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To grow GaAs, we can use metalorganic compounds such as trimethylgalliyp,
[Ga(CH,),] for the gallium component and arsine (AsH,) for the arsenic component. Both
chemica.i;can be tmnsporled in vapor form into the reactor. The overall reaction is

AsH, + Ga(CH,); = GaAs + 3CH, (4)

ini mpounds, such as AlAs, trimethylaluminum [AKCH,),] can be used,
ET:-"(:;:;:E:“)&‘?GKS is doped by introducing flopants in Jﬂpﬂr l'o.rn(ll. '_I)iefh)’l_zinc
[Zn(C.H,),] and diethylcadmium [Cd(C,H,),] are t)-glcal p-rt,\:p;er opanlts.:lm si ane (SiH,)
is an n-type dopant for I1I-V compounds. The hydrides o sulfur an)cd se gmum or tetra.
methyltin are also used for n-type dopants, and chromyl chloride is used to dope Chr_ﬂmium
into GaAs to form semiinsulating layers. Since these compounds are highly poisonous
and often spontaneously inflammable in air, rigorous safety precautions are necessary in

] '©5S.

b L}:gucll I;E rs(;:ows a schematic of an MOCVD reactor.” Typically, t].le metalorganic
compound is transported to the quartz reaction vessel b}: hytlroggn carrier gas, where it
is mixed with AsH, in the case of GaAs growth. The chemical reaction is induced by heat-
ing the gases to 600°C to 800°C above a substrate placed ona grapln'le susceptor using
radio frequency heating. A pyrolytic reaction forms the GaAs layer. The advantages of
using metalorganics are that they are volatile at moderately low temperatures and that
there are no troublesome liquid Ga or In sources in the reactor.

812 Molecular Beam Epitaxy
MBE is an epitaxial process involving the reaction of one or more thermal beams of atoms

or molecules with a crystalline surface under ultrahigh-vacuum conditions (~10* Pa)
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Figure 84 Schematic diagram of a vertical atmospheric-pressure MOCVD reactor.’ DEZn,
diethylzine [Zn(C,H,),]; TMGa, trimethylgallinm [Ga(CH,),}; TMAI, trimethylaluminum
[AICHL),).
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MBE can achieve precise control of both ¢h

Single-crystal, multilayer structures with dimensions on the order o

be grown using MBE. Thus, the MBE method enables the p:deec;sc fl;xli:?;lt[i(:):\a ﬁr:e::i
conductor heterostructures having thin layers from a fraction of a micron down to a mono-
layer. In general, MBE growth rates are quite low. For GaAs, for example, a value of
1 wm/hr is typical. -

Figure 8.5 shows a schematic of an MBE system or gallium arsenide and related 111-V
compounds, such as AL Ga, _As. The system represents the ultimate in film deposition
control, cleanliness, and in situ chemical characterization capability. Separate effusion
ovens made of pyrolytic boron nitride are used for Ga, As, and the dopants. All the effu-
sion ovens are housed in an ultrahigh-vacuum chamber (<10 Pa), The temperature of
each oven is adjusted to give the desired evaporation rate. The substrate holder rotates
continuously to achieve uniform epitaxial layers (e.g., £1% in doping variations and £0.5%
in thickness variations).

To grow GaAs, an overpressure of As is maintained, since the sticking coefficient of
Ga to GaAs is unity, whereas that for As is zero, unless there is a previously deposited
Ga layer. For assilicon MBE system, an electron gun is used to evaporate silicon. One or
more effusion ovens are used for the dopants. Effusion ovens behave like small-area sources
and exhibit a cos@ emission, where 8 s the angle between the direction of the source
and the normal to the substrate surface.

MBE uses an evaporation method in a vacuum system. An important parameter for
vacuum technology is the molecular impingement rate; that is, how many molecules
impinge on a unit area of the substrate per unit time. The impingement rate (9) is a func-
tion of the molecular weight, temperature, and pressure. The rate is derived in Appendix H
and can be expressed as®

emical compositions and doping profiles.

¢ = P(2mmkT)"* (5)
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Figure 85 Arrangement of the sources and substrate in & conventional molecular l;eam epitaxy
(MBE) system. (Courtesy of M. B. Panish, Bell Laboratories, Lucent Technologies.
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or
o= z.mxml’(v%] molecules/ cm’s (5)

where P is the pressure in Pa, m is the mass of a molecule in kg, k is Boltzmann’s cop.
stant in /K, T is the temperature in degrees Kelvin, and M is the molecular weight,
Therefore, at 300 K and 107 Pa pressure, the impingement rate is 2.7 x Jou
molecules/em’s for oxygen (M = 32).

EXAMPLE 1

At 300 K, the molecular diameter of oxygen is 3.64 A, and the number of molecules per unit area N,
is 7.54 x 10" e Find the time required to form a monolayer of oxygen at pressures of 1, 10, and

10 Pa.

SOLUTION The time required to form a monolayer (assuming 100% sticking) is obtained from
the impingement rate:
(N, NAMT
¢ 2.64x10°P
Therefore,
t=28x10"=028ms atlPa
=28s atl0™Pa
=T7.7hr atl0®Pa

To avoid contamination of the epitaxial layer, it is of paramount importance to maintain ultrahigh-
vacuum conditions (~107* Pa) for the MBE process. 4

During molecular motion, molecules will collide with one another. The average distance
traversed by all the molecules between successive collisions with each other is defined
as the mean free path. It can be derived from a simple collision theory. A molecule hav-

ing a diameter d and a velocity v will move a distance vt in the time 8t. The molecule

suffers a collision with another molecule if its center is anywhere within the distance d
of the center of another molecule. Therefore, it sweeps out (without collision) a cylin-
der of diameter 2d. The volume of the cylinder is

= -:-(24): Vot = ndvr ©)

Since there are n molecules/cm’, the volume associated with one molecule is on the aver-
age 1/n em®. When the volume 8V is equal to 1/n, it must contain on the average one
other molecule. Thus, a collision would have occurred. Setting 7 = 8t as the average time
between collisions,

Ls vt @
n
The mean free path (2) is then
1 kT
A=VI=——s=——0 8
mnd*  mPd’ @
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A more rigorous derivation gives

e AR
e (©)
and
o 0.66 e
P(in Pa) (10)

for air molecules (equivalent molecular diameter of 3.7 A) at
at a system pressure of 10 Pa, A would be 660 km. e L

EXAMPLE 2

Assume an effusion oven geometry of area A = 5 cm® and a distance L between the top of the aven
and the gallium arsenide substrate of 10 em. Caleulate the MBE growth rate for the effusion oven
filled with gallium arsenide at 900°C. The surface density of gallinm atoms is § % 10 cm 2 and
the average thickness of a monolayer is 2.8 A. !

SOLUTION  On heating gallium arsenide, the volatile arsenic vaporizes first, leaving a gallium-rich
solution. Therefore, only the pressures marked "Ga-rich” in Figure 2.11 are of interest. The pres-
sure at 900°C s 5.5 x 10 Pa for gallium and 1.1 Pa for arsenic (As,). The arrival rate can be obtained
from the impingement rate (Eq. 5a) by multiplying it by A/aL*:

Arrival rate = 2.64 x IOH(TCTEX%J molecules/ cm’-s

The molecular weight (M) is 69.72 for Ga and 74.92 x 2 for As,. Substituting values of P, M, and
T (1173 K) into the above equation gives

Arrival rate = 8.2 x 10"/ cin'=s for Ga
= 1.1 x 10"/ cm*=s for As®

The growth rate of gallium arsenide is govemed by the arrival rate of gallium, The growth rate is

8.2x10"x2.8

W* 3.8A/s = 23 nm/min

Note that the growth rate is relatively low compared with that of VPE. <

There are two ways to clean a surface in situ for MBE. High-temperature baking
can decompose the native oxide and remove other adsorbed species by evaporation ar
diffusion into the wafer. Another approach is to use a low-energy ion beam of an inert
gas to sputter-clean the surface, followed by a low-temperature annealing to reorder the
surface lattice structure.

MBE can use a wide variety of dopants (compared with CVD and MOCVD), and
the doping profile can be exactly controlled. However, the doping process is similar to
the vapor-phase growth process: A flux of evaporated dopant atoms arrives at a favorable
lattice site and is incorporated along the growing interface. Fine control of the doping
profile is achieved by adjusting the dopant flux relative to the flux of silicon atoms (for
silicon epitaxial films) or gallium atoms (for gallium arsenide epitaial films). It is also
possible to dope the epitaxial film using a low-current, low-energy ion beam to implant
the dopant (see Chapter 7),
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The substrate temperatures for MBE range from 400°C to 900°C, and the grow},
rates range from 0,001 to 0.3 pm/min. Because of low-temperature processing and the
low growth rate, many unique doping profiles and alloy compositions not obtainable froy,
conventional CVD can be produced in MBE. Many novel structures have been magde
using MBE. These include the superlattice, which is a periodic structure consisting of
alternating ultrathin layers with a period less than the electron mean free path (eg,
GaAs/ALGa,_As, with each layer 10 nm or less in thickness), and heterojunction fielq.
effect transistors.

A further development in MBE has replaced the group I1I elemental sources by met.
alorganic compounds such as trimethylgallium (TMG) or triethylgallium (TEG). This
approach is called metalorganic molecular beam epitaxy (MOMBE) and is also referred
to as chemical beam epitaxy (CBE). Although closely related to MOCVD, it is consid-
ered a special form of MBE. The metalorganics are sufficiently volatile that they can be
admitted directly into the MBE growth chamber as a beam and are not decomposed before
forming the beam, The dopants are generally elemental sources, typically Be for P-type
and Si or Sn for n-type GaAs epitaxial layers.

» 8.2 STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS
821 Lattice-Matched and Strained-Layer Epitaxy

For conventional homoepitaxial growth, a single-crystal semiconductor layer is grown on
a single-crystal semiconductor substrate. The semiconductor layer and the substrate are
the same material having the same lattice constant. Therefore, homoepitaxy is, by defi-
nition, a lattice-matched epitaxial process. The homoepitaxial process offers one impor-
tant means of controlling the doping profiles so that device and circuit performance can
be optimized. For example, an n-type silicon layer with a relatively low doping concen-
tration can be grown epitaxially on an n" silicon substrate. This structure substantically
reduces the series resistance associated with the substrate.

For heteroepitaxy, the epitaxial layer and the substrate are two diiferent semicon-
ductors, and the epitaxial laver must be grown in such a way that an idealized interfacial
structure is maintained. This implies that atomic bonding across the interface must be
continuous. Therefore, the two semiconductors must either have the same lattice spac-
ing or be able to deform to adopt a common spacing. These two cases are referred to as
lattice-matched epitaxy and strained-layer epitaxy, respectively.

Figure 8.6a shows a lattice-matched epitaxy where the substrate and the film have
the same lattice constant. An important example is the epitaxial growth of ALGa,_Ason
4 GaAs substrate where for any x between 0 and 1. the lattice constant of Al Ga,_As dif-
fers from that of GaAs by less than 0.13%.

For the lattice-mismatched case, if the epitaxial layer has a larger lattice constant
and is flexible, it will be compressed in the plane of growth to conform to the substrate
spacing. Elastic forces then compel it to dilate in a direction perpendicular to the inter-
face. This type of structure is called strained-layer epitaxy and is illustrated in F igure 8,6b."
On the other hand, if the epitaxial layer has a smaller lattice constant, it will be dilated
in the plane of growth and compressed in a direction perpendicular to the interface. In
the above strained-layer epitaxy. as the strained-layer thickness increases, the total num-
ber of atoms under strain of the distorted atomic bonds grows, and at some point, mis-
fit dislocations are nucleated to relieve the homogeneous strain energy. This thickness is
referred to as the critical layer thickness for the system. F: igure §.6¢ shows the case in

which there are edge dislocations at the interface.
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Figure 86 Schematic illustration of (a) lattice-matched, (b) strained,” and (¢) relaxed heteroepi-
taxial structures. Homoepitaxy is structurally identical to the lattice-matched heteroepit

p -/

The critical layer thicknesses for two material systems are shown in Figure 8.7." The
upper curve is for the strained-layer epitaxy of a Ge, $i, _, layer on a silicon substrate, and
the lower curve is for a Ga,_ In As layer on a GaAs substrate, For example, for Ce, Si, -
on silicon, the maximum epitaxial thickness is about 70 nm. For thicker films, edge dis-
locatiens will occur.

A related heteroepitaxial structure is the strained-layer superlattice (SLS). A super-
lattice is an artificial one-dimensional periodic structure constituted by different mate-
rials with a period of about 10 nm. Figure 8.8 shows* an SLS having two semiconductors
with different equilibrium lattice constants @, > a,, grown in a structure with a common
inplane lattice constant b, where a, > b > a.. For sufficiently thin layers, the lattice mis-
match is accommodated by uniform strains in the layers. Under these conditions, no mis-
fit dislocations are generated at the interfaces, so high-quality crystalline materials can
be obtained. These artificially structured materials can be grown by MBE. These mate-
rials provide a new area in semiconductor research and permit new solid-state devices,
especially for high-speed and photonic applications.

822 Defects in Epitaxial Layers

Defects in epitaxial layers will degrade device properties. For example, defects can result
in reduced mobility or increased leakage current. The defects in epitaxial layers can be
categorized into five groups:
L. Defects from the substrates. These defects may propagate from the substrate
into the epitaxial layer. To avoid these defects. dislocation-free semiconductor
substrates are required.
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Critical thickness (nm)

Ge or In fraction, x

Figure 8.7 Experimentally determined critical layer thickness for defect-free, strained-layer
epitaxy of Ge,Si,_, on Si, and Ga,_In As on GaAs.”

2. Defects from the interface. Oxide precipitates or any contamination at the
interface of the epitaxial layer and substrate may cause the formation of mis-
oriented clusters or nuclei containing stacking faults. These clusters and
stacking faults may coalesce with normal nuclei and grow into the film in the
shape of an inverted pyramid. To avoid these defects, the surface of the sub-
strate must be thoroughly cleaned. In addition, an in situ etchback may be
used, such as the reversable reaction of Eq. 1.

3. Precipitates or dislocation loops. Their formation is due to supersaturation of
impurities or dopants. Epitaxial layers containing very high intentional or unin-
tentional dopants or impurity concentrations are susceptible to such defects.

4. Low-angle grain boundaries and twins. Any misoriented areas of an epitaxial
film during growth may meet and coalesce to form these defects.

5. Edge dislocations. These are formed in the heteroepitaxy of two lattice-
mismatched semiconductors. If both lattices are rigid. they will retain their
fundamental lattice spacings, and the interface will contain rows of mis-
bonded atoms described as misfit or edge dislocations. The edge dislocations
can also form in a strained layer when the layer thickness becomes larger than
the critical layer thickness,
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Figure 88 Illustration of the elements and formation of a strained-layer superlattice.* Arrows
show the direction of the strain.

» 8.3 DIELECTRIC DEPOSITION

Deposited dielectric films are used mainly for insulation and passivation of discrete devices
and integrated circuits. There are three commonly used deposition methods: atmospheric-
pressure CVD, low-pressure CVD (LPCVD), and plasma-enhanced chemical vapor depo-
sition (PECVD, or plasma deposition). PECVD is an energy-enhanced CVD method in
which plasma energy is added to the thermal energy of a conventional CVD system.
Considerations in selecting a deposition process are the substrate temperature, the depo-
sition rate and film uniformity, the morphology. the electrical and mechanical proper-
ties, and the chemical composition of the dielectric films.

The reactor for atmospheric-pressure CVD is similar to the one shown in Figure 3.2,
except that different gases are used at the gas inlet. In a hot-wall, reduced-pressure reac-
tor like the one shown in Figure 8.9a, the quartz-tube is heated by a three-zone fumace,
and gas is introduced at one end and pumped out at the opposite "“‘lm snmimnducew
wafers are held vertically in a slotted quartz boat.* The quartz-tube wall is hot because
it is adjacent to the furnace, in contrast to a cold-wall reactor such as the horizontal epi-
taxial reactor that uses radio frequency (rf) heating.
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Figure 89 Schematic diagrams of chemical vapor deposition reactors. (a) Hot-wall, reduced-
pressure reactor. (b) Parallel-plate plasma deposition reactor. rf, radio frequency.

The parallel-plate, radial-flow PECVD reactor shown in Figure 8.9 consists of a cylin-
drical glass or aluminum chamber sealed with aluminum endplates. Inside are two par-
allel aluminum electrodes. An rf voltage is applied to the upper electrode, whereas the
lower electrode is grounded. The rf voltage causes a plasma discharge between the elee-
trodes. Wafers are placed on the lower electrode, which is heated between 100°C and
400°C by resistance heaters. The reaction gases flow through the discharge from outlets
located along the circumference of the lower electrode. The main advantage of this reac-
toris its low deposition temperature. However, its capacity is limited, especially for large-
diameter wafers, and the wafers may become contaminated if loosely adhering deposits
fall on them.

83.1 Silicon Dioxide

CVD silicon dioxide cannot replace thermally grown oxides, because the best electrical
properties are obtained with thermally grown films. CVD oxides are used instead to com-
plement thermal oxides. A layer of undoped silicon dioxide is used to insulate multilevel
metallization. to mask ion implantation and diffusion, and to increase the thickness of
thermally grown field oxides. Phosphorus-doped silicon dioxide is used both as an insu-
lator between metal layers and as a final passivation layer over devices. Oxides doped with
phosphorus, arsenic, or boron are use occasionally as diffusion sources.
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Deposition Methods

Silicon dioxide films can be deposited by several methods, For low-temperature depo-

sition (300-500°C), the films are formed by reacting silane, dopant, and oxygen, The chem-
ical reactions for phosphorus-doped oxides are : &

SiH, +0,—*£55i0, +2H, (11}
4PH; +50,—=£53P,0, +6H, (12)

The deposition process can be performed either at atmospheric pressure in a CVD reac-
tor or at reduced pressure in an LPCVD reactor (Fig. 8.94). The low deposition tem-
perature of the silane-oxygen reaction makes it a suitable process when films must be
deposited over a layer of aluminum.

For intermediate-temperature deposition (500-800°C). silicon dioside can be formed
by decomposing tetraethylorthosilicate, Si(OC,H.),, in an LPCVD reactor. The compound,
abbreviated TEOS, is vaporized from a liquid source. The TEOS compound decomposes

as follows:

Si{OC,H,), —= Si0, +by-products (13)

forming both Si0, and a mixture of organic and organosilicon by-products, Although the
higher temperature required for the reaction prevents its use over aluminum, it is suit-
able for polysilicon gates requiring a uniform insulating layer with good step coverage.
The good step coverage is a result of enhanced surface mobility at higher temperatures.
The oxides can be doped by adding small amounts of the dopant hydrides (phosphines,
arsine, or diborane), similar to the process in epitaxial growth.

The deposition rate as a function of temperature varies as exp(~E /kT), where E, is
the activation energy. The E, of the silane-oxygen reaction is quite low: about 0.6 eV for
undaped oxides and almost zero for phosphorus-doped oxide. In contrast, E, for the TEOS
reaction is much higher: about 1.9 eV for undoped oxide and 1.4 eV when phosphorus
doping compounds are present. The dependence of the deposition rate on TEOS par-
tial pressure is proportional to {1-e™"), where P is the TEOS partial pressure and P, is
about 30 Pa. At low TEOS partial pressures, the deposition rate is determined by the
rate of the surface reaction. At high partial pressures, the surface becomes nearly satu-
rated with adsorbed TEOS, and the deposition rate becomes essentially independent of
TEOS pressure.”

Recently, atmospheric-pressure and low-temperature VD processes using TEOS and
ozone (0,) have been proposed,” as shown in Figure 8.10. This CVD technology produces
oxide films with high conformality and low viscosity under low deposition temperature.
The shrinkage of oxide film during annealing is also a function of ozone concentration. as
shown in Figure 8.11. Because of their porosity, O,-TEOS CVD oxides are often accom-
panied by plasma-assisted oxides to permit planarization in l{LSl processing. ]

For high-temperature deposition (900°C), silicon dioxide is formed by reacting
dichlorosilane, SiCLH,, with nitrous oxide at reduced pressure:

SiCl,H, +2N,0—2558i0, +2N, +2HCI (14)
This deposition gives excellent film uniformity and is sometimes used to deposit insu-

lating layers over polysilicon.

Properties of Silicon Dioxide _ 8 . 7
Tab]i(’r 8.1 lists deposition methods and properties of silicon dioxide films." In geuenl.
there is a direct correlation between deposition temperature and film quality. At higher
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Figure 8.11 Dependence of the shrinkage of the O,~-TEOS CVD film on ozone concentration
using annealing. (Courtesy of SAMCO Company, Japan.)

TABLE 8.1 Properties of Silicon Dioxide Films

Property Thermally Grown ~ SiH, + O, TEOS SICLH, + N,O
at 1000°C at 450°C at 700°C at 900°C
Composition $i0, $i0, () Si0, $i0,(Cl)
Density (g/em’) 22 2.1 2.2 2.2
Refractive index 1.46 1.44 1.46 1.46
Dielectric strength ~ >10 8 10 10
(10" Viem)
Etch rate (A/min) 30 60 30 30
(100:1 H,O:HF)
Etch rate (Mmin) 440 1200 450 450
(buffered HF)
Step coverage - Nonconformal ~ Conformal  Conformal

158
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temperatures, deposited oxide films similar dioxide a
bﬂ-l]l thermally gr(P::\. fipeiaiet R lon i
The lower densities oceur in films deposite ¥ deposil

con dioxide at temperatures between 600°C an‘:lh:(:gl‘r’gogafs;{;ﬁ:%mﬁmt:ld i
whicli the oxide thickness decreases, wheress the density increases to 2.2 Sfc;ni'u%
refractive index of silicon dioxide is 1.46 at a wavelength of 06328 um. Oxides with lower
indices are porous, such as the oxide resulting from silane-oxygen deposition, which has
a refractive index of 1.44. The porous nature of the oxide also is responsible for the lower
dielectric strength, which is the applied electric field that will cause a high current to
flow in the oxide film. The etch rates of oxides in a hydrofluoric acid solution depen

on deposition temperature, annealing history, and dopant concentration. Usually, higher-
quality oxides are etched at lower rates. det

Step Coverage

Step coverage relates the surface topography of a deposited filim to the various on

the semiconductor substrate, In the illustration of ideal, or conformal, step enveny

in Figure 8.124, film thickness is uniform along all surfaces of the step. The uniformity

of the film thickness, regardless of topography; is due to the rapid migration of reactants

after adsorption on the step surfaces." L AN
Figure 8.12) shows an example of nonconformal step coverage, which results when

the reactants adsorb and react without significant surface migration. In this instance, the

-— W —

(b)
Figure 8.12 Step coverage of deposited Rlms.'” (a) Conformal step coverage. (b) Nonconformal

step coverage.
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A to the arrival angle of the gas molecules. Reactants areiy.
ace come from many different angles, and ¢, the arriyy]
angle, varies in two dimensions, from 0° to 180°, \\hf'n-;u I’T‘-‘l(‘t.‘lllb ulrn\'iug at ‘(]“. top of
a vertical wall have an arrival angle (¢,) that \:uri‘rs Imju 0° to 90°, Thus, the h!m thick.
ness on the top surface is double that of a wall surf‘iu'.. Further down the wall, ¢, is related
to the width of the opening. and the film thickness is proportional to

deposition rate is proportion:
ing along the top horizontal surf

W
@, ;-.uttan-[— (15)

where 1 is the distance from the top surface and W is the width of the opening. This type
of step coverage is thin along the vertical walls, with a possible crack at the bottom of
the step caused by self-shadowing. v

Silicon dioxide formed by TEOS decomposition at reduced pressure gives a nearly
conformal coverage due to rapid surface migration. Similarly, the high-temperature
dichlorosilane—nitrous oxide reaction also results in conformal coverage. However, dur.
ing silane—oxygen deposition, no surface migration takes place, and the step coverage i
determined by the arrival angle. Most evaparated or sputtered materials have a step cov-

erage similar to that in Figure 8.12b.

P-Glass Flow
A smooth topography is usually required for the deposited silicon dioxide used as an insy-

lator between metal layers. If the oxide used to cover the lower metal layer is concave,
circuit failure may result from an opening that may occur in the upper metal 1;1}1‘r dur-
ing deposition. Because phosphorus-doped silicon dioxide (P-glass) deposited at low tem-
peratures becomes soft and flows upon heating, it provides a smooth surface and is often
used to insulate adjacent metal layers. This process is called P-glass flow.
Figure 8.13 shows four cross sections of scanning electron microscope photographs
of P-glass covering a polysilicon step.' All samples are heated in steamn at 1100°C for 20
minutes. Figure 5.134 shows a sample of glass that contains a negligibly small amount of
phosphorus and does not flow. Note the concavity of the film and that the correspond-
ing angle (@) is about 120°. Figures 8.13b, ¢, and d show samples of P-glass with pro-
gressively higher phosphorus contents, up to 7.2 wt% (weight percent). In these samples,
the decreasing step angles of the P-glass layer indicate how flow increases with phosphorus
concentration P-j_’,l;\si flow (i(’p('n(ls on :lnmuﬂing time, t(-mprmtn:n [L’.‘li\l]llﬂ)ﬂls con-
centration, and the annealing ambient."
The angle 8 as a function of weight percent of phosphorus as shown in Figure 8.13
can be approximated by

o=1201( =% | (16)
\ 10 /

If we want an angle smaller than 45°, we require a phosphorus concentration larger than
6 wt%. However, at concentrations above 8 wt%, the metal film (e.g.. aluminum) may
be corroded by the acid products formed during the reaction between the phosphorus
in the oxide and atmospheric moisture. Therefore, the P-glass flow process uses phos-
phorus concentrations of 6 to 8 wt%

832 Silicon Nitride

It is difficult to grow silicon nitride by thermal nitridation (e.g., with ammonia, NH;)
because of its slow growth rate and high growth temperature. However, silicon nitride
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Figure £.13  Scanning electron micrographs (10,000x) of samples annealed in steam at 1100°C for
20 minutes for the following weight percent of phosphorus:" (a) 0 wt%, (b) 2.2 wt, (c) 4.6 wi%,

and (d) 7.2 wt%.

films can be deposited by an intermediate-temperature (750°C) LPCVD process ora low-
temperature (300°C) plasma-assisted GVD process."" " The LPCVD films are of stoi-
chiometric composition (Si,N,) with high density (2.9-3.1 g/em’). These films can be used
to passivate devices because they serve as good barriers to the diffusion of water and
sodium, The films also can be used as masks for the selective oxidation of silicon because
silicon nitride oxidizes very slowly and prevents the underlying silicon from oxidizing. T!m
films deposited by plasma-assisted CVD are not stoichiometric and have a lower density
(2.4-2.8 glem”). Because of the low deposition temperature, silicon nitride films can be
deposited over fabricated devices and serve as their final passivation. l’llasma-dcpusttﬁl
nitride provides excellent scratch protection, serves as a moisture barrier, and prevents
sodium diffusion.

In the LPCVD process, dichlorosilane and ammonia react at reduced pressure to

T 00°  vaAsaHB Tg
deposit silicon nitride at temperatures between 700°C and S00°C. The reaction is

3SiCLH, +4NH, —22 5 §i N, + 6HCI+6H, (1n
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Good Blm uniformity and high wafer throughput (i.e., wafers ;_mxvssed per 110[{.]:) are advay,.
tages of the reduced-pressure process. As in the case of oxide deposition, Mn nitride
deposition is controlled by temperature, pressure, and reactant concentration. The acti.
vation energy for deposition is about 1.8 eV. The deposition rate increases with incregs.
ing total pressure or dichlorosilane partial pressure and decreases with an [nmg
ammonia-to-dichlorosilane ratio. : . L

Silicon nitride deposited by LPCVD is an amorphous dlele?tnc containing up to
§ atomic percent (at%) hydrogen. The etch rate in buﬂere'(! HF is les§ than 1 nm/mip,
The film has a very high tensile stress of approximately 10" dynes/em®, which is nearly
10 times that of TEOS-deposited $i0,. Films thicker than 200 nm may crack because of
the very high stress. The resistivity of silicon nitride at room temperature is about 10" Q.cqp.
Its dielectric constant is 7, and its dielectric strength is 10 Vem.

In the plasma-assisted CVD process, silicon nitride is formed either by reacting silane
and ammonia in an argon plasma or by reacting silane in a nitrogen discharge. The reac-
tions are as follows:

SiH, + NH,——— SiNH +3H, (18)
2SiH, + N, ——— 2SiNH +3H, (185)

The products depend strongly on deposition conditions. The radial-flow; parallel-plate
reactor (Fig. 8.9b) is used to deposit the films. The deposition rate generally increases
with increasing temperature, power input, and reactant gas pressure.

Large concentrations of hydrogen are contained in plasma-deposited films. The
plasma nitride (also referred to as SiN) used in semiconductor processing generally con-
tains 20 to 25 at% hydrogen. Films with low tensile stress (-2 x 10 dynes/cm®) can be
prepared by plasma deposition. Film resistivities range from 10° to 10*' Q-cm, depend-
ing on silicon-to-nitrogen ratio, whereas dielectric strengths are between 1 x 10° and
6 x 10* V/iem.

8.3.3 Low-Dielectric-Constant Materials

As device sizes continue to shrink down to the deep submicron region. they require a mul-
tilevel interconnection architecture to minimize the time delay due to parasitic resistance
(R) and capacitance (C). The gain in device speed at the gate level is offset by the prop-
agation delay at the metal interconnects because of the increased RC time constant, as
shown in Figure 8.14. For example, in devices with gate length of 250 um or less, up to
50% of the time delay is due to the RC delay of long interconnections." Therefore, the
device interconnection network becomes a limiting factor in determining chip performance
metrics such as device speed. cross talk, and power consumption of ULSI circuits.
Reducing the RC time constant of ULSI circuits requires interconnection materials
with low resistivity and interlayer films with low capacitance. Note that C = A/d, where
g is the dielectric permittivity, A is the area, and d is the thickness of the dielectric film.
Regarding the low-capacitance issue, it is not easy to lower the parasitic capacitance by
increasing thickness of the interlayer dielectric (which makes gap filling more difficult)
or decreasing wiring height and area (which results in the increase of interconnect resis-

tance). Therefore, materials with low dielectric constant (low k) are required. The dielec-

tric permittivity is equal to the product of k and &, where k and &, are the dielectric constant
and permittivity of free space, respectively.

The properties of the interlayer dielectric film and how it is formed have to meet the
following requirements: low dielectric constant, low residual stress, high planarization
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Figure 814 Calculated gate and interconnect delay versus technology generation. The dielectric
constant for the low-k material is 2.0. Both Al and Cu interconnects are 0.8 pm thick and 43 pm
long,

cap<bility. high capability for gap filling, low deposition temperature, simplicity of pro-
cess, and ease of integration. A substantial number of low-k materials have been synthesized
for the intermetal dielectric in ULSI circuits. Some of the promising low-k materials are
shown in Table §.2. These materials can be either inorganic or organic and can be deposited
by vither CVD or spin-on techniques."

TABLE82 Low-k Materials

Determinant Materials Dielectric Constant

Vapor-phase deposition polymers  Fluorosilicate glass (FSG) 35-40
Parylene N 26
Parylene F 24-25
Black diamond (C-doped oxide) 27-30
Fluorinated hydrocarbon 20-24
Teflon-AF 1.93

Spin-on polymers HSQ/MSQ 25-30
Polyimide 27-29
SiLK (aromatic 27

hydrocarbon polymer)

PAE [poly(arylene ethers)] 26
Fluorinated amorphous carbon 2.1
Xerogels (porous silica) 1.1-20
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EXAMPLE 3
. U salue . J Al wires 0.5 pm X 0.5 pm in cross section Tend
Estimsate the intrinsic RC value of two parallel Al wires : i Bl
in length, and separated by a polyimide (k ~ 2.7) diclectric layer that is 0.5 pm thick. The rosis.
tivity of Alis 2.7 pQ-cm.

SOLUTION Let ¢ be the cross-sectional dimension of the wires. Resistance is equal to pl dj d
by the cross-sectional area of the wire, so

! A
. {p:) X(E' Spacing width ]
-, 107" Ly O_M e xa
=[3'7’“° *WJx(s.ssxm *2TR = $7ps 3

8.34 High-Dielectric-Constant Materials

High-k materials are also required for ULSI circuits, especially for dynamic random access
mc:mor\' (DRAM) circuits. The storage capacitor in a DRAM has to maintain a certain
value of capacitance for proper operation (e.g., 40 fF). For a given capacitance, a Minj.
mum d is usually selected to meet the conditions of the maximum allowed leakage cur-
rent and the minimum required breakdown voltage. The area of the capacitor can be
increased by using stacked or trench structures. These structures are considered ip
Chapter 9. f{mvm‘er. for a planar structure, area is reduced with increasing DRAM dep.
sity. Therefore, the dielectric constant of the film must be increased.

" Several high-k materials have been proposed, such as barium strontium titanate (BST)
and lead zirconium titanate (PZT). These materials are shown in Table 8.3. In addition,
there are titanates doped with one or more acceptors, such as alkaline earth metals, o
doped with one or more donors, such as rare earth elements. Tantalum oxide (Ta,0,) has
a dielectric constant in the range of 20 to 30. As a reference, the dielectric constant of
Si,N, is in the range of 6 to 7, and that for SiO, is 3.9. A Ta,0; film can be deposited by
a CVD process using gaseous TaCl; and O, as the starting materials.

TABLE 8.3 High-k Materials

Materials Dielectrie Constant
Binary Ta,0, 25
TiO, 40
Y.0, 17
Si,N, 7
Paraelectric perovskite SrTi0, (STO) 140
(Ba,Sr) TIO,(BST) 300-500
Ba(Ti, Zr JO(BZT) 300
(Pb,_,La)(Zr, T3, JO,(PLZT) $00-1000
Pb(Mg, ,Nb, ,JO,(PMN) 1000-2000
Ferroelectric perovskite Pb(Zr, - Ti, ,)O,(PZT) >1000
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EXAMPLE 4

A DRAM capacitor has the following parameters: ¢ = 40 FF, cell size (A) = 1.2 T T

for silicon dioxide, If we replace Si0, with T O, (k = changing thickn
equivalent cell area of Qh::e&padlor?* L : R o

SOLUTION
Cm
d

S0

39x128 25xA

d d
Thercfore, the equivalent cell size is
39 -
—Exl.za=0,2jlm' -

POLYSILICON DEPOSITION

Using polysilicon as the gate electrode in MOS devices is a significant development in
MOS technology. One important reason is that polysilicon surpasses aluminum for elec-
trode reliability. Figure 8.15 shows the maximum time to breakdown for capacitors with
both polysilicon and aluminum electrodes," Polysilicon is clearly superior, especially for
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’ Si0,
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10919 L i L
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Figure 815 Maximum time to breakdown versus oxide thickness for a polysilicon electrode and
an aluminum electrode.™
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thinner gate oxides. The inferior time to breakdown of aluminum electrodes is dyq o
the migration of aluminum atoms into the thin oxide umle‘r an electrical field. Polysilicg,

also used as a diffusion source to create shallow junctions and to ensure ohmije con
:;1 to enystalline silicon. Additional uses include the manufacture of conductors and high.

> resistors. ~ X -
wdu‘;\':m'-Prl'ssm'n- reactor (Fig. 8.9a) operated between 600°C and 650°C is used g

deposit polysilicon by pyrolyzing silane according to the reaction
SiH, ———Si+2H, (19)

1 low-pressure processes, one operates at a pressure of 25 g
103"(:};’2 :::1)1;{“](:;:);0:::::: \\'herI;us the olt)her involves a diluted mixlur(i of 20‘1': to 30%
silane in nitrogen at the same total pressure. Both processes can (le[l)usg polysnhcon on
hundreds of wafers per run with good uniformity (ie., !lf:ckm‘sses within * 5%).

Figure 8.16 shows the deposition rate at four dcposm.on t(-m[wr:mntvs. A.: low silane
partial i:resum. the deposition rate is proportional to the silane pressure. At higher silane
concentrations, saturation of the deposition rate occurs. Depnsmon‘ at reduced pressure
is generally limited to temperatures between 600°C and 65?"(3. In tlh:s t.mnpemt}.m
the depos;tiou rate varies as exp(=E /KT), where E_ is 1.7 eV, which is essentially inde-
pendent of the total pressure in the reactor. At higher temperatures, g:Ls-[?llase reactions
that result in a rough, loasely adhering deposit become significant, and silane depletion
oceurs, causing poor uniformity. At temperatures much lower than 600°C, the deposi-
tion rate is too slow to be practical.

Process parameters that affect the polysilicon structure are deposition temperature,
dopants, and the heat cycle applied following the deposition step. A columnar structure
results when polysilicon is deposited at a temperature of 600°C to 650°C. This structure
consists of polyerystalline grains ranging in size from 0.03 to 0.3 pm at a preferred ori-
entation of (110). When phosphorus is diffused at 950°C, the structure changes to crys-
tallite, and grain size increases to a size between 0.5 and 1.0 um. When temperature is
increased to 1030°C during oxidation, the grains reach a final size of 1 to 3 um. Although
the initially deposited film appears amorphous when deposition occurs below 600°C,
growth characteristics similar to the polyerystalline-grain columnar structure are
observed after doping and heating.

m L
695°C
5
€% “
< 674°C
S ao0f 1
5 656°C
.’3 204 4
625°C
0 " i
0 10 20 30

Silane partial pressure (Pa)
Figure 8.16  Effect of silane concentrution on the polysilicon deposition rate.*
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antimony using ion implantation."” The ion implantation process

Chapter 7. Implant dose, annealing tempemtuml.’ and annegling um:n:lli?;mﬂu?nf thi:
sheet resistance of implanted polysilicon, Carrier traps at the grain boundaries cause a
very high resistance in the lightly implanted polysilicon. As Figure 8.17 illustrates, resis.
tance drops rapidly, approaching that of implanted single-crystal silicon, as the c'm-;ie:

traps become saturated with dopants.

» 8.5 METALLIZATION

85.1

Physical Vapor Deposition

The most common methods of physical vapor deposition (PVD) of metals are evapora-

tion, e-beam evaporation, plasma spray deposition, and sputtering. Metals and metal com-

pounds such as Ti, AL, Cu, TiN, and TaN can be deposited by PYD. Evaporation occurs
when a source material is heated above its melting point in an evacuated chamber. The
evaporated atoms then travel at high velocity in straight-line trajectories. The source can
be melted by resistance heating, by rf heating, or with a focused electron beam, E:

and e-beam evaporation were used extensively in earlier generations of integrated cir-
cuits, but they have been replaced by sputtering for ULSI circuits.

In ion beam sputtering, a source of ions is accelerated toward the target and impinges
on its surface. Figure 8.182 shows a standard sputtering system. The sputtered material
deposits on a wafer that is placed facing the target. The ion current and energy can be
independently adjusted. Since the target and wafer are placed in a chamber that has lower
pressure, more target material and less contamination are transferred to the wafer.

One method to increase the ion density and, hence, the sputter-deposition rate is to
use a third electrode that provides more electrons for ionization. Another method is to use

[l
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Figure 817 Sheet resistance versus ion dose into 500-nm polysilicon at 30 keV.
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.
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Figure 818 (a) Standard sputtering. (b) Long-throw sputtering. (c) Sputtering with a collimator,

a magnetic field. such as electron cyclotron resenance (ECR), to cnphxrc and bpi@l elec-
trons. increasing their ionizing efficiency in the vicinity of l!le sputtering target. This tech-
nique, referred to as magnetron sputtering, has found widespread apphgthons for the
deposition of aluminum and its alloys at a rate that can approach 1 pm/min.
Long-throw sputtering is another technique used to control the m\ﬂgulM distribution,
Figure 5.18b shows a long-throw sputtering system. In standard sputtering configurations,
there are two primary reasons for a wide angular distribution of incident flux at the sur-
face: the use of a small target-to-substrate separation, d; and scattering of the flux by
the working gas as the flux travels from the target to the substrate. These two factors are
linked because a small d,, is needed to achieve good throughput, uniformity, and film prop-
erties when there is substantial gas scattering. A solution to this problem is to sputter at
very low pressures, a capability that has been developed using a variety of systems that
can sustain the magnetron plasma under more rarefied conditions. These systems allow
for sputtering at working pressures of less than 0.1 Pa. At these pressures, gas scattering
is less important, and the target-to-substrate distance can be greatly increased. From a
simple geometrical argument, this allows the angular distribution to be greatly narrowed,
which permits more deposition at the bottom of high-aspect features such «s contact holes.
Contact holes with large aspect ratio are difficult to fill with material, inainly because
scattering events cause the top opening of the hole to seal before appreciable material has
deposited on its floor. This problem can be overcome by collimating the sputtered atoms
by placing an array of collimating tubes just above the wafer to restrict the depositing flux
to normal £5°. Sputtering with a collimator is shown in Figure 8.18c. Atoms whose tra-
jectory is more than 5° from normal are deposited on the inner surface of the collimators.

852 Chemical Vapor Deposition

CVD is attractive for metallization because it offers coatings that are conformal, has good
step coverage. and can coat a large number of wafers at a time. The basic CVD setup is
the same as that used for deposition of dielectrics and polysilicon (see Fig. 8.9a). Low-
pressure CVD is capable of producing conformal step coverage over a wide range of topo-
graphical profiles, often with lower electrical resistivity than that from PVD.

One of the major new applications of CVD metal deposition for integrated eircuit
production is in the area of refractory metal deposition. For example, tungsten’s low elec-
trical resistivity (5.3 p€-cm) and refractory nature make it a desirable metal for use in
integrated circuit fabrication.
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CVD Tungsten
Tungsten is used both as a contact vl
t ( plug and as a first-
deposited by using WF, as the source gis. since rt is’,sat lﬁ:\:ﬂi nl;f:lg:itnm m:‘ebe
m tem-

perature. WE, can be reduced by sil;
et L y silicon, hydrogen, or silane. The basic chemistry for

WF, + 3H, — W + 6HF (hydrogen reduction) (20)
2WE, + 35i — 2W + 3SiF, (silicon reduction) 21
2WF, + 351, ~ 2W + 3SiF, + 6H, (silane reduction) (22)

On a Si contact, the selective process starts fro silicon reduction process
process provides a nucleation layer of W grown on Si\::t :ot on ;l(r;d‘l‘he hydrogen :!a:d.rhm:-j.s
tion process can deposit W rapidly on the nucleation layer, formin’g the plug. The hydro-
gen reduction process provides excellent conformal coverage of the topography. This
process, however, d;))les not have perfect selectivity, and the HF gas by-productyt.)f the
reaction is responsible for the encroachment of the oxi ¢
face of deposited W films. R R

The silane reduction process gives  hi iti i
size than that obtained with the hydrogeg n rguchmdmmpmml:nd mmild! mwkms of
encroachment and a rough W surface are eliminated because there is no HF by-
generation. Usually, a silane reduction process is used as the first step in blanket W

sition to serve as a nucleation layer and to reduce junctio damage. After the silane reduc-
tion, hydrogen reduction is used to grow the blanket Wnlayer e

CVD TiN

TiN is widely used as a diffusion barrier metal layer in metallization and can be deposited
by sputtering from a compound target or by CVD. GVD TiN can provide better step cov-
erige than PVD methods in deep submicron technology. CVD TiN can be deposited*'*
using TiCl, with NH;, HyN,, or NHy/H; i

6TiCl, + SNH, — 6 TIN + 24HC + N, (23)
2TiCl, + N, + 4H, — 2TiN + 8HCl (24)
2TiCl, + 2NH, + H, - 2 TiN + S8HCI (25)

The deposition temperature is about 400°C to 700°C for NH, reduction and is higher
thas 700°C for the N/H, reaction. The higher the deposition temperature, the better
the TiN film, and the less Cl incorporated in TiN (~5%).

853 Aluminum Metallization

Aluminum and its alloys are used extensively for metallization in integrated circuits. The
Al film can be deposited by PVD or CVD. Since aluminum and its alloys have low resis-
tivities (2.7 uQ-cm for Al and up to 3.5 pQ-cm for its alloys), these metals satisfy the low-
resistance requirements. Aluminum also adheres well to silicon dioxide. However, the
use of aluminum in integrated circuits with shallow junctions often creates problems, such
as spiking and electromigration. This section considers the problems of aluminum met-
allization and their solutions,

Junction Spiking
Figure 8.19 shows the phase diagram of the Al-Si system at 1 atm." The phase diagram
relates these two components as a function of temperature. The AL-Si system exhibits
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Figure 819 Phase diagram of the aluminum-silicon system."

entectic characteristics; that is, the addition of either component lowers the system's melt-
ing point below that of either metal. Here, the minimum melting temperature, called
eutectic temperature. is 577°C, corresponding to a 11.3% Si and 88.7% Al composition.
The melting points of pure aluminum and pure silicon are 660°C and 1412°C, respec-
tively. Because of the eutectic characteristics, during aluminum deposition the temper-
ature on the silicon substrate must be limited to less than 577°C.

The inset of Figure 8.19 shows the solid solubility of silicon in aluminum. For exam-
ple, the solubility of silicon in aluminum is 0.25 wt% at 400°C, 0.5 wi% at 450°C, and
0.5 wt% at 500°C. Therefore, wherever aluminum contacts silicon, the silicon will dis-
solve into the aluminum during annealing. The amount of silicon dissolved will depend
not only on the solubility at the annealing temperature, but also on the volume of alu-
minum to be saturated with silicon. Consider a long aluminum metal line in contact with
an area ZL of silicon, as shown in Figure 8.20. After an annealing time ¢, the silicon will
diffuse a distance of approximately VDt along the aluminum line from the edge of the
contact, where D is the diffusion coefficient given by 4 x 10~ exp(—0.92/kT) for silicon
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Figure 8.20 Diffusion of silicon in aluminum metallization,*

diffusion in deposited aluminum films. Assuming that this length of aluminum is com-
pletely saturated with silicon, the volume of silicon consumed is then

Vol = 2+/Dr| (MF[%:-] (26)

where p, and pg, are the densities of aluminum and silicon, respectively, and S is the sol-
ubility of silicon in aluminum at the annealing temperature.* If the consumption takes
place uniformly over the contact area A (where A = ZL for uniform diWNhM).ﬂBJﬂpfh
to which silicon would be consumed is

bEZJﬁ(%)A{%:-] @7

EXAMPLE 5
Let T = 500°C, t = 30 min, ZL = 16 pm?*, Z = 5 pm, and H = 1 pm. Find the depth b, assuming

uniform dissolution.

SOLUTION  The diffusion coefficient of silicon in aluminum at 500°C is about 2 x 107 em"s; thus,
VDt is 60 pm. The density ratio is 2.7/2.33 = 1.16. At 500°C, S is 0.8 wt%. From Eq. 27, we have

b=2xﬂ{%}.8%xl.16=0.35um

Aluminum will fill a depth of b = 0.35 pm from which silicon is consumed. Ifu&emuupcm
there is a shallow junction whose depth is less than b, the diffusion of silicon into aluminum m:
short-circuit the junction,

In a practical situation, the dissolution of silicon does not take place uniformly, but rather
at only a few points. The effective area in Eq, 27 s less than the actual mnmmhme:,‘
b is much larger. Figure 8.21 illustrates the actual situation in the p-n junction area

aluminum penetrating the silicon at only the few points where spikes are formed. One
way to minimize aluminum spiking is to add silicon to the aluminum by co-evaporation
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ﬁ'-! 821  Schematic view of aluminam films contacting silicon. Note the aluminum spﬂdng in
the silicon

until the amount of silicon contained by the alloy satisfies the solul)il'il'\- requirement,
Another method is to introduce a barrier metal layer between th(_- :duu‘nnum ar}d the sil-
icon substrate (Fig. 8.22). This barrier metal layer must meet the Iullu\.\mg requirements:
1t must form low contact resistance with silicon, it must not react with :{]ulllll’ll.lm_ and
its deposition and formation must be compatible with the overall process. Barrier met.
als such as titanium nitride (TIN) have been evaluated and found to be stable for con.
tact annealing temperatures of up to 550°C for 30 minutes.

As devices become smaller, the corresponding current density becomes larger. High cur-
rent densities can cause device failure due to electromigration. The term urlcrtmmtgm.
tion refers to the transport of mass (i.e., atoms) in metals under the influence of current,
It occurs by the transfer of momentum from the electrons to the positive metal ions.
When a lu'g'h current passes through thin metal conductors in integrated circuits, metal
jons in some regions will pile up, and voids will form in other regions. This pileup can
short-circuit adjacent conductors, whereas the voids can result in an open circuit.

The mean time to failure (MTF) of a conductor due to electromigration can be related
to the current density (J) and the activation energy by

1 )
MTF - —‘exp[——‘J 28

A kT )
Experimentally. a value of E, = 0.5 eV is obtained for deposited aluminum. This indi-
cates that low-temperature grain-boundary diffusion is the primary vehicle of material
transport, since an E, = 1.4 ¢V would characterize the self-diffusion of single-crystal alu-
minum. The electromigration resistance of aluminum conductors can be increased by

Field
oxide

metal

Figure 822 Cross-sectional view of & MOSFET with a barrier metal between the aluminum and
sificon and a composite gate electrode of silicide and polysilicon.
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using several techniques. These techni
0.5% Cu), encapsulating the conducto
film deposition.

ques include alloying with copper (e.g., Al with
rin a dielectric, or incorporating oxygen during

854 Copper Metallization

It is well known that both high-conductivity wiring and low-dielectric-constant insula-
tors are required to lower the RC time delay of the interconnect network. Copper is the
obvious choice for a new interconnection metallization because it has higher conductiv-
ity and higher electromigration resistance than aluminur, Copper can be deposited by
PVD, CVD, and electrochemical methods. However, the use of Cu as an alternative mate-
rial to Al in ULSI circuits has drawbacks, such as its tendency to corrode under standard
chip manufacturing conditions, its lack of a feasible dry etching method or a stable self-
passivating oxide similar to ALO, on Al, and its poor adhiesion to dielectric materials such
as Si0, and low-k polymers. This section discusses copper metallization !eclmiqut;s.
Several different techniques for fabrication of multilevel Cu interconnects have been
reported.”* The first method is a conventional method to pattern the metal lines, fol-
lowed by dielectric deposition. The second method is to patter the dielectric layer first
and fill copper metal into trenches. This step is followed by chemical mechanical pol-
ishing, discussed later, to remove the excess metal on the top surface of the dielectric
and leave Cu material in the holes and trenches. This method is also known as a dama-

scene process.

Damascene Technology

The approach for fabricating a copper/low-k dielectric interconnect structure is by the
damascene or dual damascene process. Figure 8.23 shows the dual damascene sequence
for an advanced Cu interconnection structure. For a typical damascene structure, trenches
for metal lines are defined and etched in the interlayer dielectric (ILD), followed by metal
deposition of TaN/Cu. The TaN layer serves as a diffusion barrier layer and prevents cop-
per from penetrating the low-k dielectric. The excess copper metal on the surface is
removed to obtain a planar strueture with metal inlays in the dielectric.

For the dual damascene process, the vias and trenches in the dielectric are defined
using fwo lithography and reactive ion etching (RIE) steps before depositing the Cu metal
(Figs. 5.23a~¢). Then a Cu chemical mechanical polishing process is used to remove the
metal on the top surface, leaving the planarized wiring and via imbedded in the insula-
tor.” One special benefit of the dual damascene technique is that the via plug is now of
the same material as the metal line and the risk of via electromigration failure is reduced.

EXAMPLE 6

Ifwe rcp]ar:ﬁ Al with Cu wire associated with some low-k dielectric (k = 2.6) instead of a SiO, layer.
what percentage of reduction in the RC time constant will be achieved? The resistivity of Alis 27
n€2-cm, and the resistivity of Cu is 1.7 pQ-cm.

SOLUTION

17,26, 00% = 42% «

277389

Chemical Mechanical Polishing
In recent years, the development of chemical mechanical polishing (CMP) has become
increasingly important for multilevel interconnection because it is the only technology
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Figure 823 Process sequence used to fabricate a Cu line-stud structure using dual damascene.
{a) Resist stencil applied. (b) Reactive ion etching dielectric and resist patterning. (¢) Trench and
via definition. (d) Cu depositions followed by chemical mechanical polishing.

that allows global planarization (i.e., makes a flat surface across the whole wafer). It offers
many advantages over other types of technologies, including better global planarization
over large or small structures, reduced defect density, and the avoidance of plasma dam-
age. Three CMP approaches are summarized in Table $.4.

The CMP process consists of moving the sample surface against a pad that carries
slurry between the sample surface and the pad. Abrasive particles in the slurry cause
mechanical damage on the sample surface, loosening the material for enhanced chemi-
cal attack or fracturing off the pieces of surface into a slurry where they dissolve or are
swept away. The process is tailored to provide an enhanced material removal rate from
high points on surfaces, thus affecting the planarization because most chemical actions
are isotropic. Mechanical grinding alone may theoretically achieve the desired planarization,

TABLE8.4 Three Methods of Chemical Mechanical Polishing (CMP)
Method Wafer Facing Platen Movement Slurry Feeding

Rotary CMP Down Rotary against rotating wafer carrier Dripping to pad surface
Orbital CMP Down Orbital against rotating wafer carrier  Through the pad surface

Linear CMP Down Linear against rotating wafer carrier Dripping to pad surface
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are three main parts of the process: (a) the surf; : wh. ich i
the key medium enabling the transfer of m:&nmwmpﬁmuw Pad'polhhe:!‘

and (¢) the slurry, which provides botl 1 :
the CMP setup.® P * chemical and mechanical effects. Figure 8.24 shows

EXAMPLE 7

The oxide removal rate and the remoyal rate of a Ly ide (called

yer undemneath the oxide ( a stop layer)
are lrand 0.1r, respectively. To remove 1 jim of oxide and a 0,01 ottt
time is 5.5 minutes. Find the oxide removal rate. AR el ol

SOLUTION

r=0.2 ym/min 4

855 Silicide

Silicon forms many stable metallic and semiconducting compounds with metals. Several
metal silicides show low resisivity and high thermal stability, making them suitable for
ULSI application. Silicides such as TiSi, and CoSi, have reasonably low resistivities and
are generally compatible with integrated circuit processing. Silicides become important
metallization materials as devices become smaller. One important application of silicide
is for the MOSFET gate electrode, either alone or with doped polysilicon (polycide) above
the gate oxide. Table 8.5 shows a comparison of titanium silicide and cobalt silicide.
Metal silicides have heen used to reduce the contact resistance of the source and
drain, the gate electrodes, and interconnections. Self-aligned metal silicide technology

Wafer carrier

Figure 824 Schematic of a CMP polisher.

TABLEBS5 A Comparison of TiSi, and CoSi, Films

Properties TiSi, CoSi,
Resistivity 13-16 22-28
Silicide/metal ratio 237 3.56
Silicide/Si ratio 1.04 0497
Reactive to native oxide Yes No
Silicidation temperature (°C) 500-850 550-900
Film stress (dyne/em2) 1.5 x 1010 L2x 10"
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(salicide) has been proven to be a highly attractive technique for improving the perfoy.
mmanee of submicron devices and circuits. The self-aligned process uses the silicide gy
electrode as the mask to form the source and drain electrodes of a MOSFET (eg.,
ion implantation, considered in Chapter 7). This process can minimize the overlap of thege
electrodes and thus reduce parasitic capacitances.
Figure 8.25 shows the polycide and salicide processes. A t'\-pliead polycide formatioy

sequence is shown in Figure §.252. For sputter deposition, a lugh:tcnnmrnturm high.
purity compound target is used to ensure the quality of the silicide. The most common]
used silicides for the polycide process are Wiy, TaSi,, and MoSi.. They are all refrac.
tory, thermally stable, and resistant to processing chemicals. A self-aligned silicide pro-
cess is illustrated in Figure 8.25b. In the process, the polysilicon gate is patterned withoyt
any silicide, and a sidewall spacer (silicon oxide or silicon nitride) is formed to preveny
sht':!rling the gate to the source and drain during the silicidation process. A metal layer,
either Ti or Co, is blanket-sputtered on the entire structure, followed by silicide sinter.
ing. Silicide is formed, in principle, only where the metal is in contact with Si. A wet chem.
ical wash then rinses off the unreacted metal, leaving only the silicide. This technique
eliminates the need to pattern the composite polycide gate structure and adds silicide to
the source/drain area to reduce the contact resistance.

Silicides are promising materials for ULSI circuits because of their low resistivity
and excellent thermal stability. Cobalt silicide has been widely investigated because of
its low resistivity and high-temperature thermal stability. However, cobalt is sensitive to
native oxides as well as an oxygen-containing environment, and a large amount of silicon
is consumed during silicidation.

Sidewall
spacer

>
Ll eSS — T e
G e L s (R
MSi,

(i)
Polysilicon
—\ E/ <
= N
- i S
< Sidewall 5 ) .
spacer i G
] }E?@c//
_____ = Y ‘__-_,’ ‘_-A,-'\‘_
Liv) {iv)
(n) (b)

Figure 825 Polycide and salicide processes. (a) Polycide structure: (i) gate oxide, (ii) polysilicon
and silicide deposition, (iii) pattern polycide, and (iv) lightly doped drain (LDD) implant, side-
wall formation, and source/drain implant. (b) Salicide structure: (i) gate patterning (polysilicon
only), LDD, sidewall, and source/drain implant; (i) metal (Tj, Co) (]t-[x;silinyrn; (iii) aum:'zll to
form salicide; and (iv) selective (wet) etch to remove unreacted metal,
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EXAMPLE 8

Calculate the thickness of cobalt silici
A8y con, cide for a desired sheet resistance of 0.6 /0, The resistivity

SOLUTION  The resistivity is equal to the product of the sheet resistance and the film thickness:

P=R x1
Then
_p _18x10*
'_-RE=T=3XIO"’ cm = 300 nm -

» 8.6 DEPOSITION SIMULATION

SUPREM may be used to simulate the deposition process. Like etch simulation depo-
sition modeling is very straightforward. Simulation is executed using the DEPOSITION com-
mand, which deposits a given amount of user-specified material on'top of the current
structure. The material deposited may be either undoped or uniformly doped. If single-
crystal silicon is deposited, then the crystal orientation must also be specified. If polysil-
icon is deposited, the temperature must be specified for SUPREM to determine the proper

polysilicon grain size.

EXAMPLE 9

> 87

Suppose we want to simulate the deposition of 800A CVD silicon nitride on top of a dry axide layer
approximately 400A thick. If the p-type silicon substrate is doped with boron at a level of 10" em ™,
use SUPREM to determine the final oxide and nitride layer thicknesses, as well as the boron dop-
ing profile in the oxide and nitride layers.

SOLUTION The SUPREM input listing is as follows:

TITLE Deposition Example
COMMENT Initialize silicon substrate

INITIALIZE <108> Silicon Boron Concentration=lel5
COMMENT Grow 480A oxide

DIFFUSION Time=40 Temperature=1800 Dry02
COMMENT Deposit 80@A CVD nitride

DEPOSITION Nitride Thickness=@.08

PRINT Layers

PLOT Chemical Boron Net

STOP End Deposition Example

After simulation is complete, the results are shown in Figure 8.26. which indicates final oxide and
nitride layer thicknesses of 379 and S00A, respectively, and depicts the boron incorporation in d::

oxide layer.

SUMMARY
Modern semiconductor device fabrication requires the use of thin films. In the epitaxial
growth process, the substrate wafer is the seed. High-quality, single-crystal films can be
grown at a temperature 30% to 50% lower than the melting point. The common techniques
for epitaxial growth are chemical vapor deposition, metalorganic CVD, and molecular beam
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. = Boron {(/cm3)
. - Net Doping (/cm3)

Figure 826 Plot of boron incorporation into the oxide layer, using SUPREM

epitaxy. CVD and MOCVD are chemical deposition processes. Gases and dopants are
transported in vapor form to the substrate, where a chemical reaction oceurs that results
in the deposition of the epitaxial layer. Inorganic compounds are used for CVD, whereas
metalorganic compounds are used for MOCVD. MBE, on the other hand, is a physical
deposition process. It is done by the evaporation of a species in an ultrahigh-vacuum sys-
tem. Because it is a low-temperature process that has a low growth rate. MBE can grow
single-crystal, multilayer structures with dimensions on the order of atomic layers.

In addition to conventional homoepitaxy, such as n-type silicon on an n” silicon sub-
strate, this chapter also considered heteroepitaxy, which includes lattice-matched and
strained-layer structures. For strained-layer epitaxy, there is a critical layer thickness above
which edge dislocations will nucleate to relieve the strain energy.

Besides the edge dislocations in an epitaxial layer, defects from the substrate, defects
from the interface, precipitates, and low-angle grain boundaries and twins exist. These
defects degrade device performance. Various means have been presented to minimize,
or even eliminate, these defects so that a defect-free semiconductor layer can be grown
either homoepitaxially or heteroepitaxially.

Aside from epitaxial layers, there are four other important types of films: thermal
oxides, dielectric layers, polyerystalline silicon, and metal films. The major issues related
to film formation are low-temperature processing, step coverage, selective deposition,
uniformity, film quality. planarization. throughput, and large wafer capacity.

Thermal oxidation offers the best quality for the Si-SiO, interface and has the low-
est interface trap density (see Chapter 3). Therefore, it is used to form gate and field oxides.
LPCVD of dielectrics and polysilicon offers conformal step coverage. In contrast, PYD
and atmospheric-pressure CVD generally result in noncomformal step coverage. CMP offers
global planarization and reduces defect density. Conformal step coverage and planariza-
tion are also required for precise pattern transfer at the deep-submicron lithography level
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To minimize the RC time delay due to parasitic resistance and capacitance, the silicide
pracess for ohmic contacts, copper metallization for lntem:nnem. and bw-::lecme-
constant materials for interlayer films are extensively used to meet the requirements of
the multilevel interconnect structures of ULSI circuits. In addition, this dhl‘u!ledo

high-dielectric-constant materials to improve the gate insulator performance and to increase
the capacitance per unit area for DRAM.
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» PROBLEMS

Asterisks denote difficult problems.

SECTION 8.1: EPITAXIAL GROWTH TECHNIQUES
*1. Find the average molecular velocity of air at 300 K (the molecular weight for air is 29),

2. The distance between source and wafer in a deposition chamber is 15 cm. Estimate the
pressure at which this distance become 10% of the mean free path of source molecules,

*3. Find the number of atoms per unit area, N, needed to form a layer under close-
ing condition (i.e., each atom is in contact with its six neighboring atoms), assuming
the diameter d of the atom is 4.68 A.

*4. Assume an effusion oven geometry of A = 5 cm® and L = 12 em. (a) Calculate the arrival
rate of gallium and the MBE growth rate for the effusion oven filled with gallium
arsenide at 970°C. (b) For a tin effusion oven operated at 700°C under the same geome-
try; calculate the doping concentration (assuming tin atoms are fully incorporated in the

itim arsenide grown at the aforementioned rate). The molecular weight for tin is
118,69, and the pressure at 700°C for tin is 2.66 X 10 Pa.

SECTION 8.2: STRUCTURES AND DEFECTS IN EPITAXIAL LAYERS

5. Find the maximum percentage of In (i.e., the x value for Ga/In, , As) film grown on GaAs
substrate without formation of misfit dislocation, if the final film thickness is 10 nm,

6. The lattice misfit, f, of a film is defined as f + [a,(s) — a,(NVa,{f) = Aa/a, where a,(s) and
a,|f) are the unstrained lattice constants of the substrate and the film, respectively. Find
the fvalues for InAs—GaAs and Ge-Si systems.

SECTION 8.3: DIELECTRIC DEPOSITION

7. (a) In a plasma-deposited silicon nitride that contains 20 at% hydrogen and has a silicon-
to-nitrogen ratio (S¥/N) of 1.2, find x and y in the empirical formula of SiN,H_. (b) If the
variation of film resistivity with SN ratio is given by 5 x 10% exp(-33.37) for 2 > y> 08,
where yis the ratio, find the resistivity of the film in (a).

8. The dielectric constants of SiO,, Si,N,, and Ta,O are about 3.9, 7.6, and 25, respectively.
What is the capacitance ratio for the capacitors with the Ta,0, and oxide/nitride/oxide
dielectrics for the same dielectric thickness, provided the oxide/nitride/oxide has thickness
ratio 1:1:1 for the oxide to the nitride?

9. In Problem 8, if BST with a dielectric constant of 500 is chosen to replace Ta,0,, caleu-
late the area reduction ratio to maintain the same capacitance if the two films have the
same thickness.

10. In Problem S, calculate the f:quim]cnt thickness of the Ta, 0, in terms of SiO, thickness if
both have the same capacitance. Assume the actual thickness of Ta,0, is 3jum.

11. In asilane-oxygen reaction to deposit undoped SiO, film, the deposition rate is 15
nm/min at 425°C. What temperature is required to double the deposition rate?

12. The P-glass flow process requires temperatures above 1000°C. As device dimensions
become smaller in ULSI, we must use lower temperatures, Suggest methods to obtaina
smooth topography at < 900°C for deposited silicon dioxide that can be used as an insula-
tor between metal layers.

SECTION 8.4: POLYSILICON DEPOSITION

13. Why is silane more often used for polysilicon deposition than silicon chloride?

14. Explain why the deposition temperature for polysilicon films is moderately low, usually
between 600°C and 650°C.
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SECTION 8.5: METALLIZATION

15.

16.

17.

18.
19.

*21.

=22,

An e-beam evaporation system is used to deposit aluminum to f capacitors,
the flatband voltage of the capacitance is shifted by‘;)ms \fmﬂfm nd&ﬁnnfr

find the number of fixed oxide ch. (the silicon dioxide thickness
these charges be removed? e -t Rt

A metal line (L = 20 pm, W = 0,25 pum) has
resistance of the metal line, K a sheet resistance of 5 0. Caleulate the

Calculate the thicknesses of the TiSi, and CoSi,, where the initial Ti and Co film thick-

nesses are 30 nm,

Compare the advantages and disadvantages of TiSi, and CosSi, for salicide applications.

A diclectric material is placed between the two parallel metal li =

width W = 0,28 pm, thickness T = 0.3 pm, and spacing § = ﬂﬂl;?;&m'l?:) m II::JT(':
time delay. The metal is Al with a resistivity of 2.67 Q-cm, and the dielectric is oxide
with dielectric constant 3.9. (b) Calculate the RC time delay. The metal is Cu with a resis-
tivity of 1.7 pQ-cm, and the dielectric is organic polymer with dielectric constant 2.5,

(c) Compare the results in (a) and (b). How much can we decrease the RC time delay?

. Repeat Problems 19 () and (b} if the fringing factor for the capacitors is 3. The

factor is due to the spreading of the electric-field lines beyond the length and the width of
the metal lines,

To avoid electromigration problems, the maximum allowed current density in an alu-
minum runner is about 5 x 10* A/em®, If the runner is 2 mm long, 1 pm wide, and nomi-
nally 1 pm thick, and if 20% of the runner length passes over steps and is only 0.5 pm
thick there, find the total resistance of the runner if the resistivity is 3 x 10° Q-cm. Find
the maximum voltage that can be applied across the runner.

To use Cu for wiring, one must overcome several obstacles; the diffusion of Cu through
5i0,, adhesion of Cu to $i0,. and corrosion of Cu. One way to overcome these obstacles
is to use a cladding/adhesion layer (e.g., Ta or TiN) to protect the Cu wires. Consider a
cladded Cu wire with a square cross section of 0.5 jm % 0.5 m and compare it with a
layered TiIN/AVTIN wire of the same size, with the top and bottom TiN layers 40 nm and
60 nm thick, respectively. What is the maximum thickness of the cladding layer if the
resistances of the cladded Cu wire and the TiN/AVTIN wire are the same?
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Process Integration

Microwave, photonic, and power applications generally employ discrete devices. For exam-
ple. an IMPATT diode is used as a microwave generator, an injection laser as an Optical
source, and a thyristor as a high-power switch. However, most electronic systems are byily
on the integrated circuit, which is an ensemble of both active (e.g.. transistor) and pas.
sive (e.g., resistor, capacitor, and inductor) devices formed on and within a single-crystal
semiconductor substrate and interconnected by a metallization pattern.' ICs have enor-
mous advantages over discrete devices connected by wire bonding. The advantages include
(a) reduction of the interconnection parasitics, because an IC with multilevel metalliza-
tion can substantially reduce the overall wiring length; (b) full utilization of a semicon-
ductor wafer’s area, because devices can be closely packed within an IC chip; and (¢) drastic
reduction in processing cost. because wire bonding is a time-consuming and error-prone
operation.

This chapter discusses combinations of the basic processes described in the previ-
ous chapters to fabricate active and passive components in an IC. Because the key ele-
ment of an IC is the transistor, specific processing sequences are developed to optimize
its performance. The chapter considers three major IC technologies associated with the
three transistor families: the bipolar transistor, the MOSFET, and the MESFET. In addi-
tion, it discusses the fabrication of microelectromechanical systems by micromachining
techniques. Specifically, it covers the following topics:

* The design and fabrication of IC resistors, capacitors, and inductors

* The processing sequence for standard bipolar transistor and advanced bipolar
devices

* The processing sequence for MOSFETS, with special emphasis on CMOS and
memory devices

* The processing sequence for high-performance MESFETs and monolithic
microwave ICs

* The major challenges for future microelectronics, including ultrashallow junc-
tion, ultrathin oxide, new interconnection materials, low power dissipation, and
isolation

* Microelectromechanical systems formed by orientation-dependent etching, sac-
rificial etching, or LIGA (lithography. electroplating, and molding) processes

® The simulation of IC fabrication processes using SUPREM

Figure 9.1 illustrates the interrelationship between the major process steps used for
IC fabrication. Polished wafers with a specific resistivity and orientation are used as the
starting material. The film formation steps include thermally grown oxide films (Chapter3)
and deposited polysilicon, dielectric, and metal films (Chapter 8). Film formation is often
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Film
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Figure 8.1  Schematic flow diagram of integrated circnit fabrication.

followed by lithography (Chapter 4) or impurity doping (Chapters 6 and 7). Lithography
is generally followed by etching (Chapter 5), which in turn is often followed by another
impurity doping or film formation. The final IC is made by sequentially transferring the
patterns from each mask, level by level, onto the surface of the semiconductor wafer.
After processing, each wafer contains hundreds of identical rectangular chips (or dice),
typically between 1 and 20 mm on each side, as shown in Figure 9.24. The chips are sep-
arated by sawing or laser cutting; Figure 9.2b shows a separated chip. Schematic top views
of asingle MOSFET and a single bipolar transistor are shown in Figure 9.2¢ to give some
perspective of the relative size of a component in an IC chip. Prior to chip separation,
eacli chip is electrically tested (see Chapter 10). Defective chips are usually marked with

Gate
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~50 to 1000 chips

10' to 10° -
M components R m @ MOSFET
a P

N pee====""E ] 1o 10um

Ny l:———»'—! to 10 pm

T
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(a) (b) (c)

Figure 92 Size comparison of a wafer to individual components. (a) Semiconductor wafer.
(b) Chip. {c) MOSFET and bipolar transistor.
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tial conductance dG of a thin layer
to the surface and at a depth x (as

. i 5 o ide an appropriate the Consider the bar )

black ink. Good chips are selected and paclmged to provide an app - RSN T,

;:l‘bedlect‘imll and interconnection environment for elec:tromc ap'plu:nhons.g - of the p-type material thak isloesf‘sdu“ el dxe eelnen
.lcdn'ps may contain a few components (transistors, diodes, resistors, capacitors, ete.) shown by the B-B cross olie parall

or as many as a billion or more. Since the invention of the monolithic IC in 1959, the sectio

ts state-of-the-art 1C chip has grown exponentially. We ygy. | _ W
R?ﬁ:::ﬂ“:ﬂpg‘:f:;k;:v%r an IC as its level of integm:ion. Small-scale integration dG = qu, p(x) 7 dx m
) ip. medium-scale integration (MSI) to y < K
(SS1) refers to up to 100 components per chip, m pto hsre it e SRR S T :
A0 resptest PSR, e sy i i Mg areas for the time being), 4, is the mobility ogfta hole embsr ((:’;is the dqﬁul: mdmmm e
per chip. very large-scale integration (VLSI) to up to 107 components per chip, and tion. The total ond R it . and p " et

ultralarge-scale integration (ULSD) to larger numbers of components per chip. Section e entire implanted region of the bar is b

; ribes two ULSI chips: a 32-bit microprocessor chip, which contains over 42 mil. - % W ]
?i:nd«.:scmponents. and a l-Ggsdynmnic random access memory (DRAM) chip, which con. G= ‘[dG -qf J 1, p(x)dx @)
tains over 2 billion components. where x, is) the (iiunction depth. If the value of H, (which is a function of the hole con-
centration), and the distribution of p(x) are known, the total conductance ca
» 9.1 PASSIVE COMPONENTS ated from Eq. 2. We can write uctance can be evalu-
91.1 The Integrated Circuit Resistor y
. :
To form an IC resistor, we can deposit a resistive layer on a silicon substrate, then pat- £ L ()
tern the layer by photolithography and etching. We can also define a window in a silicon 5 '
dioxide layer grown thermally on a silicon substrate and then implant (or diffuse) impu- where g =q J; K p(x)dx is the conductance of a square resistor pattem; that is, G = g
rities of the opposite conductivity type into the wafer. Figure 9.3 shows the top and cross- when L = W.
<ectional views of two resistors formed by the latter approach: One has a meander shape, The resistance is therefore given by
and the other has a bar shape. ; 1 L1
gl | = {4)
where 1/g usually is defined by the symbol R and is called the sheet resistance. The sheet
resistance has units of ohms but is conventionally specified in units of ohms per square (Q/0).
[ | Iiany resistors in an integrated circuit are fabricated sim y by defining dif-
Um ferent geometric patterns in the mask, such as those shown in Figure 9.3. Since the same
|7 processing cycle is used for all these resistors, it is convenient to separate the resistance
into two parts: the sheet resistance R, determined by the implantation (or diffusion) pro-
| - cess; and the ratio L/W, determined by the pattern dimensions. Once the value of R, is
R z known, the resistance is given by the ratio /W, or the number of squares (each square
£ g has an area of Wx W) in the resistor pattern. The end contact areas will introduce addi-
P8 . tional resistance to the IC resistors. For the type shown in Figure 9.3, each end contact
= corresponds to approximately 0.65 squares. For the meander-shape resistor, the electric-
L field lines at the bends are not spaced uniformly across the width of the resistor but are
crowded toward the inside corner. A square at the bend does not contribute exactly 1
P square, but rather 0.65 squares.
EXAMPLE 1
n - Si Find the value of a resistor 90 ptm long and 10 pum wide, such as the bar-shaped resistor in Figure
b, 9.3. The sheet resistance is 1 kQ/O.
SOLUTION The resistor contains 9 squares. The two end contacts correspond to 1.3 0. The value
| of the resistor is (9 + 1.3) x 1 k0 = 10.3 k. «
912 The Integrated Circuit Capacitor
2 e f i ed in integrated circuits: MOS capacitors and p—n
Figure 9.3 Integrated circuit resistors. All slines s . Basically, two types of capacitors are used in in 3
width, W, an(]l] all mnladn::]r‘v IT: s:;:e sizz-r.mm‘ cihy - e ' junctions. The MOS capacitor can be fabricated b)’ using a heavily dQPEd region (such
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mitter region) as one plate, the top metal electrode as the other plate, and the
:l::::ning on:;:gl h;:r as the dl:clecmc ﬂ(:stop and cms-sucti‘cmal views ofa MOS
ttor are shown in Figure 9.4a. To form a MOS capacitor, a t‘hxck oxide layer is therm,
grown on a silicon substrate. Next, a window is lithographically defined and etched i
the oxide, Diffusion or ion implantation is used to form a p* region in the window arey,
whereas the surrounding thick oxide serves as a mask. A_(hm oxide layer is %hen ther:
mally grown in the window area, followed by a metallization step. The capacitance per
unit area is given by

Em
e (3)

where &_ is the dielectric permittivity of silicon dioxide (the dielecl'tric constant g_/g, js
3.9) and d is the oxide thickness. To increase the capacitance ﬁu‘tl\ef, msulmor.s with higher
dielectric constants are being studied, such as Si,N, and Ta,0;, w!uch !mve dielectric con-
stants of 7 and 25, respectively. The MOS capacitance is essentially mdc-pendent of the
applied voltage, because the lower plate of the capacitor is made of heavily doped mate.
rial. This also reduces the asociated series resistance.

A p—n junction is sometimes used as a capacitor in an integrated circuit. The top and
cross-sectional views of an n°—p junction capacitor are shown in Figure 9.4b. The detailed
fabrication process is considered in Section 9.2, because this structure f.orms part of 3
bipolar transistor. As a capacitor, the device is usually reverse biased: that is, the p regjon
is reverse biased with respect to the n” region. The capacitance is not a constant, but varies
as (V,, + V)%, where V,, is the applied reverse voltage and V), is the built-in potential
of the junction. The series resistance is considerably higher than that of a MOS capaci-
tor because the p region has higher resistivity than does the p* region.

EXAMPLE 2

What is the stored charge and the number of electrons on a MOS capacitor with an area of 4 pm?*
for a dielectric of (a) 10-am thick $iO, and (b) 5-nm thick Ta,0,? The applicd voltage is 5 V for
both cases.

Metal

(a) (b)
Figure 9.4 (a) Integrated MOS capacitor. (b) Integrated p-n junction capacitor.
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SOLUTION

(a) Q=£,x4xl‘;|.

=3.9%885%10 " Flemx 410 e’ x—Y.
10 cm

=69x10"C
Number of electrons = 6,910 Clg=43x10"

(b) Changing the dielectric constant from 3.9 to 25 and the thickness fi
] e rom 10 n
obtain Q, = 885 x 10" €, and number of electrons < 585 x 107" Clg =553 % 1;. Yo “:

9.1.3 The Integrated Circuit Inductor

1C inductors have been widely used in I11-V-based monolithic microwave integrated
circuits (MMICs)." With the increased speed of silicon devices and advancement in mul-
tilevel interconnection technology, IC inductors have started to receive more and more
attention in silicon-based radio frequency and high-frequency applications. Many kinds
of inductors can be fabricated using IC processes. The most popular method is the
thin-film spiral inductor. Figures 9.54 and b show the top view and the cross section of
a silicon-based, two-level-metal spiral inductor. To form a spiral inductor, a thick oxide
is thermally grown or deposited on a silicon substrate. The first metal is then deposited
and defined as one end of the inductor. Next, another dielectric is deposited onto metal 1.
A via hole is defined lithographically and etched in the oxide. Metal 2 is deposited and
the via hole is filled. The spiral pattern can be defined and etched on metal 2 as the
second end of the inductor,

To evaluate the inductor, an important figure of merit is the quality factor. Q, which
is defined as Lw/R, where L, R, and  are the inductance, resistance, and freq y
respectively. The higher the Q value, the lower the loss from resistance, and hence the
better the performance. Figure 9.5¢ shows the equivalent circuit model for an IC induc-
tor. R, is the inherent resistivity of the metal, C,, and C,; are the coupling capacitances
between the metal lines and the substrate, and R, and R, are the resistances of the
silicon substrate associated with the metal lines, respectively. The Q value increases lin-
early with frequency initially and then drops at higher frequencies because of parasitic
resistances and capacitances,

Some approaches exist for improving the Q value. The first is to use low-dielectric-
constant materials (< 3.9) to reduce C,. The other is to use a thick-film metal or low-
resistivity metals (e.g., Cu, Au to replace Al) to reduce R,. The third approach uses an
insulating substrate (e.g., silicon on sapphire, silicon on glass, or quartz) to reduce R,

To obtain the exact value of a thin-film inductor, complicated simulation tools must be
employed for both circuit simulation and inductor optimization. The model for thin-film
inductors must take into account the resistance of the metal, the capacitance of the oxide,
line-to-line capacitance, the resistance of the substrate, the capacitance to the substrate,
and the inductance and mutual inductance of the metal lines. Hence, it is more difficult
to caleulate the integrated inductance than to calculate integrated capacitance or resistance.
However, a simple equation to estimate the square planar spiral inductor is given as*

L= pn'r=12x10"n"r (6)

where g, is the permeability in vacuum (4% x 107 H/m), L is in henries, n is the num-
ber of turns, and r is the radius of the spiral in meters,
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Metal 2
Onxide
Metal 1
Silicon
(b)
|t L)
Cpl C;z.’
R R
(e)

Figure 85 (a) Schematic view of a spiral inductor on a silicon substrate. (i) Perspective view
along A-A”. (¢} An equivalent cireuit model for an integrated inductor.

EXAMPLE 3

For an integrated inductor with an inductance of 10 nH, what is the required radius if the num-
ber of tums is 202

SOLUTION  According to Eq. 6,

10x10™

=m=2.osxlo m =208 Hm <4

» 9.2 BIPOLAR TECHNOLOGY

For IC applications, especially for VLSI and ULSI, the size of bipolar transistors must
be reduced to meet high density requirements. Figure 9.6 illustrates the reduction in
the size of the bipolar transistor in recent years.* The main differences in a bipolar tran-
sistor in an IC, compared with a discrete transistor, are that all electrode contacts are
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Emitter

- ——

Collector

5 pm’
Emitter
Thermal
oxide LA
(b) (<) (d)

Figure 96 Reduction of the horizontal and vertical dimensions of a bipolar transistor.
(a) Junction isolation. (h) Oxide isolation. (¢ and d) Scaled oxide isolation *

located on the top surface of the 1C wafer, and each transistor must be electrically iso-
lated to prevent interactions between devices. Prior to 1970, both the lateral and verti-
cal isolations were provided by p-n junctions (Fig. 9.6a), and the lateral p isolation region
was always reverse biased with respect to the n-type collector. In 1971, thermal oxide
was used for lateral isolation, resulting in a substantial reduction in device size (Fig. 9.6b)
because the base and collector contacts abut the isolation region. In the mid-1970s, the
emitter extended to the walls of the oxide, resulting in an additional reduction in area
(Fig. 9.6¢). At the present time, all lateral and vertical dimensions have been scaled down,
and emitter stripe widths have dimensions in the submicron region (Fig. 9.6d).

921 The Basic Fabrication Process

The majority of bipolar transistors used in ICs are of the n-p-n type because the higher
mobility of minority carriers (electrons) in the base region results in higher-speed per-
formance than can be obtained with p-n—p types. Figure 9.7 shows a perspective view
of an n-p-n bipolar transistor, in which lateral isolation is provided by oxide walls and ver-
tical isolation is provided by the n*p junction. The lateral axide isolation approach reduces
not only the device size, but also the parasitic capacitance because of the smaller dielec-
tric constant of silicon dioxide (3.9, compared with 11.9 for silicon). This section now con-
siders the major process steps that are used to fabricate the device shown in Figure 9.7.

For an n—p-n bipolar transistor, the starting material is a p-type, lightly doped
(~10" em™), <111>- or <100>-oriented, polished silicon wafer. Because the junctions
are formed inside the semiconductor, the choice of crystal orientation is not as critical
as for MOS devices (see Section 9.3). The first step is to form a buried layer. The main
purpose of this layer is to minimize the series resistance of the collector. A thick oxide
(0.5-1 pm) is thermally grown on the wafer, and a window is then ogened in the oxide.
A precisely controlled amount of low-energy arsenic ions (~30 keV, ~10 em”) is implanted
into the window region to serve as a predeposit (Fig. 9.8a). Next, a high-temperature
(~1100°C) drive-in step forms the n* buried layer, which has a typical sheet resistance
of approximately 20 Q/C].
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> i |
n* emitter n* collector

n* buried layer
Figure 8.7 Perspective view of an oxide-isolated bipolar transistor.

Arsenic implant

‘-4 } 41*&0_.
p-Si suhstrate

(a)

n epitaxial layer

!n’ buried layer )

(b)

Photoresist
Si 3;\' F1
Si0,
n-Epi
P
(e)

Boron chanstop implant

=1

P

(d)

Figure 9.8 Cross-sectional views of bipolar transistor fabrication. (a) Buried-layer implantation.
(b) Epitaxial layer. (c) Photoresist mask. (d) Chanstop implant.

The second step is to deposit an n-type epitaxial layer. The oxide is removed and the
waler is placed in an epitaxial reactor for epitaxial growth. The thickness and the doping
concentration of the epitaxial layer are determined by the ultimate use of the device. Analog
circuits (with their higher voltages for amplification) require thicker layers (~10 um) and
lower dopings (~5 x 10° em™), whereas digital circuits (with their lower voltages for switch-

ing) require thinner layers (~3 pm) and higher dopings (~2 x 10" cm™"), Figure 9.8b shows.
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a cross-sectional view of the device after the eni
.lgutdi!'fusion from the buried layer into dleeeﬁﬂh;ﬁ.mmtydﬂwh ”m:
ow-temperature epitaxial process should be e i :
As) should be usv([; in thephuried lny:r.d i i ki g
The third step is to form the lateral oxide isolati region i
is thermally grown on the epitaxial layer, followed bl;uao:ilieon—n-ﬂ’l\ig: mﬂffg l'lll‘:))
I nitride is deposited directly onto the siicon without the thin oxide pad, the nitride may
cause damage to the silicon surface during subsequent high-temperaﬁue steps Nextmﬁ
nitride;(o&i‘de lg)gcrs ar(lldd:;bout half of the epitaxial layer are etched using a ;;hotor:mist
as mask (Figs. 9.8¢ and d). Boron ions are th i exposed sili
ey en implanted into the silicon areas
The photoresist is removed, and the wafer is placed in an oxidation furnace. Since
the nitride layer has a very low oxidation rate, thick oxides will be grown only in the areas
not protected by the nitride layer. The isolation oxide is usually grown to a thickness such
that the top of the oxide becomes coplanar with the original silicon surface to minimize
the surface topography. This oxide isolation process is called local oxidation of silicon
(LOCOS). Figure 9.9a shows the cross section of the isolation oxide after the removal
of the nitride layer. Because of segregation effects, most of the implanted boron ions are
pushed undemeath the isolation oxide to form a p* layer. This is called the p* channel
stop (or chanstop) because the high concentration of p-type semiconductor will prevent

n” emitter n* collector

(d)
Figure 99 Cross-sectional views of bipolar transistor fabrication. (a) Oxide isolation. (b) Base
implant. (¢) Removal of thin oxide. (d) Emitter and collector implant.
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surface inversion and eliminate possible high-conductivity paths (or channels) among neigh.
buried layers. 3 oy 2

i the base region. A photoresist is used as a mask to pro.

tect xﬁgﬁﬁgtfwmﬁ. Then, bnmfions (-10" cx_n‘“] are implanted to form the
huse regions, as shown in Figure 9.9b. Another lithographic process removes all the thiy

oxide except a small area near the center of the base region (Fig. 9.90)éd
The fifth step is to form the emitter region, As shown in Flgulr.e }? ; u}e base
contact area is protected by a photoresist mask. Then, a 'Iow-energy. hig ‘a"se.mc-dou
(~10"* cm™*) implantation forms the n* emitter and the n” collector contact regions. The
photoresist is removed, and a final metallization step forms the contacts to the base, emit.
collect in Figure 9.7.

% |lll:ldlhis bas:'nh?s sll:\;msi.%‘l]\em are six film formation operations, six lithographic
rations, four iorf'fmphnmtions. and four etching operations. Each operation must be
o controlled and monitored. Failure of any one of the operations generally will

mnd;;:m;;ﬁée: of the completed transistor along a coordinate perpendicular to
the surface and passing through the emitter, base, and collector are slu?\\'n in Figure 9,10,
The emitter profile is abrupt because of the conuentration-de[.)endent diffusivity of arsenic.
The base doping profile beneath the emitter can be a'ppl:onf'llat(’d by a szuss'xan dk!_ﬁ_
bution for limited source diffusion. The collector doping is given by the epitaxial doping
level (=2 % 10" em™) fora representative switching transnst(.)r. H.owcvcr. at ]arge'r depths,
the collector doping concentration increases because of outdiffusion from the buried layer.

922 Dielectric Isolation

In the isolation scheme described previously for the bipolar transistor, the device is iso-
lated from other devices by the oxide layer around its periphery and is is:olated f.mm its
common substrate by an” p junction (buried layer). In high-voltage applications, adifferent

a1
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Figure 8.10 n-p-n transistor doping profiles.
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approach, called dielectric isolation, is used to form insulating tubs to isolate 4 number
of pockets of single-crystal semiconductors. In this approach, the device is isolated from
both its common substrate and its surrounding neighbors by a dielectric layer.

A process sequence for dielectric isolation is shown in Figure 9.11. An oxide layer
is formed inside a <100>-oriented n-type silicon substrate using high-energy oxygen ion
implantation (Fig. 9.11a). Next, the wafer undergoes a high-temperature annealing pro-
cess so that the implanted oxygen will react with silicon to form the oxide layer. The dam-
age resulting from implantation is also annealed out in this process (Fig. 9.11b). After
this, we obtain an n silicon layer that is fully isolated on an oxide (namely, a silicon-on-
insulator, or SOI, layer). This process is called SIMOX (separation by implanted oxygen).
Since the top silicon is so thin, the isolation region is easily formed by the LOCOS pro-
cess illustrated in Figure 9.8¢ or by etching a trench (Fig. 9.11¢) and refilling it with oxide
(Fig. 9.11d). The other processes are almost the same as those in Figures 9.8¢ through
9.9 to form the p-type base, n* emitter, and n collector.

The main advantage of this technique is its high breakdown voltage between the emit-
ter and the collector, which can be in excess of several hundred volts. This technique is
also compatible with modern CMOS integration (Section 9.3.3). This CMOS-compatible
process is very useful for mixed high-voltage and high-density ICs.

923 Self-Aligned Double-Polysilicon Bipolar Structures

The process shown in Figure 9.9¢ needs another lithographic step to define an oxide region
to separate the base and emitter contact regions. This gives rise to a large inactive device
area within the isolated boundary, which increases not only the parasitic capacitances,
but also the resistance that degrades transistor performance. The most effective way to
reduce these effects is by using a self-aligned structure.

Oxygen fon implantation

| Annealing at high temp

’ O :

{ n-type Si0,
(a) (b)

Photoresist

(e)
Figure 911 Process sequence for dielectric isolation bipolar device hsingsllim-gn—lmulﬂorm
for high-voltage application. (a) Oxygen ion implantation. (b) Annealing at high me
form the isolation dielectric. (c) Trench isolation formed by a dry etching process. (d) Base,

emitter, and collector formation.
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The most widely used self-aligned structure is the double-polysilicon structure wiy,

wdvanced isolation provided by a trench refilled with polysilicon.” shown in Figure 9 19
Figure 9.13 shows II;ne detailed sequence of steps for the self-aligned double-polysilicg,

i istor is bui - itaxial layer. A
{n=p-n) bipolar structure.” The transistor is built on an n-type ep ver: A trench
approsimately 5.0 pm in depth is etched by reactive ion etching through the n* subgg). C\’I?xzwh

region into the p' substrate region. A thin layer of thermal oxide is then grown ang R
::::rs as the screen (fxlde for thﬁmm’l stop implant of boron at the bottom of the (Poly 1) p* poly
trench. The trench is then filled with undoped polysilicon and capped by a thick plangy
oxide,
fidd'!'he' first polysilicon layer is deposited and heavily doped with boron. The p*
icon (called P"]?: 1) will be used as a solid-phase diffusion source to form the extringje
base region and the base electrode. This layer is covered with a chemical vapor deposi-
tion oxide and nitride (Fig. 9.134). The emitter mask is used to pattern the emitter regions,
and a dry etch process is used to produce an opening in the CVD oxide and poly |
(Fig. 9.13b). A thermal oxide is then grown over the etched structure. and a relatively
thick oxide (approsimately 0.1-0.4 pm) is grown on the vertical sidewalls of the heavily
doped poly. The thickness of this oxide determines the spacing between the edges of the
base and emitter contacts, The extrinsic p* base regions are also formed during the ther-
mal oxide growth step as a result of the outdiffusion of baron from the poly 1 into the
substrate (Fig. 9.13¢). Because boron diffuses laterally as well as vertically, the extrinsic
base region will be able to make contact with the intrinsic base region that is formed next,
under the emitter contact.

Following the oxide growth step, the intrinsic base region is formed using ion implan-
tation of boron (Fig. 9.13d). This serves to self-align the intrinsic and extrinsic base regions.
After the contact is cleaned to remove any oxide layer. the second polysilicon layer is
deposited and implanted with As or P. The n* polysilicon (called poly 2) is used as a solid-
phase diffusion source to form the emitter region and the emitter electrode. A shallow emit-
ter region is then formed through dopant outdiffusion from poly 2. A rapid thermal anneal
for the base and emitter outdiffusion steps facilitates the formation of shallow emitter-base
and collector-base junctions. Finally, Pt film is deposited and sintered to form PtSi over
the n* polysilicon emitter and the p* polysilicon base contact (Fig. 9.13¢).

This self-aligned structure allows the fabrication of emitter regions smaller than the
minimum lithographic dimension. When the sidewall-spacer oxide is grown, it fills the
contact hole to some degree because the thermal oxide occupies a larger volume than
the onginal volume of polysilicon. Thus, an opening 0.8 pm wide will shrink to about
0.4 pm if sidewall oxide 0.2 pm thick is grown on each side.

(Poly 2) n* paly

"-__J \_E,l Stk
Figure 8.12  Cross section of a self-aligned double-polysilicon bipolar transistor with advanced o) .
trench isolation.” Figure 913 Process sequence for fabricating double-polysilicon self-aligned n-p-n transistors.
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» 9.3 MOSFET TECHNOLOGY

At present. the MOSFET is the dominant device used in ULSI circuits because it cay pe
scaled to smaller dimensions than other types of devices. T!le dn'nummt technology fo,
MOSFET is CMOS (complementary MOSFET) technology, in wlml':]n both n-channe] ad
p-channel devices (called NMOS and PMOS, respectively) are prm?de(l on the same chip,
CMOS technology is particular attractive for ULSI circuits because it has the lowest power
iption of all IC technology.
mns:'li;zg::’og. 14 shows the red(:ff‘.:lion in the size of the ‘.\'IOSF‘ ET in recent years, In the
early 1970s, the gate length was 7.5 pm and the corresponding .den.c(- area was aboy
6000 pm’. As the device is scaled down, there is a drastic rcductfon in the device areq.
For a MOSFET with a gate length of 0.3 pm, the device area shrinks to less than 14 o
the early MOSFET. Device miniaturization is expected to continue. The gate length i)
probabl;‘ decreasé to less than 0,10 pm in the early twenty-first century. The future trendg
of MOSFET devices are considered briefly in Section 9.7.
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Figure 8.15  Perspective view of an n-channel MOSFET?

I lateral oxide isolation, there is no need for vertical isolation in the MOSFET, whereas a

) PR buried-layer n*~p junction is required in the bipolar a
93.1 The Basic Fabrication Process MOSFET is not';s] (mnplicaterflq as that in a bipopl:r mmt@?r?:&nﬂ!ngfﬁm:
Figure 9.15 shows a perspective view of an n-channel MOSFET prior to final metalliza. distribution is also less critical. This section now considers the major process steps that
tion.” The top layer is a phosphorus-doped silicon dioxide (P-glass) that is used as an insy. are used to fabricate the device in Figure 9.15.
lator between the polysilicon gate and the gate metallization and also as a gettering layer To process s n-channel MOSFET (NMOS), the starting material is a p-type, lightly
for mobile ions. Compare Figure 9.15 with Figure 9.7 for the bipolar transistor and note doped (~10" em™), <100>-oriented, polished silicon wafer. The <100> orientation is pre-
that a MOSFET is considerably simpler in its basic structure. Although both devices use ferred over <111> because it has an interface trap density that is about one-tenth that

of <111>. The first step is to form ‘the-ox_ide isolation region using LOCOS technology.
The process sequence for this step is similar to that for the bipolar transistor. A thin pad
(Area = 6000 pn) oxide (~35 nm) is thermally grown, followed by a silicon nitride (~150 nm) deposition
ey (Fig. 9.16a).” The active device area is defined by a photoresist mask and a boron
! layer and is then implanted through the composite nitride-oxide layer (Fig, 9.16b). The
nitride layer not covered by the photoresist mask is subsequently removed by etching.
After stripping the photoresist, the wafer is placed in an oxidation fumnace to grow an
oxide (called the field oxide), where the nitride layer is removed, and to drive in the boron
implant, The thickness of the field oxide is typically 0.5 to 1 pm.

The second step is to grow the gate oxide and to adjust the threshold voltage. The
composite nitride-oxide layer over the active device area is removed, and a thin gate oxide
layer (less than 10 nm) is grown. For an enhancement-mode n-channel device, boron
ions are implanted in the channel region, as shown in Figure 9.16¢, to increase the thresh-
old voltage to a predetermined value (e.g., +0.5 V). Fora depletion-mode n-channel device,
arsenic ions are implanted in the channel region to decrease the threshold voltage
(e.g. ~05 V),

The third step is to form the gate. A polysilicon is deposited and is heavily doped by
diffusion or implel:ntation of phosphorus to a typical sheet resistance of 20 to 30 Q/C1.
This resistance is adequate for MOSFETs with gate lengths larger than 3 pm. For smaller
devices, polycide (a composite layer of metal silicide and polysilicon, suclias W-polycide)
can be used as the gate material to reduce the sheet resistance to about 1 Q/CL

The fourth step is to form the source and drain. After the gate is pattemed (Fig. 9.164).
it serves as a mask for the arsenic implantation (~30 keV, =5 x 10" cm™) to form the source

{1 um®)

iﬂg‘é—u 1%0.0 e and drain (Fig. 9.17a), which are self-aligned with respect to the gate.” At this stage, the

% only overlapping of the gate is due to lateral straggling of the implanted ions (for 30-keV

=01 pm As. 6, is only 5 nm). If low-temperature processes are used for subsequent steps to min-
Figure 8.14  Reduction in the area of the MOSFET as the gate length (minimum feature imize lateral diffusion, the parasitic gate-drain and gate-source coupling capacitances can
length) is reduced be much smaller than the gate-channel capacitance.
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Photoresist

SNy
=510,

Figure 8.16 Cross-sectional view of NMOS fabrication sequence.” (a) Formation of Si0,, Si,N,,
and photoresist layers. (h) Boron implant. (¢) Field oxide. (d) Gate

The last step is metallization. A phosphorus-doped oxide (P-glass) is deposited over
the entire wafer and is flowed by heating the wafer to give a smooth surface topography
(Fig. 9.17b). Contact windows are defined and etched in the P-glass. A metal layer, such
as aluminum, is then deposited and patterned. A cross-sectional view of the completed
MOSFET is shown in Figure 9.17¢, and the corresponding top view is shown in Figure
9.17d. The gate contact is usually made outside the active device area to avoid possible
damage to the thin gate oxide.

EXAMPLE 4

What is the maximum gate-to-source voltage that & MOSFET with a 5-nim gate oxide can with-
stand? Assume that the oxide breaks down at 8 MV/em and that the substrate voltage is zero.

SOLUTION

V=Exd=8x10°x5%10" =4V <4
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peSi(100)
{e)

(d)

Figure 8.17  NMOS fabrication sequence.” (a) Source and drain. (b) P-glass deposition. (¢) Cross
section of the MOSFET. (d) Top view of the MOSFET.

932 Memory Devices

Memories are devices that can store digital information (or data) in terms of bits (binary
digits). Various memory chips have been designed and fabricated using NMOS technol-
ogy. For most large memories, the random access memory (RAM) organization is pre-
ferred. In a RAM, memory cells are organized in 4 matrix structure, and data can be
accessed (i.e., stored, retrieved, or erased) in random order, independent of its physical
location. A static random access memory (SRAM) can retain stored data indefinitely as
long as the power supply is on. The SRAM is basically a flip-flop circuit that can store
one bit of information. An SRAM cell has four enhancement-mode MOSFETs and two
depletion-mode MOSFETS, Tlljle depletion-mode MOSFETs e;::i::.mphced by resis-
tors formed in undo lysilicon to minimize power consumption.” -

To reduce the cwle)ﬁd nr[; and power consumption, the dynamic random access mern-
ory (DRAM) has been developed. Figure 9.18a shows the circuit diagram of the one-
transistor DRAM cell, in which the transistor serves as a switch and one bit of information
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Figure 9.18 Single-trunsistor DRAM cell with a storage capacitor.® (a) Circuit diagram. (b) Cell
layout. (¢} Cross section through A-A". (d) Double-level polysilicon.

can be stored in the storage capacitor. The voltage level on the capacitor determines the
state of the cell. For example, +1.5 V may be defined as logic 1, and 0 V defined as logic
0. The stored charge will be removed typically in a few milliseconds, mainly because of
the leakage current of the capacitors. Thus, dynamic memories require periodic “refresh-
ing” of the stored charge.

Figure 9.18b shows the layout of a DRAM cell, and Figure 9.18¢ shows the corre-
sponding cross section through A-A’. The storage capacitor uses the channel region as
one plate, the polysilicon gate as the other plate, and the gate oxide as the dielectric. The
row line is a metal track to minimize the delay due to parasitic resistance (R) and para-
sitic capacitance (C), the product of which is the RC delay. The column line is formed
by n* diffusion. The internal drain region of the MOSFET serves as a conductive link
between the inversion layers under the storage gate and the transfer gate. The drain region
can be eliminated using the double-level polysilicon approach shown in Figure 9.18d.
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The second polysilicon electrode is separated f lysilicon capaci
by an oxide layer that is thermally gmml t.he"ﬁ)::t‘tltcve?m gﬂiﬂon before ﬁl:!o!emndr o
electrode has been defined. The charge from the uolumnp.I}m can therefore be trans-

mitted directly to the area under the sto! inversi
under the transfer and storage gates. fealiadid T Spniyitat Sl

To meet the requirements of high-density DRAM structu
extended to the third dimension wn%)h stnclceslyor Rrenc;; i o e

asimple trench cell structure® The advantage of the trencl !)pt:t&gu&aupnd'lm sm
of the cell can be increased by increasing the depth of the trench without increasing the

surface area of silicon occupied by the cell. The making

cells are the etching of the ﬁecp tiench, which nm;h r?:nu}d:ﬁ' bfuom comcrhfn :d-l)g:
growth of a uniform thin dielectric film on trench walls, 9.19h shows a stacked
cell structure. The storage capacitance increases as a result o mddnglhestonge capac-
itor on top of the access transistor. The dielectric is formed using the thermal oxidation

or CVD nitride methods between the two polysilicon plates. Hence, the stacked cell
cess is easier than the trench-type process. 5

Figure 9.20 shows a 1-Gb DRAM chip. This memory chip uses 0.18-um design rules,
Trench capacitors and its peripheral circuits are in CMOS, which is discussed in Section
9.3.3. The memory chip has an area of 390 mm® (14.3 mm x 27.3 mm) that contains over
2 billion components and operates at 2.5 V. This 1-Gb DRAM is mounted in an 88-pin
ceramic package, which can provide adequate heat dissipation.

Both SRAM and DRAM are volatile memories; that is, they lose their stored data
when power is switched off. Nonvolatile memories, on the other hand, can retain their
data. Figure 9.21a shows a floating-gate nonvolatile memory, which is basically & con-
ventional MOSFET that has a modified gate electrode. The composite gate has a regu-
lar (control) gate and a floating gate that is surrounded by insulators. When a large positive
voltage is applied to the control gate, charge will be injected from the channel region
through the gate oxide into the floating gate. When the applied voltage is removed, the
injected charge can be stored in the floating gate for a long time. To remove this charge,
a large negative voltage must be applied to the control gate so that the charge will be
injected back into the channel region.

Another version of the nonvolatile memory is the metal-nitride-oxide-semiconductor
(MNOS) type shown in Figure 9.21h. When a positive gate voltage is applied, electrons
can tunnel through the thin oxide layer (-2 nm). be captured by the traps at the
oxide-nitride interface, and thus become stored charges there. The equivalent circuit for
both types of nonvolatile memories can be represented by two capacitors in series for the

Poly 1 Poly 2 Al

(a) (b}
Figure 919 (1) DRAM with a trench cell structure.” () DRAM with a single-layer stacked-

capacitor cell.
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Figure 920 A 1-Gb DRAM that contains over 2 billion components. (Photograph courtesy of
IBM/Siemens, 1999 IEEE Int. Solid State Circuit Conference.)
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Figure 921 Nomvolatile memory devices. (a) Floating-gate nonvolatile memory. (k) MNOS non-
volatile memory. (¢c) Equivalent circuit of either type of nonvolatile memory.

Page 107 of 158

93 MOSFET Technology < 203

gate structure, as illustrated in Figure 9.21¢, The charge stored in the capacitor (C,) causes
a shift in the threshold voltage, and the device remains at the higher thm;hold: voltay ;r
state (logic 1). For a well-designed memory device, the charge retention time can be m?-r
100 years. To erase the memory (i.e., the stored charge) and return the device to a lower
threshold voltage state (logic 0), a gate voltage or other means (such as ultraviolet light)
can IK' |i§l'd~ ]

Nonvolatile semiconductor memory (NVSM) has been extensively used in portable
electronics systems, such as cellular phones and digital cameras, Another interesting appli-
cation is the chip card, also called the IC card, The photo in Figure 9.22 is an IC card,
The diagram at the bottom of Figure 9.22 illustrates the nonvolatile memory device that
stores the data, which can be read and written through the bus to a central processing
unit (CPU). In contrast to the limited volume (1 kB) inside a conventional magnetic tape
card, the size of the nonvolatile memory can be increased to 16 kB, 64 kB, or even larger
depending on the application (e.g., one could store personal photos or fingerprints).
Through the IC card read/write machines, the data can be used in numerous applica-
tions, including telecommunications (card telephone, mobile radio), payment transactions
(electronic purse, credit card), pay television, transport (electronic ticket, public trans-
port), health care (patient-data card), and access control. The IG card will likely play a
central role in the global information and service society of the future."

933 CMOS Technology

Figure 9.23a shows a CMOS inverter. The gate of the upper PMOS device is connected
to the gate of the lower NMOS device. Both devices are enhancement-mode MOSFETs

! 1C card N

NVSM
64 kbit

Peripherals

Figure 922 An IC card. The data stored in the NVSM can be accessed through the ba.xs of the
central processing unit (CPU). There are several metal pads connecting to the readivrite
machine. (Photograph courtesy of Retone Information System Co,, LTD.)
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o needed to make the p-channel MOSFET, the number of steps to make a CMOS circuit

is essentially double that to make an NMOS circuit. i betwee
the complexity of processing and the reduction in pm'?;:su:mr;;;;mdeﬂff :

Instead of the p tub just described, an altemate approach is to m;e an n tub formed
in p-type substrate, as shown in Figure 9.244. In this case, the n-type dopant eon“
tration must be high enough to overcompensate for the background doping of the z;;:
strate (Le., N, > N,). In both the p-tub and the n-tub approach, the channel m{:bili
will be degraded because mobility is determined by the total dopant concentration (lt'y
+ Ny). An approach using two separated tubs implanted into a lightly doped substrate i;
shown in Figure 9.24b. This structure is called a fwin tub.' Because no OVercompensa-
tion is needed in either of the twin tubs, higher channel mobility can be (:-bua.inetie

All CMOS circuits have the potential for a troublesome problem called latchup that
is associated with parasitic bipolar transistors. These parasitic devices consist of the n
transistor formed by the NMOS source/drain regions, p tub, and n-type substrate as—a:l'l
as the p—n—p transistor formed by the PMOS source/drain regions, n-type substrate, and
p tub. Under appropriate conditions, the collector of the p—n—p device supplies base cur-
rent to the n-p-n, and vice versa in a positive feedback arrangement. This latchup cur-
rent can have serious negative repercussions in a CMOS circuit.

An effective processing technique to eliminate the latchup problem is to use deep-
trench isolation, as shown in Figure 9.24¢."! In this technique, a trench with a depth deeper
than the well is formed in the silicon by anisotropic reactive sputter etching. An oxide
layer is thermally grown on the bottom and walls of the trench, which is then refilled by

S
Vi, (PMOS)

o1 Via(NMOS)
s
".\.\'

(w)

() deposited polysilicon or silicon dioxide. This technique can eliminate latchup because

Figure 923 Complementary MOS (CMOS) inverter. (a) Circuit diagram. (b) Circuit layout. the n-channel and p-channel devices are physically isolated by the refilled trench. The

(¢) Cross section along dotted A-A”line of (b). detailed steps for trench isolation and some related CMOS processes are discussed next.
n-channel p-channel

with the threshold voltage V. less than zero for the PMOS device and V. greater than

zero for the NMOS device (typically the threshold voltage is about 1/4 V). When the- : ’“Q" Polysilicon
input voltage (V) is at ground or at small positive values, the PMOS device is turned on =2 X, : _1
(the gate-to-ground potential of PMOS is —Vyy;,, which is more negative than V), and \ ; S L e l
the NMOS device is off. Hence, the output voltage (V,) is very close to Vy,,, (logic 1). =
When the input is at Vy,p,, the PMOS (with Vi = 0)is turned off, and the NMOS is tumed (ﬁ"_’_ﬂ“"”‘\““"ﬁ/]
on (V, = V,,, > Vi ). Therefore, V, equals zero (logic 0). @
The CMOS inverter has a unique feature: In either logic state, one device in the
series path from V,, to ground is nonconductive. The current that {lows in either steady Thermal _ Poglass  Nitride Polysilicon Al

state is a small leakage current, and only when both devices are on during switching does i

a significant current flow through the CMOS inverter. Thus, the average power dissipa-
tion is small, on the order of nanowatts. As the number of components per chip increases,

power dissipation becomes a major limiting factor. Low power consumption is the most ﬁ ______________ v-opitayy ___:;__—__j
attractive feature of the CMOS circuit. ' n*-substrate
Figure 9.23b shows a layout of the CMOS inverter, and Figure 9.23¢ shows the device (b)

cross section along the A-A” line. In the processing. a p tub (also called a p well) is first
implanted and subsequently driven into the n substrate. The p-type dopant concentra-
tion must be high enough to overcompensate the background doping of the n substrate. ——/

The subsequent processes for the n-channel MOSFET in the p tub are identical to those e
described previously. For the p-channel MOSFET, "'B* or “(BF,)" ions are implanted ' s;im 31
into the n substrate to form the source and drain regions. A channel implant of “As* ions -
may be used to adjust the threshold voltage, and an n* chanstop is formed underneath o o
the field oxide around the p-channel device. Because of the p tub and the additional steps Figure 924 Various CMOS structures. (¢} n tub. (b) Twin tub.' (¢) Refilled trench.
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ormation Technology .
1\::‘[1“1 g nng:io"s"cm, begi: single well, a twin well, or a retrograde well. The twiy.

rOCess its s is res. For example, it needs high-temperature pro.
\\t'll.p bmexl;]l:‘:)s“z;“::\:ih:ﬁ:::lﬁ:siou time (IE:mgcr than S hours)' to ftchie\'epthe
msslf‘i‘;t‘vn"depd. of 2 to 3 pm. In this process, the doping concentration is highest g
tr:gl.:]urfaee and decreases monotonically will, dep:l_l.l T
To reduce the process temperature and time, high-en r%) fh‘~ toninng o
implanting the ion to the desired depth instead of diffusion rom the surface). '}CGthe
74 'mcl!it .rnined by the implantation energy, we can design the well depth with dif.
g 5 1;n]:]l'on e:;ergv. The profile of the well in this case can lm_-.-e a peak at a cer.
fcfe e trn: silicon substrate. This is called a retrograde well. Flgur.e 9.25 shows 2
o def‘nh::)f the impurity profilesin the retrograde well and the gonv-culuona] the
?;f!:zdm:ell.” The energy for the n- and p-type retrograde wcll? 1ls.around 70(? keV and
400 keV, respectively. As ‘mentioned previously, the advantage of ugh-en;.ir.gy implanta.
tion is that it can form the well under low-temperature ax?d short-.‘tnm::rl conditions. Hence,
i reduce the lateral diffusion and increase the device density. The retmgmde “zdl
“ﬂ'm additional advantages over the conventional well: (a) Because of high doping
i mthsoT;t'(om the well resistivity is lower than that of the conventional well, and the
get:rhupepmbleu" can be minimized; (b) the chanstop can be fomrwd at ll;e same time as
the retrograde well implantation. reducing processing steps and nn;e; ru_ (c) l’:;ngherwen
doping in the bottom can reduce the chance of punchthrough from the drain to the source.

10 — Bm

Tmplanted p-well

Conventionally
diffused p-well

- 10'%

o4 S PR | i X
3 0 1.0 20

Depth from silicon surface (m)

Figure 9.25 Retrograde p-well implanted impurity concentration profile. Also shown is a con=
cmmtinmalhs Aiffiend well 12
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Advanced Isolation Technology

The conventional isolation process (Section 9.3.1) has some disadvantages that make it
unsuitable for deep-submicron (0.25 pm features and smaller) fabrication. The high-
temperature oxidation of silicon and long oxidation time result in the encroachment of
the chanstop implantation (usually boron for NMOS) to the active region and cause V.
shift. The area of the active region is reduced because of the lateral oxidation, In addiT-
tion, the field-oxide thickness in submicron isolation spacings is significantly less than the
thickness of field oxide grown in wider spacings. Trench isolation technology can avoid
these problems and has become the mainstream technology for isolation,

Figure 9.26 shows the process sequence for forming a deep (larger than 3 pm) but
narrow (less than 2 pm) trench isolation structure. There are four steps: patterning the
area; trench etching and oxide growth; refilling with dielectric materials, such as oxide
or undoped polysilicon; and planarization. This deep-trench isolation can be used in both
advanced CMOS and bipolar devices and for the trench-type DRAM. Since the isola-
tion material is deposited by CVD, it does not need a long time or a high-temperature
process, and it eliminates lateral oxidation and boron encroachment problems,

Another example is shallow-trench (depth less than 1 pm) isolation for CMOS, shown
in Figure 9.27. After patterning (Fig. 9.27a), the trench area is etched (Fig. 9.27b) and
then refilled with oxide (Fig. 9.27¢). Before refilling, a chanstop implantation can be per-
formed. Since the oxide has overfilled the trench, the oxide on the nitride should be
removed. Chemical mechanical polishing, which was discussed in Section 8.5.4, is used
to remove the oxide on the nitride and to get a flat surface (Fig, 9.27d). Because of its
high resistance to polishing, the nitride acts as a stop layer for the CMP process. After

S0,
SigN,
Si0;
5pum
l 150 nm
(a) (b)
]?oysmmn 400 am
(c) (d)

i i nch isolation structure, () Trench
Figure 9.26 Process sequence for forming a deep, narrow-tre 3

mask patterning. () Trench etching and oxide growth. (¢) Polysilicon deposition to fill the
trench. (d) Planarization.



(d

the polish 'ﬁenitridehyermdtheoﬁdehyerunberemavedbyﬂ,l’a
respectively. This  step is helpful for the subsequent pol
lﬂnhgudphlﬁuﬁnmuhhemulﬁlevelmtemonnecﬁmpm

rtwmau pdyuimuﬁ:rhahmosmwosgm the threshold voltage

(Vy =-05to~1.0 V) has to be adjusted by boron implantation. This makes the
of the PMOS a buried type, as shown in Figure 9.28q. The buried-type PMO
serious short-channel effects as the device size shrinks below 0.25 im. The
able phenomena for short-channel effects are the V; roll-off, drain-induced

' polysilicon

&E&m(l.ﬂe\'ﬁmnn top’ polysihoou) oneeanobtmnasurﬁeep -type channel
without the boron V, adjustment implantation. Hence, as the techilogy shrinks
pm and less, dual-gate structures are required: p* polysilicon gate for PMOS, and
icon for NMOS (Fig. 9.28b). A comparison of V; for the surface channel and the
channel is shown in Figure 9.29. Note that the V, of the surface channel rolls
slowly in the deep-submicron regime than in the buried-channel device. This
surface-channel device with p* polysilicon suitable for deep-submicron device

To form the p pnlyuﬁednyte ion implantation of BF ; is commonly used.
bog:h uuilyfmmthepolymlieonthmughtheondemtoﬁlesﬂimn
at high temperatures, resulting in a V; shift. This penetration is enhanced in
eneeo(mFu&?M%meﬂmﬁmredueetbiseﬂect use of rapid thermal
ing to reduce the time at temperatures and, consequently, the diffusion o
meofultrkledmﬂelnmppmsthebomnpemm&on.smcedgomnmn
with nitrogen and becomes less mobile: and the making of a multilayer of
trap the boron atoms at the interface of the two layers.
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Figure 9.30 shows a microprocessor chip (Pentium 4) llulu ||Au..~; an area of aboyy
200 mm* and contains 42 million components. This ULSI chip is fabricated using 0,18y
CMOS technology with a six-level aluminum metallization.

BiCMOS Technology

BICMOS is a technology that combines both CMOS and bi]m?:lr .(l(‘\'i(‘l' structures iy 4
single 1C. The reason to combine these two different t(-c.lumlngl(‘sr is to create an IC chip
that has the advantages of both CMOS and bipolar devices. (..-\lF)S exhibits ad\'ﬂl\!ages
in power dissipation, noise margin, and packing d(-n,tai.t.\'. whereas bipolar w'cllmolug‘\- shows
advantages in switching speed, current drive capability, and analog f"'""‘l"l“"“ Asa result,
for a g'nl'en design rule, BICMOS can have a higher speed than CMOS, better perfor-

mance in analog circuits than CMOS, a lower power dissipation than bipolar, and a higher

component density than bipolar. Figure 9.31 compares a BICMOS and a CMOS logic
gate. For a CMOS inverter, the current to drive (or to charge) the next load, C, , is the
drain current I, For a BICMOS inverter, the current is h I, where hy_is the current
gain of the bipolar transistor and I,,, is the base current of the bipolar transistor and is
;qu.ﬂ to the drain current of M, in the CMOS. Since hy, is much larger than 1. the speed
can be substantially enhanced.

Figure .30 Micrograph of a 32-bit Pentium 4 microprocessor chip. (Photograph courtesy of
Intel Corporation.
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BiCMOS has been widely used § ) £
in SRAM circuits. At the prvs(-nl lllll:nl‘;l:a\lai"spllll!t?::::;‘ l'rl.rlhic‘:dy it ety
oped for transceiver, amplifier, and oscillator ::pplimiionﬁ i:ﬁi T:'& : -"5"\'-00_55!'\:“}' dwf!l.
ment. Most of the BICMOS processes are based on the zmawmmunmsqn o
modifications, such as adding masks for bipolar transistor fabricati : %m“. gl 2o
ple (Fig. 9.32) is for a high-performance BiCMOS process l)a:cd oa B ft‘!llowingmm~
oo on the twin-well CMOS

'!i‘!u- iuiililnl material is a p-type silicon substrate. An n* buried
to reduce collector resistance. The buried p laver is ioni i i
llu-‘dnping level to prevent punch!hn)ug;l,l.‘:{rlli';n:‘;?ggs:(’ly:: :?ghn!?mmn tommcmam
waler, and a twin-well process for the CMOS is pérfonned. To aclljlicv‘zel:ils rfi ke
for the bipolar transistor, four additional masks are needed. They are llw’l;)h P_‘;dﬂl:l"aﬂm
the collector deep n* mask, the base p mask, and the puly—cm?tter masku;:l ot'lla o
cessing steps, the p* region for base contact can be formed with the p* im lanle i P&:
source/drain implantation of the PMOS, and the n* emitter can be';'on‘nsd lll: h
source/drain implantation of the NMOS. The additional masks and longer m:’l ; til .
compared with a standard CMOS are the main drawbacks of BiCM%)S P'I'lle ld(rftiom
cost should be justified by the enhanced performance. ]

layer is then formed

(@) (b)

NMOS

pwell n-well
1] \ K s g
T ‘/)(_ / L. T
\/ \/ prsubstrate
Buried p layer Buried n* layer

Figure 9.32 Optimized BICMOS device structure. Key features include self-aligned p and »°
buried layers for improved packing density, separately optimized n and p wells (twin-well
CMOS) formed in an epitaxial layer with intrinsic background doping, and a polysilicon emitter

- i . A
for improved bipolar performance.’
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» 9.4 MESFET TECHNOLOGY BB i“

i i pssi iques, i rjunction with new ;
Advances in gallium arsenide processing t:e-c‘l.nuqul A ;n '(‘I.i)l j i ik I{n}:ﬁ - oo A :
tion and circuit approaches. have made possible the deve lnplm.l : on-like™ gy). : 1]
i - . Callium arsenide has three inherent advantages com 1 :
lium arsenide 1C technology. (-aI%x,un lnlt‘lll([t s S w(mm&w . Pﬂred e GaAs e
with silicon: higher electron mobility, which results in lower senies resist or a given active layer
- er drift velocity at a given electric field, which improves device ]

:I.::lﬁt:f :l::;:':?o :.:E:E:r.«lc semiinsulating, which can provide a I",mim'm“ld'&d dielectric.

o ated substrate. However, gallium arsenide also has _three_(hsml\m\talges: avery shorg Mesa etch
minority-carrier lifetime; lack of a stable, passivating native oxide; ‘_‘“d f"')"-‘“‘] ‘_l‘-‘f(‘_ClS that for isclation
are many orders of magnitude higher than in silicon. The short “““?T“"‘f"mcr |lff3time
and the lack of high-quality insulating films have prevented the development of bipolay

devices and delayed MOS technology using gallinm nrstjnido..'l“!ms, the eflnpllusis of gal-
lium arsenide 1C technology is in the MESFET area, in which our main concerns are
the majority carriers’ transport and the metal-semiconductor contact. . ;
A hpi(-ltl fabrication sequence ' fora high-perfommnu-..\l ESFET is shown in Figure Ohmic contact
9.33, A laver of GaAs is epitaxially grown on a semiinsulating GaAs sul):ﬂtmte_ followed evaporation
by an n° contact layer (Fig. 9.33a). A mesa etch step is lx’rformufl for isolation (Fig. 9.335),
and a metal layer is evaporated for the source and drain ohmic contacts (Fig. 9.33¢). A
channel recess etch is followed by a gate recess etch and gate evaporation (Figs. 9.33d ot 2
and e). After a liftoff process that removes the photoresist, shown in Figure 9.33e, the Photoresist
MESFET is completed (Fig. 9.33f). ] ;
The n" contact layer reduces the source and drain ohmic contact resistances. Note (,h;.n:-é‘ recess o
that the gate is offset toward the source to minimize the source resistance, The epitax-
ial layer is thick enough to minimize the effect of surface depletion on the source and
drain resistance. The gate electrode has maximal cross-sectional area with a minimal foot- |
print, which provides low gate resistance and minimal gate length. In ftl](ﬁ!iull. the length | | | Wy
(L) is designed to be greater than the depletion width at gate-drain breakdown. |
A representative fabrication sequence fora MESFET illregnttt‘tl circuit is shown in !
Figure 9.34." In this process, n* source and drain regions are self-aligned to the gate of e
each MESFET. A relatively light channel implant is used for the enhancement-mode etch and gate (e) _
switching device, and a heavier implant is used for the depletion-mode load device. A evaporation
gate recess is usually not used for such digital IC fabrication because the uniformity of
each depth is difficult to control, Jeading to unacceptable variation in the threshold volt-
age. This process sequence can also be used for a monolithic microwave integrated cir-
cuit (MMIC). Note that gallium arsenide MESFET processing techrology is similar to Gate
the silicon-based MOSFET processing technology. ! Source Drain
Gallium arsenide 1Cs with complexities up to the large-scale integration level (~10,000
components per chip) have been fabricated. Because of the higher driit velocity (~20% (i‘l"ll,?ll-(l!.f;" )
higher than silicon), gallium arsenide ICs have a 20% higher speed than silicon ICs that : T Capltae
use the same design rules, However, substantial improvements in crystal quality and pro-
cessing technology are needed before gallium arsenide can seriously challenge the pre- [ AuGeNi chimic contact
eminent position of silicon in ULSI applications.

—
Ly

—i
4

L™
ing GaAs sub T

5

Figure 9.33 Fabrication sequence of a GaAs MESFET."

» 95 MEMS TECHNOLOGY
There has been rapidly growing interest in microelectromechanical systems (MEMS) since be produced at low cost by using batch fabrication, just as for ICs. In addition to the IC
the late 19—505,. when a spinning micromotor made from polysilicon was fabricated on a fabrication pracess, some § ialized techniques have been developed for MEMS. This
silicon chip.** " The manufacture of silicon MEMS adopted many of the highly developed section considers three specialized etching techniques: bulk micromachining, surface micro-

technologies of silicon integrated circuits. This approach has enabled MEMS products to machining, and the LIGA process.
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Self-aligned n* |
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subsequent anneal
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AuGeNi o TIWN gate
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(e)

Contact vias n
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Figure 334 Fabrication process for MESFET direct-coupled FET logic (DCFL) with active
loads. Note that the n* source and drain regions are sell-aligned to the gate.”
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951 Bulk Micromachining

In bulk micromachining, the device (e.g., a sensor or an
_ : (e.g,, actuator) is shaped

large single-crystal substrate, The films are patterned on the b:l; substrate tt;ydeetg::n&k:
isolation and transducer functions. Orientation-dependent wet chemical etching techniques

provide high-resolution etch and tight dimensional control, Often, abulk-micromachined
device uses two-sided processing, creating a self-isolated structure with one side
to the measured variables, such as

mechanical or chemical signals, while the
is enclosed in a clean package. Two-sided structures are very robust for opemhozl!;reij

ronments hostile to microelectronic devices, Simple mechanical devices such as
diaphragm pressure sensors, membranes, and cantilever-beam piezoresistive acceleration

sensors are fabricated commercially by this technique. Figure 9.35 illustrates a fabrica-
tion process of a simple silicone rubber membrane,

952 Surface Micromachining

Surface-micromachined devices are constructed entirely from thin films. There are sev-
eral differences and trade-offs between structures made from bulk and thin film materi-
als. Typical dimensions for bulk-micromachined sensors are in the millimeter range, but
surface-micromachined devices are of micrometer dimensions, Surface micromachining
permits the fabrication of structurally complex devices by stacking and patterning layers
or “building blocks™ of thin films, whereas multilayered bulk devices are difficult to con-
struct. Free-standing and movable parts can be fabricated using sacrificial layers. Figure
9.36 illustrates how sacrificial etching techniques can be used to create an electrostatic
micromotor with well-defined, submicron tolerance between the rotor and the center hub. 7

953 LIGA Process

LIGA is a German acronym for lithographic, galvanoformung, abformung* It consists
of three basic processing steps: lithography, electroplating, and molding. The LIGA pro-
cess is based on x-ray radiation from a synchrotron. The process can produce microstruc-
tures with lateral dimensions in the micrometer range and structural heights of several
hundred micrometers from a variety of materials. Its potential applications cover micro-
electronics, sensors, microoptics, micromechanics, and biotechnology:

SigN, —>=
Sf —»=
SigNy —>
(@) (b)
Silicone
rubber m m
(e @

. : e £ M
Figure 9.35 Fabrication process of simple silicone mbber.membmn‘e. {a) Nitride deposihan ‘
patterning. (h) KOH etching. (¢) Silicone rubber spin coating. (d) Nitride removal on back side!
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An example of the LIG
: sA process is s| ba e
from 300 pm t . A process is shown in Figure 9.37

Sl w:‘d"c“ 'l:l(u::r;h:n m“m in thickness, is (lesosi:e?l'i:" : sn ;(:2’ resist, ranging
i surface. Lithographic {=°7% ubstrate with an elec-
highly collimated x i Sraphic patterning is do ded e

ghly ated x-ray radiation thro e with extes f
shaped trench s o ugh an x-ray mask own Fi Sy Sk T
ped trench structure is formed in the thick reszﬂ dﬁ“rasl?\s}:]ope P;:gu"" 9.37a. A flower-
o “ioper treatment (Fig. 9.37h)

X-ray mask
with inverse
gold pattern

(a)

Electroplated
metal

Figure 9.37 The LIG/ oss.
g9 37 The LIGA process. (continued)
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Plastic injoction throuigh
openings in gate plate

Injection-molded
plastic structure

(®

(e}
Figure 9.37 (continued )

Metal is then electroplated on the exposed bolto!n mn'('iucti\'o surf:;l(‘(t. filling El?ef(mncb
space and covering the top surface of the resist (Fig, 9.37¢). The m:l't at:’uc;‘(:;ln:'us ormed
after removing the resist (Fig. 9.37d). This slmd‘l‘Jre can be ufsel lrep_a.intﬂ )lds- amold
insert for injection molding to form multiple plastic rephca]s o tlu unglln‘ : p atm-g bme‘
(Fig. 9.37¢). The plating base replicas, in tum‘. can be u-s.e( to electroplate many metal
structures as the final products, as shown in Figures 9.371 f and g. i
The distinct advantage of the LIGA process is the :\l.nht_\‘ l().mtmt(‘ three-dimensional
structures as thick as bulk-micromachined devices, while n"t;.u?mg the same deg::ee- of
design flexibility as surface micromachining. However, the initial .\_md'xmtron rad‘nahon
process is \-er_\.' costly step, and the mold separation steps may result in degradation of

the original mold insert.

PROCESS SIMULATION

SUPREM can be extremely useful for the simulation of a unnpkf‘lt' IC fabrication
sequence. As an example,” consider a simulation of the Nf\l()b‘ polysilicon gate process
described in Section 9.3.1. The cross section of the device to be simulated was shown
initially in Figure 9.17¢ and is repeated here in Figure 9.38. Three vertical regions of the
device, denoted by cut lines A-A” B-B”, and C-C’, are simulated Th‘t'w three Sil’l‘ll‘.lh-
tions represent the center of the device, the source/drain region, and the field region,
spectively.
"‘"Pf'nfl structure is simulated using a total of five SUPREM input decks, The first deck
simulates processing in the active region of the device, up to the point at \\'hich‘ the pro-
cess sequence diverges for the gate and source/drain regions. The second and third decks
start with the results from the first deck and complete processing for the gate and
source/drain regions, respectively. This is accomplished by using the SAVEFILE statement
at the end of the first deck to save the structure and subsequently using the saved strue-
ture in the INITIALIZE statements in the second and third decks, The fourth deck is sim-
ilar to the first, except that it simulates the processing in the field region, The fifth deck
completes field region processing.
The complete process sequence is as follows:
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p45+ 100)
B'=J 5 J

Figure 938 NMOS device for SUPREM simulation,

1. Begin with a high-resistivity <1005 P-type silicon substrate.
2. Grow a 400-A $i0, pad layer.
3. Deposit an 800-A silicon nitride layer on top of the pad oxide,
4. Strip the nitride from areas outside of the active region.
5. Implant boron into the field regions.
6. Oxidize the field regions for 3 hours at 1000°C in wet O,
7. Etch down to the silicon in the active region.
8. Implant boron to set the threshold voltage of the MOSFET,
9. Grow a400-A gate oxide.
10. Deposit 0.5 pm of polysilicon.
L1.  Dope the polysilicon with phosphorus using POCI,.
12. Etch the polysilicon in the areas outside the gate region.
13.  Implant arsenic to form the source/drain regions.
4. Drive in the source/drain As implant for 10 minutes at 1000°C in dry O,.
I5.  Open contact holes in the gate, source, and drain regions.
16. Deposit phosphorus-doped SiO, (P-glass) over the wafer surface.
17. Reflow the P-glass at 1000°C for 30 minutes,
18. Reopen the contact holes, and deposit aluminum,
Plots of the doping profiles in the gate (section A-A”), source/drain (section B-B"),

and field (section C~C”) regions are shown in Figures 9.39, 9.40, and 9.41, respectively.
The SUPREM input listing is as follows:

TITLE NMOS Polysilicon Gate-Deck 1

COMMENT Active device region initial processing
COMMENT Initialize silicon substrate
INITIALIZE <100> Silicon Boron Concentrationslel$
COMMENT Grow 400A pad oxide

DIFFUSION Time=40 Temperature=1000 Dry02
COMMENT Deposit 800A CVD nitride

DEPOSITION Nitride Thickness=0.08

COMMENT Grow field oxide

DIFFUSION Time=180 Temperature=1000 Wet02
COMMENT Etch to silicon surface

ETCH Oxide all

ETCH Nitride all
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ETCH
COMMENT
IMPLANT
COMMENT
DIFFUSION
COMMENT
DEPOSITION
COMMENT
DIFFUSION
PRINT
PLOT
SAVEFILE
STOP

TITLE
COMMENT
COMMENT
INITIALIZE
COMMENT
IMPLANT
COMMENT
DIFFUSION
COMMENT
ETCH
COMMENT
DEPOSITION
COMMENT
ETCH
COMMENT
DEPOSITION
PRINT
PLOT
STOP

TITLE
COMMENT
COMMENT
INITIALIZE
COMMENT
ETCH
ETCH
COMMENT
IMPLANT
COMMENT
DIFFUSION
COMMENT
ETCH
COMMENT
DEPOSITION
COMMENT
DIFFUSION
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Oxide all
Implant boron to shift threshold voltage

Boron Dose=4ell Energy=50

Grow gate oxide

Time=30 Temperature=1050 Dry02 HC1%=3
Deposit polysilicon
Polysilicon Thickness=0.5 Temperature=600
pope the polysilicon using POC13 :
Time=25 Temperature=1000 Phosphorus solidsol
Layers

Chemical Boron Phosphor Ngt %

Structur Filename=nmosactiveinit.str

End Deck 1

NMOS Polysilicon Gate-Deck 2

Gate region

Initialize silicon substrate
Structur=nmosactiveinit.str

Implant arsenic for source/drain regions

Arsenic Dose=Sel5 Energy=150

Drive-in arsenic and re-oxidize source/drain regions
Time=30 Temperature=1000 Dry02

Etch contact holes to gate, source, and drain regions
Oxide

Deposit phosphorus-doped Si02 using CVD

Oxide Thickness=08.75 C.phosphor=1le2l

Reopen contact holes

Oxide

Deposit Aluminum

Aluminum Thickness=1.2

Layers

Chemical Boron Arsenic Phosphor Net

End Deck 2

NMOS Polysilicon Gate-Deck 3

Source/drain regions

Initialize silicon substrate
Structur=nmosactiveinit.str

Etch polysilicon and oxide over source/drain regions
Polysilicon

Oxide

Implant arsenic for source/drain regions

Arsenic Dose=5el5 Energy=15@

Drive-in arsenic and re-oxidize source/drain regions
Time=30 Temperature=1000 Dry02

Etch contact holes to gate, source, and drain regions
Oxide

Deposit phosphorus-doped Si02 using CVD

Oxide Thickness=0.75 C.phosphor=le21

Reflow glass to smooth surface and dope contact holes
Time=30 Temperature=1000

COMMENT
ETCH
COMMENT
DEPOSITION
PRINT
PLOT

STOP

TITLE
COMMENT
COMMENT
INITIALIZE
COMMENT
DIFFUSION
COMMENT
IMPLANT
COMMENT
DIFFUSION
COMMENT
IMPLANT
COMMENT
DIFFUSION
COMMENT
DEPOSITION
COMMENT
DIFFUSION
PRINT
PLOT
SAVEFILE
STOP

TITLE
COMMENT
COMMENT
INITIALIZE
COMMENT
ETCH

ETCH
COMMENT
IMPLANT
COMMENT
DIFFUSION
COMMENT
DEPOSITION
COMMENT
DIFFUSION
COMMENT
DEPOSITION
PRINT
PLOT

STOP
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Reopen contact holes
Oxide

Deposit Aluminum
Aluminum Thickness=1.2
Layers

Chemical Boron Arsenic Phos
End Deck 3 s

NMOS Polysilicon Gate-Deck 4

Isolation region initial processing
Initialize silicon substrate

<100> Silicon Boron Concentration=lels
Grow 400A pad oxide

Time=40 Temperature=1660 Oryo2

Implant boron to increase field doping
Boron Dose=lel3 Energy=150

Grow field oxide

Time=180 Temperature=1000 Wet02

Implant boron to shift threshold voltage
Boron Dose=4ell Energy=50

Grow gate oxide

Time=30 Temperature=1050 Dry02 HCI1%=3
Deposit polysilicon

Polysilicon Thickness=0.5 Temperature=609
Dope the polysilicon using POCI3
Time=25 Temperature=1000 Phosphorus solidsol
Layers

Chemical Boron Phosphor Net

Structur Filename=nmosfieldinit.str

End Deck 4

NMOS Polysilicon Gate-Deck S

Isolation region final processing

Initialize silicon substrate
Structur=nmosfieldinit.str

Etch polysilicon and oxide over source/drain regions
Polysilicon

Oxide Thickness=0.07

Implant arsenic for source/drain regions

Arsenic Dose=5el5 Energy=15@

Drive-in arsenic and re-oxidize source/drain regions
Time=30 Temperature=1000 Dry02

Deposit phosphorus-doped Si02 using CVD

Oxide Thickness=8.75 C.phosphor=1le2l

Reflow glass to smooth surface and dope contact holes
Time=30 Temperature=1000

Deposit Aluminum

Aluminum Thickness=1.2

Layers

Chemical Boron Arsenic Phosphor Net

End Deck §
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Figure 839 Plot of the doping profile in the gate region.
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Figure 940 Plot of the daping profile in the source/drain region.
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Figure 941  Plot of the doping profile in the field region,

> 9.7 SUMMARY

This chapter considered processing technologies for passive components, active devices,
1Cs, and MEMS, Three major IC technologies based on the bipolar transistor, the MOS-
FET, and the MESFET were discussed in detail. It appears that the MOSFET will be
the dominant technology at least until 2014 because of its superior performance com-
pared with the bipolar transistor. For 100-nm CMOS technology, a good candidate is the
combination of an SOI substrate with interconnections using Cu and low-k materials.

MEMS is still an emerging field. MEMS has adopted the lithographic and etching
technologies from IC fabrication. Specialized etching techniques have also been devel-
oped for MEMS: bulk micromachining using an orientation-dependent etching process,
surface micromachining using sacrifical layers, and the LIGA process using x-ray lithog-
raphy with highly collimated radiation.
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» PROBLEMS

Asterisks denote fI{ﬂ?a.llf problems

SECTION 9.1: PASSIVE COMPONENTS

1. For a sheet resistance of 1 k0, find the maximum resistance that can be fabricated on a
2.5 x 2.5 mm chip using 2-fm lines with a 4-pum pitch (i.e., distance between the centers
of the paralle] lines).

2. Design a mask set for a 5-pF MOS capacitor. The oxide thickness is 30 nm. Assume that
the minimum window size is 2 x 10 pm and the maximum registration errors are 2 pm.

3. Draw a complete step-by-step set of masks for the spiral inductor with three turns on a
substrate.

4. Design a 10-nH square spiral inductor in which the total length of the interconnect is
350 pm; the spacing between turns is 2 pum,
SECTION 9.2: BIPOLAR TECHNOLOGY
5. Draw the circuit diagram and device cross section of a clamped transistor.

6. Identify the purpose of the following steps in self-aligned double-polysilicon bipolar struc-

ture: (a) undoped polysilicon in trench in Figure 9.134, (b) the poly 1 in Figure 9.13b, and
(e) the poly 2 in Figure 9.13d.
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SECTION 9.3: MOSFET TECHNOLOGY

*7. In NMOS processing, the starting material is a p-type 10 <
wafer. The source and drain are Emncd by m’r:i-? llpuenplmm n}?o;mg'ﬂh;hv
through a gate oxide of 25 nm. (1) Estimate the threshold voltage change of the device.

(b) Draw the daping profile along a coordinate perpendicular to the surface and passing
through the channel region or the source region,

8. (a) Why is <100> orientation preferred in NMOS fabrication? (b) What are the disadvan-
tages if' too thin a field oxide is used in NMOS devices? (¢) What problems occur if a
polysilicon gate is used for gate lengths less than 3 pm? Can another material be substi-
tuted for polysilicon? (d) How is a self-aligned gate obtained, and what are its advantages?
(e) What purpose does P-glass serve? '

*9. For a floating-gate nonvolatile memory, the lower insulator has a dielectric constant of 4
and is 10 nm thick. The insulator above the floating gate has a diclectric constant of 10 and
is 100 nm thick. If the current density ] in the lower insulators s given by | = oF, where
6= 107" S/em, and the current in the other insulator is negligibly small, find the threshold
voltage shift of the device caused by a voltage of 10 V applied ta the control gate for (a) 0.25
ps, and (b) a sufficiently long time that [ in the lower insulator becomes negligibly small.

10. Draw a complete step-by-step set of masks for the CMOS inverter shown in Figure 9.23.
Pay particular attention to the cross section shown in Figure 9.23¢ for your scale.

*11. A 0.5-um digital CMOS technology has 5-pm-wide transistors. The minimum wire width
is 1 pm, and the metallization layer consists of 1-um-thick aluminum. Assume that p_ is
400 em*V-s, d is 10 nm, V, is 3.3 V, and the threshold voltage is 0.6 V. Finally, assume
that the maximum voltage drop that can be tolerated is 0.1 V when a 1 pm® cross section
aluminum wire is carrying the maximum current that can be supplied by the NMOS tran-
sistor. How long a wire can be allowed? Use a simple square-law, long-channel model to
predict the MOS current drive (resistivity of aluminum is 2.7 x 10™ Q-cm).

12, Plot the cross-sectional views of a twin-tub CMOS structure of the following stages of
processing: (a) n-tub implant, (b) p-tub implant, (¢) twin-tub drive-in, (d) nonselective p*
source/drain implant, (e) selective n* source/drain implant using photoresist as mask, and
(f) P-glass deposition,

13. Why do we use a p* polysilicon gate for PMOS?

14. What is the boron penetration problem in p* polysilicon PMOS? How would you eliminate it?

15. To obtain a good interfacial property, a buffered layer is usually deposited between the
high-k material and substrate. Calculate the effective oxide thickness if the stacked gate
dielectric structure is (a) a buffered nitride of 0.5 nm and (b) a Ta,O, of 10 nm.

16. Describe the disadvantages of LOCOS technology and the advantages of shallow-trench
isolation technology.

SECTION 9.4: MESFET TECHNOLOGY
17. What is the purpose of the polyimide used in Figure 9.34f? —
18, What is the reason that it is difficult to make bipolar transistors and MOSFETs in GaAs?

SECTION 9.6: PROCESS SIMULATION :
*19. Use SUPREM to simulate the bipolar process deseribed in Section 9.2.1. Plot the doping
profiles along the following vertical cross sections: (a) from the top of the base contact.
{b) from the top of the emitter contact, and (¢) from the top of the collector contact.
i the doping
+20. Use SUPREM to simulate the CMOS process described by Figure 9.23. Plot
profiles along the following vertical cross sections: () through the PMOS source/drain
regions, (b) through the PMOS gate region. (c) through the NMOS source/drain regions.
and (d) through the NMOS gate region.
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IC Manufacturing

Manufacturing is defined as the process by which raw materials are converted into fin-
ished products. As illustrated in Figure 10.1, a manufacturing operation can be viewed
graphically as a system with raw materials and supplies serving as it.s inputs and finished
commercial products serving as outputs. In integrated circuit manufacturing, input mate-
rials include semiconductor wafers, insulators, dopants, and metals. The outputs are the
ICs themselves. The types of processes that arise in IC manufacturing, which have been
the subjects of previous chapters in this text, include oxidation and deposition processes,
photolithography, etching, and doping (implantation and/or diffusion)

However, before finished 1Cs can be put to their intended use in varions commer-
cial electronic systems and products (such as computers, cellular phones, and digital cam-
eras), several other key processes must take place. These include electrical testing and
packaging. Testing is necessary to yield high-quality products. Quality requires confor-
mance of all products to a set of specifications and the reduction of any vasiability in the
manufacturing process. Maintaining quality often involves the use of st:fi:tical process
control. A designed experiment is an extremely useful tool for discovering key variables
that influence quality characteristics. Statistical experimental design is a powe ful approach
for systematically varying controllable process conditions and determining their impact
on output parameters that measure quality.

A l\'t‘}‘ metric that can be used to evaluate any manufacturing process is cost, and
cost is directly impacted by yield Yield refers to the proportion of manufsctured prod-
ucts that perform as required by a set of specifications. Yield is inversely proportional to
the total manufacturing cost: The higher the yield, the lower the cost. Finally. computer-

integrated manufacturing is aimed at optimizing the cost-effectiveness of electronics man-
ufacturing by using the latest developments in computer hardware and software technology
to enhance expensive manufacturing methods.

This chapter describes each of these concepts. Specifically, it discusses the follow-
ing topics:

* Electrical testing and test structures
* Electronics packaging processes

* Statistical process control and experimental design in the context of IC
manufacturing

Raw materials
Supplies

——  Finished

M ‘.i I-m | products
¥ 7”35—:

Figure 101 Block diagram of & manufacturing system.

Page 119 of 158

» 10.1

10.1.1

10.1 Electrical Testing « 227

* 1C yield and various yield models

* Computer-integrated manufacturing systems

Viewed from a systems-level perspective, 1C manufacturing intersects with nearly
all parts of the production process, including design, fabrication, integration, assembly,
testing, and packaging. The end result is an electronic system that meets all specified
performance, quality, cost, and reliability requirements,

ELECTRICAL TESTING

Electrical measurements performed on test structures are a major mechanism for assess-
ing integrated circuit yield (see Section 10.5), as well as other indicators of product per-
formance. Such measurements are performed both during and at the conclusion of the
fabrication process. In addition, electrical testing of the final product is crucial to ensure
quality. These concepts are discussed in more detail in the following subsections.

Test Structures

To assess the impact of the presence of defects on semiconductor wafers caused by par-
ticles, contamination, or other sources, specially designed test structures are used. These
structures, also known as process control monitors (PCMs), include single transistors, sin-
gle lines of conducting material, MOS capacitors, and interconnect monitors. Product
walers typically contain several PCMs distributed across the surface, either in die sites
or in the scribe lines between die (see Fig. 10.2)."

Process quality can be checked at various stages of manufacturing through in-line
measurements on PCM structures. Three typical interconnect test structures are shown
m Figure 10.3." Using such test structures, measurements are performed to assess the
presence of defects, which can be inferred by the presence of short cireuits or open cir-
cuits using simple resistance measurements. For example, the meander structure facil-
itates the detection of open circuits through increased end-to-end resistance of the

Product PCM
- |
| -

Figure 102 Configuration of products and PCMs on a typical semiconductor wafer.!
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(a) (b} (€

Figure 103  Basic test structures for interconnect layers." (a) Meander structure. (b) Double-
comnh structure. (¢) Comb-meander-comb structure

meander The double-comb structure can likewise be used to detect shorts, since any
extra conducting material bridging the two combs will reduce the resistance between combs
significantly. The comb-meander-comb structure combines the capabilities of the other
two structures and permits the detection of both shorts and opens. Various combinations
aof widths of lines and spaces in these test structures allow the collection of statistics on

defects of various sizes.

Final Test

Functional testing at the completion of manufacturing is the final arbiter of process qual-
ity and vield The purpose of final testing is to ensure that all products perform to the
Wknﬁons for which they were designed. For integrated circuits, the test process
depends a great deal on whether the chip tested is a logic or memory device. In either
case, automated test equipment (ATE) is used to apply a measurement stimulus to the
chip and record the results. The major functions of the ATE are input pattern genera-
tion, pattern application, and output response detection.”

During each functional test cyele. input vectors are sent through the chip by the ATE
in a timed sequence. Output responses are read and compared with expected results,
This sequence is repeated for each input pattern. It is often necessary to perform such
tests at various supply voltages and operating temperatures to ensure device operation
at all potential regimes. The number and sequence of failures in the output signature
are indicative of manufacturing process faults.

Test results may be expressed in a variety of ways.* Two examples are shown in Figures
10.4 and 10.5. Figure 10.4 shows a two-dimensional plot called a shmoo plot for a hypo-
thetical bipolar product. In a shmoo plot, the outlined shaded region is where the device
is intended to operate, while the blank area outside represents the failure region. Another
typical test output is the cell map shown in Figure 10.5. Cell maps are very useful in iden-
tifying and isolating device failures, particularly in memory arrays. In addition, the pat-
terns generated in the cell map may be compiled, catalogued, and later compared with
a library of existing defect types, thereby aiding in the diagnosis of faults,

» 10.2 PACKAGING

Loosely defined, the term packaging refers to the set of technologies and processes that
connect ICs with electronic systems. A useful analogy is to consider an electronic prod-
uct as the human body. Like the body. these products have “brains,” which are analo-
gous to ICs. Electronic packaging provides the “nervous system” as well as the “skeletal
system.” The package is responsible for interconnecting, powering, cooling, and protecting
the IC." This concept is illustrated in Figure 10.6.
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Figure 104 Example of two-dimensional voltage shmoo plot for a bipolar 1C*
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Figure 106  Analogy between electronic packaging and the human body."
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Overall. electronic systems consist of several levels of packaging, each with distine.
tive types of interconnection devices. Figure 10.7 depicts this packaging hierarchy.* Level o
consists of on-chip interconnections. Chip-to-printed circuit board or chip-to-module con.
sections comprise Level 2, and board-to-board interconnections comprise Level 3. Levels 4
and 5 consist of connections between subassemblies and between systems (such as com.
puter to printer), respectively:

Die Separation

Following functional testing, individual ICs (or dice) must be separated from the sub-
strate. This is essentially the first step in the packaging process. In a common method
that has been used for many years, the substrate wafer is mounted on a holder and seribed
in both the x and y directions using a diamond seribe. This is done along seribe borders
75 to 250 um in width that are formed around the periphery of the dice during fabrica-
tion. These borders are aligned with the crystal planes of the substrate if possible. After
scribing, the wafer is removed from the holder and placed upside-down on a soft su
port. A roller is then used to apply pressure, fracturing the wafer along the scribe lines.
This must be accomplished with minimal damage to the individual die.

More modern die separation processes use a diamond saw rather than a diamond
seribe. In this procedure, the wafer is attached to an adhesive sheet of mylar film. The
saw is then used to either scribe the wafer or to cut completely through it. After sepa-
ration, the dice are removed from the mylar. The separated dice are then ready to be
placed into packages.

Package Types
There are a number of approaches to the packaging of single ICs. The dual in-line pack-
age, or DIP (Fig. 10.8), is the package most people envision when they think of inte-
grated circuits, The DIP was developed in the 1960s, quickly became the primary package
for 1Cs, and has long dominated the electronics packaging market. The DIP ean be made
r g - Chip
Level ] i* ~ Single chip
! package
[=I=][=]
Level 2 IL
i Backplane 1
r-lilll[;“'lu‘!ﬂ drawer ] Level 3
ff:}!;lpﬂ.vlal ‘F tanidid
Connections between racks } Level 5 ' ’

Figure 10.7  Electronic packaging hierarchy. PCB. printed circuit board: MCM. multichip
module
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Figure 108 Dual in-line package.*

of plastic or ceramic, with the latter called the CerDIP. The CerDIP consists of a DIP
constructed of two pieces of sandwiched ceramic with leads protruding from between
the ceramic plates,

In the 1970s and 1980s, surface mount packages were developed in response to a
need for higher-density interconnect than the DIP approach could provide. In contrast
to DIPs, the leads of a surface-mounted package do not penetrate the printed circuit board
(PCB) upon which it is mounted. This means that the package can be mounted on both
sides of the board, thereby allowing higher density. One example of such a package is
the quad Natpack, or QFP (Fig. 10.9), which has leads on all four sides to further increase
the number of input/output (/O) connections.

More recently, the need for greater and greater numbers of I/O connections has led
to the development of pin grid array (PGA) and ball grid array (BGA) packages (Figs. 10.10
and 10.11, respectively). PGAs have an IO density of about 600, and BGAs can have
densities greater than 1000, as compared with about 200 for QFPs. BGAs can be iden-
tified by the solder bumps on the bottom of the package. With QFPs, as the spacing
between leads becomes tighter, the manufacturing yield decreases rapidly. The BGA allows
higher density and takes up less space than the QFP, but its manufacturing process is
inherently more expensive.

Figure 108 Quad flatpack.*

Figure 10.10  Pin grid array package.' Figure 10.11  Ball grid array package*
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The most recent development in packaging is the chip scale package (CSP), which

is shown in Figure 10.12. CSPs, defined as packages no larger than 20% greater than the
size of the IC die itself, often take the form of miniaturized ball grid arrays. They are
designed to be flip-chip mounted (see Section 10.2.3) using conventional equipment angd
solder reflow. CSPs are typically manufactured in a process that creates external
and signal /O contacts and encapsulates the finished silicon die prior to dicing the wafer.
Essentially. CSPs provide an interconnection framework for ICs so that before dicin
each die has all the functions (e.g., external electrical contacts, encapsulation of the fip.
ished silicon) of a conventional fully packaged IC. Two essential features of this approach
are that the leads and interposer layer (an added layer on the IC used to provide elec-
trical functionality and mechanical stability) are flexible enough so that the packaged device
is compliant to the test fixture for full testing and bumn-in, and the package can accom-
modate the vertical nonplanarity and thermal expansion and contraction of the underly-
ing printed circuit board during assembly and operation.

1023 Attachment Methodologies

An IC must be mounted and bonded to a package, and that package must be attached
to a printed circuit board before the IC can be used in an electronic system. Methods
of attaching ICs are referred to as Level I packaging. The technique used to bond a bare
die to a package has a significant effect on the ultimate electrical, mechanical, and ther-
mal properties of the electronic system being manufactured. Chip-to-package intercon-
nection is generally accomplished by either wire bonding, tape-automated .bonding. or
flip-chip bonding (see Fig. 10.13).

Wire Bonding

Wire bonding is the oldest attachment method and s still the dominant technique for
chips with fewer than 200 IO connections. Wire bonding requires connecting gold or
aluminum wires between chip bonding pads and contact points on the package. ICs are
first attached to the substrate using a thermally conductive adhesive, with their bonding

Mold
compound

Adhesive Wirebond

Solder ball Substrate
(PCB or Polyimide)

Figure 1012  Examples of two typical CSPs.*
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Chlplfwr /— Bonding pad

(&)

Chip face
(b)

Chip face

(<)
Figure 10.13  Illustration of (a) wire, (b) flip-chip, and (c) tape-automated bonding.*

pads facing upward. The Au or Al wires are then attached between the pads and sub-
strate using ultrasonic, thermosonic, or thermocompression bonding.* Although automated,
this process is still time-consuming since each wire must be attached individually.

In the thermocompression technique (Fig. 10.14), a fine wire (15-75 pm diameter)
is fed from a spool through a heated capillary. A small hydrogen torch or electric spark
then melts the end of the wire, forming a ball. The ball is then positioned over the chip
honding pad, the capillary is lowered, and the ball deforms into a “nail head” due to pres-
sure and heat from the capillary. (The substrate is maintained at a temperature of 150°C
to 200°C, and the bonding interface temperature ranges from 280°C to 350°C). Next,
the capillary is raised, and wire is fed from the spool and positioned over the package
substrate. The bond to the package is a wedge bond produced by deforming the wire
with the edge of the capillary. The capillary is then raised and the wire is broken near
the edge of the bond.

Oxidation of Al at high temperatures makes it difficult to form a good ball at the end
of the wire; in addition, many eposies cannot withstand the temperatures needed in ther-
mocompression bonding. Ultrasonic bonding represents a lower-temperature alternative
that relies on a combination of pressure and rapid mechanical vibration to form bonds
(Fig. 10.15). In this approach, the wire is fed from a spool through a hole in the bond-
ing tool, which is then lowered into position as an ultrasonic vibration at 20 to 60 kHz
causes the metal to deform and flow (even at room temperature). As the tool is raised
after the bond to the package is formed, a clamp pulls and breaks the wire.

Thermosonic bonding is a combination of the other two techniques, The substrate
temperature is maintained at about 150°C, and ultrasonic vibration and pressure are used
to cause the metal to flow under pressure to form a weld. Thermosonic bonders are quite
fast—they are capable of producing 5 to 10 bonds per second.
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Figure 1014 Thermocompression bonding process.” (a) Gold wire in a capillary. (%) Ball forma-
tion. (¢) Bonding. () Wire loop and edge bonding, (¢) Wire broken at edge. (f) Geometry of

ball-wedge bond.
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Figure 10.15  Ultrasonic bonding process.* (a) Toal guides wire to the package. (b) Pressure and

ultrasonic energy form bond. (¢ and d) Tool feeds wire and repositions above the 1C. () Wire
broken at bond
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Tape-Automated Bonding
Tape-automated bonding (TAB) was developed in the early 1970s and is often used to
bond packages to printed circuit boards, In TAB, chips are first mounted on a flexible
polymer tape (usually polyimide) containing repeated copper interconnection patterns
(Fig, 10.16). The copper leads are defined by lithography and etching, and the lead pat-
tern can contain hundreds of connections. After aligning the IC pads to metal intercon-
nection stripes on the tape, attachment takes place by thermocompression (Fig. 10.17).
Gold bumps are formed on either side of the die or tape and are used to bond the die
to the leads on the tape.

A benefit of TAB is that all bonds are formed simultaneously, which significantly
improves manufacturing throughput. However, unless all the leads are coplanar, relia-
bility problems can result. TAB also requires multilayer solder bumps with complex met-
allurgy. Generally, these bumps use gold or copper as the primary constituent, with titanium
or tungsten serving as a diffusion barrier to prevent alloying. In addition, a particular tape
can only be used for a chip and package that matches its interconnect pattern, thereby

rendering TAB an extremely customized process for which the bonding equipment is rel-
atively expensive.

Flip-Chip Bonding
Flip-chip bonding is a direct interconnection approach in which the IC is mounted upside-
down onto a module or printed circuit board. Electrical connections are made via sol-
der bumps (or solderless materials such as epoxies or conductive adhesives) located over
the surface of the chip. Since bumps can be located anywhere on the chip, flip-chip bond-
ing ensures that the interconnect distance between the chip and package is minimized.
The VO density is limited only by the minimum distance between adjacent bond pads.

In flip-chip processing, chips are placed face down on the module substrate so that
1/0 pads on the chip are aligned with those on the substrate (Fig. 10.18). A solder reflow
process is then used to simultaneously form all the required connections, thereby dras-
ticaily improving throughput compared with wire bonding. However, the bump fabrica-
tion process itself is fairly complex and capital intensive.

Solderless flip-chip technology involves stencil printing of an organic polymer onto
. 1C, leaving the bond pads uncoated. A high-conductivity organic polymer paste is then
stenciled onto the bond pads to form the solderless bumps, which are then cured. The
«ame organic polymer is stenciled onto the bond pads of the substrate. Alignment is then
accomplished, and the final bond is formed by applying pressure and heat to the bumps.

Inner lead bond  Encapsulation

Outer lead bond

Tab lead —

Polymer Chip Substrate
Figure 10.16 Tape-automated bonding *
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Gas, band pads

(a)

Die in matrix
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Figure 10.17 TAB procedure.” (a) Leads lowered into position and aligned zbave bonding pads.

() Tool descends and performs bonds. (¢) Tool and film are raised so a new die con be moved
into position.

Solder-bumped 1/O pads

Substrate
Figure 10.18  Flip-chip bonding.*
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» 10.3 STATISTICAL PROCESS CONTROL

1031

1C manufacturing processes must be stable, repeatable, and of high quality to vi -
ucts with acceptable performance. This implieI;c that all individuz?lls i‘lllwul»Zdoirft}:n[:lr;i-
turing an IC (including operators, engineers, and management) must continuously seek
to improve manufacturing process output and reduce variability. Variability reduction is
accomplished in large part by strict process control. This section focuses on statistical
process control (SPC) techniques as a means to achieve high-quality products.

SPC refers to a powerful collection of problem-solving tools used to achieve process
stability and reduce variability. Perhaps the primary and most technically sophisticated
of these tools is the control chart. The control chart was developed by Dr. Walter Shewhart
of Bell Telephone Laboratories in the 1920s.” For this reason, control charts are also often
referred to as Shewhart control charts.

A control chart is an online SPC technique that is used to detect the occurrence of
shifts in process performance so that investigation and corrective action may be under-
taken to bring an incorrectly behaving manufacturing process back under control. A
ical control chart is shown in Figure 10.19. This chart is a graphical display of a quality
characteristic that has been measured from a sample versus the sample number or time.
The chart consists of (a) a center line, which represents the mean value of the charac-
teristic corresponding to an in-control state; (b) an upper control limit (UCL); and (c) a
lower control limit (LCL). The control limits are selected such that if the process is under
statistical control, nearly all the sample points will plot between them. If the variance
of the quality characteristic is 6> and the standard deviation of the characteristic is ¢, then
the control limits are typically set at £3¢ from the center line. Points that plot outside
of the control limits are interpreted as evidence that the process is out of control.

Centrol Charts for Attributes

Some quality characteristics cannot be easily represented numerically. For example, we
may be concerned with whether or not a wire bond is defective. In this case, the bond
is classified as either defective or nondefective (or equivalently, conforming or noncon-
forming), and there is no numerical value associated with the quality of the bond. Quality
characteristics of this type are referred to as attributes.

Upper control limit

ch<7 ,\“/\VAVA )/\v/\\

Lower control limit

Sample quality characteristic

A e LT (i e T L i e i s 1
Sample number or time

Figure 10.19 Typical control chart.®
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Two commonly used control charts for attributes are the defect chart (or c-chart)
and the defect density chart (or u-chart). When a specification is not satisfied in a prod-
uct, a defect or nom:onfonnit'v may result. In such cases, it is possible to develop con.
trol charts for either the total number of defects or the defect density. These charts assume
that the presence of defects in samples of constant size is approgriat.ely _mndeled by the
Poisson distribution.” in which the probability of a defect occurring is given by

-~ &

e‘c
x!

P(x)= (0

where 1 is the number of defects and ¢ is a constant greater than zero. Ij‘or the Poisson
distribution, ¢ is both the mean and variance. Therefore, the e-chart with #36 control

limits is given by
UCL=c+3vc
Centerline = ¢ (2)
LCL=c-3c

assuming that ¢ is known. (Note: if these calculations yield a negative value for the LCL,

the standard practice is to set the LCL equal to 0). If ¢ is not known, it may be estimated
from an ohserved average number of defects in a sample (). In this case, the control

chart becomes
UCL=¢+3J¢
Center line = ¢ (3)
LCL=¢-3+¢
EXAMPLE 1

Suppose the inspection of 25 silicon wafers yields 37 defects. Set up a c-chart for this situation.

SOLUTION We estimate ¢ using

c= 2L =1.48
25
This is the center line for the ¢-chart. The upper and lower control limits can be found from Eq.3
as follows:
UCL=¢+3VZ =5.13
LCL=¢ -3¢ ==2.17
Since -2.17 < 0, we set the LCL equal to 0 in this case. <

Suppose we would like to set up a control chart for the average number of defects
over a sample size of n products, If there were c total defects among the n samples, then
the average number of defects per sample is

()

C
H=—
n

The parameters of a 36 defect density chart (u-chart) are then given by
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UCL=E+3J§
n

Center line = i (5)

lJCl.=ic‘—3JE
n

where u is the average number of defects over m groups of sample size n,

EXAMPLE 2

10.3.2

Suppose an IC manufacturer wants to establish a defect density chart. Twenty different samples
of size n = 5 wafers are inspected, and a total of 183 defects are found, Set up the u-chart for this

situation.

SOLUTION We estimate u using

This is the center line for the u-chart. The upper and lower control limits can be found from Eq.5

as follows:

UCL=E+3J-E_=3.64
n

LCL=:T-3E=0.02 1

Control Charts for Variables

In many cases, quality characteristics are expressed as specific numeric measurements,
rather than assessing the probability of presence of defects. For example, the thickness
of a film is an important characteristic to be measured and controlled. Control charts for
continuous variables such as this can provide more information regarding manufactur-
ing process performance than attribute control charts like the ¢- and u-charts.

When attempting to control continuous variables, it is important to control both the
mean and variance of the quality characteristic. This is true because shifts or drifts in
either of these parameters can result in significant misprocessing. Control of the mean
is achieved using an ¥-chart, and variance can be monitored using the standard devia-
tion as in an s-chart. The names of these two charts originate from the sample mean (x)
and sample variance (s%), which, respectively. are given by

E=M=lix, (6)
n ial
e ™
n-145

where x,, x,, ..., x, are observations in a sample of size n. The square root of the sample
variance is known as the sample standard deviation (s).



_a mmmuwuhmmmnmemummh
WI Mﬁﬁcixwmﬂydbhibuudwlthnhmmmymd
distributed with mean p and standard deviation

| limits for the x-chart are

xpected value huﬁﬁkeqmlhtﬁopwﬁmﬁuhngaﬁnmd)w
ﬂfmmwhm is a statistical parameter that is dependent on the sample si
(see Table 10.1). Fwnmnphd‘m:u.tbewuagemphshndud deviation is

?-=;ﬁ_§-ﬁ

It turns out that the statistic 5 / ¢, is, in fact, an unbiased estimator of o.
In addition, the standard deviation of s is aJl-e,} Using this information,
* trol limits for the s-chart can be set up as follows:

uc:.=,f+3-ci,f'l-c3
4
Center line = §
TonF-3 fiTa3
c,

When§/c, is used to estimate 6, the limits on the corresponding T-chart may be definedas

UCE= ?‘I’T

Gﬂﬂteflm = f
LCL= :—7
3 C. n

EXAMPLE 3

m»ﬁv&rumbhmdmmdwhaw
MMwhdhn-SMhmmndSuppmlhymdw&l‘_
125 lines is 4.01 um. If 5 = 0.09 mm, what are the control limits for the s-chart?
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» 10.4 STATISTICAL EXPERIMENTAL DESIGN

1041

Experiments allow investigators to determine the effects of several variables on g given
process or product. A designed experiment is a test or series of tests that involve pur-
poseful changes to these variables in order to observe the effect of the changes on thyy
process or product. Statistical experimental design is an efficient approach for systemat.
ically varying these controllable process variables and ultimately determining their impact
on process or product quality, or both. This approach is useful for comparing methods,
deducing dependencies, and creating models to predict effects.

Statistical process control and experimental design are closely interrelated. Both tech.
niques can be used to reduce variability. However, SPC is a passive approach in which 3
process is monitored and data collected, whereas experimental design requires active inter.
vention in performing tests on the process under different conditions. Experimental design
can also be beneficial in implementing SPC, since designed experiments may help to iden-
tify the most influential process variables, as well as their optimum settings.

Overall. experimental design is a powerful engineering tool for improving a many-
facturing process. Application of experimental design techniques can lead to improved
vield, reduced variability, reduced development time, and reduced cost. Ultimately, the
result is enhanced manufacturability, performance, and product reliability. The follow-
ing sections illustrate the use of experimental design methods in IC fabrication,

Comparing Distributions

Consider the yield data in Table 10.2 obtained from an IC manufacturing process in which
two batches of 10 wafers were fabricated using a standard method (Method A) and a mod-
ified method (Method B). The question to be answered from the experiment is what evi-
dence (if any) does the data collected provide that Method B is really better than
Method A? !

To answer this question, we examine the average yields for each process. The mod-
ified method (Method B) gave an average yield that was 1.30% higher than the standard
method. However, due to the considerable variability in the individual test results, it might
not be correct to immediately conclude that Method B is superior to Method A. In fact,
TABLE10.2 Yield Data from a Hypothetical IC
Manufacturing Process

Wafer Method A Method B
Yield (%) leld (%)
1 89.7 54.7
2 514 86.1
3 845 83.2
4 545 919
| 573 56.3
6 9.7 79.3
7 85.1 56.2
5 81.7 59.1
9 83.7 83.7
10 545 88.5
Average 54.24 55.54
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it is conceivable that the difference observed co

ator error, or even pure chance. e s e
The proper approach to determine whether the difference between the two manu-

facturing processes is significant is a hypothesis test. A statistical hypothesis is a state-

ment about the values of the parameters of a probability distribution. A hypothesis test

is an evaluation of the validity of the hypothesis according to some criterion. Hypotheses
are expressed in the following manner:

Hy: p=p,

Hpep#p, (13)
where the statement H: gt = g, is called the null hypothesis, and H,: gt # p, is called the
alternative hypothesis. To perform a hypothesis test, we select a random sample from a

population, compute an appropriate test statistic, and then either accept or reject the null
hypothesis. For the yield experiment, the hypothesis test can be represented as

H: p, = Hy
Hp o, # p, (14)
where u and g, represent the mean yields for the two methods.

To evaluate this hypothesis, a test statistic is required. The appropriate test statistic
in this case is®

(vv)\-yﬂ) (15)
| gl
"Ny g

fy=

where ij, and ¥ are the sample means of the yields for each method, n, and n,, are the
number of trials in each sample (10 each in this case), and

2 _ (e =15k + (s~ sy
P R te)

which is referred to as the pooled estimate of the common variance of the two processes.
The demoninator of Eq. 16 is called the number of degrees of freedom for the hypoth-
esis test. The values of the sample variances are calculated using Eq. 7: s, = 2.90 and
s, = 3.65. Using Eqs. 16 and 15 then gives values of s, = 3.30 and t, = 0.85, respectively.
We can use Appendix K to determine the pmbagility of computing a given ¢ statis-
tic with a certain number of degrees of freedom. This probability is represented by the
shaded region in the figure in the appendix. Interpolating from Appendix K. we find that
the likelihood of computing a ¢ statistic with n + n, —2 = 18 degrees of freedom equal
to 0.88 is 0.195. The value 0.195 is the statistical significance of the hypothesis test. This
means that there is only a 19.5% chance that the observed difference between the mean
yields is due to pure chance. In other words, we can be 50.5% confident that Method B

is really superior to Method A.

Analysis of Variance

The previous example shows how we might use hypothesis. testing to compare two dis-

tributions. However, it is often important in IC manufacturing applications to be able to

compare several distributions. Moreover, we might also be interested in ;o;:}rt;niningwhidl
rocess conditions in particular have a significant impact on process quatity.

Eﬂﬁmwe (ANOVA) is an excellent technique for accomp these objectives. ANOVA
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builds on the idea of hypothesis testing and allows us to compare different sets of pro-
cess conditions (i.e., treatments), as well as to determine whether a given treatment results
in & statistically significant variation in quality.

The ANOVA procedure is best illustrated by example. In the following discussiop,
consider the data in Table 10.3, which represents hypothetical defect densities measured
on wafers fabricated using four different sets of process recipes (labeled 1 through 4),
Through the use of ANOVA, we will determine whether the discrepancies bettween recipe
(e, treatments) is truly greater than the variation of the via diameters within the ingj.
vidual groups of vias processed with the same recipe.

Let k be the number of treatments (k = 4 in this case). Note that the sample size (n)
for each treatment varies (n, = 4, n, = n, = 6, and n, = 8). The treatment means (in em?)
are as follows: y, = 61, i, = 66, = 68, and i, = 61. The total number of samples (N) is

24, and the grand average of all 24 samples is i = 64 cm™.
Sums of Squares

To perform ANOVA, several key parameters must be computed. These parameters, called
sums of squares, serve to quantify deviations within and between different treatments.
Let y, represent the ith observation for the tth treatment. The sum of squares within the

tth treatment is given by
LY
5=20n-5) (17)

where n, is the sample size for the treatment in question and y, is the treatment mean,
The within-treatment sum of squares for all treatments is

Se=54+85+..+85=Y 3, -5) (18)
el 1)

To quantify the deviations of the treatment averages from the grand average, we use the
between-treatment sum of squares, which is given by

s
S =2n(5-5) (19)
=l
Finally, the total sum of squares for all the data about the grand average is

355 (20)

1=l

Sp=

TABLE 103 Hypothetical Defect Densities (in cm?)

for Four Different Process Recipes

Recipe 1 Recipe 2 Recipe 3 Recipe 4

62 63 68 56

60 67 66 62

63 71 71 60

59 64 67 61

65 65 63

66 68 64

63

59
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Each sum of squares has an associated number of degrees of freedo
its computation. The degrees of freedom for the within-treatment, bﬂw;nenm

and total sums of squares, respectively, are

Va=N =k
Vr=k=1 @1)
Vo= N=1

The final quantity needed to carry out analysis of variance is the pooled estimate of
the variance quantified by each sum of squares. This quantity, known as the meas square
is the ratio of the sum of squares to its associated number of degrees of freedom. The
within-treatment, between-treatment, and total mean squares are therefore

59 o5 2 gg(}'ﬁ "'J.’f)z

.5’:—_

Vg N-k
i
5 A zn,(ﬁ, _§)’
=L = 1=
K T (=)

s St ‘Et',‘i_:,(y.-ﬂ‘

sa-vn N-1

ANOVA Table

Once the parameters just described have been computed, it is customary to arrange them
in a tabular format called an ANOVA table. The general form of the ANOVA table is
depicted in Table 10.4. The ANOVA table that corresponds to the defect density data in
Table 103 is shown in Table 10.5. Note that in both the Sum of Squares and Degrees of
Freedom columns, the values for between and within treatments add up to give the cor-
responding total value. This additive property of the sum of squares arises from the alge-
braic identity

>3 0, -5) = gm(?. 5P+ 33 -5 (23)

[
ral ivl ol

or equivalently,
Sp= Sp+ Sy

The complete ANOVA table provides a mechanism for testing the hypothesis that all of
the treatment means are equal. The null hypothesis in this case is thus

Hopty = s = g = 4

TABLE 104 General Format of the ANOVA Table
Sum of Degrees of Mean Square F Ratio

Source of Variation Squares Freedom

Between treatments Sy vr=k—1 & s}
Within treatments CFs Vy=N-k af

Total Sy Vp=N=1 =
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TABLE 105 ANOVA Table for Via Diameter Data

-
Sum of Degrees of Mean Square F Ratio
Source of Vanation Squares Freedom
- L —
Between treatments S, =228 V=3 si= 76.0 siist= 136
Within treatments S, = 112 v, = 20 si=56
Total S, = 340 V=23 si= 148

If the null hypothesis were true, the ratio si/si would follow the F distribution with v,
and v, degrees of freedom. Interpolating from Appendix L. the significance level (i.e.,
the first subscript of the F values in the tables) for the observed F ratio of 13.6 with 3
and 30 degrees of freedom is 0.000046. This means that there is only a 0.0046% chance
that the means are in fact equal, and the null hypothesis is discredited. In other words,
we can he 99.9954% sure that real differences exist among the four different processes

in our example.

104.3 Factorial Designs

Experimental design is an organized method of conducting experiments to extract the max-
imum amount of information from a limited number of experiments. Experimental desE@
techniques are employed in manufacturing to systematically and efficiently explore the
effects of a set of input variables, or factors (such as processing temperature), on responses
(such as yield). The unifying feature in statistically designed experiments is that all fac-
tors are varied simultaneously, as opposed to the more traditional “one-variable-at-a-time”
technique. A properly designed experiment can minimize the number of experimental
runs that would otherwise be required if this approach or random sampling were used.
Factorial experimental designs are of great practical importance for IC manufacturing
applications. To perform a factorial experiment, an investigator selects a fixed number
of levels for each of a number of variables (factors) and runs experiments at all possible
combinations of the levels. Two of the most important issues in factorial experimental
designs are choosing the set of factors to be varied in the experiment and specifying the
ranges over which variation will take place. The choice of the number of factors directly
affects the number of experimental runs (and therefore the cost of the experiment).

Two-Level Factorials

The ranges of the process variables investigated in factorial experiments can be discretized
into minimum, maximum, and “center” levels. In a two-level factorial design, the mini-
mum and maximum levels of each factor (normalized to take on values —1 and +1, respec-
tively) are used together in every possible combination. Thus, a full two-level factorial
experiment with n factors requires 2' experimental runs. The various factor level com-
binations of a three-factor experiment can be represented pictorially as the vertices of a
cube, as shown in Figure 10,20, :

Table 10.6 shows a 2" factorial experiment for a CVD process. The three factors are
temperature (7). pressure (P), and gas flow rate (F). The response being measured is the
deposition rate (D) in angstroms per minute. The highest and lowest levels of each fac-
tor are represented by the + and - signs, respectively. The display of levels depicted in
the first three columns of this table is called a (fm'fgnl matrix.
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(1,1,-1)

(=1,=1,-1) (1,-1,-1)
Figure 1020 Factor level combinations of a three-factor experiment represented as the vertices
of a cube,

TABLE 106 Two-Level Factorial Experiment

Run P T F D {A/min)

1 = = — d, =948
2 + — = d, = 110.96
3 = 3 = dy=214.12
4 + + - d, = 255.82
5 - - + d, =94.14
6 + + d, = 14592
T - + + d- = 286.71
5 + - + d, = 340.52

What can we determine from this factorial design? Furthermore, what does the_dm
collected tell us about the effect of pressure on deposition rate? The effect of any smg?e
variable on the response is called a main effect. The method used to compute such a main
effect is to find the difference between the average deposition rate when the pressure is
high (i.e., runs 2, 4, 6, and 8) and the average deposition rate when the pressure is low
(runs 1, 3, 5, and 7). Mathematically, this is expressed as

P=d, ~d, = VA[dy+dy +dytd) = (dy +ds +dy +d)]=4086 (24

where P is the main effect for pressure, d,. is the average deposition rate when the pres-

sure is high, and di— is the average deposition rate ;vhen the pressure is}m:l\_ht;elinfer-
is res i h effect of increasing pressure from its lowest
pret this result as showing that the average b iy “%u[: gt o

its hi el is to increase the deposition rate by !
to its highest level is to incre eposi i

for temperature and flow rate are computed in a simi .
effect f(?: cach variable in a two-level factorial experiment is the difference between the

two averages of the response (y), or

Main effect =y, —y_ (25)
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We are also interested in quantifying how two or more factors interact. For exam.
. suppose that the pressure effect is much greater at high temperatures than it is g
]I:: temperatures. A measure of this interaction is provided by the difference between
the average pressure effect with temperature high and the average pressure effect with
temperature low. By convention, half of this difference is called the pressure-by-temperatyry
interaction, or symbolically, the P x T interaction. This interaction may also be thought
of as one-half the difference in the average temperature effects at the two levels of pres.
sure. Mathematically, this is

PxT=d,;, —dp. = VA{ld, +d, +ds + dy) = (dy+dy+dy+d;)] =689  (26)

The P x F and T x F interactions are obtained in a similar fashion. Finally, we might also be
interested in the interaction of all three factors, denoted as the pressu re-by-temperature-by
flow: rate or the P x T xF interaction. This interaction defines the average difference between
any bwo-factor interaction at the high and low levels of the third factor. It is given by

PXTXF = dyppy, = dppy. = ~5.88 (27)

It is important to note that the main effect of any factor can be individually interpreted
only if there is no evidence that the factor interacts with other factors.

The Yates Algorithm
It can be tedious to calculate the effects and interactions for two-level factorial experi-
ments using the method just described, particularly if there are more than three factors
involved. Fortunately, the Yates algorithm provides a quicker method of computation that
is also relatively easily programmed via computer. To implement this algorithm, the exper-
imental design matrix s first arranged in what is called standard order: A 2 factorial design
is in standard order when the first column of the design matrix consists of alternating
minus and plus signs, the second column consists of successive pairs of minus and plus
signs, the third column consists of four minus signs followed by four plus signs, and so
on. In general, the kth column consists of 2" minus signs followed by 2" plus signs.
The Yates calculations for the deposition rate data are shown in Table 10.7. Columny
contains the deposition rates for each run. These are considered in successive pairs, The
first four entries in column (1) are obtained by adding the pairs together, and the next
four are obtained by subtracting the top number from the bottom number of each pair
Column (2) is obtained from column (1) in the same way, and column (3) is obtained
from column (2). To obtain the experimental effects, one need only divide the column

TABLE 10.7 Illustration of the Yates Algorithm

AP e 4 y (1) (2) (3) Divisor Effect 1D
~ - - 94.5 205.76 675.70 1543.0 S 192,87 Avg
+ - - 110.96 469.94 $67.29 163.45 4 40.86 P
- + - 214.12 240.06 7.56 651.35 4 162.584 x
- + - 25552 627.23 10559 2757 4 6.59 PT
= = + 94.14 16.16 264.18 191.59 4 4790 F
+ - ;- 145.92 4170 387.17 47.7. 4 11.93 PF
- + + 256.71 51.78 2554 122.99 4 30.75 TF
+ + + 34052 3351 203 -2351 4 -5.88 PTF
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(3) entries by the Divisor column entries. In general, the first divisor will be 2°, and the
remaining divisors will be 21, The first element in the Identification (1D) colamn is the
grand average of all of the observations, and the remaining identifications are derived by
locating the plus signs in the design matrix.

Although the Yates algorithm provides a relatively straightforward methodology for
computing experimental effects, it should be pointed out that modern analysis of statis-
tical experiments is accomplished almost exclusively by commercially available statisti-
cal software packages. A few of the more common packages include RS/1, SAS, and
Minitab. These packages completely alleviate the necessity of performing any tedious hand

calculations.

Fractional Factorial Designs
A disadvantage of the two-level factorial design is that the number of experimental runs
increases exponentially with the number of factors. To alleviate this concem, fractional
factorial designs are constructed by systematically eliminating some of the runs in a full
factorial design. For example, a half fractional design with n factors requires only 2
runs. Full or fractional two-level factorial designs can be used to estimate the main effects
of individual factors as well as the interaction effects between factors. However, they can-
not be used to estimate quadratic or higher-order effects. This is not a serious shortcoming,
since higher-order effects and interactions tend to be smaller than low-order effects (i.e..
main effects tend to be larger than two-factor interactions, which tend to be larger than
three-factor interactions, etc.). Ignoring high-order effects is conceptually similar to ignor-
ing higher-order terms in a Taylor series expansion.

To illustrate the use of fractional factorial designs, let n = 5 and consider a 2° facto-
rial design. The full factorial implementation of this design would require 32 experimental
runs. However, a 2" fractional factorial design only requires 16 runs. This 2™ design is
generated by first writing the design matrix for a 2* full factorial design in standard order.
“Then plus and minus signs in the four columns of the 2* design matrix are each “multi-
plied” together to form a fifth column.

For example, let’s take another look at our CVD experiment. Suppose we only have
the time or resources available to perform four deposition experiments, rather than the
cight required for a 2° full factorial design. This calls for a 2*! fractional factorial alter-
native. This new design could be generated by writing the full 2° design for the pressure
and temperature variables, and then multiplying those columns to obtain a third ?olumn
for flow rate. This procedure is illustrated in Table 10.8. The only drawback in using this
procedure is that since we have used the PT relation to define column F, we can no longer
distinguish between the effects of the P X T interaction and the F main effect. When this
oceurs, the two effects are said to be confounded.

TABLE 108 lllustration of 2*' Fractional
Factorial Design for CVD Example

Run P 1
1 - = +
2 + = =
3 - = =
4 + + +
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» 105 YIELD

105.1

iability i “cturing processes can lead to deformations or nonconformig
::r;m:; ,:ﬁu'::“;’;ld‘ pmgcfss disturbances ol’ten_result in faults, or unintenﬁom
changes in the performance or conformance of electronic products, The presence of such
faults is quantified by the manufacturing yield. Yield is defined as the percentage of deviee
or circuits that meet a nominal performance specification. - .

Yield can be categorized as either -functional or parametric. Functional yield is deter.
mined by the proportion of fully functional products. Ofle.n rt{fcrrcd to as hard yield, the
functional vield of ICs is usually characterized by open circuits or short circuits caused
by phyncal defects (such as particles). In some cases, however, a fully functional prod-
et still fails to meet performance specifications for one or more parameters (such as speed,
noise level, or power consumption). These situations are described by parametric yield
(or soft yield).

Functional Yield

The development of models to estimate the functional yield of ICs is fundamental to man-
ufacturing. A model that provides accurate estimates of manufacturing yield can help pre..
dict product cost, determine optimum equipment utilization, or be used as a metric against
which actual measured manufacturing yields can be evaluated. Yield models are also crit-
ical to support decisions involving new technologies and the identification of problem
atic products or processes.

As previously mentioned, functional yield is significantly affected by the presence
of defects. Defects can result from many random sources, including contamination from

equipment, processes or handling, mask imperfections, and airborne particles. Physically,

these defects include shorts, opens, misalignment, photoresist splatters and flakes, pin-
holes, scratches, and crystallographic flaws. This is illustrated by Figure 10.21.

Yield models are usually presented as a function of the average number of defects
per unit area (D,) and the eritical area (A) of the electronic system. In other words,

Figure 1021  Various ways in which dust particles can interfere with interconnect mask pattemns.
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Y=f(A,D,) (28)

where Y is the functional yield. The critical area is the area in which a defect oceurring
has a high probability of resulting in a fault. For example, if particle 3 in Figure 10.21 is
large enough and conductive, it has fallen into an area in which it causes a short between
the two metal lines it bridges. The relationship between the yield, defect density, and
critical area is complex. It depends on the circuit geometry, the density of photolitho-
graphic patterns, the number of photolithography steps used in the manufacturing pro-
cess, and other factors. A few of the more common models that attempt to quantify this
relationship are described next.

Poisson Model

The Poisson yield model assumes that defects are uniformly distributed across a substrate,
and that each defect results in a fault. Pineda de Gyvez provides an excellent derviation
of this model.” Let € be the number of circuits on a substrate (i.e., the number of 1Cs),
and let M be the number of possible defect types. Under these conditions, there are C*
unique ways in which the M defects can be distributed on the C circuits. For example,
if there are three circuits (C1, C2, and C3) and three defect types (such as M1 = metal
open, M2 = metal short, and M3 = metal 1 to metal 2 short, for example), then there are

CM=3=27 (29)

possible ways in which these three defects can be distributed over three chips. These
combinations are illustrated in Table 10.9.

If one circuit is removed (i.e., is found to contain no defects), the number of ways
to distribute the M defects among the remaining circuits is

c-1 (30)
Thus, the probability that a circuit will contain zero defects of any type is
o M
(= :) = (l 5 ‘1‘) (31)
C C
TABLE 108 Truth Table for Unique Fault Combinations
Combination Cl c2 c3 Combination Cl C2 Cc3

1 MIM2M3 15 M3 M2M1
2 MIM2M3 16 Ml M2 M3
3 MIM2M3 17 MIM3 M2
4 MIM2 M3 18 M2M3 _Ml
3 MIM3 M2 19 M1 M2M3
6 M2M3 Ml 20 M2 MI:ME
7 MIM2 M3 21 M3 M2M1
8 MIM3 M2 22 M1 M2 M3
9 M2M3 M1 23 M1 M3 Mz
10 Ml M2M3 24 M2 MI Ma
11 M2 MIM3 25 M2 M3 Ml
12 M3 M2M1 26 M3 Ml M2
13 M1 M2M3 27 M3 M2 ML
14 M2 MIM3
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Substituting M = CA D, the yield is the number of circuits with zero defects, or

TR\ThE
r=tim(1-%]  =ew(-42,) @)
For N circuits to have zero defects, this becomes
Y = exp(-AD,)" = exp(-NAD,) (33)

The Poisson model is simple and relatively easy to derive. It provides a reasonah
good estimate of yield when the critical area is small. However, if D, is calculated based
on small-area circuits, using the same D, for large-area yield computations results ina
yield estimate that is overly pessimistic compared with actual measured data.

Murphy’s Yield Integral

B. T. Murphy first proposed that the value of the defect density (D) should not be con-
stant.” Instead, he reasoned that D must be summed over all circuits and substrates usin
a normalized probability density function, D). The yield can then be calculated using
the integral

Y::J‘e"""f(D)dD (34)
o

Various forms of f{D) form the basis for the differences between many analytical yield
models. The Poisson model assumes that f{D) is a delta function, that is,

fiD) = 8D -D,) (35)

where D, is the average defect density as before (see Fig. 10.224). Using this density fune-
tion, the yield is determined from Eq. 34 to be

Yy = [ €2 £(D)dD = exp(-A.D,) (36)
0
as shown before.
D) (D)
12D,
Dy = Dlu 2D, 2
(a) (b)
fiD)
D,
Dy 2D, P Dy B
(c) )

Fim 1022 Prf)bability density functions for (a) the Poisson model, (b) the uniform Murphy
model, (c) the triangular Murphy model, and (d) the exponential Seeds model.”

Page 132 of 158

105 Yield « 253
Murphy initially investigated a uniform density functio shown i
The evaluation of the yield integral for the unifo:l); densit:' 'f:smtwn é:@ﬁgum s
PR - i
e = DA (37

Murphy later believed that a Gaussian distribution would be a better reflection of the
true defect density distribution than the delta function. However, since he was unable
to integrate the yield integral with a Gaussian function substituted for fID). he approxi-

mated it using the triangular function shown in Figure 10.22¢. This function results in
the yield expression

e =
£ e
The triangular Murphy yield model is widely used today in industry to determine the
effect of manufacturing process defect density.

R. B. Seeds was the first to verify Murphy’s predictions.” However, Seeds theorized
that high yields were caused by a large population of low defect densities (which are not
high enough to cause faults) and a small proportion of high defect densities (i.e., high enough
to cause faults). He therefore proposed the exponential density function given by

1 =D
f(D)= E“P[Fo] (39)
and shown in Figure 10.22d. This function implies that the probability of observing a low
defect density is significantly higher than that of observing a high defect density:
Substituting this exponential function in the Murphy integral and integrating yields
1
Y = — 40!
TR D" el

1—¢2A ]:

Although the Seeds model is simple, its yield predictions for large-area substrates are
too optimistic. Therefore, this model has not been widely used.

Okabe, Nagata, and Shimada recognized the physical nature of defect distributions
and proposed the gamma probability density function.' Stapper has likewise developed
and applied yield models using the gamma density function." The gamma distribution
is given by

£(D)=[r(@p*] 'D=te® “n

where o and P are two parameters of the distribution, and ['(c) is the gamma function.
The shape of T(a) is shown for several values of ¢ in Figure 10.23. In this distribution,
the average defect density is D, = af.
The yield model derived by substituting Eq. 41 into Murphy’s integral is

e e(22)
This model is commonly referred to as the negative binomial model. The parameter o
must be empirically determined. It is generally called the cluster parameter because it
increases with decreasing variance in the distribution of defects. If a is high, then the
variability of defects is low (little clustering). Under these conditions, the gamma density
function’appmac!lcs a delta function, and the negative binomial model reduces to the
Poisson model. Mathematically, this means
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Figure 1023 Probability density function for the gamma distribution.

rames

Y= Iim(l + i‘-‘aﬂ'-) =exp(-A.0,) (43)

If cis Jow, on the other hand, the variability of defects across the wafer is significant (much
clustering), and the gamma model reduces to the Seeds exponential model, or

- A\,D.,)'" il
Y'M[H a 1+AD, (44)

If the critical area and defect density are known (or can be accurately measured), the
negative binomial model is an excellent general-purpose vield predictor that can be used
for a variety of IC manufacturing processes.

Parametric Yield

Even in a defect-free manufacturing environment, random processing variations can lead
to varying levels of system performance. These variations result from the fluctuation of
numerous physical and environmental parameters (linewidths, film thicknesses, ambi-
ent humidity, etc.), which in turn manifest themselves as variations in final system per-
formance (such as speed or noise level). These performance variations lead to “soft” faults
and are characterized by the parametric yield of the manufacturing process. Parametric
vield is a measure of the quality of functioning systems, whereas functional yield mea-
sures the proportion of functioning units produced by the manufacturing process.

A common method used to evaluate parametric yield is Monte Carlo simulation. In
the Monte Carlo approach, a large number of pseudo-random sets of values for circuit
or system parameters are generated according to an assumed probability distribution (usu-
ally the normal distribution) based on sample means and standard deviations extracted
from measured data. For each set of parameters, a simulation is performed to obtain infor-
mation about the predicted behavior of a circuit or system. The overall performance dis-
tribution is then extracted from the set of simulation results.

To illustrate the Monte Carlo technique, consider as a performance metric the drive
current of an n-channel MOSFET in saturation (I, ). It can be shown that'®

B, s(z—ﬁg](v S 43)

where Z is the width of the device, L is its length, y, is the electron mobility in the chan-
nel, C, is the oxide capacitance per unit area, V, is the applied gate voltage, and V; is
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the threshold voltage of the transistor. In this equation, €, is a function of the thickness
of the oxide (d), and Vy is a function of the oxide thickness as well as the doping in the
channel. or I, = flC,, V). Both of these dimensions are subject to manufacturing pro-
cess variations. They can thus be characterized as varying according to normal distribu-
tions with means p, and p, and standard deviations o,_and &, respectively (see Fig, 10.24).
Using the Monte Carlo approach, we can estimate the parametric yield of MOSFETs
produced by a given manufacturing process within a certain range of saturation drain cur-
rents by computing the value of I, for every possible combination of C, and V,. The
result of these computations is a final performance distribution like the one shown in
Figure 10.24b. This probability density function can then be used to compute the pro-
portion of transistors having a given range of drive currents. For example, if we wanted
to compute the percentage of MOSFETs manufactured that would have a value of I,
between two limits @ and b, we would evaluate the integral

Y (MOSFETs with a < I,,_, <b)= [ f(x)dx (46)

Thus, once the overall distribution of a given output metric is known, it is possible
to estimate the fraction of manufactured parts with any range of performance, Estimation
of parametric yield is useful for circuit designers because it helps identify the limits of
the manufacturing process to facilitate and encourage design for manufacturability.

I,

Flhommeem—

(a)

ftx)

a Mipg
(b)
Figure 1028 (a) Normal probability density functions for C, and V;. (b) Overall probability
density function for I, ..
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» 10.6 COMPUTER-INTEGRATED MANUFACTURING

The vast majority of quantitative evaluation of IC mnnuﬁ}ctul.'iﬂg processes is accomplishe
via computers r ather than by hand calculations. Not only is t]l{s more emcu:'nt. but in today’y
economy, it is essential. The fabrication of integrated circuits can be quite expensive, T
fact, the last decade has seen electronics manufacturing %m-mme S0 cap;tfa] intensive thy

ies often find it too expensive to support their own manufacturing opery.

;’:ﬁl :’0 (;';Pg :a:e-of-&le-an high-volume manufacturing faci]it)‘ltoday costs several zp,gm
of magnitude more than a comparable facility 20 years ago. This has led to the rise of

contract manufacturing industry.

As 4 result of rising costs, the challenge before manufacturers today is to offset such
large capital investment with a greater amount of technological innovation in the fabyi.
cation process. In other words, the objective now is to make use of the latest devel
ments in computer hardware and software technology to enhance manufacturing methods
that have become prohibitively expensive. In effect, this effort in computer-integrated
manufacturing of integrated circuits (IC-CIM ) is aimed at optimizing the cost-effectiveness
of electronics manufacturing in the same manner in which computer-aided design (CAD)
has dramatically affected the economics of circuit design.

Under the overall heading of reducing manufacturing cost, several subtasks have been
identified. These include increasing fabrication yield, reducing product cycle time, main.
taining consistent levels of product quality and performance, and improving the reliabil-

ity of processing equipment, Since fabrication processes often consist of hundreds of
sequential steps, yield loss may potentially occur at every step. Consequently, maintaining
product quality in an electronics manufacturing facility requires the strict control of liter-
ally hundreds or even thousands of process variables. The interdependent issues of high
yield, high quality, and low cycle time can be addressed by the development of several crit-
ical capabilities in a state-of-the-art IC-CIM system: work-in-process (WIP) monitoring,
equipment communication, data acquisition and storage, process/equipment modeling, and
real-time process control, to name a few. The emphasis of each of these activities is to increase
throughput and reduce yield loss by preventing potential misprocessing, but each presents
significant engineering challenges in its effective implementation and deployment.
A block diagram of a typical modern IC-CIM system is shown in Figure 10,25. This
diagram outlines many of the key features required for efficient manufacturing operations.

R -,,‘:‘.l.i
ign database:
e
Local Area Network ]
[ | [

Equipment Data Transport Test data
control collection control collection
& datal & datal & database

Analytical Transport Final test

Juip systems systems

Figure 1025 Two-level CIM architecture.”
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The lower level of this two-level architecture includes embedded controllers that pro-
vide real-time control and analysis of fabrication equipment. These controllers often Eon-
sist of personal computers and the associated control software dedicated to each individual
piece of equipment. The second level of this IC-CIM architecture is composed of a dis-
tributed local area network of computer workstations and file servers linked by a com-
mon distributed database. Equipment communication with host computers is facilitated
by an electronics manufacturing standard called the generic equipment model (GEM),
The GEM standard is used in both semiconductor manufacturing and printed circuit board
assembly. This standard is based on the semiconductor equipment communications stan-
dard (SECS) protocol.

This type of IC-CIM architecture has great flexibility, allowing extension and adap-
tation to meet constantly changing requirements. Over the past several years, powerful,
flexible, and cost-effective information systems based on models such as this have become
an integral part of the 1C manufacturing enterprise.

» 10.7 SUMMARY

This chapter provided an overview of the relevant issues in IC manufacturing, This included
a description of electrical testing and basic packaging processes, as well as a presenta-
tion of statistical process control, statistical experimental design, and yield modeling. The
chapter concluded with a brief introduction to IC-CIM systems. In IC manufacturing,
process and equipment reliability directly influence throughput, yield, and ultimately cost.
Over the next several years, significant enhancement of manufacturing operations will
be required to reach projected targets for future generations of microelectronic devices,
packages. and systems.
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» PROBLEMS
Asterisks denote difficult problems.

SECTION 10.3: STATISTICAL PROCESS CONTROL
1. Control charts for ¥ and s are to be maintained for the threshold voltage of short-channel
. MOSFETS using sample sizes of n = 10. Itis known that the process is normally dis-
tributed with i = 0.75 Vand ¢ = 0.10 V. Find the center line and control limits for each

of these control charts.

2. Repeat Problem 1 assuming that gt and o are unknown and that we have collected 50
observations of sample size 10. These samples yielded a grand average of 0.734 V and an

average s, of 0.125 V.

SECTION 10.4: STATISTICAL EXPERIMENTAL DESIGN
3. The following 2° factorial experiment was used to analyze a photolithography process.
Analyze the experimental results using the Yates algorithm,

Run Esposure Dose Develop Time Bake Temperature Yield (%)
1 = £ = 650
2 - = ~ 7
9 = + - 59
1 + + = 68
5 = = + 57
6 + - + 83
7 - + + 45
5 4 + + 85

*4. Consider the throughputs (i.e., wafers processed per hour) of five different manufacturing
processes (labelled A to E in the following table). For each process, data was collected on
three different dates. Perform an analysis of variance to determine whether the processes
and processing dates are significantly different.

DAY A B C D E
1 509 512 332 506 509
2 505 307 542 520 519
3 465 472 498 483 475
SECTION 10.5: YIELD

5. Assuming a Poisson model, calculate the maximum defect density allowable on 100,000
NMOS transistors in order to achieve a functional yield of 95%. Assume the gate of each
device is 10 pm wide and 1 pum long.

6. Use Murphy’ yield integral to derive Eqs. 37, 35, and 40.
7. Suppose the probability density function of the defect density for a given interconnect
manufacturing process is given by
fiD)==100D + 10 0SD<0.1

If the critical area for this interconnect is 100 em?, caleulate the functional yield we can
expect for the process over the range of defect densities from 0.05 to 0.1 cm ™.
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Future Trends and
Challenges

Since the beginning of the integrated circuit era in 1959, the minimum device dimen-
sion, also called the minimum feature length, has been reduced at an annual rate of about
13% (i.e.. a reduction of 30% every 3 years). According to the prediction by the
International Technology Roadmap for Semiconductors," the minimum feature length will
shrink from 130 nm (0.13 pm) in the year 2002 to 35 nm (0.035 pm) around 2014, as
shown in Table 11.1. Also shown in Table 11.1 is DRAM size. The DRAM has increased
its memory cell capacity four times every 3 years, and 64-Gbit DRAM is expected to be
available in 2011 using 50-nm design rules. The table also shows that wafer size will increase
t0 450 mm (18 in. diameter) in 2014. In addition to the feature size reduction, challen

come from the device level, material level, and system level, as discussed in the follow-

ing sections.

CHALLENGES FOR INTEGRATION

Figure 11.1 shows the trends of power supply voltage (V,,,,), threshold voltage (V), and
gate oxide thickness (d) versus channel length for CMOS logic technology. From this fig-
ure, one can see that the gate oxide thickness will soon approach the tunneling-current
limit of 2 nm. V,,, scaling will slow down because of the nonscalable V; (i.e.. to a mini-
mum V.. of about 0.3 V due to subthreshold leakage and circuit noise immunity). Some
challenges of the 180-nm technology and beyond are shown in Figure 11.2.* The most
stringent requirements are detailed in the following subsections.

TABLE 11.1 The Technology Generation from 1997 to 2014

Year of the first 1997 1999 2002 2005 2008 2011 2014
product shipment

Feature size (nm) 250 150 130 100 70 50 35

DRAM size (bit) 256M 1G —_ 8G — 664G —

Wafer size (mm) 200 300 300 300 300 300 450

Gate oxide (nm) 34 1.9-2.5 13-1.7 09-11 <10 — —

Junction depth (nm)  50-100  42-70 2543 20-33 1530 — —

DRAM, dynamic random access memory.
') Rl , §) (3 1, A ol
By pfor .

Source: International Tech
CA, 1999.
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Figure 11.1 Trends of power supply voltage Vi, threshold voltage Vy, and gate oxide thickness
d versus channel length for CMOS logic technologies. Points are collected from data published
over recent years.*
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Figure 112 Challenges for 180-nm and smaller MOSFETs.*
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Ultrashallow Junction Formation

So-called short-channel effects happen as the channel length is reduced. This problem
becomes critical as the device dimension is scaled down to 100 nm. To achievegn ultra-
shallow junction with low sheet resistance, low-energy (i.e., less than 1 keV) implanta-
tion technology with high dosage must be employed. Table 11.1 shows the required junction
depth versus the technology generation. The requirements of the junction for 100 nm
are depths around 20 to 33 nm with a doping concentration of 1 x 10%/cm’.

Ultrathin Oxide

As the gate length shrinks below 130 nm, the oxide equivalent thickness of the gate dielec-
tric must be reduced around 2 nm to maintain performance. However, if only SiO, (with
a dielectric constant of 3.9) is used, the leakage through the gate becomes very high because
of direct tunneling. For this reason, thicker high-k dielectric materials that have lower
leakage current are needed. Candidates for the short term are silicon nitride (with a dielec-
tric constant of 7), Ta,05 (25), and TiO, (60-100).

Silicide Formation

Silicide-related technology has become an integral part of submicron devices for reduc-
ing the parasitic resistance to improve device and circuit performance. The conventional
Ti-silicide process has been widely used in 350- to 250-nm technology. However, the sheet
resistance of a TiSi, line increases with decreasing linewidth, which limits the use of TiSi,
in 100-nm CMOS applications and beyond. CoSi, or NiSi processes will replace TiSi, for
technology beyond 100 nm.

New Materials for Interconnection

To achieve high-speed operation, the RC time delay of the interconnection must be reduced.
Figure .14 showed the delay as a function of feature size." It is obvious that gate delay
decreases as the channel length decreases. Meanwhile, the delay resulting from inter-
connect increases significantly as the size decreases. This causes the total delay time to
increase as the dimension of the device size scales down to 250 nm. Consequently, both
high-conductivity metals, such as Cu, and low-dielectric-constant (low-k) insulators, such
as organic (polyimide) or inorganic (F-doped oxide) materials, offer major performance
gains. Cu exhibits superior performance because of its high conductivity (1.7 pQ-cm com-
pared with 2.7 pQ-cm for Al) and is 10 to 100 times more resistant to electromigration.
The delay using Cu and the low-k material shows a significant decrease compared with
that of conventional Al and oxide. Hence, Cu with the low-k material is essential in mul-
tilevel interconnection for future deep-submicron technology.

Power Limitations

The power required merely to charge and discharge circuit nodes in an IC is proportional
to the number of gates and the frequency at which they are switched (clock frequency).
The power can be expressed as P = L2CVnf, where C is the capacitance per device, V'is
the applied voltage, n is the number of devices per chip, and fis the clock frequency: The
temperature rise caused by this power dissipation in an IC package is limited by the ther-
mal conductivity of the package material, unless auxiliary liquid or gas cooling is used. The
maximum allowable temperature rise is limited by the bandgap of the semiconductor
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iwi 1 eV), For such a temperature rise, the maximum power
ﬁmﬁ; mﬁ:&?ﬁ;ﬁ;&:ﬁl& package is about 10 W. f\s aresult, we must.limit
either the maximum clock rate or the number of ga.igcs ona (?Iup. As an f-xa-:nple. in an
1C containing 100-nm MOS devices withC =5x%10 f'F running ata 20 GHz clock rate,
the maximum number of gates we can have is x.abont 107 if we assume a 10% duty cycle,
This is a design constraint fived by basic material parameters.

11.1.6 SOl Integration ] e

i : ioned the isolation of SOI wafers. Recently, SOI technology has received

:egc::tl iﬁ:ﬁt?;lnrﬁl. The advantages of SOI integration I)ec({me sig{xiﬁcant as the

minimum feature length approaches 100 nm. From a process point ?f view, SO[.does

not need the complex well structure and isolation p.rocesses. In ad.(hhon,'sh;dlow junc-

tions are directly obtained through the SOI film thickness. There is no |_15k _“f nonuni-

form interdiffusion of silicon and Al in the contact regions because of oxide isolation at

the bottom of the junction. Hence, the contact barrier is not necessary. Frc!m a device

point of view. the modern bulk silicon device needs high dopil}g u‘t the dr.am and sub-

strate to eliminate short-channel effects and punchthrough. This high dlupmg results in

high capacitance when the junction is reverse biased. On the other hand, in SOI, the max-

imum capacitance between the junction and substrate is the capacitance of the buried

insulator. whose dielectric constant is three times smaller than that of silicon (3.9 versus

11.9). Based on ring oscillator performance, 130-nm SOI CMOS technology can achieve

25% faster speeds or require 50% less power compared with a similar bulk technology®

SRAM. DRAM. CPU, and rf CMOS have all been successfully fabricated using SOI tech-

nology: Therefore, SOT is a key candidate for the future system-on-a-chip technology, con-
sidered in the following section.

EXAMPLE 1

For an equivalent oxide thickness of 1.5 nm, what will be the physical thickness when the high-k
materials nitride (&/g, = 7). Tw,0; (25), or TO, (80) are used?

(55)-(5=)

d .= I.S[%) =2.69nm

SOLUTION  For nitride,

Using the same calculation, we obtain 9.62 nm for Ta,0; and 10.77 nm for TiO,. <

» 11.2 SYSTEM-ON-A-CHIP

Increased component density and improved fabrication technology have helped the real-
ization of the system-on-a-chip (SOC), that is, an IC chip that contains a complete elec-
tronic system. Designers can build all the circuitry needed for a complete electronic system,
such as a camera, radio, television, or personal computer (PC), on a single chip. Figure 11.3
shows an SOC application for a PC’s motherboard. Components (11 chips in this case)
once found on boards become virtual components on the chip at the right.”
There are two obstacles in the realization of the SOC. The first is the huge complexity
of the design. Since the component board is presently designed by different companies
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AMS w analog/mixed signal

ASIC = application-specific 1C
CPU = central processing unit
PLD = programmable logic device ! ads ]
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Figure 113 System-on-a-chip of a conventional personal computer motherboard*

using different design tools, it is difficult to integrate the components into one chip. Another
difficulty lies in fabrication. In general, the fabrication processes of a DRAM are signif-
icantly different from those of logic 1Cs (e.g., CPUs). Speed is the first priority for the
logie, whereas leakage of the stored charge is the priority for memory. Therefore, mul-
tilevel interconnection schemes using five to six levels of metal are essential for logic ICs
to improve the speed. However, DRAM circuits need only two to three levels. In addi-
tion, to increase the speed, asilicide process must be used to reduce the series resistance,
and ultrathin gate oxide is needed to increase the drive current in logic cirenits. These
requirements are not critical for memory.

To achieve the SOC goal, an embedded DRAM technology has been introduced to
merge logic and DRAM into a single chip with compatible processes. Figure 11.4 shows
a schematic cross section of an embedded DRAM, including the DRAM cells and the logic
CMOS devices.” Some processing steps are modified as a compromise. The trench-type

[ U
-
Vi
M4
V3
M3
V1 Ve

M2

M1

-well = _
< Deep well £ Pl
A5 A Deep trench p-substrate
5 U

Figure 11.4  Schematic cross section of the embedded DRAM including DRAM cells and logic
MOSFETs. There is no height difference in the trench capacitor cell because of the DRAM cell
structure. M1 to M5 are metal interconnections, and V1 to V4 are via holes.”
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capacitor, instead of the stacked type, is used so that there is no height difference in the
DRAM cell structure. In addition, multiple gate oxide thicknesses exist on the same wafer
to sccommodate multiple supply voltages or to combine memory and logic circuits on one

chip, or both.

> 11.3 SUMMARY

Because of the rapid reduction in feature length, IC technology will soon reach its prac-
tical limit as the channel length is reduced to about 20 nm. What ICs will be beyond
CMOS is a key question being asked by research scientists. Major candidates include inno-
vative devices based on quantum mechanical effects, because when the lateral dimen-
sion is reduced to below 100 nm, electronic structures will exhibit nonclassical behavior
depending on the materials and the temperature of operation. The operation of such
devices will be on the scale of single-electron transport. This approach has been demon-
strated by the single-electron memory cell. The realization of such systems with trillions
of components will be a major challenge beyond CMOS.”
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» PROBLEMS

1. (a) Calculate the RC time constant of an aluminum runner 0.5 pm thick formed on a
thermally grown SiO, 0.5 pm thick. The length and width of the runner are 1 cm and
1 pm, respectively. The resistivity of the runner is 10 Q-cm. (b) What will be the RC
time constant for a polysilicon runner (R = 30 Q/h) of identical dimension?

2. Why do we need multiple oxide thicknesses for a system-on-a-chip?

3. Normally we need a buffered layer placed between a high-k Ta,O; and the silicon sub-
strate. Calculate the effective oxide thickness (EOT) when the stacked gate dielectric is

Ta,0, (k = 25) with a thickness of 75 A on a buffered nitride layer (k = 7 and a thickness
of 10 A). Also calculate EOT for a buffered oxide layer (k = 39 and a thickness of 5 A).
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Appendix A

List of Symbols

Symbal

Description

Unit
a Lattice constant A
¢ Speed of light in vacuum s
c Capacitance F
D Diffusion coefficient cm/s
E Energy. oV
& Electric field Viem
i Frequency Hleps)
h Planck constant Js
I Current A
! Current density Alem?
k Boltzmann constant J/K
L Length cm or pm
my Electron rest mass kg
n Refractive index
n Density of free electrons cm™?
n, Intrinsic carrier concentration em™
P Density of free holes cm™
P Pressure Pa
q Magnitude of electronic charge C
Qn Interface trapped charge charges/cm®
R Resistance Q
t Time s
T Absolute temperature K
v Carrier velocity cm/s
v Voltage v
& Permittivity in vacuum F/em
£, Semiconductor permittivity Flem
E,, Insulator permittivity F/em
£/6,0r'E, 1€ Dielectric constant
A Wavelength Hm or nm
v Frequency of light Hz
Uy Permeability in vacuum H/em
i, Electron mobility em™V-s
H, Hole mobility cm®Vs
P Resistivity Q-cm
Q Ohm Q




| Appendix B

International System
of Units (S| Units)

1 Quantity Unit Symbol Dimensions
Length® Meter m
Mass Kilogram kg
Time Second s
Temperature Kelvin K
Current Ampere A
Light intensity Candela Cd
Angle Radian rad

| Frequency Hertz Hz s
Force Newton N kg-mvs*
Pressure Pascal Pa N/m*
Energy* Joule ] N-m
Power Watt w Jis
Electric charge Coulomb C As
Potential Volt v Jic
Conductance Siemens S AV
Resistance Ohm Q VIA
Capacitance Farad F CN
Magnetic flux Weber Wh Vis
Magnetic induction Tesla T Wh/m?
Inductance Henry H Wh/A
Light flux Lumen Lm Cd-rad

It is more common in the semiconductor field to use em for length and eV for energy (1 cm = 10%m, 1 eV
= 1.6x 10°1)).
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Appendix E

Physical Constants

Quantity

Vilue

Angstrom unit
Avogadro constant
Bohr radius
Boltzmann constant
Elementary charge
Electron rest mass
Electron volt

Gas constant

Permeability in vacuum
Permittivity in vacuum
Planck constant

Reduced Planck constant
Froton rest mass

Speed of light in vacuum
Standard atmosphere

Thermal voltage at 300 K

Wavelength of 1 ¢V quantum

kTrq

10A = 1nm =10 pm =107 em = 10%m
6.02214 x 108
0.52017 A
1.38066 x 1075 /K (R/N,)
1.60218 x 10C
0.91094 x 10"¥kg
1 eV = 1.60218 x 10-]
= 23.053 keal/mol
1.98719 cal/mol-K
1.25664 x 10~ H/em (4 x 107%)
§.85418 x 10" F/em (V)
6.62607 x 107 J.5
L.05457 x 104 .5 (hi2m)
1.67262 x 10 kg
2.99792 x 10" em/s
1.01325 x 10*Pa
0.025852 V
123984 um
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Appendix F

Properties of Si
and GaAs at 300 K

Properties Si GaAs
Atoms/em’ 5.02x 102 442 x 102
Atomic weight 25.09 144.63
Breakdown field (V/em) ~3 % 10* ~4 % 10°
Crystal structure Diamond Zincblende
Density (g/cm’) 2.329 5317
Dielectric constant 11.9 124
Effective density of 2.86 x 10'* 4.7 x 107
states in conduction
band, N.(em™)
Effective density of 2.66 x 10" T0x10"
states in valence
band, Ny(cm™)
Effective mass (conductivity)
Electrons (m, /) 0.26 0.063
Holes (m, /my) 0.69 057
Electron affinity, x(V) 4.05 407
Energy gap (eV) 1.12 1.42
Index of refraction 3.42 3.3
Intrinsic carrier 9.65 x 10° 295 % 108
concentration(em™)
Intrinsic resistivity (Q-cm) 33x10° 29 x 10°
Lattice constant (A) 543102 5.65325
Linear coefficient of 259 x 108 5.75%x10°
thermal expansion,
AL/LXT (°C™)
Melting point (°C) 1412 1240
Minority-carrier lifetime (s) 811072 ~10*
Mobility (em*/V:s)
1, (electrons) 1450 9200
4, (holes) 505 320
Specific heat (J/g -°C) 0.7 0.35
Thermal conductivity(W/em-K) 1.31 0.46
Vapor pressure (Pa) 1 at 1650°C 100 at 1050°C
10 at 900°C 1 at 900°C
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Appendix G

Some Properties of
the Error Function

erflw)

w erf(w) w erf(w) w erflw)
0.00  0.000 000 032 0.349 126 0.64 0.634 586 096 0825424
001 0011283 0.33 0.359 279 0.65 0.642 029 0.97 0829 870
0.02 0,022 565 0.34 0.369 365 0.66 0.649 377 098 0534232
0.03 0.033 841 0.35 0.379 382 0.67 0.656 628 099 0.838 508
0.04 0.045 111 0.36 0.389 330 0,68 0.663 782 100 0842 701
0.05 0.056 372 037  0.399 206 0.69 0.670 840 101 0546 810
0.06 0.067 622 038  0.400 009 0.70  0.677 801 1.02 0550 838
0.07 0.078 858 0.39 0418739 0.71 0.684 666 103 0.854 784
008 0,090 078 040 0428 392 0.72 0691 433 104 0558650
0.09 0.101 251 041 0437969 0.73  0.698 104 105 0562 436
0.10 0.112 463 042 0447 468 0.74 0.704 678 106 0866 144
0.11 0.123 623 0.43 0456 887 0.75 0.711 156 1.07 0.869773
0.12 0.134 758 0.44 0466 225 0.76 0.717 537 L0S 0873 326
0.13  0.145 867 045 0475482 077 0.723822 109 0.576 803
0.14 0.156 947 0.46 0.484 655 078 0.730 010 1.10 0550 205
0.15 0.167 996 0.47 0493 745 0.79 0.736 103 L11 0583533
0.16 0.179012 0.48 0502 750 080 0.742 101 1.12 0.856 788
017 0.159992 049 0511 668 051 0.745 003 1.13  0.559 971
0.18  0.200 936 0.50  0.520 500 082 0.753811 114 0.893 082
0.19 0211 840 051 0529 244 083 0.759 524 115 0.896 124
020 0.222703 0.52 0.537 899 054 0.765 143 116 0.899 096
021 0.233522 0.53 0546 464 0.85 0.770 668 L17 0802 000
022 0.244 296 054 0554 939 0.86 0.776 110 L1S 0904 837
023 0255023 0.55 0.563 323 0.87 0.751 440 1.19 0,907 608
0.24  0.265 700 0.56 0.571616 0.88 0.786 6587 120 0910314
025 0.276 326 057 0.579 816 0.89 0.719 843 121 0912956
0.26 0.256 900 0.58 0,587 923 0.90 0.796 908 1.22 0915534
0.27 0.297 418 0.59 0.595 936 091 0501 883 123 0918 050
028  0.307 880 0.60 0603 856 0.92 0.806 768 124 0920 505
029 0.318 2583 061 0611681 0.93 0511 564 125 0922 9500
0.30 0.328 627 062 0619411 094 0.816271 126 0925 236
0.31 0.338 908 0.63 0.627 46 0.95 0520891 127 0927514

{continued)
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Wnﬂw) w erf(e) w erf(w) w e—rf(u:)—--
986 135 221 0995224 267 0.999 841
:: ::: :; :;; g.x 672 222 099308 265 0.099 849
130 0934005 176 0957 190 223 0.995358 269 0.999 858
131 0936063 1.77 0987691 224 0995 46-5 2. 1 0.999 S66
132 0935065 179 098564l 295 0.998 537 271 0999873
133 0940015 150 0.959 091 226 0995 607 272 0999550
134 0841914 151 0959525 227 0.995 674 273 0999 887
135 0943762 182 0989943 2928 0995 738 2.:-1 0.999 893
136 0.945 561 153 0.990 347 229 0998 799 ;’..:5 0.999 899
137 0947312 154 0990 736 230 0.998 857 276 0.999905
L35 0549016 1585 0991111 231 0998912 277 0999910
139 0950673 156 0991472 232 0.998 966 278 0.999916
140 0952255 1.87 0991 521 233 0999 016 279 0999 920
141 09535852 1.85 0992 156 234 0999 065 250 0999 925
142 0955376 1.59 0992 479 235 0999111 251 0.999 929
143 0956 857 190 0892 790 236 0.999 155 252 0999933
144 0958 297 1.91 0.893 090 237 0999 197 283 0.999 937
145 0959 695 1.92 0993378 235 0.999 237 285 0.999 944
146 0961 054 1.93 0.993 656 239 0999 275 286 0.999 948
147 0962373 194 0993923 240 0999311 257 0999951
145 0.963 654 1.95 0994179 241 0.999 346 2.58 0,999 954
149 0964 595 1.96 0.994 426 242 0999379 259 0.999 956
1.50 0.966 105 L97 0994 664 243 0999411 290 0.999 959
151 0.967 277 1.9 0,994 892 244 0.999 441 291 0.999 961
152 0965413 1.99 0.995 111 245 0999 469 292 0.999 964
153 0969516 200 0995322 246 0.999 497 293 0.999 966
154 0970586 201 0995525 247 0999523 294 0.999 968
1.55 0971623 202 0995719 248 0.999 547 295 0.909970
156 0972628 203 0995 906 249 0999571 296 0999972
157 0973603 204 0.996 056 250 0.999 593 297 0.999 973
158 0974547 205 0996 258 251 05999614 298 0.999 975
159 0975462 206 0996 423 252 0.999 634 2.99 0.999 976
1.60 0.976 348 207 0996 552 253 0.999 654 300 0999977 91
161 08977 207 208 0.996 734 254 0999672 3.01 05899 979 26
1.62 0975 038 209 0.996 850 255 0.999 659 3.02 0.999 950 53
163 0975843 210 0997 021 256 0.999 706 3.03 099998173
164 0979622 211 0997 155 257 0999722 3.04  0.999 952 86
1.65 0.950 376 212 0997284 255 0999 736 3.05 0.999 98392
L66 0981 105 213 0.997 407 259 0999751 3.06 0999 9584 92
L67 0981510 214 0897525 260 0999 764 3.07 0999 955 56
165 0952 493 215 0997 639 261 0999777 3.08  0.999 956 74
169 0983 153 216 0997 147 2,62 0.999 759 3.09 0999 987 57
L70 0983 790 217 0997551 263 0.999 500 3.10  0.999 988 35
L7l 0984 407 218 0997 951 264 0999511 311 0999 959 08
172 0985003 2,19 0.99S 046 265 (.999822 312 0.999 959 77
1.73 0985578 220 0995 137 266 0999831 3.13  0.999 990 42
(continued)
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(continued)
w erf(w)
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w erflw)

w erf(w)

w erflw)

3.14 0.999 991 03
3.15 0.999 991 60
3.16 0.999 992 14
317 0.999 992 64
3.5 0999993 11
3.19 0.999 993 56
3.20 0999 993 97
321 0.999 994 36
322 0999994 73
323 0.999 99507
3.24 0.999 995 40
325 0.999 995 70
3.26 0.999 995 98
3.27 0.999 996 24
325 0.999 996 49
3.29 0.999 996 72
3.30  0.999 996 94
331 0.999 997 15
332 0.999997 34
333 0.999 997 51
3.34  0.999 997 65
3.35 0.999 997 838

336  0.999 997 983
337  0.999 998 120
338  0.999 998 247
339 0.999 998 367
3.40  0.999 995 478
341 0.999 998 582
342 0.999 998 679
343 0.999 998 770
344 0.999 998 855
345 0.999 995 934
346 0.999 999 008
347 0999 999 077
348 0999 999 141
3.49 0999 999 201
3.50 0.999 999 257
3.51  0.999 999 309
352 0999 999 355
3.53 0,999 999 403
354 0.999 999 445
355 0.999 959 455
356 0.999 999 521
3.57 0.999 999 555

358 0999 999 557
359 0999999 617
3.60  0.999 999 644
361 0599 999 670
3.62  0.999 999 694
363 0.999 999 716
3,64 0.999 999 736
365 0.999 999 756
3.66 0,999 999 773
3.67 0.999 999 790
368 0.999 999 505
3.69 0999 999 520
3.70 0999 999 533
3.71  0.999 999 845
372 0.999 999 857
3.73  0.999 999 867
374 0999 999 877
375 0.999 999 856
3.76  0.999 999 865
3.77 0,999 999 803
378 0999 999 910
379 0999 990 917

350 0,999 999 923
381 0.999 999 929
352 0.999 999 934
353 0.999 999 939
354 0909 999 944
385 0.099 999 048
386 0999 599 952
35T 0.999 999 956
358 0999999 959
359 0999 999 962
390 0999 999 965
391 0999 999 968
392 0999999970
393 0.999999973
394 0,999 999975
395 0.999 990 977
396 0999 999979
397 0.999599 950
398 0999999 952
399 0.999 999 953
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Appendix H

Basic Kinetic
Theory of Gases

The ideal gas law states that

PV = RT = N_kT (1)

where P is the pressure, V is the volume of 1 mole of gas, R is the gas constant (1.98
cal/mol-K, or 82 atm-cm?/mol-K), T is the absolute temperature in K, N, is the Avogadro
constant (6.02 x 10* molecules/mole), and k is the Boltzmann constant (1.38 x 10-3 J/K,
or 1.37 x 10" atm-cm*/K). Since real gases behave more and more like the ideal gas as
the pressure is lowered, Eq. 1 is valid for most vacuum processes. We can use Eq. 1 to
calculate the molecular concentration n (the number of molecules per unit volume):

Nips . 4P
S Vs T @
=7.25x10" ; molecules/cm* (2a)

where P is in Pa. The density p, of a gas is given by the product of its molecular weight

and its concentration:

P, =Molecular weight x (k—':_-) (3)

The gas molecules are in constant motion and their velocities are temperature depen-
dent. The distribution of velocities is described by the Maxwell-Boltzmann distribution
law, which states that for a given speed v,

1 dn 4 imY* 3 my’

——=f = — | viexp| -—— 4
ado 7;}'(2/:1] p[ 2kT) )
where m is the mass of a molecule. This equation states that if there are n molecules in

the volume, there will be dn molecules having a speed between v and v + dv. The aver-
age speed is obtainable from Eq. 4:

, Loy 2 [T
“ [ fav NRVm 2L
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3 ‘i lecular impingement rate,
important parameter for vacuum technology is the mo ngen
that ‘!;.nhlz:\?omany molecules impinge on a unit area per unit time. To obtain this param-
eter. first consider the distribution function 1., for the velocities of molecules in the x direc-
tion. This function can be expressed by an equation similar to Eq. 4:

" 2
.l.i'."_ = m v cx;{ =Y ] (6)
o, (m’r] « P\ “2kr
The molecular impingement rate ¢ is given by
o= J: v,dn, ki)
Substituting dn, from Eq. 6 and integrating gives
o o T ®
i 27m

The relationship between the impingement rate and the gas pressure is obtained by using
Eq. 2:
¢=P(2onkT) " @)

. 0 P] 00)
=2.64x10 [W

where P is the pressure in Pa and M is the molecular weight.
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Appendix |

SUPREM Commands

The Stanford University Process Engineering Modeling (SUPREM) program is a simu-
lation package that allows a user to model various process steps used in the fabrication
of integrated circuits. SUPREM can predict the results of oxidation, deposition, etching,
diffusion, epitaxial growth, and ion implantation processes. SUPREM IIT models the
changes to the semiconductor structure that result from these processes in one dimen-
sion. The primary results are the thicknesses of various layers and the distribution of impu-
rities within those layers. The program can also determine certain material properties,
such as the sheet resistance of diffused regions in silicon layers.

To run SUPREM, an input deck must be provided. This file contains a series of state-
ments and comments. The deck begins with a TITLE statement, which is merely a com-
ment repeated on each page of the program output. The next command, INITIALIZE, is
a control statement that sets the substrate type, orientation, and doping. This command
can also be used to specify the thickness of the region to be simulated and establish a grid.
After the substrate and materials are established, a series of statements is used to
the sequence of process steps as they occur. Finally, the output of the simulation can be
printed or plotted using PRINT or PLOT statements, respectively. Simulation ends with a
STOP statement. Several COMMENT statements will typically appear throughout the deck.

A description of a few commonly used SUPREM statements is provided in Table
I.1. This table is by no means complete. To obtain the complete SUPREM software pack-
age and its associated documentation, contact

Silvaco Data Systems, Inc.
4701 Patrick Henry Drive
Building 2

Santa Clara, CA 95054
Phone: 408-654-4372

Fax: 408-727-5297
www.silvaco.com

SUPREM is a trademark of the Board of Trustees of Stanford University.
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TABLEL1 Common SUPREM Commands

Appendix |. SUPREM Commands 4 285

Name Description

Basic Syntax

COMMENT  Outouts charcter string to
label an input sequence

DEPOSITION Deposits specified material
on top of current structure

Models high-temperature
diffusion in oxidizing and
nonoxidizing ambients

DIFFUSION

Etches specified material
from the top of current
structure

ETCH

IMPLANT  Simulates jon implantation

of impurities

INITIALIZE Sets up initial coefficients
and structure to be used in
the simulation

COMMENT <tCext>

DEPOSITION <Material>
Thickness=<n> Temperature=<m

DIFFUSION Times=<m>
Temperature=<m <Dopant>
<Ambient>

ETCH <Material> Thickness=<m>

IMPLANT <Dopant> Dose=<m>
Energy=<m

INITIALIZE <Structure> <Substrate>
<Dopant> Concentration=<n>

INITIALIZE Structure=<filename>

(continued)
Typical Flags and Name Deseription B
Parameters i Typical th tac
Parameters

None PLOT Specifies that impurity PLOT <Parameters> Cmine<m> Acti

concentrations or results of  Cnaxw<n> Ar: V:
AT G e electrical caleulations versus h:.ﬂ 5
Nitride depth into the substrate are G\a:: 1
oie to be plotted Net =
Polysilicon phoru
Silicon :: ( 4‘)
C.Phosphor (cm™) Cmax (c'cr:"‘)
C.Arsenic (em™) PRINT Outputs information about  PRINT <Parameters> Arsenic
C.Boron (cm™) the structure being simulated Boron
Thickness (jm) and coefficients used Chemical
Temperature (°C) Concentration
Arsenic Layers
Boron Net
Dry02 Phosphorus
Nitrogen SAVEFILE Saves the current structure  SAVEFILE <Feature> Filename=<Text> Structure
Phosphorus being processed, the
Wet02 coefficients being used,
Solidsol or both
HCIX (%) STOP Terminates simulation STOP <Text> None

A

T.Rate (°C/min) TITLE Inputs a character string to  TITLE <Text> None

Temperature (°C)
Time (minutes)

label the following input

A1l

Aluminum
Nitride

Oxide
Polysilicon
Silicon
Thickness (jm)
Arsenic

Boron
Phosphorus
Dose (cm™2)
Energy (keV)
<100>

<110>

<111>

Silicon
Arsenic

Boron
Phosphorus
Concentration (em™)
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Appendix J

Running PROLITH

PROLITH is a Windows-based photolithography simulation program marketed by FINLE
Technologies in Austin, Texas. PROLITH simulates the complete one- and two-dimensional
optical lithography process from aerial image formation through resist exposure and devel-
opment. The output of the program is an accurate prediction of the final resist profile, which
is presented in a wide variety of images, plots, graphs, and calculations.

PROLITH accepts lithography information in the form of data files and input param-
eters and uses this information to simulate standard and advanced lithography processes.
After the software has been installed, a user can run PROLITH by simply clicking on
the PROLITH icon from the Windows Start menu. After a successful license search, the
Imaging Tool parameters window appears (see Fig. 4.20). Before running a simulation,
the user must choose the simulation options and enter a set of input parameters. This is
accomplished by selecting Options from the File menu to open the Options dialog. The
settings in this dialog box are used to establish basic simulation options. such as the Image
Calculation Mode, Physical Model, and Speed Factor.

Once the options have been established, the user may enter simulation input param-
eters from the appropriate parameters window. These windows are opened by selecting
various options from the View menu or by clicking the corresponding toolbar button for
the window. In each window, parameters may be entered by marking or clearing check-
boxes or aption buttons, entering values in text boxes, selecting files or other values from
lists, and so forth. Many parameter windows, such as the Resist parameters window, for
example, provide instant graphical views of the information entered.

After input parameters have been entered, PROLITH displays simulation results from
the Graphs menu, PROLITH can produce graphs simulating formation of a mask fea-
ture by an optical projection system, exposure of photoresist using this image, or devel-
opment of the exposed photoresist. The following options from the Graphs menu (or
corresponding toolbar buttons) are available to display such simulations:

e Aerial Image: The relative intensity of the image as a function of position

o Image in Resist: The image projected into the photoresist at the start of exposure
e Exposed Latent Image: The latent image before post-exposure bake (PEB)

« PEB Latent Image: The latent image after post-exposure bake

o Develop Time Contours: Contours of constant develop time as a function of
position in the resist

«  Resist Profile: Two-dimensional photoresist profile after development
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This overview of PROLITH capabilities is by no means oomple;t& To obtain the com-
plete PROLITH software package and its associated documentation, contact

FINLE Technologies, Inc.

PO. Box 162712

Austin, TX 78716

Phone: 512-327-3781

Fax: 512-327-1510

www.finle.com
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Appendix K

Percentage Points of

the t Distribution

‘GV
SN 040 025 010 005 0025 001 0005 00025 0001 0005
1 0325 1000 3078 6314 12706 31821 63657 127.32 31831 63662

2 0289 0816 1886 2920 4303 6965 0925 14080 23326 31508
3 0277 0765 1635 2353 3152 454 5841 7453 10213 12924
4 0271 0741 1533 2132 2776 3747 4604 5508 7173 B6I0
5 0267 0727 1476 2015 2571 3.365 4.032 4.773 5.893 6.569
6 0265 0727 1440 1943 2447 3143 3707 4317 5208 5959
7 0263 0711 1415  1.595 2.365 2.998 349 4.019 4.785 5.408
S 0262 0706 1397 1860 2306 2596 3355 3833 4501 5041
9 0261 0703 1353 1533 2262 2821 3250 3690 4207 4781
10 0260 0700 1372 1812 2228 2764 3169 3581 4144 4587
11 0260 0697 1363 1796 2201 2718 3106 3497 4025 4437
120259 0695 135 1752 2179 2681 3055 3428 3930 4318
13 0259 06M 135 1771 2160 2650 3012 3372 3852 4221
14 0258 0692 1345 1761 2145 2624 2977 3326 3787 4140
15 0258 0691 1341 1753 2131 2602 2947 3286 373 4073
16 0255 0690 1337 1746 2120 2583 2921 3352 368 4015
17 0257 0659 1333 1740 2110 2567 2598 3222 3646 3965
IS 0257 0655 1330 1734 2101 2552 2878 3197 3610 382
19 0257 068 1328 1720 2003 2539 286 3174 0357 3883
20 0257 0657 1325 1725 2086 2528 2845 3153 3552 3850
21 0257 0686 1323 172l 2080 2518 2831 3135 357 3819
22 0256 068 1321 1717 2074 2508 2819 3119 3505 3792

(continued)
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Index

Advanced isolation technology, 207-208
Aluminum, 144

etching, 88

metallization, 169-173
Ammonium fluoride (NH,F), 87
Amorphous silica, 43
Analysis of variance (ANOVA)

table, 245-246

technique, 243-244
Annealing

boron and phosphorus, 134

rapid thermal, 135-136
ANOVA. see Analysis of variance (ANOVA)
Anisotropic etch profiles, 92
APCVD, Atmospheric pressure CVD

(APCVD)

Area defect, 34
Aspect ratio-dependent etching, 98
ATE. see Automated test equipment (ATE)
Atmospheric pressure CVD (APCVD), 145
Attributes, 237
Automated test equipment (ATE), 228
Automobile industry, 1

Ball grid array (BGA), 231

Barium strontium titanate (BST), 164

BGA. see Ball grid array (BGA)

BiCMOS technology, 210-211

Bipolar technology, 188-195

Bipolar transistor, 5, 189

Blanket etches, 85

Boron, conventional annealing of, 134-135

Bow, 32

Bridgman technique, 6, 30-31

BST. see Barium strontium titanate (BST)

Buffered HF solution (BHF), 88

Buffered oxide etch (BOE). see Buffered
HF solution (BHF)

Bulk micromachining, 215

CAD. see Computer-aided design (CAD)
Capacitance, 162, 186, 201
Capacitance-voltage technique, 114

CAR. see Chemical-amplified resist (CAR)
Carbon concentration, 36

(CBE). see Chemical beam epitaxy (CBE)
CCD. se¢ Charge-coupled device (CCD)
C-chart. see Defect chart (C-chart)
CD. see Critical dimension (CD)
Cell projection, 75
Central processing unit (CPU), 8, 203
CF. see Correction factor (CF)
Chanstop. see p+ channel stop
Charge-coupled device (CCD), 5
Chemical-amplified resist (CAR), 70
Chemical beam epitaxy (CBE), 152
Chemical etchants, 85
Chemical etching, 92
Chemical mechanical polishing (CMP), 8,
100, 173-175
Chemical vapor deposition (CVD), 14, 50,
88, 145, 168
for gallium arsenide, 147
metalorganic, 147-148
for silicon, 145-147
silicon oxides and dioxide, 156
TiN, 169
tungsten, 169
Chip scale package (CSP), 232
Clean room, importance for lithography,
60-62
Close proximity printing, 62
Clustered plasma processing, 97
CMOS. see Complementary MOSFET
(CMOS)
CMP, see Chemical mechanical polishing
(CMP)
Cobalt silicide, 176
Comb-meander-comb structure, 228
Complementary MOSFET (CMOS), 8.
196
technology, 203-205
well of, 206
Computer-aided design (CAD), 65, 256
Computer-integrated manufacturing of
integrated circuits (IC-CIM),
256-257
Concentration-dependent diffusivity,
115-117, 119
Conformal step coverage, 159-160
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Constant surface concentration, 109-111,
118-119
Constant total dopant, 111-112
Contact printing, 62-63
Continuous-wave (CW) power, 3
Coutrol charts, 237
for attributes, 237-239
for variables, 239-241
COP. see Poly-glycidyl methacrylate-co-
ethyl-acrylate (COP)
Copper (Cu), 109, 261
interconnect. 8
‘metallization, 173
Correction factor (CF), 113
CPU. see Central processing unit (CPU)
Critical dimension (CD), 63
Critical layer thickness, 152
Crystal defects, 33-35
Crystal growth
epitaxial growth and, 144
techniques. 30-31
Crystal puller, 18
CSP. see Chip scale package (CSP)
CVD. see Chemical vapor deposition
(CVD)
Czochralski technique, 18, 30-31

Damascene technology, 99-100, 173

Deep-trench isolation, 207

Defect chart (C-chart), 238

Defect density chart (U-chart), 238

Defect-free zone. see Denuded zone

Degrees of freedom, 243

Denuded zone, 37-38

Deposition

rate, 166
simulation, 177

Depth of focus (DOF), 65
Designed experiment, 242

Design matrix, 246

DIBL. see Drain-induced barrier lowering

(DIBL)

Dichlorosilane (Si H,CL), 145
Dielectric deposition, 155-165
Dielectric etching, 99
Dielectric isolation, 192-193
Dielectric layers, 41, 144, 162-163
Die separation, 230
Diffraction, 69
Diffused layers, evaluation of, 113-114
Diffused well, 206
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Diffusion

coefficient, 107-108, 116

constant, 52

equation, 107-109

extrinsic, 114-117

introductory note, 105-106

jon implantation and, 14

lateral, 118-120

process, 106-114

pmﬁles. 109-112, 114, 117

in silicon, 117

simulation, 120-121

theory, 6
Diffusivity. see Diffusion, coefficient
DIP. see Dual in-line package (DIP)
Dislocation. see Line defect
Dislocation loops, 154
DOE. see Depth of focus (DOF)
Donor vacancy, 115
Dopant

distribution of, 19-21

impurities redistribution, 50-51

profile of the diffused layer, 113-114

segregation coefficient, 30-31
Double charged acceptor vacancy, 115
Double-comb structure, 228

Double-polysilicon structure, self-aligned,

193-195

Drain, 197, 200, 206

Drain-induced barrier lowering (DIBL).
208

DRAM. see Dynamic random access
memory (DRAM)

Drive-in diffusion, 112

Dry etching, 71, 89-90

Dry oxidation, 42

Dual in-line package (DIP), 230-231

Dynamic random access memory
(DRAM), 8, 11, 164, 199-200,
263-264

E-beam lithography. see Electron beam
lithography

ECR. see Electron cyclotron resonance
(ECR)

Edge dislocation, 33, 154

EGS. see Polycrystalline silicon (EGS)

Electrical testing of integrated circuits,
227-228

Electroluminescence phenomenon, 2

Electromigration, 172-173

Electron beam lithography, 73-76
Electron cyclotron resonance (ECR)
plasma etching, 95
Electronies industry, 1
Electron resist, 75
Ellipsometry, 54
Emitter, 192, 194
End-point control, 93
Epitaxial growth techniques, 144-152
Epitaxial layers, 144, 145
n-type, 190-191
structures and defects in, 152-154
Epitaxial process, 7, 144-145

Epitaxy, 7, 144
Equilibrium segregation coefficient,
19-21, 30
Erfc distribution, 118
Etch
mechanism, 91-92
rates, 85
simulation, 101-102
Etchants

chemical, 85
commonly used, 87
Etches, blanket, 85
Etching
aluminum, 88
aspect ratio-dependent, 98
chemical, 92
dielectric, 99
dry, 71, 89-90
equipment, 93-94
gallium arsenide, 85-89
interconnect metal, 99-101
orientation-dependent, 86, 87
photolithography and, 13-14
physical, 92
plasma, 91-92
polycide gate, 98-99
polysilicon, 88, 98-99
silicon, 86-87
silicon dioxide, 87-59
silicon nitride, 88
silicon trench, 97-98
single-crystal silicon, 88
wet, 88
wet chemical, 85-59
Etching, polysilicon. see Polysilicon,
etching
Etching single-crystal silicon. see Single-
crystal silicon etching

Index < 299

Etch rate uniformity, 85
Etch-resistant polymers, 6
Eutectic temperature, 170
EUV lithography. see Extreme ultraviolet
(EUV) lithography
Experimental design, statistical, 242
Exposure tools, 62-65
Extreme ultraviolet (EUV) lithography,
T6-78 e
Extrinsic p+ base regions, 194
Extrinsic diffusion, 114-117
Extrinsic stacking fault, 34-35

Fabrication steps, integrated circuit,
196-198
Factorial experimental designs, 246
Fermi level, 116
Ficks diffusion equation, 107
Field oxide, 41, 197
Film deposition
dielectric, 155-165
epitaxial growth techniques, 144-152
metallization, 167-177
polysilicon, 165-167
simulation, 177
structures, 152-154
Films, 144
Flats, 31
Flip-chip bonding, 235
Floating-gate nonvolatile memory, 201-202
Float-zone process, 24-26
Four-point probe technique, 35-36, 113
Fractional factorial designs, 249
Frenkel defect, 34
Functional testing, 228
Functional yield, 250-251

Gallium arsenide (GaAs), 2, 109
chemical vapor deposition (CVD) for,
147
crystal growth techniques, 26-31
etching, 88-59
vs. silicon, 32, 212
zine diffusion in, 117
Gate
oxide, 60
oxide layer, 41
Gate engineering technology, 208-210
Gaussian distribution, 114
Germanium (Ge), 2
Gettering, 37



300 » Index

G-line, 65

Grain boundary, 34

Gunn diode. see Transferred-electron
diode (TED)

HDE see High-density plasma (HDF)
, 144, 152
Heterojunction bipolar transistor, 2
Heterostructure laser, 4
Hexamethyl-disilazane (HMDS), 70
HF. see Hydrofluoric acid (HF)
High-density plasma (HDP) etchers, 90,
95-97, 99
High-dielectric-constant materials,
164-165
High-energy and high-current
implantation, 139-140
H-line, 65
HMDS. see Hexamethyl-disilazane
(HMDS)
Homoepitaxy, 144, 152
Hydrofluoric acid (HF). 56
Hypothesis test. 243

IC-CIM. see Computer-integrated
manufacturing of integrated
circuits (1C-CIM)

IC manufacturing technology, 50-81

ICP source. see Inductively coupled
plasma (ICP) source

ILD. see Interlayer dielectric (ILD)

I-line, 65

Image system, simple, 64-65

IMPATT diode, 5, 152

Implant damage, 131-134

Impurity distribution, 113

Impurity doping, 105

Impurity redistribution during oxidation,
50-51

Inductively coupled plasma (ICP) source,
95

In situ doping, 167

Integrated circuit (IC)manufacturing
computer-integrated, 256-257
electrical testing, 227-228
packaging, 228-236
statistical experimentation design,

242-249

statistical process control, 237-241
yield, 250-255

Integrated circuits (ICs), 1, 7, 182
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capacitor, 185-187
inductor, 157-188
monolithic, 7
pattern transfer, 70-71
resistor, 184-185
Interconnections, 14
Interconnect metal etching, 99-101
Interface defects, 154
Interlayer dielectric (ILD), 173
International Technology Roadmap for
Semiconductors, CA, 1999, 80, 259
Interstitial diffusion, 107, 108
Intrinsic base region, 194
Intrinsic carrier concentration, 114-115
Intrinsic diffusivity, 115
Intrinsic stacking fault, 34-35
lon
channeling, 130-131
distribution, 125-126
stopping, 127-130
Ion beam
lithography, 79-50
sputtering, 167
Ton implantation, 70
damage and annealing, 131136
and diffusion, 14
range of, 125-131
related processes, 136-140
simulation, 140-141
Isolation technology, advanced, 207-208

Junction depth, 113, 117
Junction spiking, 169-172

Kinetics of growth. 4249

Large-scale integration (LSI). 154

Laser diodes, 4

Laser interferometry, 93

Latchup, 205

Lateral diffusion, 118-120

Lateral oxide isolation, 191

Lateral straggle (c), 125

Lattice disorder, 131

Lattice-matched epitaxy, 152-153

LCL. see Lower control limit (LCL)

Lead zirconium titanate (PZT), 164

Level 1 packaging, 232

Liftoff technique, 70-71

LIGA. see Lithographic, galvanoformung,
abformung (LIGA)

Lightly doped drain (LDD) MOSFET, 138

Linear rate constant, 4647

Line defect, 34

Lithographie, galvanoformung, abformung
(LIGA), 215-218

Lithographic methods

comparison of, S0-81
next-generation, 73-80

Lithography process, 5, 6

LiftofT technique, 70-71

Local oxidation of silicon (LOCOS), 191,
197

LOCOS, Local oxidation of silicon
(LOCOS)

Long-throw sputtering, 168

Low-angle grain boundaries, 154

Low-dielectric-constant (low-k) insulators,
261

Low-dielectric-constant materials, 162164

Lower control limit (LCL), 237

Low pressure chemical vapor deposition
(LPCVD), 101, 145, 155, 162

LPCVD. see Low pressure chemical vapor
deposition (LPCVD)

LSI. see Large-scale integration (LSI)

Magnetically enhanced reactive ion etching
(MERIE), 90
Magnetron sputtering, 168
Main effect, 247
Mask-beam system, 80
Mask damage, 63
Masking
multiple implantation and, 136-138
oxide, 7
properties of silicon dioxide, 51-52
Masks, 65-67, 79
MBE. see Molecular beam epitaxy (MBE)
Meander structure, 227-228
Mean [ree path, 150
Mean square, 245
Mean time to failure (MTF), 172
Medium-energy ion implantor, 125
Medium scale integration (MSI), 154
Memory devices, 199-203
MEMS. see Microelectromechanical
systems (MEMS)

MERIE. sce Magnetically enhanced
reactive ion etching (MERIE)
MESFET. see Metal-semiconductor field-

effect transistor (MESFET)
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Metal, films, 14, 41, 144
Metallization, 14, 167-177, 198
Metal-nitride-oxide-semiconductor
(MNOS), 201
Metalorganic chemical vapor tion
(MOCVD), 8, l47-ﬁ)8 —
Metalorganic molecular beam epitaxy
(MOMBE), 152
Metal-oxide-semiconductor field-effect
transistor (MOSFET), 4, 182
technology of, 196
Metal-oxide-semiconductor (MOS)
capacitors, 185-186
devices, 53, 98
Metal-semiconductor field-effect transistor
(MESFET), 5, 37, 182
Metal silicides, 175-176
Microelectromechanical systems (MEMS),
212-214
technology, 212-214
Micromachining, surface and bulk, 215
Minimum device dimension, 259
Minimum feature length. see Minimum
device dimension
MMICs. see Monolithic microwave
integrated circuits (MMICs)
MNOS. see Metal-nitride-oxide-
semiconductor (MNOS)
Mobile ionic charges, 54
MOCVD. see Metalorganic chemical vapor
deposition (MOCVD)
MOCVD reactor. 148
MODFET. see Modulation-doped field-
effect transistor (MODFET)
Modulation-doped field-effect transistor
(MODFET), 5
Molecular beam epitaxy (MBE), 8, 145,
148-152
MOMBE. see Metalorganic molecular
beam epitaxy (MOMBE)
Monolithic I1C, 7
Monolithic microwave integrated circuits
(MMICs), 5, 187, 212
Monte Carlo simulation, 254
MOSFET. see Metal-oxide-semiconductor
field-effect transistor (MOSFET)
MSI. see Medium scale integration (MSI)
MTE. see Mean time to failure (MTF)
Multiple implantation and masking,
136-138
Murphy’s yield integral, 252-254
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n-chansel MOSFET (NMOS), 8, 41, 196,

197, 203-205
. 65-69. 75

Nitric acid (HNO,), 57

Nonconformal step coverage, 159-160

Nonvolatile memory device, 201-202

Nonvolatile semiconductor memory
(NVSM), 5, 203

ni-p-n bipolar transistor, 159

n+ polysilicon, 194

n-type dopants, 106

NVSM. see Nonvolatile semiconductor
memory (NVSM)

OES. see Optical emission spectroscopy
(OES)
Ohmic contact, 14, 144
OPC. see Optical proximity correction
(OPC)
Optical emission spectroscopy (OES), 93
Optical lithographic pattern transfer
process, 70-71
Optical lithography, 60-72, 79
Optical proximity correction (OPC), 72
Orientation-dependent etching, 86, 87
Oscillation, 93
Oxidation
impurity redistribution during, 50-51
in planar process, 11—12
simulation, 54, 56-57
vertical, 50
Oxide
growth (thin), 49-50
layer, 7
masking, 7
quality, 53-54
thickness characterization, 54

trapped charges, 54

Packaging, integrated circuit

levels of, 228-230

types of, 230-232
Parabolic rate constant, 46, 47
Parametric yield, 250, 254-255
Pattern transfer, Integrated circuit, 70-71
PBS. see Poly-butene-1 sulfone (PBS)
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p-channel MOSFET (PMOS), 196, 197,
203-205, 208
p+ channel stop, 191-192
PCMs. see Process control monitors
(PCMs)
PECVD. see Plasma-enhanced chemical
vapor deposition (PECVD)
PGA. see Pin grid array (PGA)
P-glass flow process, 160, 196
Phase, 26-27
Phase diagram, 27
Phase-shifting mask (PSM), 72
Phosphorus
conventional annealing of, 134-135
diffusion profiles, 117, 118
Photolithography
defined, 60
etching and, 13-14
simulation, 81-52
Photomask, 60, 69, 73
Photoresist, 13, 60, 6770, 192. see also
Etch-resistant polymers
negative, 68-69, 75
positive, 67-65, 75
Physical etching, 92
Physical vapor deposition (PVD), 14,
167-168
Pin grid array (PGA), 231
Planar process, 7, 11-14
Plasma
diagnostics, 93
fundamentals of, 90-91
Plasma-assisted etching. see Dry ¢iching
Plasma-enhanced chemical vapor
deposition (PECVD), 42. 155, 156
Plasma etching
as process, 91-92
reactors, 93-94
PMMA. see Poly-methyl methacrylate
(PMMA)
PMOS. see p-channel MOSFET (PMOS)
p-n junction, 7, 14
Point defect, 34
Poisson distribution, 238
Poisson yield model, 251-252
Poly 1. see p+ polysilicon
Poly 2. see n+ polysilicon
Poly-butene-1 sulfone (PBS), 75
Polycide gate etching, 95-99
Polycide process, 175

Polycrystalline silicon (EGS), 18, 41, 144,
see also Polysilicon
Poly-glycidyl methacrylate-co-ethyl-
acrylate (COP), 75
Polymers, 68, 75
Poly-methyl methacrylate (PMMA), 75, 79
Polysilicon, 144
capacitor, 201
deposition, 165-167
electrode, 201
etching, 98-99
silicon nitride and, 88
Positive photoresist, 67-68, 75
Power limitations, 261-262
Power supply voltage, 259-260
p+ polysilicon, 194
gate, 208
Precipitates, 154
Predeposition diffused layer, 112
Pressure-by-temperature-by-flow rate, 248
Pressure-by-temperature interaction, 248
Primary flat, 31
Process control monitors (PCMs), 227
Process simulation, 218-222,
Profilometry, 54
Projected range (R ), 125
Projected straggle (o), 125
PROLITH, 81
Proximity effect, 75-76
PSM. see Phase-shifting mask (PSM)
p tub, 204-205
p-type impurity, 106
p-type silicon substrate, 211
p well. see p tub
PZT. see Lead zirconium titanate (PZT)

Quartzite, 18

Radio frequency (RF) heater, 24
RAM. see Random access memory (RAM)
Random access memory (RAM), 199
Range (R), 125
Rapid thermal annealing (RTA), 134,
135-136

Raster scan system, 74-75
Reactive ion beam etching, 90
Reactive ion etching (RIE), 90, 94-95, 173
Reactive plasma etching

applications, 97-101

techniques, 93-94
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Reactive reactor technology, 93
Reactor, 93

Rectifying metal-semiconduetor barriers,
144

Redistribution diffusion. see Drive-in
diffusion
Refilled trench, 205
Registration, 62
Resistance-heated oxidation furnace, 41
Resistivity, 113, 114
Resistors, 1585
Resolution
defined, 62
enhancement techniques, 72
Resonant tunneling diode (RTD), 5
Retrograde well. see Twin well
RIE. see Reactive ion etching (RIE)
- see Projected range (R )
RTA. see Rapid thermal annealing (RTA)
RTD. see Resonant tunneling diode (RTD)

Salicide, 176
Scanning focused-beam system, 80
Schottky barrier diode, 114
Screw dislocation, 33
Secondary flat, 31
Secondary mass spectroscopic (SIMS)
technique, 36, 114
Segregation coefficient
effective, 22-23
equilibrium, 30, 50
Self-aligned structure, 193-195
SEMC. see Single-electron memory cell
(SEMC)
SEMLI. see Semiconductor Equipment and
Materials Institute (SEMI)
Semiconductor
devices, 2-5
industries, 1
materials, 2
process technologies, 5-8
Semiconductor Equipment and Materials
Institute (SEMI), 32
Separation by implanted oxygen (SIMOX),
140, 193
Shadow printing, 62-63, 78
Shallow trench isolation, 207
Sheet resistance, 113-114 _
Shewhart control charts. se¢ Control charts
Shmoo plot. see Two-dimensional plot
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Silies. s Silicon dioxide (SiO,)
Silcsde, 144
formation, 261
metal, 175-177
Sificon crystal growth, 15-23
Silicon dioxide (SI0,), 2. 11-12, 4344,
144, 156
deposition methods, 157
diffusion constant for dopants in, 52
etching, 8788
of, 51-52

properties of, 157-159

Silicone float-zone process. see Float-zone

process
Silicon-on-insulator (SOI), 140
integration, 262
Silicon (Si), 2, 109
characteristics, 35-36
chemical vapor deposition (CVD) for,
145-147
compared with Gallium arsenide, 212
crystal 18
diffusion in, 117
, §6-87
nitride. 85, 144, 160-162
avidation, 41-59
tetrachloride (SiC1,), 145, 146
trench etching, 97-98
wafer, 33
SIMOX. see Separation by implanted
oxygen (SIMOX)
SIMS technique. see Secondary mass
spectroscopic (SIMS) technique
Simulation
depasition, 177
diffusion, 120-121
etch, 101-102
ion implantation, 140-141
oxidation, 54, 56-57
photolithography, 81-52
process, 218-222
Single-crystal silican etching, 88
Single-electron memory cell (SEMC), 5
SLS. see Strained-layer superlattice (SLS)
Small-scale integration (SSI), 184
SOC. see System-on-a-chip (SOC)
SOL see Silicon-on-insulator (SOI)
Source forming, 197
SPC. see Statistical process control (SPC)
Sputter-deposition rate, 167
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Sputtering, 168

SRAM. see Statie random aceess memory
(SRAM)

SSL see Small-scale integration (SS1)

Stacking fault, 34

Stanford University Process Engineering
Modeling (SUPREM) program, 56,
81, 101, 120, 177, 211, 218-222

Static random access memory (SRAM),
199, 201

Statistical experimental design, 242

Statistical process control (SPC), 237, 242

Step-and-repeat projection, 64, 65

Step coverage, 159-160

Strained-layer epitaxy, 152

Strained-layer superlattice (SLS), 153

Substrates defects, 153

Sums of squares, 244-245

Superlattice, 152

SUPREM. see Stanford University Process
Engineering Modeling (SUPREM)
program

Surface concentration, 113, 114, 116

Surface micromachining, 215

Surface-mount packages, 231

Surface orientation, 33

Surface wave—coupled plasma (SWP)
source, 95

SWP source, see Surface wave—coupled
plasma (SWP) source

System-on-a-chip (SOC), 262-264

TAB. see Tape-automated bonding (TAB)

Tape-automated bonding (TAB), 235

Taper, 32

Target, 127

TCP source. see Transformer-coupled
plasma (TCP) source

TED. see Transferred-electron diode
(TED)

Test statistic, 243

Thermal oxidation process, 42-50

Thermal oxide, 144, 194

Thermocompression technique, 233

Thermosonic bonding, 233

Thickness, 32

Thin oxide growth, 49-50

Throughput, 62

Thyristor, 2

Tilt-angle ion implantation, 138-139

Titanium nitride (TiIN), chemical vapor
deposition (CVD), 169
Trunsferred-electron diode (TED), 5
'[hmsl;;)snnarmupled plasma (TCP) source,
96

Transistors, bipolar, 159

Trench isolation, 8, 207

Trench type capacitor, 201

Trichlorosilane (SiHCL,), 18, 145

Tungsten, chemical vapor deposition
(CVD), 169

Twining, 34

Twins, 154

Twins defect, 34

Twin tub, 205

Twin well process, 206

Two-dimensional plot, 228

Two-level factorial design, 246-248

U-chart. see Defect density chart
(U-chart)

UCL. see Upper control limit (UCL)

ULSI. see Ultralarge-scale integration
(ULSI)

Ultralarge-scale integration (ULSI), 35-37,
95, 184

Ultrasonic bonding, 233

Ultrashallow junction formation, 261
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Ultrathin oxide, 261
Upper control limit (UGL), 237

Vacancy diffusion, 107, 108
Vacancy model of Fair, 120
Vapor-phase epitaxy (VPE), 145
Veetor scan system, 74-75
Vertical oxidation, 50

Volume defect, 35

VPE. see Vapor-phase epitaxy (VPE)

Wafer, 13, 183

shaping, 31-33

slicing and parameters, 32
Well formation technology, 206
Wet chemical etching, 85-86
Wet etching, 88
Wet oxidation, 42
Wire bonding, 232-233

X-ray lithography (XRL), 75-79
XRL. see X-ray lithography (XRL)

Yates algorithm, 248-249
Yield, 67, 226, 250

Zine diffusion, in Gallium arsenide, 117
Zone-refining technique, 25





