Metrology of Starting Materials

General remarks: When considering whether a given metrology is “capable” of characterizing and providing feedback to control a certain wafer attribute, several aspects must be considered. The most obvious criteria are those of sensitivity and signal-to-noise ratio. In the world of ever smaller features, does the metrology tool have the ability to discern the signal of the attribute at the level required for a successful outcome (i.e. the “specification”) at a given technology generation?
Beyond these, the metrology must provide adequate accuracy, repeatability, and precision-to-tolerance (P/T) ratio. Here success criteria are two-fold. First, the metrology must provide a robust means of separating wafers that meet a specification on a given attribute from those that fail to meet it, with low risk of falsely rejecting good material or falsely accepting bad material. Second, the metrology must provide a feedback signal sufficiently stable and robust to keep associated wafer manufacturing processes under tight process control with good process capability.
An aspect of metrology readiness which is not as widely considered is that of spatial wavelength. The magnitude of within-wafer variations of a given attribute will change over different length scales, depending on the nature of the manufacturing process that produces them. The impact that these variations have on device processing and performance will also vary with their spatial wavelength. These considerations define the required sampled area or “spot size” of a single measurement point and the density of measurement points on the wafer. For instance, the thickness variations of a CVD film such as a nitride or epi layer are typically driven by gas flows and temperature gradients that vary appreciably only over fairly long distances, of the order of millimeters to centimeters. Other attributes may need to be characterized and controlled over a broad range of spatial wavelengths. Perhaps the most extreme example is that of wafer surface height variations. At the largest length scales of tens of centimeters, these variations are many microns in magnitude (e.g. bow and warp) and can affect various mechanical properties and handling of the wafer. At length scales of the order of a centimeter, surface height variations are on the order of a fraction of a micron (e.g. site flatness). These variations are not critical to the mechanical shape of the wafer, but are vital to depth of focus in photolithography. At length scales of a few millimeters or less, surface height variations are on the order of tens of nanometers high (e.g. nanotopography). These do not cause lithography focus failures, but can produce linewidth variations in gate lengths and polishing removal uniformity problems in CMP. Finally, on the length scale of microns, surface height variations are on the order of Angstroms (e.g. surface roughness), and can effect such things as gate oxide integrity and surface haze. 
It is generally adequate to measure long spatial wavelength (i.e. slowly varying) attributes at only a modest number of locations on the wafer with a relatively large spot size in order to characterize the wafer adequately. Short spatial wavelength variations require a small spot size and high density of measurement sites. To characterize and control parameter variations across a wide range of spatial wavelengths requires measuring the whole wafer to capture long wavelength components, but with a very high density of measurement sites (with correspondingly small spot size) to capture small spatial wavelength components. This is often beyond the capability of a single tool, and may require separate tools to measure in the different spatial wavelength regimes.
The final aspect of metrology readiness is economic viability, or cost of inspection. It is a function of the capital cost of the metrology tool, the wafer throughput of the tool and the sampling frequency required in production. This consideration is often the difference between “Manufacturable solutions are known” and “Manufacturable solutions exist” in the ITRS metrology readiness grade. A simple example is surface particle inspection. A particle inspection tool may be capable of measuring particles down to 65nm size at a high throughput, or all the way down to 35nm size at high sensitivity, but with greatly reduced throughput. If all inspections are done at 65nm, the measurement cost may be deemed acceptable, leading to a designation of “Manufacturable solutions exist”. If the specification changes to require that all inspections be done at a threshold of 35nm, twice as many measurement tools would need to be purchased, making 35nm inspection economically unreasonable even though technically possible, resulting perhaps in a “Manufacturable solutions are known” grade instead.
Edge exclusion: For several years, the ITRS roadmap indicated a move to a metrology edge exclusion (EE) of 2mm and then to 1mm. This 1mm EE posed a serious issue with several metrologies. For the many techniques with a measurement “spot size” of greater than about 0.5mm, centering the measurement spot at 1mm from the edge can result in part of the sampled spot falling in the edge bevel region. In most cases this interferes with the measurement. The most recent ITRS requirement projections relax the edge exclusion back to 2mm, of which many current systems are capable. A possible future move to an edge exclusion of 1.5mm is still being considered.
In the case of layer transferred SOI wafers, the edge exclusion will likely remain at 2.5-3mm in the future, and will likely not become smaller than 2mm at any time. This is because the SOI and BOX layers typically extend out only to about 1.5mm from the wafer edge, and when the sampling spot falls partly off the edge of the SOI/BOX layers, it generally interferes with the measurement.
Wafer shape and flatness: Wafer shape, especially site flatness, is one of the most critical metrology areas. The success of advanced photolithography depends on the tight control and specification of site flatness. Capacitance-based wafer flatness tools were failing to keep up with the demands of continued scaling several years ago, but the advent of optical tools based on large field stitching of optical interferometric data has radically improved the metrology capability of wafer shape, site flatness, nanotopography and edge rolloff (discussed below). Current optical tools have a site flatness metrology capability of ≤ 30nm and nanotopography metrology capability (at 2x2mm) of ≤ 6nm, although wafer shape and site flatness are measured on a different tool than nanotopography at present. It is hoped that with further improvements, a single system will measure surface variations over a spatial wavelength range and surface height range wide enough to cover wafer shape, site flatness and nanotopography.
Edge Rolloff: The natural edge rounding that occurs during wafer polishing results in a continuous tapering of the wafer thickness in the outermost 5-10mm of the wafer. Over the last few years, it has been found increasingly important to minimize and control this taper (referred to as Edge Rolloff, or ERO) to achieve successful photolithography in the near-edge region. Metrology tools have been developed that can accurately measure the physical variation of the wafer surface in this region. Several schemes have been proposed for parameterizing this shape data so that a specification can be defined that will ensure that photolithography success is not limited by the wafer. SEMI has been working diligently to develop consensus on a standard parameterization, but to date no consensus has been reached.
Surface defects: Together with site flatness, frontside particles and defects represent the most important metrology in the silicon industry. It is also historically one of the most demanding. The “rule of thumb” for the last several years has been that the minimum particle size detection threshold should be one half of the critical dimension at each technology generation. In practice, inspection systems have not quite been able to keep up with this pace, and for the last several years, real-world size detection thresholds and wafer specifications have been more like 0.75 -1.0 times the critical dimension. Particle counts at smaller sizes (i.e. at 0.5 times CD) are sometimes extrapolated from particle counts at larger sizes, assuming an inverse-square law or some other relation, but the validity of this approach is tenuous. Detection thresholds depend strongly on the diffusely scattered haze, which depends on surface roughness. This results in a somewhat higher detection threshold for epi and annealed wafers (ca. 45nm) versus polished wafers (ca. 30nm) for current systems. It also results in a higher detection threshold for wafers with a thin film coating.
Beyond detection threshold, two aspects of defect sizing are problematic. Sizing algorithms are calibrated by measuring the signal from polystyrene latex spheres of uniform, known sizes dispersed onto a reference wafer surface. After such calibration, the sizes of actual wafer defects are reported as, for instance “90nm LSE”, where LSE is “latex sphere equivalent”. That is, the defect is scattering the same amount of light that a 90nm diameter latex sphere on a similar wafer would scatter. This allows good calibration and correlation across different inspection systems. If the actual defect being detected is “nearly spherical”, then the LSE size will also be a reasonable approximation of the actual defect size. But if the defect has an aspect ratio far different than unity, then the sizing can be wildly off. An excellent example of this is epi stacking faults, which have a true size of many microns, but are very smooth, flat topped defects (i.e. a very low aspect ratio) with only a small surface perturbation around their perimeters. Consequently they scatter very little light and have LSE sizes of 0.1-0.2 microns, too low by more than a factor of 10.
The second issue in defect sizing is that of dynamic range. As defect size thresholds continue to be driven downward, the photomultiplier tubes that detect scattered light must operate at higher gains, but this means that they saturate at lower levels of scattered light as well, and cannot provide size information for a larger, saturated defect. For epi wafers in particular, defects occur in a broad range of sizes from sub-micron to many microns, and advances in detecting smaller sizes brings with it loss of information about the size of larger defects.

Perhaps the most desirable but also most difficult aspect of defect detection is automated classification of defects from their light scattering characteristics (not from defect imaging, which is a separate and more well developed discipline, but with too low of a throughput to be practical for routine defect inspection of unpatterned wafers.) Many wafer specifications will specify the number of allowable “removable” defects, such as particles separately from the number of “hard” or “grown-in” defects such as epi stacking faults, hillocks, or COPs. Yet the inspection systems are usually not capable of distinguishing what type of defect has been detected. Current systems have a reasonable capability to distinguish between COPs and particles, but only preliminary steps have been made at distinguishing particles from epi defects and other defect types. This represents a metrology gap in the requirements listed on the allowable density of small epi defects.
As in many other metrology areas, SOI wafers represent a special case. With surface inspection tools that operate in the visible light regime (488 nm Ar-ion laser being the most common), the incident light can penetrate through the thin top silicon and transparent BOX layer, causing thin film interference effects from the reflections from the multiple layer interfaces. The interference changes both the LSE size calibration and also the haze, and hence the size detection threshold. The interference effects in turn depended on both the SOI and BOX layer thicknesses, so that separate inspection recipes and calibration curves have to be constructed for every different combination of layer thicknesses being manufactured. With the recent development of deep UV wavelength-based systems, the incident light is absorbed within the top ~100 Å of SOI layer, and thin film interference effects are eliminated. The higher surface roughness of SOI wafers compared to bulk polished wafers results in a size detection threshold of ca. 45nm, comparable to epi and annealed wafers. Inspection of SOI wafers suffers from the same inability as that of epi wafers to classify defects and distinguish between “hard” layer defects such as small areas of missing top silicon, and “removable” particle defects. 
Certain SOI layer defects, such as some types of “HF defect”, and Secco defects, can only be detected by decorative etching techniques. For very thin SOI layers, extremely small etch removals must be used to avoid completely etching away the SOI layer, but this makes detection of the decoratively etched defects increasingly difficult. Faster and non-destructive ways of detecting these defects would be desirable.
Backside particles and edge defects: Backside particles are measurable by the same systems as frontside particles in principle, with many of the same caveats. However, backside particles must somehow be distinguished from a myriad of different tooling marks produced during wafer manufacturing. These include marks from contact with wafer chucks, wafer aligners, furnace boat supports, and epi susceptors, all of which touch the wafer backside. Particles produced by these contacts are generally cleaned off in the manufacturing process, but the small scuffs and microscratches remain and are detected by light scattering surface inspection tools. The haze levels of the wafer backsides are typically higher because the wafer backside is only “rough-polished”, and backside haze patterns may be produced from various epi or furnace operations. Backside inspection tools must be able to differentiate between all of these artifacts and true particles, and the size detection threshold will not be as good as for front side inspection. At present, there is no agreed upon method for backside particle inspection, and a lack of data on what the critical backside particle size is and how it should scale with technology generation.
Edge defect metrology has gained a great deal of prominence in the last few years. Edge inspection is not a trivial task since the entire edge, from the front edge bevel region, all the way around the apex of the edge and continuing across the back edge bevel region must be inspected, and this is a highly nonplanar surface, with a very large depth of field. Several different systems have been developed or are being developed, mostly based on actual imaging of the edge. Many of the systems work well at imaging the entire edge and detecting apparent anomalies. There is no standardization of parameterization of the data to classify types of defects, extract sizes and so on, or on setting specification limits. Calibration and correlation across tool types are also not well defined at present.
Surface Metals: Surface metals may impact device performance in a variety of ways: metals that are incorporated as mobile ions (e.g. Na, K) in gate oxides that lead to threshold voltage instabilities; metals that diffuse into the wafer during heat treatment (e.g. Fe, Ni, Cu, Cr) and then can precipitate out during cooling as silicides in the bulk or at surfaces, creating defects; metals (e.g. most transition metals) that can diffuse into the bulk during heating to form electrically active deep levels that act as minority carrier recombination centers; or metals (e.g. Ca, Cu, Ni) that affect the oxidation rate of silicon or lead to gate oxide integrity failures. It has been found that keeping surface metals levels below about 1E+10 atoms/cm2 generally avoids these potential problems.
HF-based dissolution of the native oxide (e.g. acid-drop extraction or vapor-phase decomposition (VPD) methods) combined with ICP-MS or TXRF analysis of the trace metals in the solute or dried residue can detect most common metals with a detection limit of 1E+8 to 1E+10 atoms/cm2, and is thus capable from a sensitivity and P/T standpoint. The method suffers from a spatial wavelength perspective, however. It detects the total metal burden on the surface and divides it by the total wafer surface area to arrive at an average surface concentration. It cannot differentiate between the case of a wafer uniformly covered by a metal at ~1E+10 /cm2, a clean wafer that contains a ~ 2-3cm diameter “hot spot” of localized contamination at a level of ~1+E12 /cm2, or a clean wafer containing a single metallic particle of several microns size. They will all result in the same average surface concentration. This is generally not a problem when monitoring cleaning baths (the primary use for the technique), which generally create fairly uniform contamination levels. It can be a serious shortcoming when trying to diagnose spot contamination problems, i.e. contamination at shorter spatial wavelengths. The extraction efficiency of the metal from the wafer surface by the HF is another consideration in obtaining accurate and reproducible results. Metals with large reduction potentials (e.g. noble metals) tend to plate out on the silicon surface rather than dissolving in the HF solution for analysis, leading to erroneously low indicated values.
Total reflection X-ray fluorescence spectroscopy (TXRF) can detect certain surface metals at > ~1E+10 atoms/cm2 with a measurement spot size of ~1cm. This partly relieves the spatial wavelength constraints of the HF extraction-based methods. The standard TXRF measurement is generally too slow to map an entire wafer surface however, so that the location of the contaminant hot spot must be known (or at least strongly suspected) prior to measurement. Therefore, characterizing nonuniform surface metals of unknown spatial distribution at levels of ~ 1E+10 atoms/cm2 remains a challenge. However, recent advances in mapping TXRF permit spatial characterization of surface metals contamination across a wafer in a reasonable time, with some sacrifice of detection limits and analytical precision.
Bulk metals: Concerns about bulk metals generally involve transition metals. As with the surface transition metals, the chief concerns are usually enhanced minority carrier recombination, metal silicide precipitation within the bulk or at surfaces/interfaces, and gate oxide integrity degradation. These problems can arise when bulk metals concentrations exceed ~ 1E+10 to 1E+11 atoms/cm3. For metals that strongly enhance minority carrier recombination, wafer mapping of the minority carrier lifetime (MCLT) by microwave photoconductivity decay or of the minority carrier diffusion length (MCDL) by surface photovoltage (SPV) or Elymat can locate contaminated wafer regions at these detection levels, although they cannot in general identify the atomic species or quantify the concentration. An exception to this is the case of Fe by SPV. By creating and dissociating Fe-B pairs via suitable heat treatments, the Fe mid-gap states can be “switched” from an electrically inactive to an electrically active configuration, and the resulting change in MCDL can be used to identify and quantify the presence of Fe to levels of somewhat less than 1E+10/cm3. To achieve the required metal detection sensitivities by MCLT or MCDL generally requires use of a wafer with resistivity > ~5 cm, with no oxygen precipitation or backside gettering, and with very well passivated surfaces to reduce the surface recombination velocity to low levels (<< 100 cm/s). Except for SPV which operates at very low injection levels, the photocurrent injection level must also be noted and controlled; higher injection levels can saturate traps and lead to erroneously long effective lifetimes. MCLT and MCDL wafer mapping methods can offer adequate sensitivity with very good spatial wavelength capabilities, but can only detect electrically active metals semi-quantitatively, without ability to identify atomic species. Fe is the exception.
Deep level transient spectroscopy (DLTS) is a very sensitive technique (detection limit of 1E+9 to 1E+10 atoms/cm3, depending on doping level) for identifying species and concentration of certain electrically active bulk metals of a wafer in the near surface region (~1-10 microns deep). Which metals can be detected depends on the position of the deep levels of a metal relative to the Fermi level in the wafer, thus certain metals can be detected in p-type wafers but not in n-type wafers and vice versa. Mo, Ti, Cr and Fe are common contaminants in epi deposition and can all be readily detected in p/p+ epi wafers. DLTS suffers from severe spatial wavelength limitations. The DLTS measurement requires depositing Schottky metal contacts on a small piece of wafer and placing it in a cryostat to measure depletion layer capacitances at cryogenic temperatures (< ~150 K). It is thus inherently a single point measurement, useful only for uniformly distributed contaminants or for cases where the contaminated region has previously been identified by other means.
Cu and especially Ni contamination and their resulting silicide precipitation and GOI failures have been serious problems in recent years. Ni and Cu detection and quantification represent difficult metrology challenges. Both metals are highly soluble in Si at even modest temperatures, and are both extremely fast diffusers. At elevated temperatures, they go into solution in the bulk of the wafer, but during cooling in the absence of other gettering sites, they tend to precipitate out at the free surfaces and/or interfaces, where they do not have an appreciable effect on such measurement techniques as MCLT, MCDL or DLTS at the concentrations of interest. Quantitative detection of Ni and Cu currently relies on gettering the metal precipitates into the native oxide or a deposited polysilicon layer on the wafer surface during cool down, and then dissolving this gettering layer in acid and performing ICP-MS, as is done for surface metals. As in the surface metals case, this technique is completely devoid of spatial information and gives only the average concentration in the wafer. Alternatively, SIMS can be used to measure Ni and Cu in the gettering layer at a specified location, again assuming the contaminated region has been previously identified by other means. Ni (and to a lesser degree, Cu) spot contamination can be detected by surface haze (etch pits) produced by Secco etching a wafer after a rapid cool down and subsequent surface oxide strip. If the Ni concentration is above a few E+11 /cm2 surface concentration, visible haze can be seen on the wafer by bright light inspection. This method is non-quantitative and only works well at relatively high concentrations. Highly sensitive wafer mapping of Ni and Cu concentration is a very valuable capability that currently does not exist.
Bulk metals in SOI wafers also represent a unique challenge. The presence of the BOX layer electrically isolates the top silicon (SOI) layer from the substrate, so that MCDL and DLTS techniques applied to the front surface do not work as they do in bulk silicon. Microwave photoconductivity decay measurement of the front surface can measure MCLT in the bulk of the SOI wafer beneath the BOX layer, but lifetime in the very thin SOI layer is completely dominated by surface recombination at the free surface and the SOI/BOX interface, yielding essentially no information about the SOI layer. Attempts to modify these standard bulk wafer techniques to work with thin SOI wafers have met with limited success. Most of the bulk wafer techniques can be applied to the backside of the SOI wafer, but the BOX/SOI and BOX/handle interfaces tend to act as gettering sites where many of the bulk metals tend to pile up, sequestering them from the back surface so that these bulk techniques do not detect them well. The BOX layer can also act as a diffusion barrier between the SOI layer and underlying wafer, so that contamination incident on the wafer from one side may not show up on the other side. SIMS depth profiling or acid digestion of a few thousand Angstroms of the upper surface (including the SOI and BOX layers) followed by ICP-MS of the solute can detect metals in the SOI layer, BOX layer and interfaces, but they are both inherently single spot measurements, useful only for uniformly distributed contaminants or for cases where the contaminated region has previously been identified by other means. . Highly sensitive wafer mapping of metals concentrations in the SOI layer and BOX interfaces is another very valuable capability that currently does not exist.

The capabilities of current bulk metals control methods have been adequate for CMOS logic and DRAM applications, in general. The recent explosion of imaging applications may place more stringent demands on bulk metals control in the future. CMOS and especially CCD imaging systems are very sensitive to low level contamination of electrically active metals. Perhaps the most sensitive detection method known for very low levels of certain bulk metals is by analyzing the dark currents of advanced CCD devices! 
450mm wafers: In theory, a metrology approach that is “capable” at one wafer diameter should be capable at any wafer diameter. However there are two aspects of very large wafer diameters that may render a capable metrology at 300mm to be an incapable metrology at 450mm. The first aspect is that the area of the wafer is doubled, thereby doubling the number of data points to be measured if the sampling density is fixed. This will roughly halve the throughput of the metrology tool, which could make it incapable in the economic sense. The second aspect is related to the fact that wafer thickness is being increased much more slowly that wafer diameter, leading to a much less rigid wafer. This is of particular concern with the increased emphasis on handling the wafer only by its edges. For a wafer supported around its perimeter, a 450mm wafer (at the projected thickness of 825 m) will sag under its own weight by an amount 4-5X greater than the sag of a 300mm wafer. Reducing the number of edge support points increases the sag even more. The 450 mm wafer will also be more susceptible to lower frequency, larger amplitude “drumhead” vibrations/microphonics. Both the increased sag and the vibrations may cause problems with certain metrology approaches.
