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Abstract
	Pad conditioning is critical to maintaining the required process stability and performance in semiconductor CMP. As the process and performance requirements for substrate polishing in the compound semiconductor industry become more stringent, we believe there are significant opportunities for improvement via more extensive adoption of optimized pad conditioning protocols. In this paper we will review the pertinent state of the art in semiconductor CMP and propose some specific target areas for adoption in compound semiconductor substrate polishing.

Introduction

	As the application of CMP in semiconductor device manufacturing has proliferated and become more advanced, the demands on pad conditioning have increased. Pad conditioning is the process of “dressing” the surface of the polishing pad, generally with a highly engineered diamond abrasive disc. Conditioning not only refreshes the pad surface by removing debris and worn pad surface asperities, but the interaction of the cutting characteristics of the conditioner with the intrinsic structure of the pad determines the structure of the asperities that are in contact with the wafer[1,2]. So pad conditioning not only imparts stability, but determines the nature of the contact points at which material removal takes place. By tuning the cutting characteristics of the conditioner, polish performance can be manipulated over a wide range; toggling polish rates, planarization performance and defectivity, for instance, simply by changing the way a pad is conditioned. With the most advanced pads, specific conditioning protocols are typically required to obtain the designed performance[3]. In addition to the relatively well established understanding surrounding “hard” pads, more advanced conditioning protocols are being implemented on “soft” pads as the processes these pads are applied to become more critical.
	
	This adoption of more advanced protocols for the soft pads in semiconductor CMP is analogous to the opportunities, and eventually probably requirements, for improvement that we envision in compound semiconductor substrate polishing. In addition to outlining some applicable background from semiconductor CMP, we will identify two specific process areas where the models developed for semiconductor CMP are directly applicable to compound semiconductor substrate polishing.

Background

	 Pad conditioning in semiconductor wafer CMP is at a technically mature stage, and the knowledge base can be directly applied to substrate polishing. For instance, the same pad types, and in some cases even the same pads, are used in both areas. Figure 1 illustrates the four types of polishing pads used in both semiconductor CMP and substrate polishing. This classification system is after Cook [4] and James [5]. Type 1 pads consist of a “non-woven” needled polyester felt impregnated with polyurethane. The pores in a Type 1 pad are formed from the spaces between the impregnated fibers and have a length scale of 100s of microns. The pores in a Type 1 pad tend to be interconnected. Type 2, or “poromeric” (porous + 

polymeric) pads consist of a porous, coagulated 
polyurethane film deposited on a substrate. The substrate may be a carrier film, or in some cases a Type 1 pad. The pore structure of a Type 2 pad is complex and tends to be thickness dependent. Type 2 pads have a backbone consisting of microporous polyurethane (with a porosity on the order of a few microns) and large macro pores with length scales on the order of 10s to a few 100s of microns. Type 2 pads have a vertically oriented macropore structure, with pore shapes that can range from nearly circular to columnar. Type 2 pads tend to have smaller pores at the surface and larger pores at the base, but can exhibit a wide range of morpoholgies with varying degrees of consistency. The trend in semiconductor CMP is towards Type 2 pads with a relatively consistent and well controlled near surface layer of smaller pores, consisting of a few hundred microns of material, above a deeper base structure with larger pores. Interestingly, the original Type 2 pads were derived from Corfam®, a synthetic leather developed by DuPont in the 1950s. Type 3 pads are the most widely used in semiconductor CMP, and have been the most widely studied. Type 3 pads consist of discrete pores in a matrix of polyurethane. The matrix properties can be varied over a wide range and pore sizes range from single to 10s of microns. Type 3 pads should be isotropic in terms of their physical property and porosity distribution. Type 4 pads are composed of solid polyurethane. While they have some niche application in semiconductor CMP, they are not widely used. Solid pads have no intrinsic porosity. Type 1 and 2 pads are generally grouped as the “soft” pads, whereas Type 3 and 4 pads are referred to as “hard” pads. Type 3 pads typically exhibit Shore D hardness in the range of 20-70. Type 1 and 2 pads are measured on softer hardness scales or in terms of compressibility.[image: ]
[bookmark: _GoBack]Fig. 1.  SEM micrograph cross-sections of a) Type 1, b) Type 2, c) Type 3 and d) Type 4[5] pads.
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Fig. 2.  Conceptual diagram of how porosity and conditioning combine to develop pad texture.

	
	Pad conditioning affects CMP process performance in two primary ways, 1) it defines the structure of the pad surface asperities that are in contact with the wafer and 2) it maintains stability by refreshing the surface after it is modified by the act of polishing. Figure 2 illustrates the first effect. A given pad material has an intrinsic porosity that can be defined by a characteristic surface height distribution. 

[image: ]
Fig. 3.  a) Polish Rate and b) pad surface height distributions illustrating trends when maintenance conditioning is suspended in SiO2 film polishing with a SiO2 slurry on a Type 3 pad.

	
The porosity distribution of most pad materials can be modeled as an exponential[2]. The pad conditioner has a characteristic cutting distribution, defined by the size, density and sharpness of the engineered diamond abrasive crystals on its surface, which is superimposed on the pad’s intrinsic porosity distribution. The cutting characteristic is often modeled as a Gaussian[2]. Figure 3 [1] illustrates some aspects of both effects. Figure 3a shows the effect of conditioner induced roughness on polish rate (on the same pad, the rougher surface yields a higher polish rate) as well as the effect of the lack of conditioning and the associated surface degradation on polish rate decay. Figure 3b illustrates that the polish rate decay observed when conditioning is suspended is driven by the wear of pad surface asperities. In the absence of regeneration by conditioning, surface asperities are worn and become truncated (colloquially referred to as “glazing”), as measured by the narrow secondary mode that arises at the pad near surface as wear progresses.
Applications

	Type 1 polishing pads are widely used in the preparation of compound semiconductor substrates. Recently, we have been applying the models developed in semiconductor CMP on Type 3 pads to Type 1 (“soft”) pads. As Figure 4 illustrates, Type 1 pads exhibit an exponential porosity signature, but with a decay length about an order of magnitude larger than a typical Type 3 pad, consistent with the difference in length scales of the pores of the two pad types. The core of the distribution (accounting for over 50% of the total surface) can be modeled as a Gaussian. The pad near surface can be modeled as a second exponential, but with a significantly smaller decay length than the exponential modeling the porosity.

[image: ]
Fig. 4.  Pad height probability distribution functions for 5 different locations on a new Type I pad, illustrating the model for Type 1 pad texture.


	Figure 5 illustrates the range of texture that can be developed on the DusPont Suba 800 impregnated felt pad, one of the Type 1 pads most widely used in substrate polishing applications. As the figure illustrates, the hwhm of the Gaussian core can be driven from about 10 to almost 30 µm, while maintaining the deep background porosity that characterizes this pad. The range of attainable roughness on this pad indicates that not only can the typical new pad roughness be achieved and more importantly, maintained, with pad conditioning, but significantly smoother and rougher surfaces can be achieved. From our interactions with substrate manufacturers, we have observed significant changes in the pad surface texture as a result of polishing, (similar to the glazing response observed in semiconductor CMP on Type 3 pads) indicating a need for pad conditioning to improve textural stability and hence process stability and performance on these pad types. The ability to drive the texture into rougher and smoother regimes implies a potential to drive the substrate process into previously unattainable performance spaces. For example, smoother surfaces may improve surface quality and defectivity metrics. Rougher surfaces may contribute to improved throughput through polish rate increase, at least these are the general trends observed in semiconductor CMP for physically dominated polish processes. 

[image: ]
Fig. 5.  Pad surface height distributions on a Type I pad conditioned with a range of designs and an un-conditioned new pad, developing a range of Gaussian core roughness as indicated by the legend.

	
	Figure 6 illustrates how key pad roughness metrics of Suba 800 are correlated with a basic conditioner diamond design parameter. This correlation provides for a straightforward way to target conditioner designs to specific desired roughness levels, and drive to a robust conditioning solution directly, with little or no significant process development required.
	
	Type 3 pads are widely used in the final polishing step in the SiC wafer preparation process along with corrosive, low pH, KMnO4 based slurries. The learnings from semiconductor CMP can be directly leveraged on these pads, along with the adoption of an advanced corrosion resistant, metal-free, conditioning platform such as the O-Pyradia disc from Kinik Company.

[image: ]
Fig. 6.  Suba 800 roughness parameters correlated with a basic conditioner diamond design parameter.


Conclusions
	
	Pad conditioning technology is in a mature stage in semiconductor CMP. It has been established that pad conditioning defines and maintains the surface asperity structure of the pad, removing worn pad material and regenerating the surface structure defined by the conditioner’s cutting characteristic. So not only does pad conditioning impart stability in semiconductor CMP, but can toggle process performance by driving the texture over a range of imparted roughness.

	The pad conditioning models and protocols developed for semiconductor CMP can be adapted for application to compound semiconductor substrate polishing. In some cases the same pad types are used in substrate polishing, so the semiconductor CMP knowledge base and protocols can be applied directly, such as in the final polishing step on SiC wafers using KMNO4 based slurries on Type 3 pads.

	We have begun to apply the methodology used in semiconductor CMP pad conditioning process design to Type I pads, which are widely used in substrate polishing applications. While occurring at longer length scales, the same general model developed for Type 3 pads can be applied to Type 1 pads. A range of roughness, straddling the typical “as received” roughness of a new Type I pad, can be developed on Type 1 pads. Core roughness on Type 1 pads is highly correlated with a basic conditioner diamond design parameter, yielding an ability to target specific roughness levels. Our engagements with substrate manufacturers, and analysis of their used pads, indicates that the same asperity wear processes observed in semiconductor CMP are occurring in the substrate polishing processes, implying a need for texture regeneration through pad conditioning. The ability to toggle core roughness outside of the current typical operating range in substrate polishing implies an ability to drive the process into previously unutilized textural regimes that could result in performance enhancements for specific applications.
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CMP – Chemical Mechanical Polishing
hwhm – half-width-half-maximum
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