEOL) processes. Cryogenic-aerosol-based wafer cleaning is a promising new technology [2,3] that can increase yield through particulate contaminant reduction. The cleaning process is as follows: a spray of cryogenic aerosol created by the expansion of a cryogenic mixture of inert elements, such as argon and nitrogen, is directed onto the wafer to be cleaned (Fig. 1). Impact of the aerosol clusters dislodges particulate contaminants adhering to the wafer surface. The dislodged contaminants are then removed from the cleaning chamber by the flow of the aerosol toward the exhaust. The primary metric describing the performance of the process is cleaning efficiency. Clearly, this efficiency depends on the type of residue being removed, condition of the wafer, etc. In this study, the performance of the cleaning process is examined from the viewpoint of particulate contaminant removal. Process studies indicate that cleaning efficiency is strongly dependent on the nature of the aerosol, i.e., the number, size, speed, and state of the aerosol clusters generated. Both theoretical and experimental investigations have been performed to understand the mechanisms of aerosol formation in order to achieve control over the cleaning process. A brief description of these investigations is presented below, followed by a discussion of results correlating the nature of the aerosol with cleaning efficiency.



* Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy under Contract DE-AC04-94AL85000. h



. 2. AEROSOL-FORMATION MECHANISMS Aerosols can be generated by expanding a gas, a liquid, or a gas-liquid mixture from a high-pressure state to a low-pressure state. The mechanism of aerosol formation depends upon the initial phase of the fluid. The two extremes, namely, gas expansion and liquid expansion, are discussed in Sections 2.1 and 2.2, respectively.



2.1 Cluster generation by gas expansion 2.1.1 Theoretical study An aerosol can be generated by the free expansion of a gas or a gaseous mixture from a state of high pressure within a nozzle to a state of low pressure in the cleaning chamber [4-61. This idea is illustrated in the phase diagram shown in Fig. 2. The expansion is adiabatic, and the temperature of the gas decreases with decreasing pressure. Clusters form by either (a) homogeneous nucleation (“HN”) and growth of the nuclei, or (b) growth of ‘seed’ clusters. Seed clusters may be present in the gas within the nozzle if the gas is pre-cooled before expansion. The phase of the clusters formed in the jet, i.e., solid, liquid or a combination of the two, depends on the strength of the expansion (ratio of nozzle pressure to chamber pressure), the initial state of the gas, the distance of the clusters from the nozzle, and the mass ratio of the components of the gas (e.g. argon to nitrogen in a gaseous mixture of the two). The aerosol formation is described by a theoretical model that combines clusterformation equations with gas-dynamics equations. A brief description of the model is provided below (for full details, see Ref. 7). The adiabatic free expansion of the gas is described by the following one-dimensional flow equations:
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where p, T, u, and p and R are the gas pressure, temperature, velocity, density, and gas constant, respectively, Cpois the specific heat of the gas at constant pressure, y is the ratio CJCvo of specific heats at constant pressure and volume, M is the Mach number of the flow, L is the latent heat of the phase transition, A is the cross-sectional area of the jet, and g is the local mass fraction of the condensate. The cluster formation is described by the following set of dimensionless equations:
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where 7 is the nucleation rate, M,,M,and ii?, are the mass concentrations of vapor, HN clusters and seed clusters, respectively,



m,and Rsare the number concentrations of HN and seed clusters,



respectively, pchand Ecsare the growth rates of the HN and seed clusters, respectively, and g, is the number of molecules that combine to form an HN nucleus. The subscript Xdenotes differentiation of the variable with respect to normalized distance X = dd,, along the jet axis (see Fig. 1 for definitions of x and do). Equation 6 describes the variation in the total mass of condensable vapor (gas) with axial distance in the jet. Vapor molecules either combine to form new HN nuclei or condense over existing nuclei or over seed clusters. Equation 7 describes the rate of HN nuclei formation. Equation 8 describes the change in total mass of HN nuclei. Equation 9 indicates that the number of seed clusters introduced remains unchanged. Equation 10 describes the change in total mass of the seed clusters due to growth. The coupling between the gas-dynamics equations and cluster-formation equations occurs through the variable g, which is the local condensate mass fraction, given by: g(



where



x ) = (ii?, + us) / Hvo



@, is the mass concentration of the vapor at X = 0.



At any location X, the mean HN cluster diameter dphand the mean seed cluster diameter dps are then computed from the following expressions:



where ml is the molecular mass and pc is the density of the condensate. Results of calculations using the above model are shown in Figs. 3 and 4. Figure 3 shows the change in mean HN cluster diameter dphfor a pure argon gas jet. Although the actual cryogenicaerosol-based cleaning process developed employs an argodnitrogen mixture, the argon to nitrogen ratio is usually large enough (about 3:l) such that cluster-size calculations for the two cases (pure argon and argodnitrogen) are expected to yield very similar results. The ‘A’ variable in Fig. 3 denotes the ratio of the jet cross-sectional area at X = 30 to that at X = 0. The magnitude of A (= MA,) increases with expansion strength. The relation between the chamber-to-nozzle pressure ratio and the jet area ratio ALA, is as follows: I
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where pf and piare the chamber pressure and nozzle pressure, respectively. Thus, a larger area ratio implies a larger value of flow Mach number M and consequently a smaller chamber-to-nozzle pressure ratio (larger expansion). For example, for a chamber pressure of about 160 Torr (3 psi) and a nozzle pressure of 80 psia, the area ratio is approximately 3.5.
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The growth curves shown in Fig. 3 indicate that for 1.05 I A I 1.7, the mean HN cluster diameter varies between 0.4 - 0.8 pm at X = 30. For stronger expansions (A 2 l.85), the initial increase in HN cluster diameter is followed by a sudden drop and then by negligible growth. The sudden drop appears to be due to a phenomenon known as condensation shock or thermal choking of the flow. At X = 30, the clusters have a size of less than 0.1 pm. If seed clusters are present in the argon gas exiting the nozzle, they attract gas molecules from the surrounding vapor and grow. For expansions of strength A = 1.3, for example, seed clusters of initial diameter dps I 0.1 pm grow to about 0.8 - 0.9 pm at X = 30 (Fig. 4a). For thermally choked expansions, the growth rates are arrested by the choking phenomenon in a manner similar to the case of HN cluster growth. For example, for A = 3.45, the mean seed cluster diameter dpsis only about 0.2 - 0.3 pm for an initial diameter I 0.1 pm (Fig. 4b). The increase in diameter for seed clusters of initial size greater than 1.0 pm is not as significant as for the initially smaller (sub-micron) sized clusters. The concentration of clusters produced is also small in these expansions. For example, for expansions with area ratios of 1.3 and 3.45, the mass fraction of condensate was calculated to be only about 5% and lo%,respectively, at X = 30 (Fig. 4c). Overall, it appears that the adiabatic free expansion of a pure argon gas results in an aerosol whose mean diameter is not significantly more than a micron, even if micron-sized seed clusters are present in the gas prior to expansion.



2.1.2. Experimental results Experiments were performed to study aerosol formation by pure-gas expansion. The ratio of nozzle pressure to chamber pressure in these experiments corresponded to an area ratio of about 3.5. In all of the cases, the aerosol produced was not clearly visible to the naked eye. This suggests that not only is the aerosol made up of small clusters but also that the concentration of these clusters is not very significant. These observations support the theoretical predictions that the mean cluster diameter and the mass fraction of condensate in such expansions are expected to be very small.



2.2. Cluster generation by liquid expansion 2.2.1 Theoretical study Aerosols can also be generated by the expansion of a cryogenic liquid. The formation of aerosol clusters occurs, in this case, by the breakup of the liquid stream (jet). The breakup may be due to the onset and growth of surface instabilities or by a more rapid and explosive phenomenon, such as flash evaporation [8-131. The latter phenomenon occurs when the pressure in the cleaning chamber is extremely low. In an expanding gas jet, liquid nuclei are generated that grow to form aerosol clusters, whereas, in an expanding liquid jet, vapor nuclei form and grow to shatter the remaining liquid into aerosol clusters. The thermodynamics of the process can be represented on a phase diagram, as shown in Fig. 5. The liquid spinodal curve or the ‘superheat limit’ curve represents the locus of (p, T ) states at which the rate of spontaneous nucleation and growth of vapor bubbles within the liquid jet becomes significant enough to cause explosive shattering of the liquid jet. If vapor bubbles are already present in the liquid jet exiting the nozzle, the pressure reduction experienced by the jet will cause the bubbles to grow and shatter the jet. The aerosol formation can be described by a simple energy-based theoretical model. The principal ideas of the model are presented below (full details may be found in Ref. 14). The model assumes that (a) the aerosol jet is steady (it does not change with time), (b) the total energy of the jet (aerosol) is conserved, and (c) the shattering or atomization process has an efficiency
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that can be quantified in terms of the total surface energy of the final aerosol clusters and the difference in the initial and final 'thermodynamic availabilities' of the jet. The equation describing the energy of the jet can then be written as: " u; -u' hf - h i + =O (14)
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where h is the enthalpy per unit mass and u is the velocity of the jet. Subscriptsfand i refer to the final and initial states of the jet, respectively. It is assumed that the velocity change between the two states is small, so that Equation 14 reduces to: hf = h i (15) It is also assumed that in the initial state (at the nozzle exit) the jet is all liquid and that in the final state the jet comprises both aerosol clusters and vapor. The atomization process whereby such a change occurs is described by an 'efficiency parameter' given by:
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where 8, denotes the total production rate of surface energy of the clusters in the final state and y~ is the availability, given by: w = h ( ( h- h, ) - T,( S - s,)) (17) where riz is the total mass flow rate, s is the specific entropy of the mixture in a given state, T i s the temperature, and the subscript o refers to ambient conditions (region around the jet). The total production rate of surface energy of the clusters is then given by: . 6rizc0 E, =(18)
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where m,is the cluster mass flow rate, (T is the surface tension, p, is the density in the cluster phase, and dj2is the Sauter mean diameter of the aerosol clusters. Combination of Equations 16, 17, and 18 yields the following expression for the Sauter mean diameter:



where ocf= riz, / riz is the mass fraction of the clusters in the final state. Results of mean diameter calculations using the above model for a 3:l argodnitrogen liquid expansion are shown in Fig. 6. The efficiency q is of the order of lo4 [14]. The value of ocfis calculated to be about 0.9, assuming initial and final temperatures of 100 K and 77 K, respectively. Figure 6 shows clearly that the cluster diameter varies significantly with chamber pressure and nozzle pressure. As chamber pressure decreases, so does the mean cluster diameter. Also, the mean cluster diameter decreases with increasing nozzle pressure. Both these effects are due to the increase in the final entropy of the system sf and consequently the increase in the entropy difference (sf - si), as can be seen from the following equation which combines the ideal gas law with the expression for entropy production due to phase change from liquid to gas:
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where scvis the liquid-to-gas specific entropy change (assumed constant), C, is the specific heat of the liquid, and piand pf are the nozzle pressure and chamber pressure, respectively. The calculated values of mean aerosol cluster diameter lie in the 8.0 - 15.0 pm range. These values are at least an order of magnitude higher than that predicted for pure-gas expansion.



2.2.2. Experimental results Visualization experiments were performed to study the structure of the aerosol generated at different chamber pressures. A typical set of results of the study is shown in Fig. 7. It can be clearly observed that the atomization of the liquid jet increases with decreasing chamber pressure. At the lowest chamber pressure (about 50 Torr in this case), the shattering of the jet becomes explosive. Measurements of the aerosol size distribution were made for various nozzle and chamber pressures, using a Malvern Fraunhofer diffraction system. For example, the Sauter mean diameter of the aerosol was found to be in the 35 - 75 pm range for a nozzle pressure of 20 psig and chamber pressure of 20 - 80 Torr, and to be in the 10 - 45 pm range for a nozzle pressure of 70 psig and chamber pressure of 25 - 280 Torr. Measurements of the aerosol cluster velocities were also made using a Phase Doppler Particle Analyzer (PDPA) system. The velocities were observed to increase with decreasing chamber pressure. For example, at 300 Torr chamber pressure, the mean velocity measured was 24 d s , while at 160 Torr, 80 Torr and 12 Torr, respectively, the velocities were 31 d s , 38 m/s and 61 d s , respectively. Both the visualization results and the trends shown by the Malvern and PDPA measurements provide strong qualitative support for the theoretical predictions of a decrease in mean cluster-size with decreasing chamber pressure. The explosive shattering of the jet, observed for low chamber pressure, clearly results in a larger number of small and fast aerosol clusters. Comparatively fewer, but larger and slower clusters result at higher chamber pressures.



3. CLEANING EFFICIENCY Particle-removal experiments performed using 8-inch-diameter wafers with siliconnitride contaminant particles indicate that cleaning efficiency is strongly dependent on the nature of the aerosol, i.e., on the size, speed, number and state (phase) of the clusters. Figure 8 shows a typical set of results from these studies. For the expansion of a steady flow of 3: 1 argodnitrogen cryogenic liquid, the average cleaning efficiencies clearly improve significantly (by nearly a factor of 2) as chamber pressure is decreased from 100 Torr to 40 Torr. It is also noteworthy that the most significant improvements occur for smaller contaminant particles, which are, in general, known to be more difficult to remove than larger contaminants. In order to dislodge contaminant particles adhering to a wafer, it is advantageous to have (a) a large number of clusters so that the probability of impact between a cluster and contaminant particle is increased, (b) solid (hard) clusters so that the impact is effective, and (c) high velocities. As inferred from the experimental results presented in Sec. 2.2.2, at low chamber pressures, the aerosol formation by explosive shattering of the cryogenic liquid results in a large number of small clusters. Also, the speed of these clusters is higher than in the higher-chamberpressure cases, resulting in higher momentum. Further, due to the small size, they are more likely to freeze more quickly than the larger clusters formed at higher chamber pressures. It is not surprising, therefore, that the cleaning efficiencies increase with decreasing chamber pressure. The cleaning ability of aerosols generated from gas expansions was found to be considerably lower than that of the liquid-expansion aerosols. This can be attributed to the fact that the gas-expansion aerosols do not contain a significant concentration of the high-speed solid 6



clusters necessary for effective cleaning. The success of the low-chamber-pressure liquid-expansion process in enhancing cleaning efficiency has important implications to wafer yield enhancement. Experiments are ongoing to further improve the efficiency of the cleaning process. 4. CONCLUSIONS A combined theoretical and experimental investigation was performed to understand cryogenic-aerosol-formation mechanisms with a view to improving wafer-cleaning ability of the aerosol. The investigation led to the following important conclusions: 1. Cleaning efficiency is strongly dependent on the nature of the aerosol, i.e., on the size, speed, number and phase of the aerosol clusters. 2. The expansion of gaseous mixtures of argon and nitrogen results in aerosols that have a lowconcentration of clusters (the aerosol is not clearly visible) and consequently low cleaning efficiencies. 3. The expansion of cryogenic-liquid mixtures of argon and nitrogen results in highconcentration (clearly visible) aerosols and consequently high cleaning efficiencies. 4. For the cryogenic liquid expansion process, cleaning efficiencies improve dramatically with a decrease in chamber pressure. For very low chamber pressures, the cryogenic liquid stream shatters explosively, resulting in an aerosol comprising a large number of small, fast and possibly solid particles. 5. The success of the cryogenic-aerosol-based wafer-cleaning process in removing contaminant particles has important implications to yield enhancement and to the improvement of future IC manufacturing processes.
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nozzle with exit aerosol clusters



contaminant particles removed by impact and entrainment into flow



wafer surface Figure 1 : Schematic of cryogenic aerosol based wafer-cleaning process. Contaminant particles are dislodged from the surface of the wafer and removed with the aerosol stream.
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Figure 2: Schematic of the gas free expansion process. The initial (nozzle) state is denoted by '1'. The final (aerosol) state is denoted by '2'. The gas may be pre-cooled before expansion.
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Figure 3: Profiles of mean diameter of HN clusters versus downstream distance for an argon gasjet free expansion for various expansion strengths. The variable 'A' denotes the ratio of the cross sectional area of the jet at X=30 to the area at X=O.
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Figure 4a: Profiles of mean diameter of seed clusters versus downstream distance for an argon gas-jet free expansion for area ratio A = 1.3.
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Figure 4b: Profiles of mean diameter of seed clusters versus downstream distance for an argon gas-jet free expansion for area ratio A = 3.45.
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Figure 4c: Mass fraction of condensate produced in the case of an argon gas-jet expansion for area ratios of 1.3 and 3.45.
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Figure 5: Schematic of a cryogenic liquid expansion process. The initial (nozzle) state is denoted by '1'. The final (aerosol) state is denoted by '2'.
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Figure 6: Predicted variation of aerosol mean size with nozzle pressure and chamber pressure for cryogenic liquid argodnitrogen expansion.
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Figure 7: Results of visualization experiments showing aerosol formation by cryogenic argodnitrogen liquid expansion for a nozzle pressure of approximately 80 psig and chamber pressure ranging from 400 Torr (high) to 20 Torr (low).
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Figure 8: Normalized cleaning efficiencies for silicon-nitride particle removal for aerosols produced by cryogenic liquid argodnitrogen expansion.
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