J A N U A R Y 1 9 9 2 WRL Technical Note TN-24

A Comparison of Acoustic and Infrared Inspection Techniques for Die Attach

John S. Fitch

The Western Research Laboratory (WRL) is a computer systems research group that was founded by Digital Equipment Corporation in 1982. Our focus is computer science research relevant to the design and application of high performance scientific computers. We test our ideas by designing, building, and using real systems. The systems we build are research prototypes; they are not intended to become products.

There is a second research laboratory located in Palo Alto, the Systems Research Center (SRC). Other Digital research groups are located in Paris (PRL) and in Cambridge, Massachusetts (CRL).

Our research is directed towards mainstream high-performance computer systems. Our prototypes are intended to foreshadow the future computing environments used by many Digital customers. The long-term goal of WRL is to aid and accelerate the development of high-performance uni- and multi-processors. The research projects within WRL will address various aspects of high-performance computing.

We believe that significant advances in computer systems do not come from any single technological advance. Technologies, both hardware and software, do not all advance at the same pace. System design is the art of composing systems which use each level of technology in an appropriate balance. A major advance in overall system performance will require reexamination of all aspects of the system.

We do work in the design, fabrication and packaging of hardware; language processing and scaling issues in system software design; and the exploration of new applications areas that are opening up with the advent of higher performance systems. Researchers at WRL cooperate closely and move freely among the various levels of system design. This allows us to explore a wide range of tradeoffs to meet system goals.

We publish the results of our work in a variety of journals, conferences, research reports, and technical notes. This document is a technical note. We use this form for rapid distribution of technical material. Usually this represents research in progress. Research reports are normally accounts of completed research and may include material from earlier technical notes.

Research reports and technical notes may be ordered from us. You may mail your order to:

Technical Report Distribution DEC Western Research Laboratory, WRL-2 250 University Avenue Palo Alto, California 94301 USA Reports and notes may also be ordered by electronic mail. Use one of the following addresses:

Digital E-net: DECWRL::WRL-TECHREPORTS

Internet: WRL-Techreports@decwrl.dec.com

UUCP: decwrl!wrl-techreports

To obtain more details on ordering by electronic mail, send a message to one of these addresses with the word ‘‘help’’ in the Subject line; you will receive detailed instructions.

A Comparison of Acoustic and Infrared

Inspection Techniques

for Die Attach

John S. Fitch

January 1992

Abstract

Acoustic scanning and infrared imaging are two non-invasive die attach inspection techniques. Acoustic scanning provides information by emitting an acoustic pulse into a sample and analyzing the reflected waves. Based on the geometry and physical properties of the materials, details of the interior of the sample can be seen. Voids, delaminations and heterogeneities can be detected. Infrared imaging is used to examine the temperature of the chip surface while dissipating power. Depending on the geometry and thermal properties, areas with large voids or delaminations can often be detected. It is useful to compare the two techniques to understand the limits of detection capability. Samples were examined with both techniques and the resulting images compared. The acoustic technique could find small voids and heterogeneities, but infrared imaging could not. However, delaminations of the epoxy appeared in the infrared images as hot regions on the chip surface.

This is a preprint of a work-in-progress paper that will be presented at ITHERM 1992 Austin, Texas, February 5-7, 1992.

Copyright © 1992 IEEE

ii

Table of Contents

1. Introduction 1 2. Description of the Techniques 1 2.1. Acoustic Imaging 1 2.2. Infrared Imaging 3 3. Experimental Samples 5 4. Results 7 4.1. Voids 7 4.2. Delaminations or Poor Adhesion 7 5. Conclusions 13 References 13

iii iv

List of Figures

Figure 1: Acoustic C-scan of a diamond-filled epoxy joint. Significant movement 2 of the diamond particles occurred when the die was pressed into the paste. Variations in the diamond distribution indicate the distinct locations of the paste dispensing.

Figure 2: Infrared and acoustic images of an epoxy joint with a triangular por- 6 tion of epoxy removed.

Figure 3: Infrared and acoustic images of an epoxy joint with two 1 mm 8 diameter voids.

Figure 4: Infrared and acoustic images of an epoxy joint with two 2 mm 9 diameter voids.

Figure 5: Infrared and acoustic images of an epoxy joint with two 3.5 mm 10 diameter voids.

Figure 6: Infrared and acoustic images of an epoxy joint with the epoxy removed 11 at two corners.

Figure 7: Infrared and acoustic images of a die attach joint with silicone grease 12 applied to the chip in two corners, leading to poor adhesion at the corners.

v vi

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

1. Introduction

Die attach inspection techniques have become more important as demands on die attach performance have increased. The role of the die attach can be complex since it must fulfill structural, electrical, thermal and material compatibility requirements. With chip manufacturing technology improvements, an entire complex system can reside on a single die. The expense of such a chip may justify 100% inspection during manufacture. This, along with the increased demands on the die attach, have created a need for non-invasive inspection of the die attach joint to find voids, delaminations or material heterogeneities. For production applications, the inspection must be fast, easily quantified for pass/fail decisions and independent of operator skills. In the development stage of a project, where time per sample is not as important, the inspection technique must reveal fine details of the die attach to aid the engineer in resolving design and process problems.

Two non-invasive die attach inspection techniques are acoustic scanning and infrared imaging. Acoustic scanning provides information by emitting an acoustic pulse into a sample and analyzing the reflected echoes. Based on the geometry and physical properties of the materials, details of the interior of the sample, including voids, delaminations, or heterogeneities, can be revealed. Infrared imaging is used to examine the temperature of the die surface while it is under power. Depending on the geometry and thermal properties, areas with large voids or delaminations can often be detected.

Each technique has advantages and disadvantages. For inspections on a manufacturing line, the infrared technique is more practical. It is fast, the results are easily quantified and operator training is minimal. It cannot, however, detect small flaws in die attach. In the development stage of a project, acoustic images can reveal problems that cannot be seen in an infrared image, Unfortunately, the acoustic technique may require that the sample be immersed in a liquid, which risks contamination. For those reasons it is useful to compare the two techniques to understand their limits.

This paper discusses specific experimental results. Silicon chips were epoxied on copper slugs with flaws intentionally designed into the epoxy. Acoustic and infrared techniques were used to inspect the parts, and the resulting images were compared. It was found that although the acoustic technique could find small voids or heterogeneities, the infrared imaging could not. However, delaminations of the epoxy were apparent in the form of hot regions on the chip surface.

2. Description of the Techniques

2.1. Acoustic Imaging

There are three basic acoustic inspection methods: resonance, pulse and acoustic emission. Pulse methods, which are the subject of this work, are the most versatile for non-destructive diagnostics and die attach inspections [1]. In the pulse method, a piezoelectric transducer is situated above a sample. The transducer sends pulses of ultrasonic waves through a liquid couplant and into the sample. Between pulses a receiver listens for echoes reflecting from the sample. In the pulse-echo method, the transmitter and the receiver are the same piezoelectric transducer. The frequency of the ultrasonic waves may vary from 15 to 100 MHz (the later

1

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

being a more recent capability). The higher frequency produces shorter wavelengths, which can typically resolve smaller defects [5].

The liquid couplant is required between the transmitter and the sample so that the ultrasonic waves are not reflected by the sample surface. The couplant must have the correct characteristic impedance (The speed of sound in a material multiplied by its density). When an ultrasonic wave encounters a boundary of two materials with different characteristic impedances, a portion of the wave is reflected. Water is often used as a couplant since it has a characteristic impedance close to that of many solids [4]. Conversely, air’s characteristic impedance is several orders of magnitude lower which leads to nearly 100% reflected waves. Some low frequency techniques (20-30 kHz) do not require couplants [1], but these longer waves can only find very large defects.

It is this characteristic impedance mismatch that allows us to find defects within the sample. When the ultrasonic wave is traveling through the solid die attach material, and it encounters a void or region with a much lower characteristic impedance, it is partially reflected. If, however, the void fills with a well-matched couplant, the impedance mismatch is reduced and the void may go undetected. In the case of epoxy loaded with metal or ceramic fillers, undesirable characteristic impedance combinations may occur, making acoustic imaging of defects impossible. In some cases it is possible to see variations in the particle distribution throughout a joint if the epoxy mixture is inhomogeneous (see Figure 1).

Figure 1: Acoustic C-scan of a diamond-filled epoxy joint. Significant movement of the diamond particles occurred when the die was pressed into the paste. Variations in the diamond distribution indicate the distinct locations of the paste dispensing.

2

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Since the layers of material are at varying distances from the transducer, the reflected waves from the layers are received by the transducer at different times. By capturing a time slot of data, planes within the sample may be selected. If the speed of sound in each plane is known, the locations or thicknesses of the planes may be determined [2].

C-scan is a convenient pulse-echo, data reduction technique which presents the inspector with a plan view of the sample. The strength of the received signal is plotted over the x and y directions. For example, a gray scale plot might indicate solid regions as black and voids as white. By capturing various time slots of C-scans, a 3-dimensional image of the sample can be constructed, but this can be a difficult and time-consuming task.

The planarity of the sample’s layers is critical. For example, if the die is out of parallel with the substrate by more than 2 degrees, or if the top of the die is covered with a non-planar encapsulant, C-scan results may be meaningless. Similarly, if the roughness of any surface is greater than the acoustic wavelength, the images may be distorted. For these reasons the operator must be highly skilled to adjust the equipment and interpret the results.

Acoustic Imaging Advantages:

• Can see interior details.

• Material properties not required to get useful images.

• Good image details.

• Powerable parts not required for imaging.

Acoustic Imaging Disadvantages:

• Sample usually immersed in couplant.

• Planarity of the layers is required.

• Surface features may distort image.

• Impedance of materials may not be appropriate.

• Requires skilled operators.

• Low sample throughput.

2.2. Infrared Imaging

Infrared temperature sensing is used in many research, military and commercial applications. Infrared detectors are popular because they provide an inspection technique that is nondestructive, non-invasive and easy to use.

Infrared detectors rely on the Plank and Stefan-Boltzmann laws which provide an expression for the total radiant emittance of energy from a body. These laws consider the absolute temperature of a material, and consequently, the length of the electromagnetic waves that it emits. Since every material has an emissivity or reflectance, which affects the radiant emittance, these laws

3

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

may be modified for a particular material. They may be expressed either in terms of emittance or photon energy [3].

There are two basic types of infrared detectors. Thermal detectors rely on changes in the detector material properties with temperature. Photon detectors are composed of semiconductor materials which release electrons based on photon absorption. The flow of electrons can then be related to the surface temperature.

The largest unknown in infrared imaging is the surface emissivity, which can range from a value of 0 for perfectly reflective surfaces, to 1 for a "black", totally absorbent and perfectly emissive surface. This property must usually be supplied by the user before the infrared equipment can yield accurate surface temperatures. Some infrared systems can calculate the surface emissivity through a series of calibrations at known temperatures. A surface with a low emissivity is very hard to measure because it reflects the surrounding environment, contaminating the infrared signal. Unfortunately, the metals found on the surface of most die have very low emissivities. However, the encapsulants commonly used for die coating have very high emissivities leading to good results.

Infrared images are typically presented as plan views of the imaged surface. Temperature scales are depicted with a color or a gray scale image. A centigrade scale is used in this paper’s figures.

Infrared Imaging Advantages:

• No couplant required.

• High sample throughput.

• Easily quantified for pass/fail decisions.

• Minimal training required.

• Geometry and planarity are not critical.

Infrared Imaging Disadvantages:

• Need to determine surface emissivity.

• Surface must have adequately high emissivity.

• Must power part to generate temperature gradient.

• Examines die surface, not interior.

This short paper compares pulse-echo acoustic imaging to a photon detection infrared inspection through a simple experiment.

4

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

3. Experimental Samples

The samples used in this comparison consisted of silicon chips epoxied to copper slugs. The epoxy joint incorporated intentional flaws of various sizes. The objective was to evaluate the possibility of finding these flaws with the two inspection techniques.

The silicon chip was 15 x 15 x 0.5 mm. Its top surface had a thin film of tantalum nitride with a pair of gold bus bars on opposite ends of the chip. This generated uniform heating when a voltage was applied. It is important to note that the chip did not have any features on or within the top surface which could disturb the acoustic waves. During infrared imaging, the chip was powered at roughly 50 watts while the copper slug was cooled by a refrigerated cold plate.

Silver-filled epoxy film preforms (ABLESTIK’S ECF563) were used to bond the chip onto a 25 x 25 x 3 mm copper slug. The cured epoxy thickness was 0.05 ± 0.01 mm. A plastic pin grid array package, epoxied to the copper slug, allowed wire bonding and power distribution to the chip.

Defects were designed into the epoxy before the chip was attached. This was done by "cookie cutting" voids of various diameters - 0.5, 1.0, 2.0 and 3.5 mm - out of the uncured film with a hand punch. One sample was prepared with a triangular section removed from the center of the film so that a void tapering from 5 to 0 mm in size could be examined (see Figure 2).

In order to examine the characteristic delamination failure that might occur at the corners of a chip, one sample was made by cutting off two corners of the epoxy - one portion larger than the other. On another sample, an adhesive failure was simulated by applying a small amount of silicone grease

on two opposite corners of a chip. In this case the epoxy was not removed, but it is unlikely that it adhered to the chip in these locations.

All acoustic images were made at Precision Acoustic Devices, of Fremont, California, with their own custom built equipment. Their 25 MHz pulse-echo equipment was configured to generate a gray scale C-scan of the epoxy joint. The samples were coupled to the transmitter with water. In these C-scans, the lighter regions are stronger reflections indicating voids or delaminations.

After the acoustic inspections, and before the infrared inspections, the chips were sprayed with a very thin coat of flat black paint to provide a high emissivity surface. R The infrared images were made in our lab using an AGEMA Thermovision 870 thermoelectrically-cooled photon detector. The temperature scale is shown at the top of the figures. Since we are interested in finding flaws, the absolute temperature is not as important as local temperature gradients. Temperature gradients in the silicon indicate lateral movement of heat around epoxy flaws.

5

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Figure 2: Infrared and acoustic images of an epoxy joint with a triangular portion of epoxy removed.

6

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

4. Results

4.1. Voids

Acoustic Images The larger voids (2 and 3.5 mm diameter) are easily seen in the acoustic images (bottom of Figures 4 and 5). The 1 mm diameter voids reflected a much weaker signal (bottom of Figure 3) but are visible in the original prints. The smallest voids (0.5 mm diameter) could barely be detected in the C-scans, and are not shown here. It is possible that a portion of the void was filled by epoxy resin during cure; in the original prints it was possible to see that a small portion of resin was squeezed into the void. The light areas seen in Figures 4 and 5 near the perimeter of the chip, are probably due to epoxy thickness variations, and not delaminations.

Infrared Images The larger voids are obvious in the temperature map of the chip’s surface. In Figure 5 the 3.5 mm diameter voids have caused obvious hot spots. The 2 mm diameter voids are also visible in the infrared image of Figure 4. In the infrared image of Figure 3, the 1 mm diameter voids can not be seen. Although there may be a slight increase in the overall temperature of the chip, indicating a die attach problem, the infrared image provides no indication that 1 mm diameter voids are present. Since the infrared detector views the top surface and not the bondline, thermal spreading in the die and slug obscures the finer details. This is expected since the diameter of the smaller voids is comparable to the thickness of the silicon.

If the silicon were thicker, it would be even harder to detect small voids. This would also be the case with higher thermal conductivity die attach materials, such as solders.

4.2. Delaminations or Poor Adhesion

Acoustic Images An extreme case of corner delaminations can be seen in Figure 6, which was the sample with epoxy missing in two corners. The air gap between the silicon and copper generated a very high reflected signal.

A more realistic case is shown in Figure 7. Here, the adhesive failure in the two corners can be detected by the slightly less intense acoustic reflection. This type of failure is typical of delaminations due to expansion mismatches or poor adhesion to the chip or copper.

Infrared Images In Figure 6 the corners with missing epoxy are easily seen in the infrared images. This is expected since the large air gap effectively insulates these corners. In the adhesive failure case of Figure 7, the infrared image indicates a small temperature gradient which leads to a higher overall chip temperature. However, it would be impossible to conclude that the problem was caused by corner delaminations in this chip, based only on the infrared image.

7

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Figure 3: Infrared and acoustic images of an epoxy joint with two 1 mm diameter voids.

8

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Figure 4: Infrared and acoustic images of an epoxy joint with two 2 mm diameter voids.

9

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Figure 5: Infrared and acoustic images of an epoxy joint with two 3.5 mm diameter voids.

10

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Figure 6: Infrared and acoustic images of an epoxy joint with the epoxy removed at two corners.

11

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

Figure 7: Infrared and acoustic images of a die attach joint with silicone grease applied to the chip in two corners, leading to poor adhesion at the corners.

12

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

5. Conclusions

Two die attach inspection techniques, acoustic C-scan and infrared imaging, were compared to determine the size of silver-filled epoxy flaws that could be detected. The following conclusions can be made from these experiments:

1. Using a 25 MHz signal, the acoustic technique was able to find voids as small as 1 mm in diameter. It was not possible to see 0.5 mm diameter voids clearly.

2. Infrared images detected voids of a 2 mm diameter and larger. Smaller voids could not be seen distinctly. However, overall chip temperature increases due to small voids could be detected, indicating possible die attach flaws.

3. Severe delaminations, created by removing epoxy, could be seen easily by both techniques.

4. Poor adhesion could be detected acoustically only by skilled operators, but would not be obvious to the untrained eye.

5. Poor adhesion was not obvious using infrared imaging; however, overall chip temperature did increase.

References

[1] D. Ensminger.

Ultrasonics. Marcel Dekker, Inc., New York, 1988. ISBN 0-8247-7659-3.

[2] A. J. Kinloch.

Adhesion and Adhesives. Chapman and Hall, New York, 1987. ISBN 0-412-27440-X.

[3] F. Kreith and W. Z. Black.

Basic Heat Transfer. Harper & Row, New York, 1980. ISBN 0-700-22518-8.

[4] L. C. Lynnworth.

Ultrasonic Measurements for Process Control. Academic Press, Inc., Boston, 1989. ISBN 0-12-460585-0.

[5] A. Pilarski.

Ultrasonic Evaluation of the Adhesion Degree in Layered Joints. Materials Evaluation 43, May:765-770, 1985.

Thermovisionis a registered trademark of AGEMA Infrared Systems, AB.

13

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

14

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

WRL Research Reports

‘‘Titan System Manual.’’ ‘‘MultiTitan: Four Architecture Papers.’’ Michael J. K. Nielsen. Norman P. Jouppi, Jeremy Dion, David Boggs, Mich- WRL Research Report 86/1, September 1986. ael J. K. Nielsen. WRL Research Report 87/8, April 1988.

‘‘Global Register Allocation at Link Time.’’

David W. Wall. ‘‘Fast Printed Circuit Board Routing.’’ WRL Research Report 86/3, October 1986. Jeremy Dion. WRL Research Report 88/1, March 1988.

‘‘Optimal Finned Heat Sinks.’’

William R. Hamburgen. ‘‘Compacting Garbage Collection with Ambiguous WRL Research Report 86/4, October 1986. Roots.’’ Joel F. Bartlett.

‘‘The Mahler Experience: Using an Intermediate WRL Research Report 88/2, February 1988.

Language as the Machine Description.’’

David W. Wall and Michael L. Powell. ‘‘The Experimental Literature of The Internet: An WRL Research Report 87/1, August 1987. Annotated Bibliography.’’ Jeffrey C. Mogul.

‘‘The Packet Filter: An Efficient Mechanism for WRL Research Report 88/3, August 1988.

User-level Network Code.’’

Jeffrey C. Mogul, Richard F. Rashid, Michael ‘‘Measured Capacity of an Ethernet: Myths and J. Accetta. Reality.’’

WRL Research Report 87/2, November 1987. David R. Boggs, Jeffrey C. Mogul, Christopher A. Kent.

‘‘Fragmentation Considered Harmful.’’ WRL Research Report 88/4, September 1988. Christopher A. Kent, Jeffrey C. Mogul.

WRL Research Report 87/3, December 1987. ‘‘Visa Protocols for Controlling Inter-Organizational Datagram Flow: Extended Description.’’

‘‘Cache Coherence in Distributed Systems.’’ Deborah Estrin, Jeffrey C. Mogul, Gene Tsudik, Christopher A. Kent. Kamaljit Anand. WRL Research Report 87/4, December 1987. WRL Research Report 88/5, December 1988.

‘‘Register Windows vs. Register Allocation.’’ ‘‘SCHEME->C A Portable Scheme-to-C Compiler.’’ David W. Wall. Joel F. Bartlett.

WRL Research Report 87/5, December 1987. WRL Research Report 89/1, January 1989.

‘‘Editing Graphical Objects Using Procedural ‘‘Optimal Group Distribution in Carry-Skip Ad- Representations.’’ ders.’’

Paul J. Asente. Silvio Turrini.

WRL Research Report 87/6, November 1987. WRL Research Report 89/2, February 1989.

‘‘The USENET Cookbook: an Experiment in ‘‘Precise Robotic Paste Dot Dispensing.’’

Electronic Publication.’’ William R. Hamburgen. Brian K. Reid. WRL Research Report 89/3, February 1989. WRL Research Report 87/7, December 1987.

15

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

‘‘Simple and Flexible Datagram Access Controls for ‘‘Link-Time Code Modification.’’

Unix-based Gateways.’’ David W. Wall.

Jeffrey C. Mogul. WRL Research Report 89/17, September 1989. WRL Research Report 89/4, March 1989. ‘‘Noise Issues in the ECL Circuit Family.’’ Jeffrey Y.F. Tang and J. Leon Yang.

‘‘Spritely NFS: Implementation and Performance of WRL Research Report 90/1, January 1990.

Cache-Consistency Protocols.’’ V. Srinivasan and Jeffrey C. Mogul.

‘‘Efficient Generation of Test Patterns Using WRL Research Report 89/5, May 1989. Boolean Satisfiablilty.’’

Tracy Larrabee.

‘‘Available Instruction-Level Parallelism for Super- WRL Research Report 90/2, February 1990.

scalar and Superpipelined Machines.’’ Norman P. Jouppi and David W. Wall. ‘‘Two Papers on Test Pattern Generation.’’

WRL Research Report 89/7, July 1989. Tracy Larrabee.

WRL Research Report 90/3, March 1990. ‘‘A Unified Vector/Scalar Floating-Point Architecture.’’

‘‘Virtual Memory vs. The File System.’’ Norman P. Jouppi, Jonathan Bertoni, and David Michael N. Nelson.

W. Wall.

WRL Research Report 90/4, March 1990. WRL Research Report 89/8, July 1989.

‘‘Efficient Use of Workstations for Passive Monitor- ‘‘Architectural and Organizational Tradeoffs in the ing of Local Area Networks.’’

Design of the MultiTitan CPU.’’ Jeffrey C. Mogul.

Norman P. Jouppi.

WRL Research Report 90/5, July 1990. WRL Research Report 89/9, July 1989.

‘‘A One-Dimensional Thermal Model for the VAX ‘‘Integration and Packaging Plateaus of Processor 9000 Multi Chip Units.’’

Performance.’’ John S. Fitch.

Norman P. Jouppi.

WRL Research Report 90/6, July 1990. WRL Research Report 89/10, July 1989.

‘‘1990 DECWRL/Livermore Magic Release.’’ ‘‘A 20-MIPS Sustained 32-bit CMOS Microproces- Robert N. Mayo, Michael H. Arnold, Walter S. Scott, sor with High Ratio of Sustained to Peak Perfor- Don Stark, Gordon T. Hamachi.

mance.’’

WRL Research Report 90/7, September 1990. Norman P. Jouppi and Jeffrey Y. F. Tang. WRL Research Report 89/11, July 1989. ‘‘Pool Boiling Enhancement Techniques for Water at Low Pressure.’’

‘‘The Distribution of Instruction-Level and Machine Wade R. McGillis, John S. Fitch, William Parallelism and Its Effect on Performance.’’ R. Hamburgen, Van P. Carey.

Norman P. Jouppi.

WRL Research Report 90/9, December 1990. WRL Research Report 89/13, July 1989.

‘‘Writing Fast X Servers for Dumb Color Frame Buf- ‘‘Long Address Traces from RISC Machines: fers.’’

Generation and Analysis.’’ Joel McCormack.

Anita Borg, R.E.Kessler, Georgia Lazana, and David WRL Research Report 91/1, February 1991.

W. Wall.

WRL Research Report 89/14, September 1989.

16

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

‘‘A Simulation Based Study of TLB Performance.’’ J. Bradley Chen, Anita Borg, Norman P. Jouppi. WRL Research Report 91/2, November 1991.

‘‘Analysis of Power Supply Networks in VLSI Circuits.’’

Don Stark.

WRL Research Report 91/3, April 1991.

‘‘TurboChannel T1 Adapter.’’ David Boggs.

WRL Research Report 91/4, April 1991.

‘‘Procedure Merging with Instruction Caches.’’ Scott McFarling.

WRL Research Report 91/5, March 1991.

‘‘Don’t Fidget with Widgets, Draw!.’’ Joel Bartlett.

WRL Research Report 91/6, May 1991.

‘‘Pool Boiling on Small Heat Dissipating Elements in

Water at Subatmospheric Pressure.’’

Wade R. McGillis, John S. Fitch, William

R. Hamburgen, Van P. Carey. WRL Research Report 91/7, June 1991.

‘‘Incremental, Generational Mostly-Copying Garbage Collection in Uncooperative Environments.’’

G. May Yip.

WRL Research Report 91/8, June 1991.

‘‘Interleaved Fin Thermal Connectors for Multichip

Modules.’’

William R. Hamburgen.

WRL Research Report 91/9, August 1991.

‘‘Experience with a Software-defined Machine Architecture.’’

David W. Wall.

WRL Research Report 91/10, August 1991.

‘‘Network Locality at the Scale of Processes.’’ Jeffrey C. Mogul.

WRL Research Report 91/11, November 1991.

17

A COMPARISON OF ACOUSTIC AND INFRARED INSPECTION TECHNIQUES FOR DIE ATTACH

WRL Technical Notes

‘‘TCP/IP PrintServer: Print Server Protocol.’’ ‘‘Systems for Late Code Modification.’’ Brian K. Reid and Christopher A. Kent. David W. Wall. WRL Technical Note TN-4, September 1988. WRL Technical Note TN-19, June 1991.

‘‘TCP/IP PrintServer: Server Architecture and Im- ‘‘Unreachable Procedures in Object-oriented Proplementation.’’ gramming.’’

Christopher A. Kent. Amitabh Srivastava. WRL Technical Note TN-7, November 1988. WRL Technical Note TN-21, November 1991.

‘‘Smart Code, Stupid Memory: A Fast X Server for a ‘‘Cache Replacement with Dynamic Exclusion’’ Dumb Color Frame Buffer.’’ Scott McFarling.

Joel McCormack. WRL Technical Note TN-22, November 1991. WRL Technical Note TN-9, September 1989. ‘‘Boiling Binary Mixtures at Subatmospheric Pres- ‘‘Why Aren’t Operating Systems Getting Faster As sures’’

Fast As Hardware?’’ Wade R. McGillis, John S. Fitch, William John Ousterhout. R. Hamburgen, Van P. Carey. WRL Technical Note TN-11, October 1989. WRL Technical Note TN-23, January 1992.

‘‘Mostly-Copying Garbage Collection Picks Up ‘‘A Comparison of Acoustic and Infrared Inspection Generations and C++.’’ Techniques for Die Attach’’ Joel F. Bartlett. John S. Fitch.

WRL Technical Note TN-12, October 1989. WRL Technical Note TN-24, January 1992.

‘‘Limits of Instruction-Level Parallelism.’’ David W. Wall.

WRL Technical Note TN-15, December 1990.

‘‘The Effect of Context Switches on Cache Performance.’’

Jeffrey C. Mogul and Anita Borg.

WRL Technical Note TN-16, December 1990.

‘‘MTOOL: A Method For Detecting Memory Bottlenecks.’’

Aaron Goldberg and John Hennessy. WRL Technical Note TN-17, December 1990.

‘‘Predicting Program Behavior Using Real or Estimated Profiles.’’

David W. Wall.

WRL Technical Note TN-18, December 1990.

18