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Introduction

FOUPs are controlled microenvironments (MEs) that protect processed wafers from airborne molecular contamination (AMC) during storage and transport. However, due to their relatively large capacity to become AMC reservoirs when exposed to freshly processed wafers, FOUP polymers have demonstrated significant cross-contamination of volatile acids from the FOUP to wafers by molecular outgassing [START_REF] Fontaine | Plastic containers contamination by volatile acids: accumulation, release and transfer to Cu-surfaces during wafer storage[END_REF]. A wide range of AMC effects have been observed impacting production yield. For instance acidic corrosion of wafers, condensable organic deposition on sensitive surfaces or exposure to low levels of ammonia have all been shown to affect various process steps. The target control levels for AMC contaminations such as ammonia, NMP and molecular acid inside the process tool environment are under ~ 1 ppb [START_REF] Huang | Chemistry of Ketal Resist System and Its Lithographic Performance[END_REF].

In semiconductor manufacturing with decreasing geometries, the importance of chemical contamination control increases. AMC monitoring and control is as important as particle contamination but more difficult to detect. The level of basic impurities in the air can be critical; chemicals such as ammonia can have detrimental effect on the photolithography process. A core technology, DUV photolithography has been improved dramatically and requires shorter wavelength light. This technology has shown an increasing sensitivity to basic contamination, and ammonia has been rapidly identified as the dominant substance among airborne molecular contaminants. Wafers exposed to ammonia are at risk for structural defects such as: T-topping chemically amplified photoresist, incorrect imprinted line width, short-circuits, corrosion of metal surfaces on the wafer, haze on wafers, but also; degradation of HEPA/ULPA filter media and haze on equipment optics [START_REF] Holmes | Purge Gases for the Removal of Airborne Molecular Contamination During the Storage and Transport of Silicon Wafers[END_REF]. Ammonia contamination comes from many sources within the cleanroom such as staff members and several production processes that may generate large quantities of ammonia, including chemical reactions between priming agents, cleaners, polishing materials, and Si-wafers. The effects of molecular bases (MB) are in some cases similar to those of molecular acids (MA) in that aluminum or copper corrosion and salt formation [START_REF] Yoo | Monitoring and Purge Parameters of Ammonia for the Front Opening Unified Pod (FOUP)[END_REF]. Despite the well-known effects of molecular bases, no report of cross contamination between FOUPs and wafers were found in this study. In a wellcontrolled fab environment, the amount of ammonia is generally very low in the whole cleanroom and processing equipment, especially inside the FOUP. Nevertheless, Fabs are challenged with cleaning ammonia contamination from FOUPs. To combat ammonia cross contamination, one needs to fully understand ammonia sorption/outgassing dynamics in FOUPs. The purpose of this paper is to assess wafer cross-contamination risk in two FOUP models, one empty and one with wafers, and determine the FOUP polymer that is the most effective wafer storage and handling solution.

Experimental

Two different Entegris FOUPs were used, named as: -"EBM/CNT": an A300 TM FOUP (25 wafers capacity) made with EBM (Entegris Barrier Material) with carbon-nanotubes (CNT) for the shell, side columns/wafer planes and inner door.

-"PC": a Spectra™ FOUP (25+1 wafers capacity) made with ultrapure PC (polycarbonate) for the shell and side columns; PEEK (polyetheretherketone) wafer planes; PC/CP inner door.

FOUPs NH3 intentional contamination & outgassing phase monitoring:

FOUPs were first conditioned at clean room conditions (21 ± 2 °C, 45 ± 5% RH). A 10-µL NH3 solution droplet was used at two different concentrations to contaminate the FOUP; similar protocol was used with HF and HCl solutions presented in Table 1 [START_REF] González-Aguirre | A comparative study of the HF sorption and outgassing ability of different Entegris FOUP platforms and materials[END_REF][START_REF] Herran | Comparison of HF and HCl cross-contamination between different Entegris FOUP platforms and Cu-coated wafers[END_REF]. Upon evaporation (door closed), this yields contamination of a few ppmv inside the FOUP, simulating a contamination event. 4 hours after the intentional contamination, and to avoid a considerable airborne disturbance, an airborne sample was taken via impinger (1l/min) for 2 minutes and analyze by ionic chromatography (IC). After 24 hours of intentional contamination, most of the initial concentration has been sorbed by the inner FOUP surfaces. Next, the FOUPs were opened and the internal atmosphere was thoroughly purged with the help of N2 spray gun. The outgassing phase starts when the FOUP is closed. The airborne concentration was monitored for one week using air bubbling sampling (1l/min during 5 minutes) and IC analysis. 

FOUPs intentional contamination & storage of Cr-wafers inside FOUPs:

The contamination and purge steps were carried out similarly to those described above. Then with the help of specific supports (Entegris modified cassettes), 200mm Cr wafers were stored inside the previously contaminated FOUPs. The ammonia deposited on the wafer surface was collected following a liquid phase extraction (LPE) protocol, which consists of pouring a low volume of UPW (18µΩ) for 15 minutes followed by IC analysis. The LPE-IC protocol enables an accurate quantification of cationic species with a LDL of 5.10 11 ions cm -2 [START_REF] Fontaine | Study of the airborne SO2 and NH3 contamination on Cr, MoSi and quartz surfaces of photomasks[END_REF]. The objective is to quantify the actual NH3 transfer from the intentionally contaminated FOUP to the Cr-coated wafers and compare it to the molecular outgassing released when the FOUP is empty. HF and HCl contamination and outgassing data [START_REF] González-Aguirre | A comparative study of the HF sorption and outgassing ability of different Entegris FOUP platforms and materials[END_REF][START_REF] Herran | Comparison of HF and HCl cross-contamination between different Entegris FOUP platforms and Cu-coated wafers[END_REF] are compared to the NH3 data along with the contamination/outgassing behavior inside the FOUPs after being intentionally contaminated with HF, HCl and NH3 separately. All contaminant concentrations for intentional contamination are detailed in table 1.

Remaining contamination in FOUPs materials determination:

The contaminant in the polymer inner surface of the FOUP once airborne concentration monitoring was finished, were sampled by a leaching protocol. Leaching time (2 min per FOUP side) and UPW volume (800ml) and repeated one week later. The week waited between leachings promote the reversible diffusion of the contaminant from the core to surface material and then increase the surface collection efficiency. In this way, the contaminant sorbed in the polymer matrix (solid solution) was extracted in water giving ions. The analysis by ion chromatography allowed quantification of contaminants accumulated and extractable in the FOUP, complementing the data coming from the other steps of the experimental protocol.

For the FOUP-to-wafer ammonia cross contamination, it was necessary to choose a different vehicle test. Si wafers and AlCu wafers were tested, however these surfaces are not sensitive to ammonia contamination, and Cu-coated wafers contaminated with ammonia are not viable for IC analysis. Inspired in the works of Fontaine et al. [START_REF] Fontaine | Study of the airborne SO2 and NH3 contamination on Cr, MoSi and quartz surfaces of photomasks[END_REF] a 100nm layer of Cr metal (DC-PVD) on 200mm wafers was selected. However, Cr surfaces have a very high affinity to ammonia. The knowledge of contamination kinetics allows one to establish an expected time to reach the surface saturation depending on the FOUP airborne concentration. For concentrations in the ppbv range (1-5ppbv is representative of the usual ambient concentrations in clean rooms), significant ammonia levels on Cr surfaces are quickly reached. 

Results & discussion

The intentional contamination test was carried out in duplicate; the obtained results showed good repeatability. For simplicity, Figures 1A & 1B present the result average for each FOUP type. Sorption/outgassing phenomenon in FOUPs materials described mainly two phases [START_REF] González-Aguirre | A comparative study of the HF sorption and outgassing ability of different Entegris FOUP platforms and materials[END_REF]: 2) When the FOUP atmosphere is purged, the adsorbed contaminant on the polymer surface is suddenly released allowing the formation of a strong inverse concentration gradient in the near surface. Then, the reverse molecular diffusion (from the bulk material to the surface) is promoted leading to the contaminant outgassing in the FOUP atmosphere.

The contamination phase leads to a similar contamination FOUP material sorption ability ranking for ammonia as for both HF and HCl: EBMCNT < PC. Diffusion of the contaminant into the polymer FOUP is the responsible of this sorption ability, and the results for the three contaminants clearly demonstrate the barrier character of EBMCNT polymer. Since the airborne concentrations of the ammonia case in both FOUP polymers remain markedly higher than in the HF and HCl cases, the major difference in the contaminant sorption ability ranking (NH3 < HCl < HF) lies in the relative molecular penetration kinetics.

The outgassing phase, shows two steps; first just after purge, an increase of contaminant levels in FOUPs is observed showing the outgassing from FOUP polymers (except for HF in EBMCNT, where no HF is detected with LLD of 0.62ppbv). This behavior is due to a reverse molecular diffusion. Indeed, we consider that purge desorbs molecules at the polymer surface, and this leads to a strong inverse concentration gradient of contaminants into the polymer material that promotes molecular diffusion from the core to the surface, resulting in contaminant outgassing. In the specific case of ammonia, the strong outgassing after purge in the case of EBMCNT polymer is detected 4 hours after purge; corroborating the assumption that contaminant diffusion in EBMCNT polymer is lower than diffusion in PC polymer.

The second step in the outgassing phase is a slow decrease, following by a slow balance between polymers and airborne concentrations. Indeed, this slow diffusion process continues throughout the thickness of the polymer wall to reach a concentration gradient near the surface close to zero. As a result, contaminant levels at the polymer surface and in the FOUP atmosphere decrease to achieve stable amounts. NH3 outgassing is higher than HCl than HF. Solubility is the outgassing phenomena driving force. Results suggest that small molecules as HF (Van der Waals volume 15.77A 3 ) [8] have the larger solubility, in comparison with HCl and NH3 (22.45 A 3 and 22.86 A 3 respectively). Likewise, HCl linear configuration allows a major solubility than ammonia tetrahedral configuration.

As shown in table 2; Cr-surfaces have a very high affinity to ammonia and the outgassed concentrations of this contaminant in both FOUP polymers reached surface saturation quite fast (less than 10minutes). To evaluate the cross contamination between FOUP and wafer new experiments at diluted ammonia concentrations were conducted, following the same contamination/outgassing monitoring protocol. Results at "high" and "low" ammonia concentration in EBMCNT and PC FOUPs are presented in figure 2. Contamination phase at both concentrations present the same FOUP material behavior: more ammonia affinity for PC than EBMCNT. Nevertheless, there is no immediate strong outgassing for PC at low ammonia concentration, which presents a behavior change. It is the first time that this kind of behavior was detected and has raised the suspicion of a chemical reaction between ammonia and PC polymer. The hypothesis of this behavior, focus in the known PC's degradation by ammonia [START_REF] Hatakeyama | Chemical recycling of polycarbonate in dilute aqueous ammonia solution under hydrothermal conditions[END_REF]. At low ammonia concentration, this degradation reaction is in competition with the outgassing; consequently, no strong ammonia release is produced. At high ammonia levels, the contaminant concentration in the near surface of the polymer is bigger and we can split it in two parts: 1) One part of the ammonia reacts with PC, 2) The other part is solubilized in the polymer (and able to outgas strongly). With this, the ammonia levels in the bulk are lower. In the case of EBMCNT material, results at low concentration are in agreement with those at high concentrations.

Regarding the ammonia contamination FOUP-to-wafer transfer, despite the low ammonia concentrations studied, the contaminant levels outgassed are high enough to reach Cr-surface saturation in a very short time (less than 1 hour). The ammonia contamination kinetics [START_REF] González-Aguirre | A comparative study of the HF sorption and outgassing ability of different Entegris FOUP platforms and materials[END_REF] allows the establishment of an evaluation of the expected time to saturate Cr-surface depending on the FOUP airborne concentration. In consequence, to evaluate ammonia FOUP-to-wafer cross contamination, Cr wafers were exposed immediately after purge during 40min, and 24hours after purge another Cr wafer was exposed for the same 40min exposure time, as presented in Figures 3a and3b. The molecular transfer from NH3 contaminated FOUPs to Cr coated wafers (Figure 3a), follows the trend observed in the outgassing test (Figure 3b), showing more contamination transfer in PC than EBMCNT in the first minutes after purge and the opposite behavior 24h later. As in the case of the HCl [START_REF] Fontaine | Study of the airborne SO2 and NH3 contamination on Cr, MoSi and quartz surfaces of photomasks[END_REF], contamination transfer from the PC and EBM/CNT FOUPs differs even though the outgassing concentrations are similar: confirming that higher outgassing concentrations measured in an empty FOUP do not necessarily imply a larger contamination transfer. From this, we conclude the best way to evaluate airborne concentrations and its transfer to wafers is thru direct wafer exposure. Given that, we assume that if a wafer surface presenting similar contamination affinity the FOUP to wafer contamination transfer expected will follow NH3 < HCl < HF and PC > EBMCNT.

After outgassing monitoring, a FOUP leaching protocol was carried out in order to evaluate their respective remaining contamination reservoirs with regard to the molecular release (figure 4). The higher affinity of the HF for the polymers of the EBMCNT FOUP with respect to the HCl and NH3 cases is in agreement with the results since the absolute and relative chloride and ammonium amounts recovered are larger, as expected, given the higher mobility through the polymer exhibited by the HF molecule regarding the HCl and NH3. Furthermore, the FOUP ranking PC > EBM/CNT is presented in acid cases matching with the contamination transfer ranking when exposing Cucoated wafers, is not presented in the NH3 case. This behavior is in agreement with the PC and NH3 assumption that ammonia levels in the PC bulk are lower. Finally, in order to explain the inversion in the ammonia contamination transfer between PC and EBMCNT, the suspicion of a chemical reaction between PC and ammonia was explored. Based in the reports of Hatakeyama et al [START_REF] Hatakeyama | Chemical recycling of polycarbonate in dilute aqueous ammonia solution under hydrothermal conditions[END_REF], thin films (< 100µm) samples of PC and EBMCNT polymers were immersed in 20mL of NH3 10% solution overnight and analyzed by TGA, as shown in Figure 5. EBMCNT material do not present any physical or thermal change, meanwhile PC polymer film became brittle and thermogravimetrical results shows a clear PC degradation. As submerging the PC thin film in NH3 10% is a drastic measure and FOUPs are never under this hard condition, another thin film PC sample was introduced into a reactor under 800ppbv of ammonia gas (RH 40%) flow for 200 hours. These low ammonia contamination conditions are enough to promote PC degradation. From this we can conclude, PC polymer is not suitable in environments containing ammonia and therefore, test results demonstrated that EBMCNT is the best FOUP polymer option, to control ammonia and molecular acids, and meet the IDRS specifications.

Conclusion

Comparative study results allow us to identify the best FOUP platform with respect to NH3, HF, HCl cross contamination. The contamination phase in both polymers (function of diffusion and solubility) present the same contaminant ranking affinity, NH3 < HCl < HF. For the outgassing phase in the both polymers (mainly solubility dependent) contaminant release follows NH3 > HCl > HF. With these results, one can establish that ammonia solubility is lower than HCl and much lower than HF. The FOUP rankings obtained by the contaminant airborne concentration measurements (empty FOUP) pointed EBM/CNT FOUPs as the best minienvironment to control these AMCs. One can therefore conclude that actual contaminant transfer from the FOUP to a wafer substrate is strongly related to the dose released by the polymer (PC >> EBM/CNT), and that the use of FOUPs made of barrier materials such as EBM/CNT enable excellent control of very low moisture and volatile acids as well as ammonia cross-contamination. Finally, due to its reactivity, PC FOUPs are not suitable in environments containing ammonia.
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 1 Figure 1. Contamination monitoring levels (ppbv) in FOUPs atmosphere during contamination phase (left). Zoom zone of the airborne contaminant monitoring levels during outgassing phase a) PC FOUPs b) EBMCNT FOUPs

Figure 2 .

 2 Figure 2. Contamination monitoring levels (ppbv) in FOUPs atmosphere during contamination phase (left). Zoom zone of the airborne contaminant monitoring levels during outgassing phase at high (2.9% NH3) and low (0.29% NH3) contamination concentrations

Figure 3 .

 3 Figure 3. a) NH3 transfer to Cr-coated wafers after intentional contamination and purge and its airborne calculated concentration [ppbv] b) ammonia contamination levels (ppbv) during outgassing phase in empty FOUP and its theoretical contamination transfer (atm/cm²)

Figure 4 .

 4 Figure 4. Contaminant levels recovered after three successive FOUP UPW extractions once outgassing monitoring is finished (µg/FOUP 1 week wait between each leaching)

Figure 5 .

 5 Figure 5. TGA results for EBMCNT and PC thin films before and after NH3 10% solution immersion and gaseous NH3 800ppbv exposure.

  

Table 1 . Contaminant concentrations after total droplet evaporation in 25l FOUP volume and considering no

 1 

	leaks

  Table 2 presents the time required to saturate Cr surfaces at different airborne concentrations. Due to the high ammonia affinity to Cr surfaces, 200mm Cr wafers were initially thermodesorbed in a specific chamber prior exposure in the FOUP.

Table 2 .

 2 Time required to reach 90% ammonia saturation levels on Cr surfaces (1.9e14 NH 4+ /cm²) calculated from the kinetic model[START_REF] González-Aguirre | A comparative study of the HF sorption and outgassing ability of different Entegris FOUP platforms and materials[END_REF] and the respective NH3 airborne concentrations

	[NH3]ppbv	2	10	24	73	105	155	270	330
	Time to 90%saruration (min)	1602	324	138	42	30	18	12	9