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Introduction

Unavoidable existence of the airborne molecular contaminants (AMCs) could dramatically cause damage to normal functionality of integrated circuits [START_REF] Tan | Corrosion study at Cu-Al interface in microelectronics packaging[END_REF][START_REF] López-Delgado | A comparative study on copper corrosion originated by formic and acetic acid vapours[END_REF][START_REF] Nguyen | Identification and quantification of FOUP molecular contaminants inducing defects in integrated circuits manufacturing[END_REF][START_REF] Tran | Deposition of hydrogen chloride gas on copper wafer depending on humidity and HCl concentration[END_REF][START_REF] Sun | Characterization of Organic Contaminants Outgassed from Materials Used in Semiconductor Fabs/Processing[END_REF]. As reported in literature, ammonia (NH3) and ammonium hydroxide (NH4OH) are indispensable chemical substances used in semiconductor fabrication, such as in chemical mechanical planarization (CMP) slurries, etching and cleaning processes, etc. As a corrosive and reactive agent, undesired outgassing of residual NH3 gas (type of basic AMCs) results in many severe defects on integrated circuits by forming crystal salts (haze on photomask), T-topping defects in resist development or metal layers corrosion. Indeed, a significant yield loss was observed when the wafers are exposed to NH3 airborne even at low concentration (hundreds of part-per-billion ppbv) [START_REF] Dean | Effects of airborne molecular contamination on DUV photoresists[END_REF][START_REF] Kishkovich | Contrarian approach to and ultimate solution for 193nm reticle haze[END_REF][START_REF] Kishkovich | Reticle haze control: global update and technology roadmap[END_REF]. Therefore, it is highly required the control of NH3 outgassing and its cross contamination emerging from cleanroom environments, minienvironment of process tools, and wafer containers to ensure the high quality and high performance of final products.

In order to minimize the deposition of particles and AMCs, the front opening unified pods (FOUPs) were introduced as a controlled-minienvironment to protect the processed wafers during transport and storage steps. However, the FOUPs-walls are made of polymers, which potentially outgas previous sorbed-NH3 to the FOUPs' atmosphere, leading to NH3 cross-contamination on stored wafers [START_REF] González-Aguirre | Ammonia sorption outgassing and cross contamination ability of Entegris FOUPs evaluation and its volatile acids comparison[END_REF]. The experiments of NH3 crosscontamination between polymeric FOUPs and wafers, however, require an appropriate metal-coated wafer (named as test-vehicle) with a sensitive surface to the contaminant. Among available metal-coated wafers as potential candidates for being test-vehicle, chromium-coated (Cr-coated) wafer was chosen due to its good affinity to NH3 without having chemical reaction between them, according to Fontaine et al. [START_REF] Fontaine | Study of the molecular contaminants deposition on Cr, MoSi and SiO[sub]2[/sub] surfaces representative of photomasks layers[END_REF]. Furthermore, the development of NH3-free liquid phase extraction (LPE) set-up to carry out LPE-Ionic Chromatography (LPE-IC) analysis was presented, allowing sensitive NH3 measurement on wafer surfaces in avoiding the artifacts of airborne NH3 from cleanroom environment.

In our study, the deposition and desorption kinetics of NH3 gas on Cr-coated surface were performed in cleanroom conditions (21±2°C, 1.0 atm, different NH3 gas concentration (10-35 ppbv) and relative humidity (<1-40%RH). From experimental data, (i) we aimed at establishing an empirical mathematical model to describe the NH3 deposition on Cr-coated wafer at different exposure conditions (such as time (t), NH3 concentration (Cg), and humidity (RH)). (ii) This empirical-mathematical model is highly useful to serve as an industrial prediction tool for FOUP to wafer cross-contamination, for assessment of optimal time and conditions for wafer and/or photomask storage. For instance, the average-outgassing of NH3 from various FOUPs' platforms (FOUPs made of polycarbonate (PC) and Entegris barrier material/carbon nanotubes (EBMCNT) were calculated based on the model. Finally, the role of humidity in adsorption/desorption of NH3 on Cr-coated surface is elucidated broadening the knowledge of contamination mechanisms.

Experimental Liquid Phase Extraction -Ionic Chromatography using a NH3-free LPE set-up

The NH3 analysis on wafer surface was performed by LPE-IC. The LPE principle is to spread a small deionized-water (DIW 18.2 MΩ.cm) amount on the wafer surface to wet the entire surface and to collect acidic/basic compounds that can be solubilized and ionized. The LPE solution sampling was then quantitatively analyzed by IC. The LPE step was then mandatory performed in a clean atmosphere to avoid any cross contamination by solubilization of airborne contaminants/particles in thin water film. The experiment of sorption/desorption of NH3 on coated wafer was carried out in cleanroom conditions in which the NH3 concentration was typically found around 1-10 ppbv (caused by material outgassing, processes and human activities). Additionally, as known in literature, the NH3 gas is highly soluble in water at 20°C (0.5 kg NH3/kg H2O). "This fact implies that the small DIW volume used in LPE could possibly interfere by the NH3 present in the cleanroom". Conventional LPE set-up does not ensure a full NH3-free atmosphere throughout the entire LPE step, especially during the LPE solution sampling for IC analysis. Therefore, the development of fully NH3-free set-up is mandatory to exclude the artifacts of airborne NH3 from cleanroom environment.

Figure 1: (a) NH3-free set-up development for liquid phase extraction (LPE) step, (b) Deposited NH3 amount on blank-Cr wafer using conventional set-up and NH3-free set-up for LPE.

The NH3-free set-up (see Figure 1(a)) is made of Teflon® materials, which is qualified and repeatedly rinsed with DIW to ensure there is no NH3 cross-contamination. The wafer (200 mm) was clamped between two Teflon® rings inside the set-up, which allowed wetting only upper side of wafer surface with DIW, excluding the wafer edge (10 mm). The DIW was injected and was taken out via a specific port using a 6.0 mL syringe (Polypropylene/Polyethylene Norm-Ject®). The NH3-free set-up was continuously purged by low N2 flow during LPE experiment to create an inert atmosphere inside the set-up. The LPE sample was then analyzed by ionic chromatography (Thermofisher® Scientific Dionex-ICS5000) to quantify the ammonium ion (NH4 + ) in LPE solution sampling and the deposited NH3 amount on wafer surface was determined as molecule/cm 2 . The low limit of detection of the LPE-IC is 1.0×10 11 molecule/cm 2 . For the sake of comparison, the use NH3-free and conventional set-ups for LPE to quantify the deposited NH3 on cleaned Cr-coated surface (blank) was presented in Figure 1(b). As expected, the NH3-free set-up presented much lower deposited NH3 amount (two orders of magnitude) on Cr wafer surface than the conventional set-up for a blank-Cr wafer test. Indeed, when the NH3-free set-up was implemented, there were two advantages of (i) precisely determining the deposited NH3 on Cr wafer surface (avoid artifacts NH3 from cleanroom) and (ii) obtaining blank Cr wafer surface at low NH3 level (1.1×10 11 molecule/cm 2 ). Due to the hydrophilic properties of Cr/AlCu wafer (actually CrxOy/AlxOy surfaces), the DIW could entirely wet the Cr-wafer surface. The LPE set-up was tilted an angle of 30° so that the LPE solution moved toward injection position. The LPE sample was then taken out by using a syringe (6.0 mL). The NH3 amount in sampling LPE was then analyzed by IC. Later, we used a syringe to carefully take out the residual LPE solution until only small LPE droplets left (~μL). The N2 flow was increased during last LPE step in order to (i) blow the LPE solution to injection position and (ii) dry the micro droplets left on Cr surface. The LPE step was repeated as the 2 nd and the 3 rd LPE. The IC analysis results presented that the NH3 collected in 1 st and 2 nd LPE samples accounted for over >95% and <5% total NH3 in LPE solution, respectively. The NH3 peak in 3 rd LPE was equal to NH3 in blank DIW (< 0.1 ppbv), meaning that all deposited NH3 on Cr surface have been effectively collected by successive LPE.

Choice of coated-wafers and initial cleaning preparation

Two different metal coated surfaces were considered as test vehicle candidate in regards with ammonia contamination issues: Cr known for its high affinity to NH3 [START_REF] Fontaine | Study of the molecular contaminants deposition on Cr, MoSi and SiO[sub]2[/sub] surfaces representative of photomasks layers[END_REF] and AlCu material used as sensitive interconnect materials. It is worth mentioning that the prior NH3's cleanliness on wafer surface is highly important to accurately establish the adsorption and desorption kinetics. Furthermore, the wafer storage in cleanroom can lead to NH3 cross-contamination in link with its significant NH3 airborne concentration. In this work, two cleaning methods, (DIW rinse and thermal treatment), were tested with Cr and AlCu-coated wafers. The metal-coated wafers (100 nm Cr and AlCu, deposited by physical vapor deposition (PVD) process) were stored in ultra-pack polypropylene for several weeks in cleanroom. The fresh Cr and AlCu wafers (PVD) exposed to oxygen in polypropylene ultrapack box (clean room atmosphere) during storage time (> 24h) quickly turned into chromium oxide/aluminum oxide (several nm thickness at surface). The CrxOy/AlxOy oxide layers are hydrophilic. Therefore, the DIW could entirely wet the Cr-wafer surface (actually CrxOy/AlxOy surfaces).

For DIW rinse cleaning (named as DIW rinse), the wafers were put in NH3-free set-up with continuously DIW flow (4 L/min) for 5 min. Then, the NH3-free set-up was drained and was connected to N2 flow (2 L/min) to dry the wafers for 2h. For thermal treatment (named as thermal desorption), the wafers were placed in thermal desorption chamber swept by N2 flow (250 mL/min) and they were heated at 350°C for 10 min. After cleaning step, the cleaned wafers were exposed to contaminated flow (NH3 at 800 ppbv, 40%RH, 21°C, for 2h) to fully saturate the wafer surfaces (named as rinse+conta and ther.desorp+conta). Wafers were then characterized by LPE-IC to determine the NH3 amount on their surfaces after cleaning and NH3 contamination, as presented in Figure 2(a-b). The flowchart (Figure 2(c)) summarizes the cleaning and contamination steps. Results showed that relative similar residual NH3 (~1.1-1.5×10 11 molecule/cm 2 ) remained on cleaned wafers whatever cleaning process and metallic surface. Later, the NH3-cleaned wafers (Cr, AlCu) were exposed to NH3 flow for intentional contamination at the same conditions. The NH3-cleaned wafer treated by thermal desorption exhibited 2-3 orders of magnitude (10 11 vs. 10 14 molecule/cm 2 ) of contamination, see in Fig. 2 (b). Meanwhile the difference between cleaned surface (DIW rinse) and contaminated state was only 10 times (Fig. 2 (a)). This fact implies that DIW rinse method could not efficiently remove the impurities on wafer surfaces (consist of organic substances, salts, particles, AMCs, etc.) even though the DIW rinse method is slightly more efficient than the thermal desorption method for cleaning NH3 on wafer surface. We supposed that these impurities could possibly occupy the sorption sites on wafer surface and hinder NH3 deposition. Otherwise, the thermal desorption was carried out at 350°C (10 min, in N2 atmosphere) at which the temperature is high enough to desorb almost organic substances. Therefore, Cr-coated wafer was selected as a test vehicle and we used the thermal treatment to refresh their surfaces. 

Sorption and Desorption of NH3 on Cr-coated wafer

For NH3 sorption experiment, a cleaned Cr-coated wafer was placed in a chamber with a NH3 contaminated airflow (1180 mL/min). The NH3 airflow with constant concentration of 10-35 ppbv was generated and controlled by a dilution gas system by mixing NH3 gas 10 ppmv Air Liquide®, dry air and fully humid airflow. After a given time of NH3 exposure, the contaminated-Cr wafer was taken out the chamber and was immediately analyzed by LPE-IC using the NH3-free set-up.

For desorption experiment, the Cr wafer was firstly placed in the exposure chamber (NH3 at 800 ppbv, 40%RH) for 4h to obtain the saturation level of 1.94×10 14 molecule/cm 2 , named as saturated-Cr wafer. Later, the saturated-Cr wafer was quickly transferred to another chamber swept by a continuous airflow of clean air (1180 mL/min, relative humidity of <1% or 40%). After given desorption time, the Cr wafer was taken out of desorption chamber and it was carried out the LPE-IC analysis to determine the remaining NH3 on Cr wafer surface. The adsorption and desorption experiments were summarized in flowchart, presented in Scheme 1. 

Results and Discussions

Thanks to the development of NH3-free set-up (Figure 1(a)) and an appropriate cleaning method (thermal treatment), the liquid phase extraction (LPE) step was carried out in an inert atmosphere (N2 ambiance), which allowed excluding the artifacts of airborne NH3 from cleanroom. According to Figure 3(a), the deposited NH3 amount on Cr-coated wafer sharply increased for a short exposure time (< 2h), which could be considered as a linear curve. For longer exposure time (> 2-10h), we still observed an increase of NH3 amount on Cr-coated however, with a slower rate up to a saturation level at 1.94×10 14 molecule/cm 2 . The deposition rate was significantly accelerated for a short exposure time (< 2h) when increasing NH3 concentration (10-35 ppbv), meaning that the Cr surface has high affinity to NH3 and the saturation level of NH3 on Cr-coated wafer was observed at 1.94×10 14 molecule/cm 2 at humidity of 40%RH. As noted in previous study [START_REF] Fontaine | Study of the molecular contaminants deposition on Cr, MoSi and SiO[sub]2[/sub] surfaces representative of photomasks layers[END_REF], the X-ray photoelectron spectrometry (XPS) measurement on saturated-Cr wafer confirms that there is no chemical bonding between nitrogen (NH3) and Cr, leading to the proposition of physical sorption (adsorption) of NH3 gas on Cr-coated surface. The blank level (Co) and the saturation level (Cmax) of Cr-coated wafer are 1.12×10 11 and 1.94×10 14 molecule/cm 2 , respectively. The difference of three orders of magnitude allowed us to precisely establish the deposition kinetic of NH3 on Cr-coated wafer. Therefore, a Langmuir-type adsorption model was proposed for the deposition of NH3 on Cr-coated wafer (C) depending on exposure time (t) and NH3 airborne concentration (Cg) following Equation 1, where (Co) is the initial adsorbed NH3, (Cmax) is the NH3 saturation level and (kads) is an adsorption constant.
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At short exposure time (t < 2h), the equation ( 1) can be simplified and expressed in Equation 2.
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At time t = 0, we assume that the initial adsorbed NH3 (Co) is equal to the blank level of Cr-coated wafer which is 1.12×10 11 molecule/cm², the NH3 saturation level (Cmax) at infinite time (t∞) is 1.94×10 14 molecule/cm 2 , and the gas concentration (Cg) is varied from 10 to 35 ppbv. Hence, the adsorption kinetic constant (kads) can be simply determined from the slope of linear part of deposition kinetic according to Equation 2 (see in Figure 3(b)). The saturation level (Cmax) of NH3 on Cr surface and the adsorption kinetic constant (kads) at 40%RH and different NH3 concentration (Cg) (10, 15 and 35 ppbv) are presented in Figure 4. At fixed humidity of 40%RH, the Cmax and kads are independent from the increase of NH3 airborne concentration (Cg). The kads is a constant value of 0.041 ± 0.008 ppbv -1 .h -1 , indicating that deposition of NH3 on Cr-coated wafer follows a Langmuirtype adsorption model. 

)

Figure 4: Saturation level (Cmax) of NH3 on Cr surface and adsorption kinetic constant (kads) of exposed Crcoated wafer at 40%RH and different NH3 concentrations (Cg) of 10, 15 and 35 ppbv.

In order to highlight the influence of relative humidity to the adsorption kinetics of NH3 on Cr-coated wafer, the experiments are carried out at fixed NH3 concentration (Cg = 15 ppbv) and at different relative humidity (<1%, 20% and 40%RH). The obtained results were plotted in Figure 5(a). Once again, the adsorption kinetics of NH3 on Cr-coated wafer at different relative humidity exhibited the characteristics of a Langmuirtype adsorption model. However, it is obvious to observe a strong dependence of saturation level (Cmax) on the relative humidity. Indeed, the saturation level (Cmax) significantly increases of 45% from 1.32×10 14 to 1.94×10 14 molecule/cm 2 when increasing the relative humidity from dry (<1%RH) to humid (40%RH) conditions. This behavior was quite similar with the deposition of HF on copper-coated wafers for which the increase of humidity (dry <1% to 60%RH) resulted in the increase of saturation level (Cmax from 3.1×10 14 to 2.2×10 15 molecule/cm 2 ) [START_REF] Herrán | A Mathematical Model Forecasting HF Adsorption onto Cu-Coated Wafers as a Function of the Airborne Concentration and Moisture[END_REF]. As well known, NH3 and HF are polar molecules and have a high affinity to H2O related to the ability to form hydrogen bonds with water and then a high solubility. It demonstrated that H2O sorption onto metal wafer could occur beyond the monolayer (ML), yielding to several layers depending on the temperature and humidity. For the HF on copper wafers, the H2O coverage rate (θ = [H2O]surf/[H2O]surf-ML) is below the monolayer at 20%RH (θ < 1) but is largely exceeded at 40%RH (θ > 1) and beyond. Similarly, the contaminant (NH3) from the airflow arriving to the Cr-coated surface would impinge onto Cr surface where the NH3 would be retained within the adsorbed H2O depending on the relative humidity. Most NH3 is then likely ionized to NH4 + ion and it diffuses towards Cr surface. For this reason, the deposited NH3 amount at saturation level (Cmax) on Cr-coated wafers is favored by the presence of humidity (H2O) (see in Figure 6). )

Figure 6: Saturation level (Cmax) on Cr surface and adsorption kinetic (kads) of NH3 on Cr-coated wafer at 15 ppbv versus relative humidity of (<1%, 20% and 40%RH).

Again, the adsorption kinetic constant (kads) was determined from the slope of linear part of the deposition kinetic versus the RH% (see in Figure 5(b)) for fixed NH3 concentration (Cg = 15 ppbv). According to Equation ( 2), the kads are then determined. The saturation level (Cmax) of NH3 on Cr surface and the adsorption kinetic constant (kads) on Cr-coated wafer at 15 ppbv versus the relative humidity were plotted in Figure 6. The Langmuir constant (kads) indicates the extent of interaction between adsorbate (NH3) and adsorbent (Cr surface),

y = 1.7E12(x) + 1.3E14 R 2 = 0.974 y = 7.1E-4(x) + 7.3E-2 R 2 = 0.917 y (<1RH) = 1.64E14x + Co R 2 = 0.975 (a) (b) y (20RH) = 1.36E14x + Co R 2 = 0.975 y (40RH) = 1.23E14x + Co R 2 = 0.975
where a larger kads value is related to a higher deposition rate of NH3 on Cr surface. In dry conditions (<1%RH), it is interesting to note that the kads@<1%RH (0.071 ppbv -1 .h -1 ) is higher than the kads@<40%RH (0.041 ppbv - 1 .h -1 ). It is assumed that the NH3 molecules immediately adsorb when they arrived to Cr-surface. Subsequently, the adsorbates (NH3) quickly and simultaneously occupy the adsorbent sites until a saturation level of NH3 monolayer is formed on Cr-surface (Cmax = 1.32×10 14 molecule/cm 2 at <1%RH). In contrary to dry conditions, the presence of H2O (40%RH) results in a lower kads (0.041 ppbv -1 .h -1 ), meaning a slower deposition rate of NH3 on Cr surface. The lower kads@<40%RH is attributed to two following factors. Firstly, due to the high affinity of NH3 gas with water, at the same NH3 concentration (15 ppbv), a part of the NH3 amount combines with moisture (H2O) to favorably form NH3.xH2O (or NH4OH) in exposure chamber. The formation of larger molecules (NH3.xH2O) causes a steric effect, which results in decelerating the adsorption kinetic of NH3 on Crwafer. Secondly, the adsorbed H2O on Cr-coated surface could possibly hinder the direct sticking of NH3 molecules on Cr-surface once they arrived. Instead of that, NH3-H2O interactions occur that would lead to significantly solubilize and ionize NH3 gas in water layer in addition to the adsorption ammonia/ammonium adsorption on the wafer surface. For these reasons, although the saturation level (Cmax) at 40%RH is higher than that at <1%RH due to the multiple H2O layers prior formed on Cr-coated surface, the kads@<40%RH is lower than the kads@<1%RH.

Based on known parameters (Cmax, Cg, Co, kads, and t), the solid curves (named as calculation) were plotted by using Matlab® program, as presented in Figure 3(a) and 5(a). An excellent fit between experimental data and calculation was observed. The linear dependence of Cmax and kads on relative humidity (RH) (Figure 6) allows us to establish the mathematical relationship between them, as presented in Equations 3-4.

Cmax (molecule.cm -2 ) ± 20%= 1.7E12(RH) + 1.3E14

(3)

kads (ppbv -1 .h -1 ) ± 20%= -7.0E-4(RH) + 7.3E-2 (4) 
Then, a modified-Langmuir deposition model of NH3 on Cr-coated wafer is proposed based on empirical data as showing in Equation 5 by replacing the Equations 3-4 in Equation 1.

C = (1.7E12(RH) + 1.3E14) -[(1.7E12(RH) + 1.3E14) -Co]exp[-(-(7.0E-4)(RH)+7.3E-2)Cgt] (5)

where C is the deposited NH3 concentration on Cr-wafer (molecule/cm 2 ± 20%), RH is relative humidity of exposure environment (%RH), Co is initial NH3 on blank Cr-wafer (1.12×10 11 molecule/cm 2 ), Cg is NH3 gas concentration in exposure chamber (ppbv) and t is exposure time (h). The Equation 5 is valid in the range of NH3 concentrations (1-35 ppbv) and relative humidity of <1-40%RH.

In order to evaluate the reversibility of deposited NH3 on Cr-surface, a saturated-Cr wafer at 40%RH (i.e. 1.94×10 14 molecule/cm 2 , obtained for NH3 exposure at 800 ppbv) was placed in a desorption chamber with continuous clean air (flowrate of 1180 mL/min), at different humidity of <1%RH and 40%RH. Once again, the role of humidity in ammonia desorption was highlighted. Figure 7 presented the desorption curve of NH3 from saturated-Cr wafer at given time (h) where a humid airflow (40%RH) exhibited a higher efficiency for NH3 removal than a dry airflow (<1%RH). Starting from saturated-Cr wafer at 40%RH, the dry airflow exposure leads to a quick vaporization of the prior adsorbed H2O on Cr surface in order to equilibrate the water concentration on Cr surface and exposure environment (<1%RH). In such conditions, once water vaporized and desorbed from Cr surface, a significant amount of adsorbed NH3/NH4 + linked on Cr surface desorbed also. For these reasons, we observed that the NH3 desorption curve was marginally decreased as a function of time when the saturated-Cr wafer was exposed to a dry airflow, see in Figure 7.

For desorption curve at 40%RH, we observed a steep decrease of NH3 on saturated-Cr wafer in short desorption time (< 50h). Due to the same humidity between sorption and desorption steps, a dynamic equilibrium between adsorbed water (on Cr wafer) and H2O vapors was maintained. This continuous adsorbed water replacement drove out NH3 linked to water. Moreover, the ammonia depletion in the adsorbed water would then promote the move of adsorbed NH3 linked to Cr surface backward to adsorbed H2O layers and finally released them in the humid airflow. The dynamic equilibrium of NH3 in humid condition (humid flowrate) favors the efficient removal of NH3 from saturated-Cr wafer as a function of time.

Contrarily to what we expected; the desorption kinetics were much slower than the sorption kinetics. For instance, an amount of 80% saturation level (~1.5×10 14 molecule/cm 2 ) of deposited NH3 on Cr-surface was achieved for less than 6h of exposure time in sorption kinetics regardless the exposure conditions (cf. Figure 3(a) and 5(a)). However, it took more than 100h and 250h to obtain an amount of 80% NH3 removal (remained NH3 ~3.2×10 13 molecule/cm 2 ), shown in Figure 7. This fact proved that the NH3 desorption was not a fully reversible phenomenon of NH3 sorption. A permanent NH3 residual of 1.5×10 13 molecule/cm 2 still remained on Cr surface after a long desorption time (> 300h), which was attributed to residual airborne concertation inside the desorption chamber due to (i) the NH3 outgassed from materials and/or (ii) the diffusion of NH3 in cleanroom (typical 1-10 ppbv range) into the desorption chamber. Indeed, the application of the mathematical model (Equation 5) to calculate the average-NH3 concentration (Cg) in desorption chamber. An amount of 1.5×10 13 molecule/cm 2 of NH3 on Cr wafer at a given humidity (%RH) and time of 300h (t) were used as known parameters to calculate the average-NH3 concentration (Cg) in desorption chamber as around 5×10 -3 ppbv. 0 50 100 150 200 250 300 350 400 450 500 0,0 5,0x10 13 1,0x10 

Application of the modified-Langmuir adsorption model

Since the modified-Langmuir adsorption model of NH3 on Cr-coated wafer has been established, the average-NH3 concentration (Cg) in FOUPs' atmosphere at different scenarios (contamination phase, outgassing phase, purge step, etc.) could be calculated based on Equation 5. The Cr-coated wafer now serves as a reliable test-vehicle to investigate the NH3 cross-contamination between FOUPs to wafers. Gonzalez et al. [START_REF] González-Aguirre | Ammonia sorption outgassing and cross contamination ability of Entegris FOUPs evaluation and its volatile acids comparison[END_REF] performed the experiments to evaluate the NH3 transferred on Cr-coated wafer from intentionally contaminated FOUPs (PC and EBMCNT) for an equivalent contamination occurrence of 1.5 ppmv (part-per-million-volume) of NH3 in FOUPs' atmosphere. After intentional contamination time of 24h, most of the initial concentration was sorbed by inner FOUP surfaces. Next, the FOUPs were opened and the internal atmosphere was thoroughly purged with N2 (2L/min) (called purge step). The Cr-coated wafers were successively stored inside the previously contaminated FOUPs (just after purge step and 24h after purge step) for 40 min (each exposure). As known the exposure time (t), humidity (40%RH) and the deposited NH3 amount on Cr-coated wafer (C), the average-NH3 airborne concentration (Cg) in each FOUPs' atmosphere is calculated and presented in Figure 8(a). Besides, the outgassing of NH3 (ppbv) in FOUPs monitored by air bubbling sampling was also presented in Figure 8(b). Overall, the same tendency of NH3 outgassing was found with calculated and measured concentrations in FOUP, which were in the same order of magnitude (cf. Figure 8(a-b)). It was worth noting that a slightly higher NH3 outgassing in FOUPs' atmosphere measured by air bubbling sampling ( -Figure 8(b)) than the calculated average-NH3 outgassing (Cg) (Figure 8(a)) was attributed to the presence (with/without) of Cr-coated wafer in FOUPs during experiments. Following the trend, there was more NH3 contamination transfer in PC than EBMCNT in the first minutes after purge and the opposite behavior was observed at 24h after purge. Due to chemical interaction between NH3 and PC, a lower NH3 outgassing in PC than the one in EBMCNT FOUPs was showed at long time.

In addition, IRDS guidelines [12] set the threshold of ammonia (or total base) in the photomask storage environment, reticle carriers at 0.2 ppbv. According to Equation 5 and considering that a NH3 level of 1.3×10 14 molecule/cm² on photomask surfaces was reported as a threshold level leading to haze occurrence [START_REF] Fontaine | Study of the molecular contaminants deposition on Cr, MoSi and SiO[sub]2[/sub] surfaces representative of photomasks layers[END_REF], the maximum storage time of the photomask in reticle with known Cg outgassing of 0.2 ppbv and 40%RH, was then calculated as 142h. 

Conclusion

The development of NH3-free set-up for LPE-IC process allowed performing the experiments with minimizing/limiting the cross-contamination from cleanroom environment. The NH3 adsorption and desorption kinetics on Cr-coated wafer at varying the NH3 airborne concentration and humidity were established, which correspond to modified Langmuir-type adsorption model. The deposited NH3 amount at saturation level (Cmax) on Cr-coated wafer and the adsorption coefficient (kads) are independent on the NH3 airborne concentration (Cgas), which are determined as 1.94×10 14 molecule/cm 2 and 0.041 ppbv -1 .h -1 , respectively, in the range of 1-35 ppbv and at relative humidity of 40%RH. In contrary, the Cmax and kads are linearly dependent on the humidity of exposure environment. The Cmax increases with the increase of humidity (from 1.32×10 14 to 1.94×10 14 molecule/cm 2 ) due to the deposition of H2O on Cr surface and a high affinity between NH3 and water. The kads linearly decreases with an increase of humidity. The deceleration of the adsorption kinetic of NH3 on Cr-wafer when exposing in higher humidity environment is supposed due to (i) the formation of larger molecules of NH3.xH2O (NH4OH) (causing steric effect) and/or (ii) hindering of adsorbed H2O on Cr-coated surface. This explains that the kads@<40%RH is lower than the kads@<1%RH. The desorption kinetics (at <1% and 40%RH) from NH3 saturated-Cr wafer is much slower than the adsorption kinetics with 80% of NH3 removal (remained NH3 level ~3.2×10 13 molecule/cm 2 ) at more than 150h desorption time. It is assumed that the full desorption could not be achieved by purge due to the permanent presence of only few part-per-trillion volume (pptv) of NH3 in desorption chamber in accordance with the modified Langmuir model proposed.

Finally, the adsorption kinetics at different NH3 airborne concentration (1-35 ppbv) and relative humidity (<1-40%RH) were established and a reliable mathematical model was determined. This model is especially useful for the study of cross-contamination between FOUPs-wafer, optimal conditions for wafer/photomask storage, estimation of average-Cg outgassing and storage time in mini-environments.

Figure 2 :

 2 Figure 2: Deposited NH3 amount on metal-coated wafers analyzed by LPE-IC process after cleaning and NH3 contamination; (a) DIW rinse, (b) Thermal desorption methods, and (c) Flowchart of wafer history from preparation to intentional contamination.

Scheme 1 :

 1 Scheme 1: Flowchart of Cr wafers from PVD preparation to (a) adsorption and (b) desorption experiments.
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Figure 8 :

 8 Figure 8: (a) Average-NH3 outgassing concentration (Cg) in FOUPs of PC and EBMCNT right after purge step and 24h after purge step, calculated based on Equation 5 from LPE sampling results; (b) NH3 outgassing concentration ( -ppbv) in empty FOUPs of PC and EBMCNT monitored by air bubbling sampling.
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