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712 (a) What is the sheet resistance of a 0.5-um-thick copper line with a resistivity of 1.7
pohm-cm?
(b) What is the resistance of a line that is 50 pm long and 0.5 um wide?
(c) What is the capacitance of this line to the substrate if a 1-um thick “low-K” dielectric
is utilized with € =2¢?
(d) What is the RC product associated with the 50-pum line?

8.1

CHAPTER 8

Packaging and Yield

The low cost normally associated with integrated circuits results from mass production
in which many wafers, each containing a large number of IC dice, are all processed
together. There may be tens to thousands of dice per wafer and 25 to 200 wafers per lot.
After wafer processing is completed, however, the dice must be tested, separated, and
assembled in packages that are easy to handle and to mount in electronic systems. The
testing and assembly operations substantially increase the cost of the final product.

In this chapter, we first present an overview of testing and die separation. Then
we discuss IC assembly, including die attachment, wire bonding, and a survey of the
various types of packages used with integrated circuits.

The ultimate cost of the integrated circuit is related to the total yield of assem-
bled and tested devices. In the early stages in the development of a new process or cir-
cuit, we are lucky if a few functional dice are found per wafer. Late in the life of a
process with a mature circuit design, yields of 60 to 80% are not uncommon. A discus-
sion of the dependence of yield on defect density and die size concludes this chapter.

TESTING

Following metallization and passivation-layer processing, each die on the wafer is
tested for functionality. Special parametric test dice are placed at a number of sites on
the wafer. At this stage, dc tests are used to verify that basic process parameters fall
within acceptable limits. To perform the tests, a probe station lowers a ring of very fine,
needle-sharp probes into contact with the pads on the test die. Test equipment is con-
nected to the circuit through the probes and controlled by a computer system. If the
wafer-screening operation shows that basic process and device parameters are within
specification, functional testing of each die begins.

Under computer control, the probe station automatically steps across the wafer,
performing functional testing at each die site. Defective dice are marked with a drop of
ink. Later, when the dice are separated from the wafer, any die with an ink spot is dis-
carded. It has become impossible to exhaustively test complex VLSI devices such as
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microprocessors. Instead, a great deal of computer time is used to find a minimum
sequence of tests that can be used to indicate die functionality. At the wafer-probe
stage, functional testing is primarily static in nature. High-speed dynamic testing is dif-
ficult to do through the probes, so parametric speed tests are usually performed after
die packaging is complete.

The ratio of functional dice to total dice on the wafer gives the yield for each
wafer. Yield is directly related to the ultimate cost of the completed integrated circuit
and will be discussed more fully in Section 8.7.

WAFER THINNING AND DIE SEPARATION

As mentioned in Chapter 1, wafers range from approximately 350-1250 microns in
thickness. Large-diameter wafers must be thicker in order to maintain structural
integrity and planarity during the wide range of processing steps encountered dur-
ing IC fabrication. However, many applications require much thinner dice; a thick-
ness of approximately 275 pym is commonly used by many manufacturers. Flash
memory cards, credit cards, and medical electronics are just three examples of appli-
cations that use dice that have been thinned to only 125 um. The thinning is done
using back lapping and polishing processes similar to those for CMP described in
Chapter 6.

Following initial functional testing, individual IC dice must be separated from
the wafer. In one method used for many years, the wafer is mounted on a holder and
automatically scribed in both the x- and y-directions using a diamond-tipped scribe.
Scribing borders of 75 to 250 um are formed around the periphery of the dice during
fabrication. These borders are left free of oxide and metal and are aligned with crys-
tal planes if possible. In <100> wafers, natural cleavage planes exist perpendicular to
the surface of the wafer in directions both parallel and perpendicular to the wafer
flat. For <111> wafers, a vertical cleavage plane runs parallel, but not perpendicular,
to the wafer flat. This can lead to some separation and handling problems with <111>
material.

Following scribing, the wafer is removed from the holder and placed upside down
on a soft support. A roller applies pressure to the wafer, causing it to fracture along the
scribe lines. Care is taken to ensure that the wafer cracks along the scribe lines to mini-
mize die damage during separation, but there will always be some damage and loss of
yield during the scribing and breaking steps.

Today, diamond saws are used for die separation. A wafer is placed in a holder on
a sticky sheet of Mylar as shown in Fig. 8.1. The saw can be used either to scribe the
wafer or to cut completely through the wafer. Following separation, the dice remain
attached to the Mylar film.

DIE ATTACHMENT

Visual inspection is used to sort out dice that may have been damaged during die sepa-
ration, and the inked dice are also discarded. The next step in the assembly process is
to mount the good dice in packages.
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FIGURE 8.1

150-mm wafer mounted and ready for the dicing
saw.

Epoxy Die Attachment

An epoxy cement may be used to attach the die to a package or “header.” However,
€poxy is a poor thermal conductor and an electrical insulator. Alumina can be mixed
with the epoxy to increase its thermal conductivity, and gold- or silver-filled epoxies
are used to reduce the thermal resistance of the epoxy bonding material and to pro-
vide a low-resistance electrical connection between the die and the package.

Eutectic Die Attachment

The gold-silicon eutectic point occurs at a temperature of 370 °C for a mixture of
approximately 3.6% Si and 96.4% Au. Gold can be deposited on the back of the wafer
prior to die separation or can be in the form of a thin alloy “preform” placed between
the die and package. To form a eutectic bond, the die and package are heated to 390 to
420 °C, and pressure is applied to the die in conjunction with an ultrasonic scrubbing
motion. Eutectic bonding is possible with a number of other metal-alloy systems,
including gold-tin and gold-germanium. A solder attachment technique is also used
with semiconductor power devices.

WIRE BONDING

Wire bonding is the most widely used method for making electrical connections
between the die and the package. The bonding areas on the die are large, square pads
100 to 125 um on a side, located around the periphery of the die. Figure 8.2 shows a 2.5
X 2.5 mm die with 100 pm wire bond pads on a 125 pm pitch. Many manufacturers do
not put pads in the corners, because of reliability concerns. In particular, packaging-
induced die stress and die cracking tend to be highest in the corners.
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FIGURE 8.2
Die layout for (a) peripheral pads and (b) area array of pads.
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Thermocompression bonding was originally used with gold wire, and ultrasonic
bonding is used with aluminum wire. A combination of the two is termed thermosonic
bonding. Present high-density wire bonding can achieve a 50~70 um pitch (see Fig. 8.3),
and two or more staggered rows of wire bond pads are sometimes used to increase the
number of possible pads/die. The ITRS goal is to reach a wire bond pitch of 40 um by
the year 2010. Fine wires interconnect the aluminum bonding pads on the IC die to the

leads of the package.

FIGURE 8.3

(a) An SEM micrograph of gold ball bonding (b)
bonded die. Courtesy of Kulicke and Soffa Indust

8.4 Wire Bonding

SEM of high density gold ball bonding (c) SEM micrograph of wire
ries, Inc. (K&S).
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841 Thermocompression Bondlhg temperatures. Limiting the die temperature during the bonding process helps to pre-
vent the formatlor} of the intermetallic compounds, and high-temperature processing
and storage following bonding should be avoided.

In addition to the foregoi.ng problem, many epoxy materials cannot withstand
. empe.ratures encountered in thermocompression bonding, and thermocompres-
sion bondl.ng has been replaced by the ultrasonic and thermosonic bonding techniques
discussed in the next two sections.

The thermocompression bonding technique, also called nail-head or ball bonding, uses
a combination of pressure and temperature to weld a fine gold wire to the aluminum
bonding pads on the die and the gold-plated leads of the package. Figure 8.4 shows the 7
steps used in forming either a thermocompression or thermosonic bond. the t

A fine gold wire, 15 to 75 um in diameter, is fed from a spool through a heated
capillary. A small hydrogen torch or electric spark melts the end of the wire, forming a
gold ball two to three times the diameter of the wire. Under either manual or computer
control, the ball is positioned over the bonding pad, the capillary is lowered, and the 8.4.2 Ultrasonic Bonding
ball deforms into a “nail head” as a result of the pressure and heat from the capillary.

Next, the capillary is raised, and wire is fed from the spool as the tool is moved into
position over the package. The second bond is a wedge bond produced by deforming the
wire with the edge of the capillary. After the formation of the second bond, the capillary
is raised and the wire is broken near the edge of the bond. Because of the symmetry of
the bonding head, the bonder may move in any direction following formation of the
nail-head bond. An SEM micrograph of a gold-ball bond is shown in Fig. 8.3(a).

A problem encountered in production of gold-aluminum bonds is formation of
the “purple plague.” Gold and aluminum react to form intermetallic compounds. One
such compound, AuAl,, is purple in color, and its appearance has been associated with
faulty bonds. However, this compound is highly conductive. The actual culprit is a low-
conductivity, tan-colored compound, Au,Al, which is also present.

During thermocompression bonding, the substrate is maintained at a tempera-
ture between 150 and 200 °C. The temperature at the bonding interface ranges from
280 to 350 °C, and significant formation of the Au-Al compounds can occur at these

Oxidation of aluminum wire at high temperatures makes it difficult to form a good ball
at the end of the wire. An alternative process called ultrasonic bonding, which forms
the bond through a combination of pressure and rapid mechanical Vibr’ation is used
Wlt}.l aluminum wire. Aluminum wire is fed from a spool through a hole in t};e ultra-
sonic bonding tool, as shown in Fig. 8.5. To form a bond, the bonding tool is lowered
over the bonding position, and ultrasonic vibration at 20 to 60 kHz causes the metal to
deform and flow easily under pressure at room temperature. Vibration also breaks
through the oxide film that is always present on aluminum and results in formation of
a clean, strong weld.

As the tool is raised after forming the second bond, a clamp is engaged and pulls
agd breaks the wire at a weak point just beyond the bond. To maintain proper wire
ahggment in the bonding tool, the ultrasonic bonder can move only in a front-to-back
m0t1qn between the first and second bonds, and the package must be rotated 90° to
permit complete bonding of rectangular dice.

FIGURE 8.4 Capillary
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Copyright 1982 by Cahners Publishing
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wire at the bond. Reprinted

\ with permission from Circuits
Manufacturing, January 1980.

(d) (e) Copyright Morgan-Grampian

Co., Des Plaines, IL. (e )
1980.
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Thermosonic Bonding

Thermosonic bonding combines the best properties of ultrasonic and thermocompres-
sion bonding. The bonding procedure is the same as in thermocompression bonding,
except that the substrate is maintained at a temperature of approximately 150 °C.
Ultrasonic vibration causes the metal to flow under pressure and form a strong weld.
The symmetrical bonding tool permits movement in any direction following the nail-
head bond. Thermosonic bonding can be easily automated, and computer-controlled
thermosonic bonders can produce 5 to 10 bonds per second.

PACKAGES

IC dice can be mounted in a wide array of packages. In this section, we discuss the
round TO-style packages, dual-in-line packages (DIP), the pin-grid array (PGA), the
leadless chip carrier (LCC), and packages used for surface mounting. Later in this
chapter, we will look at flip-chip mounting, ball-grid arrays, and tape-automated bond-
ing. The long-term trend is to attempt to achieve a package footprint that is similar in
size to the semiconductor die itself. These packages are referred to as Chip Scale
Packages (CSPs).

Circular TO-Style Packages

Figure 8.6(a) shows a round TO-type package that was one of the earliest IC packages.
Different configurations of this package are available with 4 to 48 pins. The silicon die
is attached to the center of the gold-plated header. Wire bonds connect the pads on the
die to Kovar lead posts that protrude through the header and glass seal. Kovar is an
iron—nickel alloy designed to have the same coefficient of thermal expansion as the
glass seal. A metal cap is welded in place after die attachment and wire bonding.

DIPs

The DIP shown in Fig. 8.6(b) is extremely popular, because of its low cost and ease of
use. Plastic and epoxy DIPs are the least expensive packages and are available with as
few as 4 leads to more than 80 leads. In the postmolded DIP, a silicon die is first
mounted on and wire-bonded to a metallic lead frame. Epoxy is then molded around
both the die and the frame. As a result, the silicon die becomes an integral part of the
package. Plastic DIPs have evolved into other forms of in-line packages, including sin-
gle-in-line packages (SIPs) and zig-zag-in-line packages (ZIPs) shown in Fig. 8.6(c), as
well as many surface-mount packages to be described in Section 8.5.5.

In a ceramic DIP, the die is mounted in a cavity on a gold-plated ceramic sub-
strate and wire bonded to gold-plated Kovar leads. A ceramic or metal lid is used to
seal the top of the cavity. Ceramic packages are considerably more expensive than
plastic and are designed for use over a wider temperature range. In addition, ceramic
packages may be hermetically sealed. A premolded plastic package similar to the
ceramic package is also available.
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Cover
ﬁﬁ W Dual inline package (DIP)
k__ o w Single inline package (SIP)

Semiconductor die

Header
2z 2 /
11
é L \

w Zig-zag inline package (ZIP)

(©

Leads/ H

J Glass seal

Bond wires

Die FIGURE 8.6

(a) TO-style package; (b) ball-
and wedge-bonded silicon die in a
plastic DIP. The die support pad-
dle may be connected to one of
the external leads. For most com-
mercial products, only the die
paddle and the wedge-bond pads
are selectively plated. The exter-
nal leads are solder-plated or
dipped after package molding.
Copyright 1981, IEEE. Reprinted
with permission from Ref. [3]. (c)
(b) DIP, SIP, and ZIP packages.

Die support paddle

Pin-Grid Arrays (PGAs)

The DIP package is satisfactory for packaging IC dice with up to approximately 80
pins. The pin-grid array of Fig. 8.7 provides a package with a much higher pin density
than that of the DIP package. The pins are placed in a regular x—y array, and the pack-
age can have hundreds of pins. Wire bonding is still used to connect the die to gold
interconnection lines, which fan out to the array of pins. Other versions of this package
use the flip-chip process (which will be discussed in Section 8.6).




186 Chapter 8 Packaging and Yield

FIGURE 8.7
An example of a PGA in which the chip faces upward in the cavity.
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8.5.4 Leadless Chip Carriers (LCCs)

Figure 8.8 shows two types of leadless chip carriers. In each case, the die is mounted in
a cavity in the middle of the package. Connections are made between the package and
die using wire bonding, and the cavity is sealed with a cap of metal, ceramic, or €pOoxy.
The package in Fig. 8.8(a) has contact pads only on the top surface of the chip carrier.

- The chip carrier is pressed tightly against contact fingers in a socket mounted on a
printed-circuit board. Another type of LCC is shown in Fig. 8.8(b). Conductors are
formed in grooves in the edges of the chip carrier and are again pressed tightly against
contact pins in a socket on the next level of packaging.

Ceramic Metal
cover sealing lid

FIGURE 8.8 Edge

] . ) ) conductors
(a) Ceramic leadless chip carriers with top in grooves
connections; (b) LCC with edge connections
in grooves on the sides of the package. (a) (b)

8.5.5 Packages for Surface Mounting

The TO-, DIP-, and PGA-style packages are made for mounting in holes fabricated in
printed-circuit boards. Surface-mount packages do not require holes. The gull-wing pack-
age shown in Fig. 8.9(a) has short-lead stubs bent away from the package, whereas the
leads of the J-style package of Fig. 8.9(b) are bent back underneath the package. Both
styles permit soldering of the package directly to the surface of a printed-circuit board or
hybrid package. Several versions are shown in Fig. 8.9(c)-(h). The leadless chip carriers
described in the previous section are also available with leads added for surface mounting.
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Small outline transistor (SOT)

Quad flat pack (QFP)
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(a)

(© (d)

Small outline integrated circuit (SOIC)

(e)
Thin small outline package (TSOP)

Small outline j-leaded (SOJ)

FIGURE 8.9

(a) Gull-wing and (b)
J-lead surface-mount
(c) Small outline tran-
sistor (d) Small outline
IC (e) Thin small out-
line (f) Small outline
J-leaded (g) Quad flat
pack (h) Plastic-leaded
chip carrier or Quad J-
leaded packages.

(@ (h)

Plastic-leaded chip carrier (PLCC)/
Quad J-leaded pack (QJP)

FLIP-CHIP AND TAPE-AUTOMATED-BONDING PROCESSES

As can be envisioned from the preceding discussion, the die-mounting and wire-
bonding processes involve a large number of manual operations and are therefore
quite expensive. In fact, the cost of assembly and test may be many times the cost of a
small die. The one-at-a-time nature of the wire-bonding process also leads to reduced
Teliability, and failure of wire bonds is one of the most common reliability problems in
Integrated circuits. The flip-chip and tape-automated-bonding processes were devel-
oped to permit batch fabrication of die-to-package interconnections.
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8.6.1
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Flip-Chip Technology

The flip-chip mounting process was developed at IBM during the 1960s [4]. It took
almost three decades for the semiconductor industry to adopt flip-chip technology. For
today and the foreseeable future, however, flip-chip technology is an integral part of
the ITRS plan for high-density chip interconnection. The first step is to form a solder
ball (see Fig. 8.10) on top of each bonding pad. A sandwich of Cr, Cu, and Au is sequen-
tially evaporated through a mask to form a cap over each of the aluminum bonding
pads. Chrome and copper provide a barrier and a good contact to the aluminum pad.
Gold adheres well to chrome and acts as an oxidation barrier prior to solder deposi-
tion. Lead-tin solder is evaporated through a mask onto the Au-Cu-Cr cap, occupying
an area slightly larger than the cap.The die is heated, causing the solder to recede from
the oxide surface and form a solder ball on top of the Au—Cu—Cr bonding-pad cap.
After being tested and separated, the dice are placed face down on a substrate.
Temperature is increased, causing the solder to reflow, and the die is bonded directly to
the interconnections on the substrate. Solder balls provide functions of both electrical
interconnection and die attachment. Hundreds of bonds can be formed simultaneously
using this technique, and bonding pads may be placed anywhere on the surface of the
die, rather than just around the edge. In addition, the bond between the die and the
substrate is very short. The main disadvantages of this technique are the additional

100 wm

5%-Sn-95 %—-Pb mound

after solder reflow As-deposited
""wetback"'
-

solder
=
TR e e e T e R e R e e FEg—— '\ /

intermetallic
\ Cr

-

175 pm

(a) (®)

FIGURE 8.10

(a) Cross section through a solder ball before and after reflowing. Copyright 1969 by International Business Machines
Corporation. Reprinted with permission from Ref. [4]. (b) Flip-chip Pb/Sn solder bumps in standard 250 pm pitch
(right) and 50 pm. Courtesy of MCNC Optical and Electronic Packaging Group.
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processing complexity, the higher thermal resistance between die and substrate, and
the 1nal?111ty to visually inspect the completed solder joints. To enhance reliabilit’y an
underjflll. material is used in the gap between the chip and substrate. The under,—fill
n.latenal is usually dispensed in liquid form and then cured. To be effective, the under-
fill must achieve good adhesion at the interfaces with both the die and the s,ubstrate

' Two forms of solder-ball footprints are in common use at the die level. The fi'rst
simply replaces wire bonds with solder balls around the periphery of the die. However
the real power of the flip-chip approach is achieved through the use of large arrays 01;
solder balls placed over the full die area. For example, the die in Fig. 8.2(a) has only 72
pads, but an area array would achieve 144 interconnections using 125-um pads on a
200-um pitch as shown in Fig. 8.2(b).

The original IBM technique was a difficult and expensive process to implement
and these factors impeded its widespread adoption. More recently, a screen-printing,
apprloac.h has been used to deposit solder paste to form solder balls for low-volume
apphcatlops. Gold stud bumping, shown in the photograph in Fig. 8.11, is yet another
approach in which a gold wire is bonded to the chip pad, but the wire is’removed after

the first bond, leaving the gold bump on the pad i i
: pad. These chips may then be fl
and mounted to form a flip-chip structure. b ’ Hippedover

FIGURE 8.11

Burflps formed by modification of the wire-bond process. Courtesy of
Kulicke and Soffa Industries, Inc. (K&S).
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8.6.2 Ball-Grid Array (BGA)

Ball-grid arrays essentially apply the solder-ball approach to the package rather than
to the chip as indicated in Fig. 8.12. Chips are mounted to the IEG? sgbstra;[edum.r;]%
i i ir i lip-chip technology, and then the chip is coated wi
either peripheral wire bonding or flip-c . s coated with

i : A array ball pitches are in the rang
e form of molding compound. Standard BG : ‘
i(;;]() um (50 mils). Fine-pitch ball-grid arrays (FBGA, or uBGA) are projected to
decrease from a pitch of 500 um in the year 2000 to 300 um by 2010.

Die .
Epoxy glob top Die attach epoxy

Die pad
B il valre Plated copper
conductor

Plated
through hole
Solder mask . ] Coppcr foil pads
BT epoxy Thermal/ground vias ~ Solder ball aiid interconnects
circuit board
(a)
(b)
FIGURE 8.12

(a) Ball grid array cross section. (b) Intel microprocessor packaged using a BGA. Courtesy of

Intel Corp.
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8.6.3 The Tape-Automated-Bonding (TAB) Process

In tape-automated bonding, dice are attached to copper leads supported by a tape sim-
ilar to 35-mm film. The film is initially coated with copper, and the leads are defined by
lithography and etching. The lead pattern may contain hundreds of connections,

Die attachment requires a process similar in concept to the solder-ball technology
discussed earlier. Gold bumps are formed on either the die or the tape and are used to
bond the die to the leads on the tape. Figure 8.13 outlines the steps used to form a gold
bump on a bonding pad [5]. A multilayer metal sandwich is deposited over the passiva-
tion oxide. Next, a relatively thick layer of photoresist is deposited, and windows are
opened above the bonding pads. Electroplating is used to fill the openings with gold.
The photoresist is removed, and the thin metal sandwich is etched away using wet or
dry etching. The final result is a 25-um-high gold bump standing above each pad. As in
the flip-chip approach, bonding sites may be anywhere on the die,

K Plated Au 25 um

Silox (CVD) 1 to 1.5 um
} /_—% Al1um

SiO, (thermally grown)
Si
(a) (d)

Contact/barrier layer(s)
1000 A each

(b) (e)

Laminated photoresist 25 pum Plated Au 25um

(e.g., Riston)

Au 1000 A Contact/barrier layer(s)
‘\ 1000 to 2000 A each
X% 7777, Silox 22777,
SiO,

© St 0

FIGURE 8.13

Process sequence for making gold bumps on aluminum metallurgy devices. (a) The wafer is cleaned and sputter-
etched; (b) a contact/barrier layer (which also serves as a conductive film for electroplating) is sputter-deposited with
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The mounting process aligns the tape over the die, as in Fig. 8.14. A heated bond-
ing head presses the tape against the die, forming thermocompression bonds. In a pro-
duction process, a new die is brought under the bonding head and the tape indexes

automatically to the next lead site.
TAB-mounted parts offer the advantage that they can be functionally tested and

burned in once the dice are attached to the film. In addition, the IC passivation layer
and gold bump completely seal the semiconductor surface.

<— Heated bonding tool

Leads contact

Die matrix alignment N\

(a)

Tool alignment

>
Bonded die

A\ lg <—r_,||':—Die'§01ion
\

. L\ .
Die in matrix

(©

FIGURE 8.14

Tape-automated-bonding procedure. (a) Preformed leads of film are lowered into position and aligned above bonding
pads on the die, which is held in place with a wax; (b) bonding tool descends and forms bond with pressure and heat;
heat melts the wax, releasing the die; (c) tool and film are raised, lifting the bonded die clear so a new die can be
moved into position and the process can be repeated. Reprinted with permission from Small Precision Tools Bonding

Handbook. Copyright 1976.
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Chip Scale Packages

Many of the technologies described, including wire bondin ip-chi i

are evolving to the Chip Scale Package (CSIgD) in which thge’:zﬁi’izn’ifjllfhicgg ;nozéllimg’
whose area is no larger than the die itself. Figures 8.15(a—b) present drawings of twpo oag'e
ble approaches to the CSP, one based upon wire-bonded die and the second em lopinSS]_
form of TAB. Another approach referred to as chip-on-board attempts to elimFi)nai]e tgha
package altogether by mounting the bare die directly on the printed circuit board or ﬂex'e
ble substrate as shown in Fig, 8.15(c). Either wire bonding or flip-chip mounting ma bl_
used, and the final structure is encapsulated with an epoxy glob-top coating e

Patterned

CU interposer Polymide Polymide

adhesive substrate

(a)

Encapsulant

Frangible

bonding lead Elastomer

(b)

Encapsulant

FIGURE 8.15
(a) Chip scale package using wire bonding. (b) Alternate form of a CSP. (c) Chip-on-board packaging
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8.7 YIELD

The manufacturer of integrated circuits is ultimately interested in how many finished
chips will be available for sale. A substantial fraction of the dice on a given wafer will
not be functional when they are tested at the wafer-probe step at the end of the
process. Additional dice will be lost during the die separation and packaging opera-
tions, and a number of the packaged devices will fail final testing.

As mentioned earlier, the cost of packaging and testing is substantial and may be
the dominant factor in the manufacturing cost of small die. For a large die with low
yield, the manufacturing cost will be dominated by the wafer processing cost. A great
deal of time has been spent attempting to model wafer yield associated with IC
processes. Wafer yield is related to the complexity of the process and is strongly depen-

dent on the area of the IC die.

8.7.1 Uniform Defect Densities

One can visualize how die area affects yield by looking at the wafer in Fig. 8.16, which
has 120 die sites. The dots represent randomly distributed defects that have caused a
die to fail testing at the wafer-probe step. In Fig. 8.16(a), there are 52 good dice out of
the total of 120, giving a yield of 43%. If the die size were twice as large, as in Fig.
8.16(b), the yield would be reduced to 22% for this particular wafer.

An estimate of the yield of good dice can be found from a classical problem in
probability theory in which n defects are randomly placed in N die sites. The probability
P, that a given die site contains exactly k defects is given by the binomial distribution:
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FIGURE 8.16

Tllustrations of wafers, showing effect of die size on yield. Dots indicate the presence of a defective die
location. (a) For a particular die size the yield is 43%; (b) if the die size were doubled, the yield would be

only 22%.
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For large n and N, Eq. (8.1) can be approximated by the Poisson distribution:

)lk
B = 2exp(=4) (82)

where N =n/N. The yield is given by the probability that a die is found with no defects:
Y = By =exp(—A) (8.3)

The area.of t.he wafer is equal to NA, where A is the area of one die. The density
of.defects, Dy, is given by the total number of defects, n, divided by the area of all the
chips, and the average number of defects per die, \, is given by

A =n/N = DyA, for D, = n/NA (8.4)

The yield based on the Poisson distribution then becomes

Thls expression was used to predict early die yield, but was found to give too low
an estlmate for large dice with DA > 1. Equation (8.5) implicitly assumes that the
defect distribution is uniform across a given wafer and does not vary from wafer to
Wafe.r.. However, it was quickly realized that these conditions are not realistic. Defect
densmfis vary from wafer to wafer because of differences in handling and processing.
On a given wafer, there are usually more defects around the edge of the wafer than in
the qenter, and the defects tend to be found in clusters. These realizations led to inves-
tigation of nonuniform defect densities.

Nonuniform Defect Densities

Murphy [6] showed that the wafer yield for a nonuniform defect distribution can be
calculated from

Y:/0 exp(—DA)f(D) dD (8.6)

vyhere f(D) is the probability density for D. He considered several possible distribu-
tIOI.IS, as shown in Fig. 8.17. The impulse function in Fig. 8.17(a) represents the case in
which .the defect density is the same everywhere, and substituting it for f(D) in Eq
(8.6) yields Eq. (8.5). The triangular distribution in Fig. 8.17(b) is a simple approxima:
tion to a Gaussian distribution function and allows some wafers to have very few

defc?cts apd others to have up to 2D, defects. Application of Eq. (8.6) results in the fol-
lowing yield expression:
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1—exp(—DyA) Figure 8.18 plots the various yield functions versus DyA, the average number of
Y = o5 (8.7) defects in a die of area A. Early yield estimates based on Poisson statistics are clearl
DA ¥y y
0 . much more pessimistic than those based on the other functions, However, the negative
) e e P - i ial yield model in Eq. (8.9) with « = 5 is beginning to approach the exponential
fect densities is modeled by f(D) in Fig. 8.17(c) and pre binomial y q
ﬁf 1:n1fo§2;dd(15ftrlbut10n G Getesl en function. (See Problems 8.9 and 8.10.)
ictsay
- —2DyA
¥ [ﬂ—o)} (8.8) »
2DyA %) —
More complicated probability distributions have also been investiga}ted, incl.ud- 28 i
ing the negative binomial and gamma distributions [7,8]. These result in the yield ped |
expression in Eq. (8.9) 40
a 30
v=[i+ DOA} (89)
20 \ 1
in which o represents a clustering parameter which ranges from 0.5 to 10. The 1999 = V1 +2DyA
ITRS is basing future defect density requirements on Eq. (8.9) with a clustering para- S ol i
meter of 5 [9].To achieve a yield loss of less than 20% due to random defects, ‘Fhe ITRS 2 of \ ) ]
projects the required defect density to be less than 0.1/cm? by the year 2010 with a crit- g | e 7
ical defect size of less than 30 nm. 5 (1 — exp(~2DyA)
4 2Dy A )
~ ar L — exp(—=DyA) 2 1
) S exp (—DyA) o ( DA )
= 5 2r
% E 1 (1+ DyA S FIGURE 8.18
g T 2Dy | 1 ) . s ; ) ) : 5‘ - Theoretical yield curves for
ZT”S‘ % 0 2 4 6 8 10 12 different defect densities. See
% E . L Number of defects, DyA Egs. (8.5) through (8.9).
Ay 150 2ID0 31')0 D, 2D0 3D0
Defect density, D Defect density, D
(®)
(@) Example 8.1
a A 150-mm wafer has a defect density of 10 defects/cm?, and costs $200 to process.
= The cost of assembly and testing is $1.50 per die. (a) What is the total manufacturing cost
=y for a 5 X5 mm die in this process based on yield Eq. (8.7)? (The number of square dice
8 1 per wafer is given approximately by N = (R — S)*$?, where R is the wafer radius and S
2 2D, is the length of the side of the die.) (b) The market price for this part is $2.50. What must
2 be the wafer yield needed for manufacturing cost to drop below the market price?
el
o
= li)o 2Dy 3D, Solution: The area of the die is 0.25 cm, so the average number of defects per die is
Defect density, D DyA =2.5. Equation (8.7) predicts a yield of 13.5%. The wafer has a radius of 75 mm
© and contains approximately 616 dice. So the average wafer will yield 83 good dice. The

cost of the packaged dice will be C = ($200/83) + $1.50 = $3.91. Getting the cost to the
market price requires $2.50 = ($200/ND) + $1.50. We must get ND =200 good dice per
or more.

FIGURE 8.17

Possible defect probability density functions. (a) Impulse, where every wafer has .exactly the same number of defects; wafer to break even, corresponding to a yield of ¥ = 200/616 = 0,325
(b) a triangular approximation to a Gaussian density; (c) a uniform density function.
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SUMMARY

Following the completion of processing, wafers are screened by checking various pro-
cessing and device parameters using special test sites on the Wafer. If. the parameters
are within proper limits, each die on the wafer is tested for functionality, and bad dice
are marked with a drop of ink. '

Next, the dice are separated from the wafer using a diamond saw ora scribe-
and-break process. Some die loss is caused by damage duri.ng the separation process.
The remaining good dice are mounted in ceramic or plastic DIPs, LCCs, PQAS, sur-
face-mount, or BGA packages using epoxy or eutectic die-attachment t-echmques. .

Bonding pads on the die are connected to leads on the package using ultrasomc
or thermosonic bonding of 15 to 75 um aluminum or gold wire. Batch—fabr.lcated flip-
chip and TAB interconnection processes that permit simultaneous formation of hun-
dreds or even thousands of bonds can also be used.

The final manufacturing cost of an integrated circuit is determined by the num-
ber of functional parts produced. The overall yield is the ratio of the. numberiof work-
ing packaged dice to the original number of dice on the wafer. Yield loss is due to
defects on the wafer, processing errors, damage during assembly, and lack of f.ull func-
tionality during final testing. The relationship between wafer ylel.d a.nd the size of an
integrated-circuit die has been explored in detail. The larger the die size, the lower will
be the number of good dice available from a wafer.
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PROBLEMS

8.1 Make a list of at least ten process or device parameters which could easily be monitored
using a special test site on a wafer.

8.2 A simple microprocessor contains 115 flip-flops and hence 2' possible states. If a tester can
perform a new static test every 100 nsec, how many years will it take to test every state in the
microprocessor chip? If the wafer has 100 dice, how long will it take to test the wafer?

8.3 (a) How many pads can be placed on a 10 X 15 mm die if a single row of pads is used?
Assume the use of 100-um pads on a 125-pm pitch with no pads in the corners.

(b) Repeat for 75-pum pads on a 100-um pitch.

(¢) How many solder balls would fit on the same die using an area array if the ball pads
were 125-pm pads on a 200-pm pitch?

8.4 Compare the five yield formulas for a large VLSI die in which D A = 10 defects. Assume
a clustering parameter of 1.0. How many good dice can we expect from 100- and 150-
mm-diameter wafers using the different yield expressions? (The number of square dice
per wafer can be estimated from N =« (R — S)%S2 where R is the radius of the wafer
and S is the length of one side of the die.) Assume S =5 mm.

8.5 What is the wafer yield for the defect map in Fig. 8.16 if the die is four times the size of that
in Fig. 8.16(a)? What is the yield predicted by Poisson statistics? Assume the data from Fig.
8.16 is best represented by Eq. (8.9). What value of clustering parameter best fits the data?

8.6 A new circuit design is estimated to require a die which is 5X 8 mm and will be fabricated

on a wafer 125 mm in diameter. The process is achieving a defect density of 10
defects/cm? and the wafer processing cost is $250.




200

Chapter 8

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

8.16

8.17

Packaging and Yield

(a) What will be the cost of the final product if testing and packaging adds $1.60 to the
completed product?

(b) The circuit design could be partitioned into two chips rather than one, but each die
will increase in area by 15% in order to accommodate additional pads and 1/O cir-
cuitry. If the testing and packaging cost remains the same, what is the cost of the
two-chip set? Base your answers on Eq. (8.8). (See Problem 8.4 for the number of
dice per wafer.)

(a) Repeat Problem 8.5 for a defect density of 5 defects/cm? and a wafer cost of $150.
(b) Repeat Problem 8.5 for a defect density of 5 defects/cm® and a wafer cost of $300.

A die has an area of 25 mm?® and is being manufactured on a 100-mm-diameter wafer

using a process rated at 2 defects/cm”. A new process is being developed which allows the

die area to be reduced by a factor of 2. However, because of the smaller feature sizes, the

new process costs 30% more and is presently achieving only 10 defects/cm?.

(a) Is it economical to switch to this new process?

(b) At what defect density does the cost of the new die equal the cost of the old die?

(¢) Based on your judgment, would you recommend switching to the new process even
if it is not now economical? Why?

(d) At what die size is the cost the same in either process? Use Eq. (8.8) for this problem.

What is the limit of the yield distribution in Eq. (8.9) as the clustering parameter
approaches infinity?

Compare the predictions of yield equations 8.5 and 8.9 for DA ranging from 1 to 10 with
a =5 and o = 5,000.

Suppose D, = 0.1/cm* What is the average number of defects on 150 mm, 200 mm, and
300 mm wafers?

Suppose that going from 100-mm wafers to 150-mm wafers changes the wafer processing
cost from $150/wafer to $250/wafer, and the defect density remains constant at 10
defects/cm® Assume a die cost of $1.00 to find the die sizes. Use Eq. (8.9) with a cluster
factor of 2. Use a calculator or computer to find the answer by iteration.

What would be the die yield in Fig. 8.16(b) if the defect positions were the same but the
die pattern was rotated by 90°? How many good dice with four times the area of that in
Fig. 8.16(a) would now exist?

A Gaussian probability density function for defect density is given by

2(D—D,
f(D) = Doi/; GXP—[(TOO)

Calculate the yield Y for various values of DyA and compare your results to those of the
triangular distribution given in Eq. (8.7). (You may want to use a calculator or computer
to perform the iteration.)

The wafers shown in Fig. 8.16 actually have 120 defects placed randomly on the wafer.
Obviously, some chips must have several defects. Use Eq. (8.1) to predict how many dice
will have exactly 1,2, 3,4, and 5 defects.

What defect density is required to achieve a yield of 70% for a 10 X 15 mm die if the
process is characterized by a cluster parameter of 5? (b) Repeat for 80% yield. (c)
Repeat for 90% yield.

What defect density is required to achieve a yield of 75% for a 20 X 20 mm die if the
process is characterized by a cluster parameter of 6? (b) Repeat for 85% yield.

2
} ,for0 = D = 2D, and 0 otherwise

9.1

CHAPTER 9

MOS Process Integration

In Chapter 9, we explore a number of relationships between process and device design
and circuit layout. Processes are usually developed to provide devices with the highest
possible performance in a specific circuit application, and one must understand the cir-
cuit environment and its relation to device parameters and device layout.

In this chapter, we look at a number of basic concerns in MOS process design,
including channel-length control; layout ground rules and ground-rule design;
source—drain breakdown and punch-through voltages; and threshold-voltage adjust-
ment. Metal-gate technology is discussed, and the important advantages of self-aligned
silicon-gate technologies are presented. Discussions of CMOS and silicon-on-insulator
technologies complete the chapter.

BASIC MOS DEVICE CONSIDERATIONS

To explore the relationship between MOS process design and basic device behavior,
we begin by discussing the static current-voltage relationship for the MOS transistor,
as developed in Volume IV of this series [1]. The cross section of two NMOS transis-
tors is shown in Fig. 9.1. In the linear region of operation, the drain current is given by

Ip = aCo(w/L)(Vas — Vin = Vps/2)Ving (9.1)

for Vs 2 Vi and Vipg < Vigg — Vi Co = Koo/ X, is the oxide capacitance per unit
area, u, is the average majority-carrier mobility in the inversion layer, and Von is the
threshold voltage. W and L represent the width and length of the channel, respectively.

One of the first specifications required is the circuit power-supply voltages, which
set .the maximum value of Vg and Vg that the devices must withstand. Once this
choice is made, the only variables in Eq. (9.1) that a circuit designer may adjust are the
width and length of the transistor. Thus, the circuit designer varies the circuit topology
and horizontal geometry to achieve the desired circuit function.

Other device parameters are fixed by the process designer, who must determine
the process sequence, times, temperatures, etc., which ultimately determine the device
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