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Background Materials

Ultra Pure Water

Any discussion of UPW quality must consider where in the system the specified quality is required, and where impurities are to be measured.  Several locations within the distribution system and process tooling are relevant to this discussion: Point of Distribution (POD), Point of Connection (POC), Point of Entry (POE), Point of Use (POU), and Point of Process (POP).  The POD is the point in the system immediately after the last treatment step (generally the final filters) before the distribution loop; it is the standard location for the majority of analytical measurements.  The POC is the outlet of the submain take-off valve, and the POE is the supply connection at the back of the tool (where ownership of the water generally transfers from the facilities staff to the tool owner or process engineer).  The water is still pressurized at the POE and essentially all parameters can still be measured there; however, measurements are not often performed at the POE due to the economics of monitoring the large number of entry points and the ability of a well designed distribution loop to maintain POD quality.  The POU refers to the inlet of the process chamber, and the POP designates the point at which the water contacts the wafer (usually in a bath or spray).  Sampling water at the POU or POP presents a significant challenge, as many parameters cannot be readily monitored by on-line methods at this location.  An understanding of the potential changes to water quality between the POC and POU is critical to ensure the water retains its purity. Reference SEMI E49.7.

Even well-designed tools can affect water quality between the POC and the POU.  Exposure to air may reduce resistivity and pH via CO2 absorption, as well as increase dissolved oxygen (DO) levels.  Nitrogen environments may be needed if absolute levels of DO are required, though permeation of CO2 and O2 through PFA tubing may still affect the water. More problematic are tool contributions to bacteria and particle concentrations, which may occur due to dead legs in the plumbing design (bacteria) or valve actuation (particles).  Ionic and organic contamination from the tool is a far less frequent problem with the proper selection of materials and components.

DO control is primarily process step dependent.  DO content may need to be controlled for rinsing of hydrogen-passivated silicon to prevent etching by oxygenated water and to control gate oxide thickness. On the other hand, low DO levels can cause corrosion in some metal processing steps.  Tool operation and configuration influence DO levels at the wafer, and N2 environments may be required to control DO at the POU. DO is frequently considered to be a process variable and measured for stability.

Resistivity (or its inverse, conductivity) is measured on-line.  The resistivity of water should be 18.2 Mohm-centimeter 90% of the time when corrected to 25oC (18.2 Mohm-centimeter is the theoretical maximum resistivity for pure water at 25oC).  While resistivity is still a fundamental measurement, the current state-of-the-art UPW system is stable enough that resistivity readings are generally only valuable for detecting large process shifts.  Fluctuation of measured resistivity is more often attributable to the effects of variations in room temperature on the temperature compensation algorithm used by the resistivity meter than to any actual variation in water quality. 

Total Oxidizable Carbon (TOC) is an important indicator in the final filter UPW, as TOC indicates the presence of halogenic compounds, organic nitrogen, and organic acids, all of which may affect process yields.  TOC that survives to the POU in a UPW system is thought to be either “light” molecules or small fragments of larger molecules such as acetates, formats, and organic nitrogen.  Benchmark analysis in 2005 failed to identify many organics in UPW, though it is suspect that this was the result of inadequate analytical methods. Organics found in the UPW included Chloroform, Urea and trimethyl amine (TMA). The chemical makeup of TOC at each manufacturing location is unique, and the effects of TOC concentrations on wafer processing are dependent on the species present at each location. More work is needed to understand the organic makeup of UPW and its potential effects on wafer processing. This is especially true regarding the effects of UPW organics on the lenses of immersion lithography tools. Work is underway to help to understand this relationship.
Particles that adhere to wafer surfaces during IC device manufacture may impair the application of thin-films and photolithographic substances. The presence of particles can cause physical imperfections which may lead to the failure of discrete and/or integrated transistors..  For many years the “critical particle size” concept was used to judge whether or not particles will have an impact on yield. This concept has to be rethought since process yield is affected by not only by the size of particulate contamination, but also by its composition.  The allowable particle concentration also depends upon product parameters such as cell size.  Particle specifications have therefore been aligned with the FEP Surface Preparation Group calculation model, which derives particle concentration on the wafer surface.  On-line laser particle counters are used for trend analysis and Scanning Electron Microscopy  (SEM) Analysis is used to quantify particles down to 0.03um.  Energy Dispersive X-rays (EDX) may used to determine particle compositions.  EDX results allow the basic classification of organic and inorganic components and the elemental compositions can be used to trace the source of the contamination.

The on-line measurement of Non-Volatile Residue (or Residue After Evaporation) has been used by semiconductor manufacturing facilities since 1992, and became an ASTM standard in 1994. The measurement technique involves nebulizing ultrapure water to produce a fine-droplet mist.  Each droplet is dried at 120oC to evaporate all the water and any volatile compounds (i.e.TOC). The remaining non-volatile residue is now a nanometer-sized particle consisting of dissolved inorganic or colloidal material such as colloidal silica. These residue agglomerate particles are detected by a Condensation Particle Counter (CPC). The more residue in the ultrapure water, the more residue in each droplet, resulting in a higher count from the CPC.  The CPC response is calibrated by injecting known amounts of Potassium Chloride.

The current Nonvolatile Residue Monitor (www.fmtonline.com) uses a water based CPC and has a measurement range from 1 ppt to 60 ppb

Bacteria that survive to the POU pose both a biological and particulate threat to integrated devices.  Bacterial adhesion occurs naturally in water as pipe walls attract minute quantities of organic nutrients , which attach to the wall and initiate the biofilm process.  While regular sanitization programs are employed by some and provide safeguards against microbial activity, biofilm can be prove resistant and may permanently coat the inaccessible surfaces of valves and dead-legs.  More important than periodic sanitizations to cleanliness of the system is proper design and adequate flow velocity.  Despite the fact that UPW systems are designed to be hostile to most bacterial species, the formation of biofilm on filters, in membranes, and in ion-exchange resins is common. While bacteria exist to some degree in every UPW system, the greatest opportunities for improvements are in the process tools.  Many tools use the design guidelines employed in UPW system designs and maintain low bacteria numbers to the POU.  Unfortunately these rules are not universally applied, resulting in tool-based bacteria problems.

The industry has not standardized on a method for testing for bacteria and other organisms in UPW.  Culture methods test for viable bacteria, and the standard environmental test methods must be modified to provide reproducible results on the species present in UPW systems. These methods lack sensitivity in that only viable bacteria are recovered and large volumes of water may need to be sampled to provide adequate reliability (e.g. <1 cfu/liter can not be measured with a 100 ml sample).  One new technology called Scan RDI may offer a solution for testing total viable organisms.  The method is able to detect a single cell based on direct measurements of cell activity and includes bacteria and other live organisms that may be present in biofilm. Another method for bacteria detection is epifluorescence, in which a technician uses a microscope to visually identify both viable and non-viable bacteria that have been stained with dyes that cause biological materials to fluoresce under ultraviolet light. A skilled microscopist can determine much qualitative and quantitative information about the bacteria in the UPW using this method.

Silica exists primarily in two forms: as silicates, and as polymeric silica. Silicates, which are also referred to as reactive silica or dissolved silica  are reactive to molybdate and can be measured on-line. The polymeric forms are called colloidal silica or particulate silica and are not measured by on-line analyzers. Colloidal silica is typically determined by measuring Total Silica (by ICP/MS) and subtracting the Reactive Silica measurement.

Since dissolved silica and boron are weakly charged, an on-line resistivity meter is not sensitive enough to detect them when they first break through ion exchange beds.  It is very important to detect these leading indicators of ion exchange resin exhaustion before a drop in resistivity occurs because it is usually associated with Na+, Cl- and other mono-valent ions passing from the resin to the point of use.

Anion and cation measurement at the POU (e.g. in the wafer rinse bath), may be important to identify and prevent certain sources of contamination. Certain types of haze formation on wafer surfaces are thought to be caused by concentrations of anions and cations (e.g. ammonium chloride or ammonium sulfate residues ) on the silicon surface in excess of 1014-1015 atoms/cm2,. Since there are equivalent amounts of anions and cations present, the hazes formed on the silicon wafer surface are stable. These hazes are caused by poor rinsing of wafers after chemical cleans and inadequate exhaust at wet benches. Ionic (anions and cations) removal in UPW systems can be quantified at very sensitive levels using the technique of ion chromatography. Some anions and cations measurable by IC are fluoride (F-), chloride (Cl-), nitrite (NO2-), bromide (Br-), nitrate (NO3-), sulfate (SO42-). phosphate (PO42-) and lithium (Li+), sodium (Na+), potassium (K+), magnesium (Mg2+), and calcium (Ca+).

Trace metals have long been identified as a critical source of defects on the wafer. Certain processing steps expose a wafer to contamination from UPW in a unique way. For example, in the case of wafer cleaning step using HF, the HF strips off the native oxide and leaves the bare silicon exposed. Certain of the noble elements such as Copper, Gold, Silver, and Mercury have a higher electropotential and will plate out onto the wafer if they are present. With expanded use of copper materials in some manufacturing environments, the chance for cross-contamination is increased. For this reason, it is useful to include copper with other elements to be tested in the POU rinse baths.

Model for Metal Deposition on Silicon Wafer from DI Water

This model is based on equilibrium consideration for the deposition of metal oxide from metal ions present in DI water. The dissolved metal impurity ions present in the solution interact with the silica-liquid interface and are subsequently incorporated into the oxide on the silicon surface. This process is considered to be favored over the nucleation and diffusion-induced process for the precipitation of metals due to normal low concentration of metals in deionized water. 

Reduction of free energy of the ion as it is included in the oxide is the primary driving force for deposition.  The Gibbs free energy is reduced as metal ion from DI water is deposited as oxide on the surface silica of the wafer. The energy barrier for this reaction is the activation energy for the deposition.
Based on thermodynamics equilibrium and sufficiently dilute solution where activity co-efficients approach unity, we can write the instantaneous thermodynamic force for deposition relating to stand free energy change and metal concentration at the surface and in the solution as

∆Gr   =  ∆G0r + RT ln (C(Surf)/C(soln))                                                           (1)

The metal concentration ‘C’ at the surface and in solution is expressed at atom/cc. At equilibrium (t= ∞)

∆Gr  = 0

 And C(surf) = C(sat.)

We can define equilibrium segregation co-efficients as

k(eq)  = C(sat)/C(soln.)

Equation (1) can be then be written as

k(eq)   =  Exp ( - ∆Gr/RT)                                                                                     (2)

Equation (2) signifies that at thermodynamic equilibrium of level of deposited metal oxide on the wafer increases with solution concentration based on respective change in standard gibbs free energy of formation of oxide.

Additional information for propensity of metal deposition can be obtained from the Pourbaix Diagram. The attached charts show the E-pH diagrams for various metals with their corresponding oxidation states in water solution at 25oC and at low concentration.
The redox potentials of DI water containing 9 ppm and 10 ppb of DO (0.63 ev and 0.4 ev, respectively) are also shown in the diagrams. The majority of metals are present as ions at the prevailing oxidation potential and pH of the DI water. As shown for most of the metals in the E-pH diagram, reducing the solubility limit either by increasing the pH or reducing the redox potential will increase the potential for oxide deposition on the wafer surface.  In short, the large stability region for most of the metal ions in DI water will prevent incorporation of their metal oxides from DI water.
Though these models have been advanced, it should be noted that additional work is required to fully understand the kinetic rates and impact of other contaminants.
Certain other elements have an increased ability to contaminate a wafer with native oxide on the surface. Elements such as Aluminum, Calcium, and Magnesium cause particular concern because they can get trapped in the oxide and take the place of the Si in the SiO chain. If present in the water, these elements “concentrate” since they tend to stay in the oxide layer. Among these, Ca is the most likely to be a problem, especially at manufacturing locations where hardness in the raw water is high. UPW with very low levels of Ca (i.e. at or near roadmap levels) has been shown to cause a measurable increase of contamination on the wafer surface. The concentration of 68 different metals in UPW can be measured by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).

Water Conservation

Due to the environmental impact of large demands on water sources and wastewater treatment, conservation activities are often required.  A well-implemented recycle program can actually improve final water quality by providing a recycle stream of higher purity than the raw water source.  New treatment technologies and analytical techniques will be needed to ensure water quality is maintained as more waters are recycled to the front end of the UPW system.





















