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TECHNOLOGY OVERVIEW

OBJECTIVES

e Provide an overview of the critical unit processes in semiconductor manu-
facturing.

e Describe the integration of such processes into sequences for fabricating
specific technology families.

INTRODUCTION

Planar fabrication technology is used extensively for integrated circuit manufac-
turing. In Section 1.2.1 we briefly described the major steps of a planar process.
We provide a more thorough description of these steps, as well as their integra-
tion for particular technology families, in this chapter. However, this treatment
is in no way intended to be comprehensive. More complete and detailed discus-
sions can be found in several other texts, such as Fundamentals of Semiconductor
Fabrication [1], for example.

2.1. UNIT PROCESSES

Chapter 1 provided an introduction to the key unit process steps in IC fabrication,
including oxidation, photolithography, etching, ion implantation, and metalliza-
tion. This was accomplished using the description of the process sequence used

Fundamentals of Semiconductor Manufacturing and Process Control,
By Gary S. May and Costas J. Spanos
Copyright © 2006 John Wiley & Sons, Inc.

25
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26 TECHNOLOGY OVERVIEW
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1
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Figure 2.1. Cross section of a MOSFET [1].

to fabricate a p—n junction. Here, we describe each of these steps, as well as
planarization, in more detail.

2.1.1. Oxidation

Many different kinds of thin films are used to fabricate discrete devices and inte-
grated circuits, including thermal oxides, dielectric layers, polycrystalline silicon,
and metal films. For example, a silicon n-channel MOSFET (Figure 2.1) uses all
four groups of films. An important oxide layer is the gate oxide, under which a
conducting channel can be formed between the source and the drain. A related
layer is the field oxide, which provides isolation from other devices. Both gate
and field oxides generally are grown by a thermal oxidation process because
only thermal oxidation can provide the highest-quality oxides having the lowest
interface trap densities.

Semiconductors can be oxidized by various methods, including thermal oxi-
dation, electrochemical anodization, and plasma-enhanced chemical vapor depo-
sition (PECVD; see Section 2.1.5). Among these, thermal oxidation is the most
important for silicon devices. It is a key process in modern silicon IC technol-
ogy. The basic thermal oxidation apparatus (shown in Figure 2.2) consists of a
resistance-heated furnace, a cylindrical fused-quartz tube containing the silicon
wafers held vertically in a slotted quartz boat, and a source of either pure dry
oxygen or pure water vapor. Oxidation temperature is generally in the range
of 900—-1200°C, and the typical gas flowrate is about 1 L/min. The oxidation
system uses microprocessors to regulate the gas flow sequence, to control the
automatic insertion and removal of silicon wafers, to ramp the temperature up
(i.e., to increase the furnace temperature linearly) from a low temperature to the
oxidation temperature, to maintain the oxidation temperature to within +1°C,
and to ramp the temperature down when oxidation is completed.
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UNIT PROCESSES 27
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Figure 2.2. Schematic of an oxidation furnace [1].

2.1.1.1. Growth Kinetics
The following chemical reactions describe the thermal oxidation of silicon in
oxygen (“dry” oxidation) and water vapor (“wet” oxidation), respectively:

Si(solid) + O;(gas) — SiO,(solid) 2.1)
Si(solid) + 2H,0(gas) — SiO;(solid) + 2H;(gas) (2.2)

The silicon—silicon dioxide interface moves into the silicon during the oxidation
process. This creates a new interface region, with surface contamination on the
original silicon ending up on the oxide surface. As a result of the densities and
molecular weights of silicon and silicon dioxide, growing an oxide of thickness
x consumes a layer of silicon 0.44x thick (Figure 2.3).

The kinetics of silicon oxidation can be described on the basis of the simple
model illustrated in Figure 2.4. A silicon slice contacts the oxidizing species (0xy-
gen or water vapor), resulting in a surface concentration of Cy molecules/cm? for
these species. The magnitude of Cy equals the equilibrium bulk concentration of
the species at the oxidation temperature. The equilibrium concentration generally
is proportional to the partial pressure of the oxidant adjacent to the oxide surface.

SiO, surface

Original Si surface -
SiOp F—————— Y L~

Silicon substrate

Figure 2.3. Movement of silicon-silicon dioxide interface during oxide growth [1].
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28 TECHNOLOGY OVERVIEW

Oxidant
> Oxide Semiconductor
C
d
Co
. CS
Fy Fy
x
0 d

Figure 2.4. Basic model for the thermal oxidation of silicon [1].

At 1000°C and a pressure of 1 atm, the concentration Cy is 5.2 x 10'® cm™ for
dry oxygen and 3 x 10" cm™ for water vapor.

The oxidizing species diffuses through the silicon dioxide layer, resulting in
a concentration C, at the surface of silicon. The flux F; can be written as

dC . D(Cy— Cy)
dx x
where D is the diffusion coefficient of the oxidizing species, and x is the thickness
of the oxide layer already present.

At the silicon surface, the oxidizing species reacts chemically with silicon.
Assuming the rate of reaction to be proportional to the concentration of the
species at the silicon surface, the flux F, is given by

Fi=D (2.3)

F> = kC, (2.4)

where k is the surface reaction rate constant for oxidation. At the steady state,
F), = F, = F. Combining Egs. (2.3) and (2.4) gives

DCy
F=—""9
x + (D/K)

The reaction of the oxidizing species with silicon forms silicon dioxide. Let C,
be the number of molecules of the oxidizing species in a unit volume of the
oxide. There are 2.2 x 10?2 silicon dioxide molecules/cm? in the oxide, and one
oxygen molecule (O;) is added to each silicon dioxide molecule, whereas we add
two water molecules (H,O) to each SiO, molecule. Therefore, C; for oxidation
in dry oxygen is 2.2 x 10?* cm™, and for oxidation in water vapor it is twice

2.5)
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UNIT PROCESSES 29

this number (4.4 x 10?2 cm™3). Thus, the growth rate of the oxide layer thickness
is given by

d F DCy/C

dx _F _ DCo/cr 2.6)

dt Ci x4+ (D/x)
This differential equation can be solved subject to the initial condition, x(0) = dj,
where d is the initial oxide thickness; dj can also be regarded as the thickness
of oxide layer grown in an earlier oxidation step. Solving Eq. (2.6) yields the
general relationship for the oxidation of silicon:

2D 2DC
xP4+ x = 0
K

t+7 2.7)
1
where 1t = (dg +2Ddy/x)C1/2DCy, which represents a time coordinate shift to
account for the initial oxide layer dj.

The oxide thickness after an oxidizing time ¢ is given by

D /] L2000+

= — 1 2.8
* K DC1 ( )
For small values of ¢, Eq. (2.8) reduces to
~ S (2.9)
X = — T .
Cy
and for larger values of ¢, it reduces to
2DC
x = %t +1) (2.10)
Cy

During the early stages of oxide growth, when surface reaction is the rate lim-
iting factor, the oxide thickness varies linearly with time. As the oxide layer
becomes thicker, the oxidant must diffuse through the oxide layer to react at the
silicon—silicon dioxide interface and the reaction becomes diffusion-limited. The
oxide growth then becomes proportional to the square root of the oxidizing time,
which results in a parabolic growth rate.

Equation (2.7) is often written in a more compact form

x>+ Ax = B(t + 1) (2.11)

where A =2D/k, B=2DCy/C; and B/A =«kCy/C;. Using this form, Eqgs.
(2.9) and (2.10) can be written as

B
= —(t 2.12
x A( +1 (2.12)
for the linear region and as
x2=B(I+1) (2.13)
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30 TECHNOLOGY OVERVIEW

for the parabolic region. For this reason, the term B/A is referred to as the linear
rate constant and B is the parabolic rate constant. Experimentally measured
results agree with the predictions of this model over a wide range of oxidation
conditions. For wet oxidation, the initial oxide thickness d; is very small, or
T = 0. However, for dry oxidation, the extrapolated value of dj at r = 0 is about
25 nm. Thus, the use of Eq. (2.11) for dry oxidation on bare silicon requires a
value for t that can be generated using this initial thickness. Table 2.1 lists the
values of the rate constants for wet oxidation of silicon, and Table 2.2 lists the
values for dry oxidation.

The temperature dependence of the linear rate constant B/A is shown in
Figure 2.5 for both dry and wet oxidation and for (111)- and (100)-oriented
silicon wafers [1]. The linear rate constant varies as exp (—E,/kT), where the
activation energy E, is about 2 eV for both dry and wet oxidation. This closely
agrees with the energy required to break silicon—silicon bonds, 1.83 eV/molecule.
Under a given oxidation condition, the linear rate constant depends on crystal
orientation. This is because the rate constant is related to the rate of incorpo-
ration of oxygen atoms into the silicon. The rate depends on the surface bond
structure of silicon atoms, making it orientation-dependent. Because the density
of available bonds on the (111) plane is higher than that on the (100) plane, the
linear rate constant for (111) silicon is larger.

Figure 2.6 shows the temperature dependence of the parabolic rate constant
B, which can also be described by exp(—E,/kT). The activation energy E, is
1.24 eV for dry oxidation. The comparable activation energy for oxygen dif-
fusion in fused silica is 1.18 eV. The corresponding value for wet oxidation,
0.71 eV, compares favorably with the value of 0.79 eV for the activation energy
of diffusion of water in fused silica. The parabolic rate constant is independent
of crystal orientation. This independence is expected because it is a measure of

Table 2.1. Rate constants for wet oxidation of silicon.

Temperature (°C) A (um) B (um?/h) T (h)

1200 0.05 0.72 0
1100 0.11 0.51 0
1000 0.226 0.287 0

920 0.5 0.203 0

Table 2.2. Rate constants for dry oxidation of silicon.

Temperature (°C) A (um) B (pum?/h) 1 (h)

1200 0.04 0.045 0.027

1100 0.09 0.027 0.076

1000 0.165 0.0117 0.37
920 0.235 0.0049 1.4
800 0.37 0.0011 9.0
700 — — 81.0
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Figure 2.5. Linear rate constant versus temperature [1].

the diffusion process of the oxidizing species through a random network layer of
amorphous silica.

Although oxides grown in dry oxygen have the best electrical properties,
considerably more time is required to grow the same oxide thickness at a given
temperature in dry oxygen than in water vapor. For relatively thin oxides such as
the gate oxide in a MOSFET (typically <20 nm), dry oxidation is used. However,
for thicker oxides such as field oxides (>20 nm) in MOS integrated circuits, and
for bipolar devices, oxidation in water vapor (or steam) is used to provide both
adequate isolation and passivation.

2.1.1.2. Thin Oxide Growth

Relatively slow growth rates must be used to reproducibly grow thin oxide films
of precise thickness. Approaches to achieve such slower growth rates include
growth in dry O, at atmospheric pressure and lower temperatures (800—900°C);
growth at pressures lower than atmospheric pressure; growth in a reduced partial
pressures of O, by using a diluent inert gas, such as Nj, Ar, or He, together with
the gas containing the oxidizing species; and the use of composite oxide films
with the gate oxide films consisting of a layer of thermally grown SiO, and an
overlayer of chemical vapor deposition (CVD) SiO,. However, the mainstream
approach for gate oxides 10—15 nm thick is to grow the oxide film at atmospheric
pressure and lower temperatures (800—900°C). With this approach, processing
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Figure 2.6. Parabolic rate constant versus temperature [1].

using modern vertical oxidation furnaces can grow reproducible, high-quality
10-nm oxides to within 0.1 nm across the wafer.

It was noted earlier that for dry oxidation, there is a rapid early growth that
gives rise to an initial oxide thickness d; of about 20 nm. Therefore, the simple
model given by Eq. (2.11) is not valid for dry oxidation with an oxide thickness
<20 nm. For ultra-large-scale integration, the ability to grow thin (5—20 nm), uni-
form, high-quality reproducible gate oxides has become increasingly important.

In the early stage of growth in dry oxidation, there is a large compressive stress
in the oxide layer that reduces the oxygen diffusion coefficient in the oxide. As
the oxide becomes thicker, the stress will be reduced due to the viscous flow of
silica and the diffusion coefficient will approach its stress-free value. Therefore,
for thin oxides, the value of D/k may be sufficiently small that we can neglect
the term Ax in Eq. (2.11) and obtain

x? — dy* = Bt (2.14)

where dj is equal to /2DCyt/C;, which is the initial oxide thickness when time
is extrapolated to zero, and B is the parabolic rate constant defined previously.
We therefore expect the initial growth in dry oxidation to follow a parabolic form.
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2.1.1.3. Oxide Quality

Oxides used for masking are usually grown by wet oxidation. A typical growth
cycle consists of a dry—wet—dry sequence. Most of the growth in such a sequence
occurs in the wet phase, since the SiO, growth rate is much higher when water
is used as the oxidant. Dry oxidation, however, results in a higher quality oxide
that is denser and has a higher breakdown voltage (5—-10 MV/cm). It is for these
reasons that the thin gate oxides in MOS devices (see Section 2.2) are usually
formed using dry oxidation.

MOS devices are also affected by charges in the oxide and traps at the
SiO,-Si interface. The basic classification of these traps and charges, shown
in Figure 2.7, are interface-trapped charge, fixed-oxide charge, oxide-trapped
charge, and mobile ionic charge. Interface-trapped charges (Q;,) are due to the
Si0,—Si interface properties and dependent on the chemical composition of this
interface. The traps are located at the SiO,—Si interface with energy states in
the silicon-forbidden bandgap. The fixed charge (Q ) is located within approx-
imately 3 nm of the SiO,-Si interface. Generally, Q is positive and depends
on oxidation and annealing conditions, as well as on the orientation of the sil-
icon substrate. Oxide-trapped charges (Q,,) are associated with defects in the
silicon dioxide. These charges can be created, for example, by X-ray radiation
or high-energy electron bombardment. Mobile ionic charges (Q,,), which result
from contamination from sodium or other alkali ions, are mobile within the oxide
under raised-temperatures (e.g., >100°C) and high-electric-field operations. Trace
contamination by alkali metal ions may cause stability problems in semiconductor
devices operated under high-bias and high-temperature conditions. Under these
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Figure 2.7. Description of charges associated with thermal oxides [1].
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conditions mobile ionic charges can move back and forth through the oxide layer
and cause threshold voltage shifts. Therefore, special attention must be paid to
the elimination of mobile ions in device fabrication.

2.1.2. Photolithography

Photolithography is the process of transferring patterns of geometric shapes on a
mask to a thin layer of photosensitive material (called photoresist) covering the
surface of a semiconductor wafer. These patterns define the various regions in an
integrated circuit, such as the implantation regions, the contact windows, and the
bonding pad areas. The resist patterns defined by the lithographic process are not
permanent elements of the final device, but only replicas of circuit features. To
produce circuit features, these resist patterns must be transferred once more into
the underlying layers of the device. Pattern transfer is accomplished by an etching
process that selectively removes unmasked portions of a layer (see Section 2.1.4).

Photolithography requires a clean processing room. The need for a cleanroom
arises because dust particles in the air can settle on semiconductor wafers or
lithographic masks and cause defects that result in circuit failure. For example,
a dust particle on a semiconductor surface can disrupt the growth of an epitaxial
film, causing the formation of dislocations. A dust particle incorporated into a
gate oxide can result in enhanced conductivity and cause device failure due to
low breakdown voltage. The situation is even more critical in photolithography.
When dust particles adhere to the surface of a photomask, they behave as opaque
patterns on the mask, and these patterns will be transferred to the underlying
layer along with the circuit patterns on the mask. Figure 2.8 shows three dust
particles on a photomask. Particle 1 may result in the formation of a pinhole
in the underlying layer. Particle 2 is located near a pattern edge and may cause

—
1 Dust
~<— particles

Features
on —>

mask
3 '

Figure 2.8. Various ways in which particles can interfere with photomask patterns [1].
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a constriction of current flow in a metal runner. Particle 3 can lead to a short
circuit between the two conducting regions and render the circuit useless.

In a cleanroom, the total number of dust particles per unit volume must be
tightly controlled along with the temperature and humidity. There are two sys-
tems to define the classes of cleanroom. For the English system, the numerical
designation of the class is taken from the maximum allowable number of parti-
cles 0.5 wm and larger per cubic foot of air. For the metric system, the class is
taken from the logarithm (base 10) of the maximum allowable number of particles
0.5 pm and larger, per cubic meter. For example, a class 100 cleanroom (English
system) has a dust count of 100 particles/ft® with particle diameters of 0.5 um
and larger, whereas a class M 3.5 cleanroom (metric system) has a dust count of
10*> or about 3500 particles/m® with particle diameters of 0.5 pm or larger.

Since the number of dust particles increases as particle size decreases, more
stringent control of the cleanroom environment is required as the minimum fea-
ture lengths of ICs are reduced. For most IC fabrication areas, a class 100
cleanroom is required; that is, the dust count must be about four orders of mag-
nitude lower than that of ordinary room air. However, for photolithography, a
class 10 cleanroom or one with a lower dust count is required.

2.1.2.1. Exposure Tools

The pattern transfer process is accomplished by using a lithographic exposure
tool. The performance of an exposure tool is determined by resolution, registra-
tion, and throughput. Resolution is the minimum feature dimension that can be
transferred with high fidelity to a resist film on a semiconductor wafer. Registra-
tion is a measure of how accurately patterns on successive masks can be aligned
(or overlaid) with respect to previously defined patterns on the wafer. Throughput
is the number of wafers that can be exposed per unit time for a given mask level.

There are two primary optical exposure methods: shadow printing and projec-
tion printing. Shadow printing may have the mask and wafer in direct contact with
one another (as in contact printing), or in close proximity (as in proximity print-
ing). Figure 2.9a shows a basic setup for contact printing where a resist-coated
wafer is brought into physical contact with a mask, and the resist is exposed by
a nearly collimated beam of ultraviolet light through the back of the mask for a
fixed time. The intimate contact between the resist and mask provides a resolu-
tion of ~1 pwm. However, contact printing suffers from one major drawback—a
dust particle on the wafer can be embedded into the mask when the mask makes
contact with the wafer. The embedded particle causes permanent damage to the
mask and results in defects in the wafer with each succeeding exposure.

To minimize mask damage, the proximity exposure method is used. Figure 2.9b
shows the basic setup, which is similar to contact printing except that there is a small
gap (10—50 pm) between the wafer and the mask during exposure. The small gap,
however, results in optical diffraction at feature edges on the photomask; that is,
when light passes by the edges of an opaque mask feature, fringes are formed and
some light penetrates into the shadow region. As a result, resolution is degraded to
the 2—5-pm range.
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Figure 2.9. Optical shadow printing techniques: (a) contact printing; (b) proximity printing [1].

In shadow printing, the minimum linewidth, or critical dimension (CD), that
can be printed is approximately

CD = /ng (2.15)

where \ is the wavelength of the exposure radiation and g is the gap between
the mask and the wafer and includes the thickness of the resist. For X = 0.4 um
and g = 50 wm, the CD is 4.5 pm. If we reduce \ to 0.25 pm (a wavelength
range of 0.2—0.3 pm is in the deep-UV spectral region) and g to 15 pwm, the CD
becomes 2 pm. Thus, there is an advantage in reducing both A and g. However,
for a given distance g, any dust particle with a diameter larger than g potentially
can cause mask damage.

To avoid the mask damage problem associated with shadow printing, projec-
tion printing tools have been developed to project an image of the mask patterns
onto a resist-coated wafer many centimeters away from the mask. To increase res-
olution, only a small portion of the mask is exposed at a time. The small image
area is scanned or stepped over the wafer to cover the entire wafer surface.
Figure 2.10a shows a 1:1 wafer scan projection system. A narrow, arc-shaped
image field ~1 mm in width serially transfers the slit image of the mask onto
the wafer. The image size on the wafer is the same as that on the mask.

The small image field can also be stepped over the surface of the wafer by two-
dimensional translations of the wafer only, whereas the mark remains stationary.
After the exposure of one chip site, the wafer is moved to the next chip site and
the process is repeated. Figures 2.10b and 2.10c show the partitioning of the wafer
image by step-and-repeat projection with a ratio of 1:1 or at a demagnification
ratio M : 1 (e.g., 10:1 for a 10 times reduction on the wafer), respectively. The
1:1 optical systems are easier to design and fabricate than a 10:1 or a 5:1
reduction system, but it is much more difficult to produce defect-free masks at
1:1thanitis ata 10:1 or a 5:1 demagnification ratio.
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(c) (d)

Figure 2.10. Image partitioning techniques for projection printing: (a) annual field wafer scan;
(b) 1:1 step-and-repeat; (c) M : 1 step-and-repeat; and (d) M : 1 step-and-scan [1].

Reduction projection lithography can also print larger wafers without redesign-
ing the stepper lens, as long as the field size (i.e., the exposure area onto
the wafer) of the lens is large enough to contain one or more ICs. When the
chip size exceeds the field size of the lens, further partitioning of the image
on the reticle is necessary. In Figure 2.10d, the image field on the reticle can
be a narrow, arc shape for M : 1 step-and-scan projection lithography. For the
step-and-scan system, we have two-dimensional translations of the wafer with
speed v, and one-dimensional translation of the mask with M times that of the
wafer speed.

The resolution of a projection system is given by

A
Ly =ki— 2.16
m 1NA ( )

where k; is a process-dependent factor and NA is the numerical aperture, which
is given by
NA =nsinf (2.17)

where 7 is the index of refraction in the image medium (usually air, where 7 = 1)
and 0 is the half-angle of the cone of light converging to a point image at the
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Figure 2.11. lllustration of DoF [1].

wafer, as shown in Figure 2.11. Also shown in the figure is the depth of focus
(DoF), which can be expressed as
+,/2 £l /2 N
DoF = ~ - = Ky
tan O sin O (NA)?2

(2.18)

where k; is another process-dependent factor.

Equation (2.16) indicates that resolution can be improved (i.e., smaller /,,)
by either reducing the wavelength, increasing NA, or both. However, Eq. (2.18)
indicates that the DoF degrades much more rapidly by increasing NA than by
decreasing \. This explains the trend toward shorter-wavelength sources in optical
lithography.

2.1.2.2. Masks

Masks used for semiconductor manufacturing are usually reduction reticles. The
first step in maskmaking is to use a computer-aided design (CAD) system in
which designers can completely describe the circuit patterns electrically. The
digital data produced by the CAD system then drive a pattern generator, which
is an electron-beam lithographic system (see Section 2.1.2.5) that transfers the
patterns directly to electron-sensitized mask. The mask consists of a fused-
silica substrate covered with a chrominum layer. The circuit pattern is first
transferred to the electron-sensitized layer (electron resist), which is transferred
once more into the underlying chrominum layer for the finished mask. The
patterns on a mask represent one level of an IC design. The composite lay-
out is broken into mask levels that correspond to the manufacturing process
sequence, such as the isolation region on one level, the gate region on another,
and so on. Typically, 15-20 different mask levels are required for a complete IC
process cycle.

The standard-size mask substrate is a fused-silica plate 15 x 15 cm square,
0.6 cm thick. This size is needed to accommodate the lens field sizes for 4:1 or
5:1 optical exposure tools, whereas the thickness is required to minimize pattern
placement errors due to substrate distortion. The fused-silica plate is needed
for its low coefficient of thermal expansion, its high transmission at shorter
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Figure 2.12. A typical IC photomask [1].

wavelengths, and its mechanical strength. Figure 2.12 shows a mask on which
patterns of geometric shapes have been formed. A few secondary-chip sites, used
for process evaluation, are also included in the mask.

One of the major concerns about masks is the defect density. Mask defects
can be introduced during the manufacture of the mask or during subsequent
lithographic processes. Even a small mask defect density has a profound effect
on the final IC yield. Yield is defined as the ratio of good chips per wafer to the
total number of chips per wafer (see Chapter 5). Inspection and cleaning of masks
are important to achieve high yields on large chips. An ultraclean processing area
is mandatory for photolithographic processing.

2.1.2.3. Photoresist

Photoresist is a radiation-sensitive compound that can be classified as positive
or negative, depending on how they respond to radiation. For positive resists, the
exposed regions become more soluble and thus more easily removed in the devel-
opment process. The result is that the patterns formed in the positive resist are the
same as those on the mask. Positive photoresists consist of three components: a
photosensitive compound, a base resin, and an organic solvent. Prior to exposure,
the photosensitive compound is insoluble in the developer solution. After expo-
sure, the photosensitive compound absorbs radiation in the exposed pattern areas,
changes its chemical structure, and becomes soluble in the developer solution.
After development, the exposed areas are removed.
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With negative resists, exposed regions become less soluble, and the patterns
formed in the negative resist are the reverse of the mask patterns. Negative
photoresists are polymers combined with a photosensitive compound. After expo-
sure, the photosensitive compound absorbs the optical energy and converts it into
chemical energy to initiate a polymer crosslinking reaction. This reaction causes
crosslinking of the polymer molecules. The crosslinked polymer has a higher
molecular weight and becomes insoluble in the developer solution. After devel-
opment, the unexposed areas are removed. One major drawback of a negative
photoresist is that in the development process, the whole resist mass swells by
absorbing developer solvent. This swelling action limits the resolution of negative
photoresists.

Figure 2.13a shows a typical exposure response curve and image cross section
for a positive resist. The response curve describes the percentage of resist remain-
ing after exposure and development versus the exposure energy. As the exposure
energy increases, the solubility gradually increases until at a threshold energy
E7, the resist becomes completely soluble. The sensitivity of a positive resist
is defined as the energy required to produce complete solubility in the exposed
region. Thus, E7 corresponds to the sensitivity. In addition to Er, a parameter v,
the contrast ratio, is defined to characterize the resist

= [m (E_l)] (2.19)

Negative resist

Resist remaining (%)

Exposure energy (m]/em®)

bbb bbb
® O\ /O
(a) )

Figure 2.13. Exposure response curve and cross section of resist image after development for
(a) positive photoresist and (b) negative photoresist [1].
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where E| is the energy obtained by drawing the tangent at E; to reach 100%
resist thickness, as shown in Figure 2.13a. A larger y implies a higher solubility
of the resist with an incremental increase of exposure energy and results in sharper
images.

The image cross section in Figure 2.13a illustrates the relationship between
the edges of a photomask image and the corresponding edges of the resist images
after development. The edges of the resist image are generally not at the vertically
projected positions of the mask edges because of diffraction. The edge of the resist
image corresponds to the position where the total absorbed optical energy equals
the threshold energy E7.

Figure 2.13b shows the exposure response curve and image cross section for
a negative resist. The negative resist remains completely soluble in the developer
solution for exposure energies lower than Er. Above Ep, more of the resist film
remains after development. At exposure energies twice the threshold energy, the
resist film becomes essentially insoluble in the developer. The sensitivity of a
negative resist is defined as the energy required to retain 50% of the original resist
film thickness in the exposed region. The parameter y is defined similarly to y
in Eq. (2.19), except that E; and Ey are interchanged. The image cross section
for the negative resist (Figure 2.13b) is also influenced by the diffraction effect.

2.1.2.4. Pattern Transfer

Figure 2.14 illustrates the steps to transfer IC patterns from a mask to a silicon
wafer that has an insulating SiO; layer formed on its surface. The wafer is placed
in a cleanroom, which typically is illuminated with yellow light (since photore-
sists are not sensitive to wavelengths greater than 0.5 pwm). To ensure satisfactory
adhesion of the resist, adhesion promoter is then applied. The most common
adhesion promoter for silicon ICs is hexamethylene—disiloxane (HMDS). After
the application of this adhesion layer, the wafer is held on a vacuum spindle,
and liquidous resist is applied to the center of wafer. The wafer is then rapidly
accelerated up to a constant rotational speed, which is maintained for about 30 s.
Spin speed is generally in the range of 1000—10,000 rpm [revolutions per minute
(r/min)] to coat a uniform film about 0.5—1 pwm thick, as shown in Figure 2.14a.
The thickness of photoresist is correlated with its viscosity.

After spinning, the wafer is “soft-baked” (typically at 90—120°C for 60—120 s)
to remove solvent from the photoresist and to increase resist adhesion to the
wafer. The wafer is aligned with respect to the mask in an optical lithographic
system, and the resist is exposed to ultraviolet light, as shown in Figure 2.14b.
If a positive photoresist is used, the exposed resist is dissolved in the developer,
as shown on the left side of Figure 2.14c. Photoresist development is usually
done by flooding the wafer with the developer solution. The wafer is then rinsed
and dried. After development, “postbaking” at approximately 100—180°C may
be required to increase the adhesion of the resist to the substrate. The wafer is
then put in an ambient that etches the exposed insulation layer but does not attack
the resist, as shown in Figure 2.14d. Finally, the resist is stripped (using solvents
or plasma oxidation), leaving behind an insulator image that is the same as the
opaque image on the mask (left side of Figure 2.14e). For negative photoresist,
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Figure 2.14. Photolithographic pattern transfer process: (a) photoresist application; (b) expo-
sure; (c) development; (d) etching; (e) resist stripping [1].

the procedures described are also applicable, except that the unexposed areas are
removed. The final insulator image (right side of Figure 2.14e) is the reverse of
the opaque image on the mask.

The insulator image can be used as a mask for subsequent processing. For
example, ion implantation (Section 2.1.3) can be done to dope the exposed
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semiconductor region, but not the area covered by the insulator. The dopant
pattern is a duplicate of the design pattern on the photomask for a negative
photoresist or is its complementary pattern for a positive photoresist. The com-
plete circuit is fabricated by aligning the next mask in the sequence to the previous
pattern and repeating the lithographic transfer process.

2.1.2.5. E-Beam Lithography
Optical lithography is so widely used because it has high throughput, good reso-
lution, low cost, and ease of operation. However, due to deep-submicrometer IC
process requirements, optical lithography has some limitations that have not yet
been solved. Although we can use PSM or OPC to extend its useful lifespan, the
complexity of mask production and mask inspection cannot be easily resolved. In
addition, the cost of the masks is very high. Therefore, we need to find alternatives
to optical lithography to process deep-submicrometer or nanometer ICs.
Electron-beam (or e-beam) lithography is used primarily to produce pho-
tomasks. Relatively few tools are dedicated to direct exposure of the resist by
a focused electron beam without a mask. Figure 2.15 shows a schematic of an
e-beam lithography system. The electron gun is a device that can generate a beam
of electrons with a suitable current density. A tungsten thermionic emission cath-
ode or single-crystal lanthanum hexaboride (LaBg) is used for the electron gun.
Condenser lenses are used to focus the electron beam to a spot size 10—-25 nm
in diameter. Beam blanking plates that turn the electron beam on and off, and
beam deflection coils are computer-controlled and operated at MHz or higher

Electron gun

Pattern {Z| |X; Alignment coil
generator i L
m N<— First condenser
lens
I |— Blanking plates
Computer
control
M %— Second condenser
lens

~<—— Limiting aperture

< Final lens, coils

|- Electron resist
— Substrate

~

[~Mechanical stage

Figure 2.15. E-beam lithography system [1].
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rates to direct the focused electron beam to any location in the scan field on
the substrate. Because the scan field (typically 1 cm) is much smaller than the
substrate diameter, a precision mechanical stage is used to position the substrate
to be patterned.

The advantages of electron-beam lithography include the generation of submi-
crometer resist geometries, highly automated and precisely controlled operation,
depth of focus greater than that available from optical lithography, and direct
patterning on a semiconductor wafer without using a mask. The disadvantage is
that electron-beam lithographic machines have low throughput—approximately
10 wafers per hour at less than 0.25 pm resolution. This throughput is adequate
for the production of photomasks, for situations that require small numbers of
custom circuits, and for design verification. However, for maskless direct writing,
the machine must have the highest possible throughput, and therefore, the largest
beam diameter possible consistent with the minimum device dimensions.

There are two ways to scan the focused electron beam: raster scan and vector
scan. In a raster scan system, resist patterns are written by a beam that moves
through a regular mode, vertically oriented, as shown in Figure 2.16a. The beam
scans sequentially over every possible location on the mask and is blanked (turned
off) where no exposure is required. All patterns on the area to be written must be
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Figure 2.16. (a) Raster scan and (b) vector scan systems [1].
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subdivided into individual addresses, and a given pattern must have a minimum
incremental interval that is evenly divisible by the beam address size. In the vector
scan system (Figure 2.16b), the beam is directed only to the requested pattern
features and jumps from feature to feature, rather than scanning the whole chip,
as in raster scan. For many chips, the average exposed region is only 20% of the
chip area, which saves time.

Electron resists are polymers. The behavior of an e-beam resist is similar to
that of a photoresist; that is, a chemical or physical change is induced in the
resist by irradiation. This change allows the resist to be patterned. For a posi-
tive electron resist, the polymer—electron interaction causes chemical bonds to
be broken (chain scission) to form shorter molecular fragments. As a result, the
molecular weight is reduced in the irradiated area, which can be dissolved sub-
sequently in a developer solution that attacks the low-molecular-weight material.
Common positive electron resists include poly(methyl methacrylate) (PMMA)
and poly(butene-1 sulfone) (PBS). Positive electron resists can achieve resolu-
tion of 0.1 wm or better. For a negative electron resist, the irradiation causes
radiation-induced polymer linking. The crosslinking creates a complex three-
dimensional structure with a molecular weight higher than that of the nonirradi-
ated polymer. The nonirradiated resist can be dissolved in a developer solution
that does not attack the high-molecular-weight material. Polyglycidylmethacry-
late—coethylacrylate (COP) is a common negative electron resist. COP, like most
negative photoresists, also swells during development, so the resolution is limited
to about 1 pm.

While resolution is limited by diffraction of light in optical lithography,
in e-beam lithography, the resolution is not impacted by diffraction (because
the wavelengths associated with electrons of a few keV and higher energies
are less than 0.1 nm), but by electron scattering. When electrons penetrate the
resist and underlying substrate, they undergo collisions. These collisions lead
to energy losses and path changes. The incident electrons spread out as they
travel until either all of their energy is lost or they leave the material because of
backscattering. Because of backscattering, electrons can irradiate regions several
micrometers away from the center of the exposure beam. Since the dose of a
resist is the sum of the irradiations from all surrounding areas, the electron-beam
irradiation at one location will affect the irradiation in neighboring locations. This
phenomenon is called the proximity effect. The proximity effect places a limit
on the minimum spacings between pattern features. To correct for the proxim-
ity effect, patterns are divided into smaller segments. The incident electron dose
in each segment is adjusted so that the integrated dose from all its neighbor-
ing segments is the correct exposure dose. This approach further decreases the
throughput of the electron-beam system, because of the additional computer time
required to expose the subdivided resist patterns.

2.1.2.6. X-Ray Lithography
X-ray lithography (XRL) is a potential candidate to succeed optical lithography
for the fabrication of integrated circuits with feature sizes less than 100 nm. XRL
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Figure 2.17. Schematic of x-ray lithography system.

uses a shadow printing method similar to optical proximity printing. Figure 2.17
shows a schematic of an XRL system. The X-ray wavelength is about 1 nm, and
the printing is through a 1x mask in close proximity (10—40 pwm) to the wafer.
Since X-ray absorption depends on the atomic number of the material and most
materials have low transparency at X = 1 nm, the mask substrate must be a thin
membrane (1-2 pm thick) made of low-atomic-number material, such as silicon
carbide or silicon. The pattern itself is defined in a thin (~0.5 pm), relatively
high-atomic-number material, such as tantalum, tungsten, gold, or one of their
alloys, which is supported by the thin membrane.

Masks are the most difficult and critical element of an XRL system, and the
construction of an X-ray mask is much more complicated than that of an optical
photomask. To avoid absorption of the X rays between the source and mask,
the exposure generally takes place in a helium environment. The X rays are
produced in a vacuum, which is separated from the helium by a thin vacuum
window (usually of beryllium). The mask substrate will absorb 25-35% of the
incident flux and must therefore be cooled. An X-ray resist 1 pwm thick will
absorb about 10% of the incident flux, and there are no reflections from the
substrate to create standing waves, so antireflection coatings are unnecessary.

Electron-beam resists can be used as X-ray resists because when an X ray is
absorbed by an atom, the atom goes to an excited state with the emission of an
electron. The excited atom returns to its ground state by emitting an X ray having
a wavelength different from that of the incident X ray. This X ray is absorbed
by another atom, and the process repeats. Since all the processes result in the
emission of electrons, a resist film under X-ray irradiation is equivalent to one
being irradiated by a large number of secondary electrons from any of the other
processes.
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2.1.3. Etching

As discussed in Section 2.1.2, photolithography is the process of transferring
patterns to photoresist covering the surface of a semiconductor wafer. To pro-
duce circuit features, these resist patterns must be transferred into the underlying
layers of the device. Pattern transfer is accomplished by an etching process that
selectively removes unmasked portions of a layer.

2.1.3.1. Wet Chemical Etching

Wet chemical etching is used extensively in semiconductor processing. Prior to
thermal oxidation (Section 2.1.1) or epitaxial growth (Section 2.1.5), semicon-
ductor wafers are chemically cleaned to remove contamination that results from
handling and storing. Wet chemical etching is especially suitable for blanket
etches (i.e., over the whole wafer surface) of polysilicon, oxide, nitride, metals,
and [II-V compounds.

The mechanisms for wet chemical etching involve three essential steps, as
illustrated in Figure 2.18; the reactants are transported by diffusion to the reacting
surface, chemical reactions occur at the surface, and the products from the surface
are removed by diffusion. Both agitation and the temperature of the etchant
solution will influence the etch rate, which is the amount of film removed by
etching per unit time. In IC processing, most wet chemical etches proceed by
immersing the wafers in a chemical solution or by spraying the wafers with
the etchant solution. For immersion etching, the wafer is immersed in the etch
solution, and mechanical agitation is usually required to ensure etch uniformity
and a consistent etch rate. Spray etching has gradually replaced immersion etching

’_\N\/\/—\/-\/\A

(1) Reactants (1) Products

(2) Reaction
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Figure 2.18. Basic mechanisms in wet chemical etching [1].
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because it greatly increases the etch rate and uniformity by constantly supplying
fresh etchant to the wafer surface.

In semiconductor production lines, highly uniform etch rates are important.
Etch rates must be uniform across a wafer, from wafer to wafer, from run to run,
and for any variations in feature sizes and pattern densities. Etch rate uniformity
is given by

(max. etch rate — min. etch rate)

Etch rate uniformity (%) = - x 100% (2.20)
max. etch rate + min. etch rate

2.1.3.2. Dry Etching

In pattern transfer operations, a resist pattern is defined by a photolithographic
process to serve as a mask for etching of its underlying layer (Figure 2.19a). Most
of the layer materials (e.g., SiO, Si3Ny4, and deposited metals) are amorphous
or polycrystalline thin films. If they are etched in a wet etchant, the etch rate

Resist
(mask

Insulator ——-
film

Semiconductor

(a)

>

> e
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(©

Figure 2.19. Comparison between wet and dry etching: (a) resist pattern; (b) isotropic etching;
(c) anisotropic etching [1].
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is generally isotropic (i.e., the lateral and vertical etch rates are the same), as
illustrated in Figure 2.19b. If Ay is the thickness of the layer material and / the
lateral distance etched underneath the resist mask, we can define the degree of
anisotropy (As) by

—1- @2.21)

where ¢ is time and R; and R, are the lateral and vertical etch rates, respectively.
For isotropic etching, Ry = R, and Ay = 0.

The major disadvantage of wet etching in pattern transfer is the undercutting
of the layer underneath the mask, resulting in a loss of resolution in the etched
pattern. In practice, for isotropic etching, the film thickness should be about one-
third or less of the resolution required. If patterns are required with resolutions
much smaller than the film thickness, anisotropic etching (i.e., 1 > Ay > 0) must
be used. In practice, the value of Ay is chosen to be close to unity. Figure 2.19¢
shows the limiting case where Ay = 1, corresponding to / = 0 (or R; = 0).

To achieve a high-fidelity transfer of the resist patterns required for ultra-large-
scale integration (ULSI) processing, dry etching methods have been developed.
Dry etching is synonymous with plasma-assisted etching, which denotes several
techniques that use plasma in the form of low-pressure discharges. Dry-etch meth-
ods include plasma etching, reactive-ion etching (RIE), sputter etching, magneti-
cally enhanced RIE (MERIE), reactive-ion-beam etching, and high-density plasma
(HDP) etching.

A plasma is a fully or partially ionized gas composed of equal numbers of
positive and negative charges and a different number of un-ionized molecules.
Plasma is produced when an electric field of sufficient magnitude is applied to a
gas, causing the gas to break down and become ionized. The plasma is initiated
by free electrons that are released by some means, such as field emission from
a negatively biased electrode. The free electrons gain kinetic energy from the
electric field. In the course of their travel through the gas, the electrons collide
with gas molecules and lose their energy. The energy transferred in the collision
causes the gas molecules to be ionized (i.e., to free electrons). The free electrons
gain kinetic energy from the field, and the process continues. Therefore, when
the applied voltage is larger than the breakdown potential, a sustained plasma is
formed throughout the reaction chamber.

Plasma etching is a process in which a solid film is removed by a chem-
ical reaction with ground-state or excited-state neutral species. The process is
often enhanced or induced by energetic ions generated in a gaseous discharge.
Plasma etching proceeds in five steps, as illustrated in Figure 2.20: (1) the etchant
species is generated in the plasma, (2) the reactant is then transported by diffu-
sion through a stagnant gas layer to the surface, (3) the reactant is adsorbed
on the surface, (4) a chemical reaction (along with physical effects such as ion
bombardment) follows to form volatile compounds, and (5) the compounds are
desorbed from the surface, diffused into the bulk gas, and pumped out by the
vacuum system.
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Figure 2.20. Basic steps in dry etching [1].

Plasma etching is based on the generation of plasma in a gas at low pressure.
Two basic methods are used: physical methods and chemical methods. The for-
mer includes sputter etching, and the latter includes pure chemical etching. In
physical etching, positive ions bombard the surface at high speed; small amounts
of negative ions formed in the plasma cannot reach the wafer surface and there-
fore play no direct role in plasma etching. In chemical etching, neutral reactive
species generated by the plasma interact with the material surface to form volatile
products. Chemical and physical etch mechanisms have different characteristics.
Chemical etching exhibits a high etch rate, and good selectivity (i.e., the ratio of
etch rates for different materials) produces low ion bombardment—induced dam-
age but yields isotropic profiles. Physical etching can yield anisotropic profiles,
but it is associated with low etch selectivity and severe bombardment-induced
damage. Combinations of chemical and physical etching give anisotropic etch
profiles, reasonably good selectivity, and moderate bombardment-induced dam-
age. An example is reactive-ion etching (RIE), which uses a physical method to
assist chemical etching or creates reactive ions to participate in chemical etching.

Plasma reactor technology in the IC industry has changed dramatically since
the first application of plasma processing to photoresist stripping. A reactor
for plasma etching contains a vacuum chamber, pump system, power supply
generators, pressure sensors, gas flow control units, and endpoint detector (see
Chapter 3). Each etch tool is designed empirically and uses a particular com-
bination of pressure, electrode configuration and type, and source frequency to
control the two primary etch mechanisms—chemical and physical. Higher etch
rates and tool automation are required for most etchers used in manufacturing.
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Figure 2.21. Typical reactive-ion etching system.

RIE has been extensively used in the microelectronic industry. In a parallel-
plate diode system (Figure 2.21), a radio frequency (RF), capacitively coupled
bottom electrode holds the wafer. This allows the grounded electrode to have
a significantly larger area because it is, in fact, the chamber itself. The larger
grounded area combined with the lower operating pressure (<500 mTorr) causes
the wafers to be subjected to a heavy bombardment of energetic ions from the
plasma as a result of the large, negative self-bias at the wafer surface. The
etch selectivity of this system is relatively low compared with traditional barrel
etch systems because of strong physical sputtering. However, selectivity can be
improved by choosing the proper etch chemistry.

2.1.4. Doping

Impurity doping is the introduction of controlled amounts of impurities into semi-
conductors to change their electrical properties. Diffusion and ion implantation
are the two key methods of impurity doping. Both diffusion and ion implantation
are used for fabricating discrete devices and integrated circuits because these
processes generally complement each other. For example, diffusion is used to
form a deep junction (e.g., a twin well in CMOS), whereas ion implantation is
used to form a shallow junction (e.g., a source—drain junction of a MOSFET).
Until the early 1970s, impurity doping was performed by diffusion at elevated
temperatures, as shown in Figure 2.22a. In this method the dopant atoms are
placed on or near the surface of the wafer by deposition from the gas phase of
the dopant or by using doped-oxide sources. The doping concentration decreases
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Figure 2.22. (a) Diffusion and (b) ion implantation techniques for impurity doping [1].

monotonically from the surface, and the profile of the dopant distribution is
determined mainly by the temperature and the diffusion time. Since the 1970s,
doping operations have been performed chiefly by ion implantation, as shown in
Figure 2.22b. In this process the dopant ions are implanted into the semiconductor
by means of an ion beam. The doping concentration has a peak distribution inside
the semiconductor, and the profile of the dopant distribution is determined mainly
by the ion mass and the implanted ion energy.

2.1.4.1. Diffusion

Diffusion of impurities is accomplished by placing semiconductor wafers in a
carefully controlled, high-temperature quartz-tube furnace and passing a gas mix-
ture that contains the desired dopant through it. The number of dopant atoms
that diffuse into the semiconductor is related to the partial pressure of the dopant
impurity in the gas mixture. For diffusion in silicon, boron is the most popular
dopant for introducing a p-type impurity, whereas arsenic and phosphorus are
used extensively as n-type dopants. These dopants can be introduced in several
ways, including solid sources (e.g., BN for boron, As,O3 for arsenic, and P,Os
for phosphorus), liquid sources (BBr3, AsCls, and POCIl3), and gaseous sources
(B,Hg, AsHj, and PH3). However, liquid sources are most commonly used. A
schematic diagram of the furnace and gas flow arrangement for a liquid source
is shown in Figure 2.23. This arrangement is similar to that used for thermal
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Figure 2.23. Schematic of a diffusion system [1].

oxidation. An example of the chemical reaction for phosphorus diffusion using
a liquid source is
4POCl; + 30, — 2P,0s5 + 6Cl, 4 (2.22)

The P,0s is then reduced to phosphorus by silicon according to
2P,05 + 5Si — 4P + 5Si0, (2.23)

and the phosphorus is released and diffuses into the silicon, and Cl, is vented.

Diffusion in a semiconductor is the atomic movement of the diffusant (dopant
atoms) in the crystal lattice by vacancies or interstitials. The diffusion process is
similar to that of charge carriers (electrons and holes). Let a flux F be defined
as the number of dopant atoms passing through a unit area in a unit time and C
as the dopant concentration per unit volume. Then

aC

F=-D—
0x

(2.24)
where the proportionality constant D is the diffusion coefficient or diffusivity.
Note that the basic driving force of the diffusion process is the concentration
gradient dC/dx. The flux is proportional to the concentration gradient, and the
dopant atoms will move (diffuse) away from a high-concentration region toward
a lower-concentration region.

If Eq. (2.24) is substituted into the one-dimensional continuity equation under
the condition that no materials are formed or consumed in the host semiconductor,

the result is

oC oF 0 oC

— == —| D— (2.25)
ot 0x 0x 0x

When the concentration of the dopant atoms is low, the diffusion coefficient can

be considered to be independent of doping concentration, and Eq. (2.25) becomes

aC 9°C

Equation (2.26) is often referred to as Fick’s diffusion equation or Fick’s law.
Note that the diffusion coefficient varies with temperature. Over the temperature
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ranges commonly used in semiconductor manufacturing, the diffusion coefficient
can be expressed as

_Ea

where Dy is the diffusion coefficient in cm?/s extrapolated to infinite temperature
and E, is the activation energy in eV. The values of E, are typically found to
be between 0.5 and 2 eV for interstitial diffusion. For vacancy diffusion, E, is
much larger, usually between 3 and 5 eV.

The diffusion profile of the dopant atoms is dependent on the initial and
boundary conditions. There are two important cases to consider: (1) constant-
surface-concentration diffusion and (2) constant-total-dopant diffusion. In the first
case, impurity atoms are transported from a vapor source onto the semiconductor
surface and diffused into the semiconductor wafers. The vapor source maintains
a constant level of surface concentration during the entire diffusion period. In
the second case, a fixed amount of dopant is deposited onto the semiconductor
surface and is subsequently diffused into the wafers.

For case 1, the initial condition at t = 0 is

C(x,0) (2.28)

which indicates that the dopant concentration in the host semiconductor is initially
zero. The boundary conditions are

C0,1) =C; (2.29a)
C(oo, 1) =0 (2.29b)

where C; is the surface concentration (at x = 0), which is independent of time.
The second boundary condition states that at long distances from the surface
there are no impurity atoms.

The solution of Fick’s equation that satisfies the initial and boundary conditions is

C(x,1) = C; erfc ( (2.30)

X
2V/Di )
where erfc is the complementary error function and +/Dt is the diffusion length.
The diffusion profile for the constant surface concentration condition is shown in
Figure 2.24a, where, on both linear (upper) and logarithmic (lower) scales, the
normalized concentration as a function of depth for three values of the diffusion
length corresponding to three consecutive diffusion times and a fixed D for a
given diffusion temperature are plotted. Note that as the time progresses, the
dopant penetrates deeper into the semiconductor.

The total number of dopant atoms per unit area of the semiconductor is
given by

o) = /OO C(x, )dx 2.31)
0
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Figure 2.24. Diffusion profiles: (a) normalized erfc versus distance for successive diffusion
times; (b) normalized Gaussian function versus distance [1].

Substituting Eq. (2.30) into Eq. (2.31) yields

o) = iCS\/E >~ 1.13C,v/ Dt (2.32)
Ve
The quantity Q(t) represents the area under one of the diffusion profiles of the
linear plot in Figure 2.24a. These profiles can be approximated by triangles with
height C; and base 2+/Dt. This leads to Q(t) = C,+/Dt, which is close to the
exact result obtained from Eq. (2.32).

Now consider constant total dopant diffusion. For this case, a fixed (or con-
stant) amount of dopant is deposited onto the semiconductor surface in a thin
layer, and the dopant subsequently diffuses into the semiconductor. The initial
condition is the same as in Eq. (2.28). The boundary conditions are

/OO Clx,t)=S (2.33a)
0
C(oo, 1) =0 (2.33b)
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where S is the total amount of dopant per unit area. The solution of the diffusion
equation that satisfies these conditions is

S x2
C(x,t) = DT exp (—m> (2.34)

This expression is the Gaussian distribution. Since the dopant will move into
the semiconductor as time increases, in order to keep the total dopant S con-
stant, the surface concentration must decrease. This is the case, since the surface
concentration is given by Eq. (2.34) with x = 0:

Clx,1) = (2.35)

S
v Dt
Figure 2.24b shows the dopant profile for a Gaussian distribution where the
normalized concentration (C/S) as a function of the distance for three increasing
diffusion lengths is plotted. Note the reduction of the surface concentration as
the diffusion time increases.

In IC processing, a two-step diffusion process is commonly used, in
which a predeposition diffused layer is first formed under the constant-
surface-concentration condition (case 1, above). This step is followed by a
drive-in diffusion (also called redistribution diffusion) under constant total
dopant conditions. For most practical cases, the diffusion length /Dt for the
predeposition diffusion is much smaller than the diffusion length for the drive-in
diffusion. Therefore, the predeposition profile can be considered a delta function
at the surface, and the extent of the penetration of the predeposition profile can
be regarded as negligibly small compared with that of the final profile that results
from the drive-in step.

2.1.4.2. lon Implantation

As discussed above, diffusion and ion implantation are the two key methods
of impurity doping. Since the early 1970s, many doping operations have been
performed by ion implantation, which is shown in Figure 2.22b. In this process
the energetic dopant ions are implanted into the semiconductor by means of an ion
beam. The doping concentration has a peak distribution inside the semiconductor
and the profile of the dopant distribution is determined mainly by the ion mass
and energy.

Implantation energies are typically between 1 keV and 1 MeV, resulting in
ion distributions with average depths ranging from 10 nm to 10 pwm. Ion doses
vary from 10'? ions/cm? for threshold voltage adjustment in MOSFETs to 10'8
ions/cm? for the formation of buried insulating layer. Note that the dose is
expressed as the number of ions implanted into 1 cm? of the semiconductor
surface area. The main advantages of ion implantation are its more precise con-
trol and reproducibility of impurity dopings and its lower processing temperature
compared with those of the diffusion process.

Figure 2.25 shows schematically a medium-energy ion implantor. The ion
source has a heated filament to break up source gas, such as BF; or AsHj into
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Figure 2.25. Schematic of ion implantor [1].

charged ions (BT or As™). An extraction voltage (around 40 kV) causes the
charged ions to move out of the ion source chamber into a mass analyzer. The
magnetic field of the analyzer is chosen such that only ions with the desired
mass : charge ratio can travel through it without being filtered. The selected ions
then enter the acceleration tube, where they are accelerated to the implantation
energy as they move from high voltage to ground. Apertures ensure that the ion
beam is well collimated. The pressure in the implantor is kept below 10~* Pa
to minimize ion scattering by gas molecules. The ion beam is then scanned over
the wafer surface using electrostatic deflection plates and is implanted into the
semiconductor substrate.

The energetic ions lose their energies through collision with electrons and
nuclei in the substrate and finally come to rest at some depth within the lattice.
The average depth can be controlled by adjusting the acceleration energy. The
dopant dose can be controlled by monitoring the ion current during implantation.
The principal side effect is the disruption or damage of the semiconductor lattice
due to ion collisions. Therefore, a subsequent annealing treatment is needed to
remove these damages.

The total distance that an ion travels in coming to rest is called its range (R)
and is illustrated in Figure 2.26a. The projection of this distance along the axis
of incidence is called the projected range (R,). Because the number of collisions
per unit distance and the energy lost per collision are random variables, there
will be a spatial distribution of ions having the same mass and the same initial
energy. The statistical fluctuations in the projected range are called the projected
straggle (o,). There is also a statistical fluctuation along an axis perpendicular
to the axis of incidence, which is called the lateral straggle (o).

Figure 2.26b shows the ion distribution. Along the axis of incidence, the
implanted impurity profile can be approximated by a Gaussian distribution

function
S — R))?
n(x) = exp | - F = KoV (2.36)
20%

where S is the ion dose per unit area. This equation is similar to Eq. (2.34) for
constant total dopant diffusion, except that the quantity 4Dt is replaced by 205,
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Figure 2.26. (a) lon range and projected range; (b) two-dimensional distribution of implanted
ions [1].

and the distribution is shifted along the x axis by R,. Thus, for diffusion, the
maximum concentration is at x = 0, whereas for ion implantation the maximum
concentration is at the projected range. The ion concentration is reduced by 40%
from its peak value at (x — R,) = %0, by one decade at 20, by two decades
at £30,, and by five decades at +4.8c,.

2.1.5. Deposition

Many different types of thin films are used to manufacture integrated circuits,
including thermal oxides, dielectric layers, epitaxial layers, polycrystalline sili-
con, and metal films. This section addresses two of the various techniques for
depositing such films: physical vapor deposition and chemical vapor deposition.
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2.1.5.1. Physical Vapor Deposition

The most common methods of physical vapor deposition (PVD) of metals are
evaporation, electron-beam evaporation, plasma spray deposition, and sputtering.
Metals and metal compounds can be deposited by PVD. 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 radio frequency (RF) heating, or
with a focused electron beam (or e-beam). Evaporation and e-beam evaporation
were used extensively in earlier generations of integrated circuits, but they have
been replaced by sputtering for modern ICs.

In ion-beam sputtering, a source of ions is accelerated toward the target and
impinges on its surface. Figure 2.27a 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 deposition rate in sputtering is to use a third
electrode that provides more electrons for ionization. Another method is to use
a magnetic field, such as in electron cyclotron resonance (ECR) systems, to
capture and spiral electrons, increasing their ionizing efficiency in the vicinity
of the sputtering target. This technique, referred to as magnetron sputtering, has
found widespread applications 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 angular distri-
bution. Figure 2.27b 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 surface: (1) the use of a small target to substrate separation
d;s and (2) 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 properties when there
is substantial gas scattering. A solution to this problem is to sputter at very low

Target
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Figure 2.27. (a) Standard sputtering; (b) long-throw sputtering; (c) sputtering through a colli-
mator [1].
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pressures, a capability that has been developed using a variety of systems, which
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—substrate distance can be greatly
increased. From a simple geometric argument, this allows the angular distribu-
tion to be greatly narrowed, which permits more deposition at the bottom of
high-aspect features such as contact holes.

Contact holes with large aspect ratio are difficult to fill with material, mainly
because scattering events cause the top opening of the hole to seal before appre-
ciable 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 2.27¢c. Atoms whose trajectory is more than 5°
from normal are deposited on the inner surface of the collimators.

2.1.5.2. Chemical Vapor Deposition

Chemical vapor deposition (CVD), also known as vapor-phase epitaxy (VPE), is
a process whereby an epitaxial layer is formed by a chemical reaction between
gaseous compounds. CVD can be performed at atmospheric pressure (APCVD)
or at low pressure (LPCVD). Figure 2.28 shows three common susceptors for
epitaxial growth. Note that the geometric shape of the susceptor provides the
name for the reactor: horizontal, pancake, and barrel susceptors—all made from
graphite blocks. Susceptors in epitaxial reactors are analogous to crucibles in the
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Figure 2.28. Common susceptors for CVD: (a) horizontal; (b) pancake; (c) barrel [1].

Technoprobe Exhibit 2009, Page 50 of 51
FormFactor v. Technoprobe - IPR2024-00933



PROCESS INTEGRATION 61

crystal growing furnaces. Not only do they mechanically support the wafer, but in
induction-heated reactors, they also serve as the source of thermal energy for the
reaction. The mechanism of CVD involves a number of steps: (1) the reactants
(gases and dopants) are transported to the substrate region; (2) they are transferred
to the substrate surface, where they are adsorbed; (3) a chemical reaction occurs,
catalyzed at the surface, followed by growth of the epitaxial layer; (4) the gaseous
products are desorbed into the main gas stream; and (5) the reaction products are
transported out of the reaction chamber.

CVD is attractive for metallization because it offers coatings that are con-
formal, 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 Figure 1.14). Low-pressure CVD (LPCVD) is capable of
producing conformal step coverage over a wide range of topographical profiles,
often with lower electrical resistivity than that from PVD. One of the major new
applications of CVD metal deposition for integrated circuit production is in the
area of refractory metal deposition. For example, tungsten’s low electrical resis-
tivity (5.3 p2 - cm) and refractory nature make it a desirable metal for use in IC
fabrication.

2.1.6. Planarization

The development of chemical—mechanical polishing (CMP) has become impor-
tant for multilevel interconnection technology because it is the only method that
allows global planarization (i.e., a flat surface across the whole wafer). It also
offers other advantages, including reduced defect density and the avoidance of
plasma damage (which would occur in an RIE-based planarization system).

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 chemical 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. Mechanical grind-
ing alone may theoretically achieve the desired planarization, but is undesirable
because of extensive associated damage to the material surface. There are three
main parts of the process: (1) the surface to be polished; (2) the pad, which is the
key medium enabling the transfer of mechanical action to the surface being pol-
ished; and (3) the slurry, which provides both chemical and mechanical effects.
Figure 2.29 shows a typical CMP setup.

2.2. PROCESS INTEGRATION

An integrated circuit is an ensemble of active (e.g., transistors) and passive
devices (e.g., resistors, capacitors, and inductors) formed on and within a single-
crystal semiconductor substrate and interconnected by a metallization pattern.
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