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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are not
accepted. Papers may include reports of research as well as
reviews, because symposia may embrace both types of
presentation.
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PREFACE

E LECTRONIC MATERIALS PROCESSING is an intensely interdisciplinary field
that reaches beyond the traditional boundaries of electrical engineering,
materials science, physics, chemistry, and chemical engineering. The goal
of electronic materials processing is to design and control processes and
processing sequences in order to manufacture materials with specific char-
acteristics. Because chemicals are invariably the starting point for these
efforts, chemical engineers can play a pivotal role in achieving this goal.
Although processing requirements are quite different from those encoun-
tered in the chemical industry, chemical engineers can take advantage of
their background in chemical kinetics, reactor design, heat transfer, fluid
flow, and mass transfer to attack the problems that limit the production of
materials and devices. However, to effectively accomplish this task, chemical
engineers must broaden their knowledge base to include the electronic and
optical properties of materials.

Electronic materials encompass a wide variety of solids and their ap-
plications. Nevertheless, the area that has become synonymous with elec-
tronic materials is microelectronics. This situation has arisen because of the
rapid and pervasive development and growth of microelectronic devices or
integrated circuits (ICs). Although there are literally hundreds of individual
steps that compose the manufacture of an IC, essentially each one is a
chemical process. Thus, this book emphasizes the fundamental chemical
engineering principles involved in the fabrication of ICs. This volume is
intended to be a tutorial tool rather than a comprehensive review. Additional
details on specific topics can be obtained from the extensive list of references
at the end of each chapter.
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This chapter gives an overview of issues related to electronic materials
processing, with particular emphasis on the fabrication of silicon-
based integrated circuits. Selected aspects of solid-state physics are
reviewed as a background for processing issues. Unit operations in
integrated-circuit manufacturing are summarized, and an example
of a process sequence for the fabrication of a metal-
oxide—semiconductor is given to provide a perspective of the specific
processes described in subsequent chapters.

SINCE 1980, FIRMS SPECIALIZING IN THE PROCESSING of electronic materials
have employed 15-30% of chemical engineering graduates at all degree
levels. Like other specialized areas for chemical engineers (e.g., biotech-
nology, waste treatment, food processing, and pharmaceuticals), the elec-
tronic materials field makes use of the broad multidisciplinary scientific and
engineering background of chemical engineers. In particular, the processing
of materials and the fabrication of electronic, magnetic, and optical devices
require a knowledge of chemistry, solid-state physics, materials science,
chemical kinetics, reactor design, heat transfer, fluid flow, and mass trans-
port. Numerous examples of these topics will be evident in succeeding
chapters. The overall goal of this book is to demonstrate that the manufacture
of solid-state materials and devices is simply chemical processing.

The microelectronic (or semiconductor) industry is not the only solid-
state-processing industry that extensively uses chemists and chemical en-
gineers, although this particular industry often gets the most attention be-
cause of the extraordinary and rapid success it has achieved. Industries

0065-2393/89/0221-0001$09.25/0
© 1989 American Chemical Society



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1989-0221.ch001
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involved in optical coatings; solar-energy conversion; wear-resistant layers;
solid-state batteries; electrochemistry; and magnetic, optical, and photonic
devices are intensely interested in chemists and and chemical engineers for
process research and development and product manufacture. The scientific
background and process technology needed for microelectronic-device fab-
rication is used in essentially all of the industries just mentioned.

This book will concentrate on the chemistry and fundamental chemical
engineering principles needed for integrated-circuit (IC) manufacture. In-
tegrated circuits are currently used in consumer items, such as hand-held
calculators, digital watches, microwave ovens, and automobiles, and in
microprocessors for communication, defense, education, medicine, and
space exploration. Naturally, new application areas are continually being
developed.

To appreciate the rapid development of process technology, the pro-
gression of the IC industry must be considered first. (For summaries of the
historical development of this field, see references 1 and 2.) A central theme
in the IC industry is the simultaneous fabrication of hundreds of monolithic
ICs (or chips) on a wafer (or slice) of silicon (or other material such as gallium
arsenide), which is typically 100-150 mm in diameter and 0.75 mm thick.
In silicon technology, chip areas generally range from a few square milli-
meters to over 100 mm?. A large number (often more than 100) of individual
process steps, which are precisely controlled and carefully sequenced, are
required for the fabrication.

As an example of Si technology, Figure 1 illustrates a packaged 1-megabit
dynamic-random-access-memory (DRAM) chip on a 150-mm-diameter Si
substrate containing fabricated chips. Each of the chips will be cut from the
wafer, tested, and packaged like the chip shown on top of the wafer. The
chip is based on a 1-wm minimum feature size and contains 2,178,784 active
devices. It can store 1,048,516 bits of information, which corresponds to
approximately 100 typewritten pages.

ICs are built-up from layers of thin (usually between 1 nm and 2 pm)
conducting, insulating, and semiconducting films. Each film has a pattern
etched into it, so that an exactly registered array of these layers forms
individual components such as transistors, resistors, diodes, and capaci-
tors. These components are interconnected by patterned conducting films
(“wires”) to yield circuits. Figure 2 illustrates a typical process sequence
starting from the Si raw material, through Si wafer production, device man-
ufacture, wafer section, and, finally, to packaging of the final chip (3).

The application areas for ICs have expanded continuously, because
greater circuit complexity can be realized as the number of components on
a single chip increases (Figure 3) (4). From the inception of the semicon-
ductor industry in 1959 until the early 1970s (Figure 3, segment A), the
number of components on a silicon chip doubled every year. The pace slowed
a bit from 1972 to 1984, when the number of components on a chip doubled
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Figure 1. A packaged 1-megabit dynamic-random-access-memory (DRAM) sil-
icon chip on a processed 150-mm-diameter Si wafer. (Used by courtesy of G.
B. Larrabee, Texas Instruments.)

every 1.5 years. Projections to the year 2015 (Figure 3, segments CEF and
CDG) depend upon the minimum feature (pattern) size assumed for the
circuits. That is, if the patterned-film dimensions decrease, then component
sizes also decrease, and more components can be fabricated on a silicon chip
of fixed area. The minimum feature size of mass-produced (production) cir-
cuits has steadily dropped over the past 25 years (Figure 4). Markers placed
along or near the line in Figure 4 serve as indicators of relative pattern sizes.

The different length scales and small feature sizes involved in micro-
electronic devices are demonstrated graphically in Figure 5 by comparison
of the size of device features to that of a ladybug. The magnification increases
for each picture in clockwise direction starting at the upper left picture,
which shows a ladybug on a 75-mm-diameter wafer, and ending at the lower
left picture, which shows 2-pwm metal lines of an individual electrical device.

To appreciate the fabrication sequences and, thus, the future directions
and needs of IC process technology, the operation of simple solid-state
devices must be understood. The following section gives a short introduction
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Figure 3. Components per silicon chip versus calendar year. Segments A and

B are history; segments CDG and CEF are projections based upon 0.5- and

0.25-wm minimum feature sizes, respectively. (Reproduced with permission
from reference 4. Copyright 1984 IEEE.)

to solid-state physics. Additional detail may be found in solid-state and device
physics textbooks by, for instance, Warner and Grung (2), Ashcroft and
Mermin (5), Kittel (6), Sze (7, 8), and Grove (9).

Overview of Solid-State Physics

Crystal Structure. Solids can be classified into three groups accord-
ing their conductivity. Insulators such as SiO, typically have conductivities
less than 10 (-cm) !, whereas conductors (e.g., metals) have conductivities
greater than 10° (-cm) ™. Solids with intermediate conductivities are called
semiconductors. These include elemental semiconductors (e.g., Si) or com-
pound semiconductors made up of atoms from groups II to VI of the periodic
table, such as ZnSe (group II-VI compound semiconductor), GaAs (group
III-V compound semiconductor), SiC (group IV-IV compound semicon-
ductor), and PbTe (group IV-VI compound semiconductor).

A solid can have an amorphous, polycrystalline, or single-crystalline
physical structure. In single crystals, the atoms are arranged in three-di-
mensional periodic arrays. The crystal structure of Si is the diamond lattice,
in which each Si atom is tetrahedrally coordinated with four other Si atoms.
This structure can be viewed as two interpenetrating face-centered-cubic
(fee) lattices displaced from each other by one-quarter of the distance along
the cube diagonal (Figure 6a). Compound semiconductors of the type AB
(e.g., GaAs) typically have a zinc blende lattice (Figure 6b), which is simply
the diamond structure with one fcc lattice composed of A atoms (e.g., Ga)
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Figure 4. Trend in minimum feature size on silicon integrated circuits versus
year of circuit introduction. Markers (O) give an indication of relative feature
size.

and the other fcc lattice composed of B atoms (e.g., As). The long-range
order persists in polycrystalline solids but is restricted to small crystallites
separated by imperfections or defects called grain boundaries. Amorphous
materials have no long-range lattice structure, but the nearest neighbor (i.e.,
short-range) bonding is regular. For instance, insulators such as SiO, and
Si;N, are deposited as amorphous films.

The specific application of a material generally determines the particular
structure desired. For example, hydrogenated amorphous silicon is used for
solar cells and some specialized electronic devices (10). Because of their
higher carrier mobility (see Carrier Transport, Generation, and Recombi-
nation), single-crystalline elemental or compound semiconductors are used
in the majority of electronic devices. Polycrystalline metal films and highly
doped polycrystalline films of silicon are used for conductors and resistors
in device applications.
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Zinc blende

Figure 6. Top, diamond lattice (Si); bottom, zinc blende lattice (GaAs). (Re-
produced with permission from reference 8. Copyright 1985 Wiley.)

Energy Bands. Electrons make up the chemical bonds between at-
oms in a solid. In silicon, this bonding is primarily covalent, whereas in
compound semiconductors (group II-VI compounds in particular), the bonds
also have substantial ionic character. The electrons participating in these
bonds are termed valence electrons. Free electrons created by breaking
bonds or doping (see Chapter 6) are available for current flow and are known
as conduction electrons.

When a bond is broken and a free electron is removed, a hole or electron
vacancy is created. When this vacancy is filled by an electron from a neigh-
boring bond, the result is a hole moving in a direction opposite to that of
the electron. Thus the hole may be considered as a (fictitious) particle with
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a positive charge. These free electrons and holes are responsible for the
operation of electronic devices.

Electrons associated with gas molecules have discrete energy levels,
because they are essentially unperturbed by other molecules. When atoms
are brought together to form a solid, their electron wave functions interact,
and the resulting discrete energy states form nearly continuous bands of
allowed electron energies. The energy levels within each band are filled by
pairing electrons according to the Pauli exclusion principle. The highest
energy filled or partially filled band is called the valence band, and the next
highest (often empty) band is called the conduction band. Between these
bands of allowed energy levels are gaps of forbidden energy levels. The
energy difference between the valence band maximum and the conduction
band minimum is the band gap, E,.

At 0 K the valence band is completely filled and the conduction band
is empty for insulators and semiconductors. In insulators such as SiO,, a
large amount of energy is required to break a bond and promote an electron
to the conduction band, that is, the band gap is large (E, > 5 eV). Thus,
thermal vibrations with energy of the order kT (in which k is the Boltzmann
constant and T is temperature; kT = 0.026 eV at 300 K) cannot generate
conduction electrons (or holes), and the material cannot conduct current.
Semiconductors have smaller band gaps (E, < 2-3 eV), so there will be a
finite probability of promoting an electron from the valence band to the
conduction band and creating a hole in the valence band; thus the material
can transport electrons and conduct current.

Energy band gaps for selected semiconductors are summarized in Table
I. On the basis of the nature of the transition from the valence band to the
conduction band, semiconductors are classified as direct or indirect. In a
direct semiconductor, the transition does not require a change in electron
momentum, whereas in an indirect semiconductor, a change in momentum
is required for the transition to occur. This difference is important for optical
devices such as lasers, which require direct-band-gap materials for efficient
radiation emission (7, 8). As indicated in Figure 7, Si is an indirect semi-
conductor, whereas GaAs is a direct semiconductor.

Conductors (e.g., metals) have partially filled conduction bands or over-
lapping conduction and valence bands. Because of the easily accessible en-
ergy levels (i.e., no band gap), electrons can readily move to higher energy
levels and conduct current.

Carrier Concentrations. Intrinsic Carriers. The number of avail-
able carriers depends on thermally generated conduction band electrons and
valence band holes, as well as carriers produced from the incorporation
(intentional or unintentional) of impurities. In an intrinsic semiconductor,
the thermally generated carriers dominate. The number of electrons (n) in
the conduction band can then be calculated from the integral over the density
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Figure 7. Energy band structures of Si (a) and GaAs (b). Open circles denote

holes in the valence bands, and closed circles denote electrons in the conduction

bands. Crystal direction is indicated by the bracketed Miller indices. (Repro-
duced with permission from reference 8. Copyright 1985 Wiley.)

h-1]

of states, N(E), times the probability that an electronic state is occupied by
an electron, F(E), that is,

n = f " N.(E)F(E)dE 0

in which E;, and E , are the energies at the bottom and top of the conduction
band, respectively.

The probability distribution, F(E), is the Fermi-Dirac distribution
function

1
1 + exp[(E — Ep)/kT]

FE) = @)

in which T is temperature, k is the Boltzmann constant, and E is electron
energy. E is the Fermi level, which is the energy at which the probability
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of electron occupancy is exactly 0.5. In an intrinsic semiconductor at rea-
sonable temperatures, the few available electrons are confined near the
conduction band minimum, and equivalently, the holes are found primarily
in levels near the valence band maximum. Therefore, a simple quadratic
approximation may be used to express the density of states for the electrons

(5, 7):

Y2

N(E) = == V2[E - ] @3)

In equation 3, m, is the effective mass of the electron, & is the Planck constant
divided by 2w, and E, is the band gap. Unlike the free electron mass, the
effective mass takes into account the interaction of electrons with the periodic
potential of the crystal lattice; thus, the effective mass reflects the curvature
of the conduction band (5). This curvature of the conduction band with
momentum is apparent in Figure 7. Values of effective masses for selected
semiconductors are listed in Table I. The different values for the longitudinal
and transverse effective masses for the electrons reflect the variation in the
curvature of the conduction band minimum with crystal direction. Similarly,
the light- and heavy-hole mobilities are due to the different curvatures of
the valence band maximum (5, 7).

Insertion of equation 3 into equation 1, approximation of the Fermi
distribution by a classical Maxwell-Boltzmann distribution, and integration
of equation 1 yield the expression for the total number of electrons in the
conduction band:

Y
e

in which E_ is the energy of the conduction band minimum.
Similarly, the concentration of holes (p) in the valence band can be
expressed as

kT Y
p=2 (2:52) ©(Ev—Ex)/kT ()

in which m, is the effective mass of the hole and E, is the energy of the
valence band maximum.

For an intrinsic (undoped) semiconductor, the number of holes in the
valence band equals the number of electrons in the conduction band, because
the only free carriers available arise from the promotion of electrons from
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the valence band (a process that creates holes) to the conduction band.
Therefore, the following relationship exists

n=n=p ©)

in which n; is the intrinsic carrier concentration. Combination of equation
6 with equations 4 and 5 gives the intrinsic Fermi level E, as a function of
temperature:

=1 3 i

m,

Because kT is small at room temperature (0.026 V) and because the effective
masses usually do not differ substantially, the Fermi level is positioned near
the middle of the band gap. From the law of mass action,

np = n? 8)

the intrinsic carrier concentration may be derived as a function of material
properties:

n =9 _kI__ %(m.,mp)s"e —E,/2kT 9
' 2mh?

At room temperature the value of n, for Si is approximately 1.45 X 10
electrons per cm®.

Extrinsic Carriers. When sufficient dopant is added to a semiconductor
so that the resulting carrier concentration exceeds the intrinsic level, the
semiconductor is called extrinsic. Dopants that donate free electrons to the
conduction band are called donors, and dopants that accept electrons and
release holes to the valence band are called acceptors. Desired dopants
introduce energy levels within the forbidden gap that are slightly below the
conduction band edge or slightly above the valence band edge; these are
known as shallow dopants. P and As are shallow donors in Si, whereas B is
a shallow acceptor in Si. Dopants that introduce energy states in the middle
of the band gap, the so-called deep levels, are typically not useful for device
purposes, because they do not ionize significantly at room temperature.
Examples of impurities that create deep levels in Si are C, Au, and Pt.

To calculate the number of carriers resulting from the doping of a semi-
conductor, the degree of ionization of the donors must be known. Most
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shallow donors in Si are completely ionized at room temperature, and the
number of electrons equals the number of donors (np):

n = np (10)

At equilibrium the number of holes may then be computed from the law of
mass action (equation 8), because both electrons and holes are always present
in a semiconductor. The Fermi level can be determined from equation 4.

Carrier Transport, Generation, and Recombination. When an
electric field is applied to a semiconductor, electrons are accelerated in the
direction opposite to the field with a drift velocity, v,, proportional to the
field, E:

O, = “MnE (11)

The proportionality factor is the electron mobility, w.,, which has units of
square centimeters per volt per second. The mobility is determined by
electron-scattering mechanisms in the crystal. The two predominant mech-
anisms are lattice scattering and impurity scattering. Because the amplitude
of lattice vibrations increases with temperature, lattice scattering becomes
the dominant mechanism at high temperatures, and therefore, the mobility
decreases with increasing temperature.

Theory predicts that the mobility decreases as T~>* because of lattice
scattering (8). But because electrons have higher velocities at high temper-
atures, they are less effectively scattered by impurities at high temperatures.
Consequently, impurity scattering becomes less important with increasing
temperature. Theoretical models predict that the mobility increases as
T*2%/n,, in which n, is the total impurity concentration (8). The mobility is
related to the electron diffusivity, D, through the Einstein relation

D, = kT Ma (12)
q

in which q is the electronic charge.
By analogy to equation 11, the drift velocity for holes (v,) in the valence
band may be expressed as
v, = RE (13)
in which p, is the hole mobility and the minus sign is missing because holes

drift in the same direction as the electric field. The hole mobility has the
same characteristics as the electron mobility and is related to the hole dif-
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fusivity by the appropriate Einstein relation. Because of the larger effective
mass of holes, the hole mobility is less than the electron mobility.

In a semiconductor, the total current flowing due to an applied field is
the sum of the contributions of electrons (I,) and holes (I,), as given by
equation 14

I=1,+ I, = (gnp, + qp,)E (14)

in which the enclosed quantity is the conductivity, o, which is the reciprocal
of the semiconductor resistivity. Mobilities are weak functions of tempera-
ture compared with the exponential dependence of the carrier concentra-
tions, n and p (equations 4 and 5). Therefore, an estimate of the band gap
energy, E,, may be obtained by plotting In ¢ against 1/T for an intrinsic
semiconductor. The slope is then -E,/2k.

Like the performance of chemical reactors, in which the transport and
reactions of chemical species govern the outcome, the performance of elec-
tronic devices is determined by the transport, generation, and recombination
of carriers. The main difference is that electronic devices involve charged
species and electric fields, which are present only in specialized chemical
reactors such as plasma reactors and electrochemical systems. Furthermore,
electronic devices involve only two species, electrons and holes, whereas
10-100 species are encountered commonly in chemical reactors. In the same
manner that species continuity balances are used to predict the performance
of chemical reactors, continuity balances for electrons and holes may be used
to simulate electronic devices. The basic continuity equation for electrons
has the form

—=$v-1,,+c,,—n,, (15)

in which ¢ is time, G, is the rate of generation of electrons, R, is the rate
of recombination of electrons, and I, is the electron current density (i.e.,
flux). The electron current density is defined as

I, = gqu.,nE + qD,Vn (16)
which is the sum of drift components due to an electric field and diffusion
components due to concentration gradients. Equation 15 is very similar to

the continuity balance for neutral species for a binary system (10)

dc
—a—t'l = -V-N, + R, (15a)

in which c, is the concentration of species A, R, represents the reaction
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terms, and N, is the molar flux of species A. The flux is defined by equation
16a

9
N, = x(N, + Ny) — cDps £ (16a)

in which x, is the mole fraction of species A, N is the molar flux of species
B, c is the total molar concentration, D, is the binary molar diffusivity, and
z is the spatial coordinate. In equation 16a the first term is the flux due to
molar flow (drift), and the second term represents diffusion.

Generation typically occurs by carrier injection across a junction or by
optical excitation. Photoexcitation is accomplished by shining a light source
on the semiconductor. If the energy hv is greater than the band gap energy
of the semiconductor, the photon can be absorbed and an electron-hole pair
is generated. Direct recombination of electrons and holes dominate in direct-
band-gap semiconductors such as GaAs, but this process rarely occurs in
indirect-band-gap semiconductors because conservation of momentum can-
not be satisfied. In indirect-band-gap semiconductors, indirect recombina-
tion involving localized states in the gap predominate (7, 8). Recombination
is often described in terms of carrier lifetimes, 7, which correspond to the
time constant in an exponential decay of carrier concentration (8).

A continuity equation similar to equation 15 can be derived for holes:

9 1
a—’;':—;v-zp+cp-a,, (17)

In equation 17, I is the hole current density, G, is the rate of generation
of holes, and R, is the rate of recombination of holes. The hole current
density is defined by equation 18

I, = qu,pE - qD,Vp (18)

in which D is the hole diffusivity.
In addition to the electron and hole continuity equations, Poisson’s
equation must be satisfied.

€VE = g(p — n + D, concentrations of ionized impurities)  (19)

In equation 19, € is the dielectric permittivity of the semiconductor.

With the appropriate boundary conditions, equations 17-19 form a com-
plete description of carrier generation, recombination, and transport that
can be used to simulate device performance. Many examples are given in
the books by Warner and Grung (2), Sze (7, 8), and Shur (12), with particular
emphasis on device applications. A complete treatment of electronic and
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optical devices is outside the scope of this chapter. However, to gain some
insight into the important issues in device fabrication, a brief review of the
basic features of p—n junctions and transistors is useful.

p—-n Junctions. The p-n junction is the basic element of most elec-
tronic devices, including metal-oxide-semiconductor field effect transistors
(MOSFETs), bipolar transistors, and solar cells. As illustrated in Figure 8,
the junction is the region between p- and n-type-doped semiconductor ma-
terials. This junction can be formed by ion implantation followed by an-
nealing, dopant diffusion, or epitaxial growth of a layer of one doping type
(e.g., p type) on the substrate (e.g., n type). These individual processing
steps are discussed in subsequent chapters. Electrically acceptable junction
properties cannot be realized by physically pressing n- and p-type semicon-
ductors together because of the numerous defects at the interface. Never-
theless, from the standpoint of describing the operation of a p—n junction,
the joining of uniformly doped p- and n-type semiconductors (Figures 8a
and 8b) can be considered.

When p- and n-type semiconductors are brought together, holes from
the p side diffuse into the n side, and electrons from the n side diffuse to
the p side. This process continues until a steady state is reached in which
electric-field-generated drift and carrier diffusion are balanced and no net
current flow occurs. At this electrochemical equilibrium condition, the Fermi
level is constant (8). As electrons leave the n-type material, they leave behind
uncompensated positive donor atoms that create a positive space charge.
Similarly, uncompensated negative acceptor atoms that remain in the p-type
material create a region of negative space charge. The result is an electric
field directed from the positively charged donors toward the negatively
charged acceptors.

The built-in potential V, is given by equation 20

Vy = k_T In [nAnD] (20)

q n?

in which n,, np, and n, are the concentrations of ionized acceptors, ionized
donors, and intrinsic carriers, respectively. A voltage applied to the junction
changes the balance between diffusion and drift currents. If a positive (V >
0) bias is applied to the p side, the energy barrier for electron movement
across the junction is reduced and electrons are injected from the n side
into the p side. The net current across the junction is given by:

I = Ie®* - 1) 21)

In equation 21, I is a constant current independent of the applied bias.
Thus, the current increases exponentially with the applied voltage. This
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Figure 8. Schematic representations of p—n junctions and corresponding en-

ergy band diagrams under various conditions: (a) uniformly doped p-type and

n-type semiconductors before junction is formed, (b) thermal equilibrium, (c)

forward bias, and (d) reverse bias. Abbreviations are defined as follows: E.,

electron energy at conduction band minimum; E,, electron energy at valence

band minimum; 1¢, forward current; V¢, forward voltage; V , reverse voltage;
and €, electric field.
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situation (Figure 8c) is referred to as forward bias, because this bias direction
is for enhanced current flow.

In the case of reverse bias, (Figure 8d), the n side is positive and the
applied voltage is negative (V < 0). This configuration increases the barrier
height for the forward electron current (from n side to p side) while the
reverse current remains the same. The junction equation (equation 21) also
applies to this case. Because V < 0, the exponential term is small; if gV >
4kT, the current is essentially constant (-Ig). The current-voltage (I-V)
characteristics of the junction are illustrated in Figure 9. The rectifying
behavior of a p—n junction (large forward current and minimal reverse cur-
rent) is basic to its use in diodes, transistors, and optical devices (e.g., light-
emitting diodes, photodiodes, and solar cells).

Bipolar Transistors. In bipolar devices, both electrons and holes
participate in the conduction process, in contrast to MOSFETs, in which
only one carrier type dominates. Bipolar technology has been used typically
for high-speed-logic applications.

Figure 10 shows a three-dimensional view of an n—p—n bipolar transistor
and a schematic diagram for a common base configuration. The transistor
consists of two back-to-back p—n junctions; the intermediate p-type region
is known as the base, and the two n-type regions are the emitter and collector.
The emitter region has the highest doping (heavy n-type doping is indicated
by n*), whereas the collector has the lowest n-type doping.

Under normal operation, the emitter-base junction is forward biased,
whereas the collector—base junction is reverse biased (Figure 11). The volt-
age across the emitter—base junction is varied by an input signal. Because
the donor concentration in the emitter is higher than the acceptor concen-
tration in the emitter, the current through the junction is primarily due to
electrons injected into the base. The base width is smaller than the mean

Figure 9. Current—voltage (1-V) char-
acteristics of a Si p—n junction.
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Figure 10. Top, three-dimensional view of an oxide-isolated bipolar transistor.

(Reproduced with permission from reference 13. Copyright 1988 Mc-

Graw-Hill.) Bottom, schematic of a common base n—p-n transistor circuit.

Abbreviations are defined as follows: n-epi, n-type-doped epitaxial-grown sil-
icon; and p-CHAN-STOP, p-type channel stop.

free path of the electrons, and thus, essentially all of the injected electrons
flow across the collector junction. Therefore, the collector current, I, is
only slightly less than the emitter current, I, and any change in the emitter
current is mirrored in the collector current. However, because of the load
resistor and power supply (Figure 10, bottom), the variation in voltage across
the collector-base junction can be much larger than the corresponding vari-
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Electron Energy

Emitter-Base Bias f

Collector-Base Bias

i

Forward-Biased Reverse-Biased
Emitter Base Collector
n-type p-type n-type
Transition Region Transition Region

Figure 11. Energy diagram for an n—p—n transistor with standard operating
bias voltages.

ation over the emitter—-base junction. Thus, the transistor acts as a voltage
and power amplifier. '

The voltage gain is due to the injection of electrons from the emitter
region, through the base, and into the collector region, where the voltage
drop is large compared to a small emitter—base voltage (Figure 11). Thus,
the base width must be smaller than the electron mean free path, or recom-
bination will occur and the p—n junction will act as two separate junctions.
Furthermore, few or no impurities should exist in the base; otherwise im-
purity scattering and carrier recombination will destroy device performance.
Indeed, both feature size and purity constraints are issues that will be
brought up repeatedly in subsequent chapters.

The function of the complementary p—n—p transistor may be explained
by analogy to the n—p-n transistor by reversing polarities and considering
hole rather than electron transport (7, 8). In addition, a large variety of
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operating regimes and circuit configurations are possible. Quantitative anal-
yses of these systems are given in textbooks on device physics (2, 7, 8, 12).

MOSFETs. The metal-oxide—semiconductor field effect transistor
(MOSFET or MOS transistor) (8) is the most important device for very-
large-scale integrated circuits, and it is used extensively in memories and
microprocessors. MOSFETs consume little power and can be scaled down
readily. The process technology for MOSFETs is typically less complex than
that for bipolar devices. Figure 12 shows a three-dimensional view of an n-
channel MOS (NMOS) transistor and a schematic cross section. The device
can be viewed as two p-n junctions separated by a MOS capacitor that
consists of a p-type semiconductor with an oxide film and a metal film on
top of the oxide.

Understanding the behavior of a MOS capacitor is useful in understand-
ing the operation of a MOS transistor. When a negative voltage is applied
to the conductor or metal, the energy bands in the p-type semiconductor

PHOSPHOSILICATE GLASS

Figure 12. Top, three-dimensional view of an NMOS transistor. (Reproduced
with permission from reference 13. Copyright 1988 McGraw—Hill.) Bottom,
schematic of an NMOS transistor. (Reproduced with permission from reference
8. Copyright 1985 Wiley.) p* CHAN denotes heavily p-type-doped channel.
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bend upward at the semiconductor—oxide interface, and holes accumulate
near the interface. The situation is called accumulation (for accumulation of
majority carrier; Figure 13a). If a small positive voltage is applied, the holes
are repelled or depleted from the semiconductor surface and the bands bend
down. This situation is called depletion (Figure 13b). With further increases
in applied positive voltage, the intrinsic energy level crosses the Fermi level.
Under this condition, more electrons than holes are present near the
semiconductor surface, that is, electrons rather than holes have become the
majority carrier in the p-type semiconductor surface. This situation is called
carrier inversion (Figure 13c).

The operation of the NMOS transistor shown schematically in Figure
12 can be considered in the light of the previous discussion of a MOS
capacitor. When no voltage is applied to the gate, the source and drain
electrodes correspond to p-n junctions connected through the p region;
therefore only a small reverse current can flow from source to drain. On the

(a) (b) (/
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Figure 13. Energy band diagrams and charge distributions of an ideal MOS

capacitor using p-type Si: (a) accumulation, (b) depletion, and (c) inversion.

E. denotes the intrinsic Fermi level. (Reproduced with permission from ref-
erence 8. Copyright 1985 Wiley.)
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other hand, if a large positive voltage is applied to the gate, an inversion
layer is formed adjacent to the semiconductor—oxide interface, analogous to
the inversion case for the MOS capacitor. The semiconductor inversion layer
connects the heavily doped (n*) source and drain regions with an n channel
so that a current can easily flow. The conductance of this channel may be
modulated by changing the gate voltage. If a small drain voltage is applied,
electrons will flow from the source to the drain, with the channel acting as
a resistor, Thus the drain current is proportional to the applied voltage.
Further increases in the drain voltage eventually lead to a point at which
the width of the inversion layer becomes zero. At this “pinch-off” point, the
drain current becomes saturated and becomes independent of the applied
drain voltage.

Three other major MOS transistor configurations are available, in ad-
dition to the n-channel enhancement mode (normally off) just described
(Figure 14). In the n-channel depletion mode, the device is fabricated (by
appropriate doping) so that with zero bias on the gate an n channel exists
between the source and drain. In this case a negative voltage must be applied
to the gate to modulate the conductance. If this voltage is sufficiently large,
the channel is depleted of electrons and the device turns off. Devices with
p channels are similar to n-channel devices, except that p-channel devices
are typically slower because of the lower mobility of holes compared with
electrons.

NMOS and PMOS (p-channel MOS) transistors are used side by side
in complementary metal—oxide—semiconductor (CMOS) technology to form
logic elements. These structures have the advantage of extremely low power
consumption and are important in ultralarge-scale integration (ULSI) and
very-large-scale integration (VLSI) (13).

Quantitative descriptions of MOS devices are available (2, 8, 9, 12). This
short summary of solid-state physics was intended to illustrate the impor-
tance of carrier concentrations, transport, generation, and recombination in
device performance. These properties, in turn, depend critically on material
parameters resulting from a large number of chemical process sequences.

Unit Operations

Although more than 100 individual process steps are used in the manufacture
of even simple integrated circuits, the fabrication sequence invokes many
of the same operations numerous times. A list of “unit operations” that
compose the technological arsenal for the fabrication of solid-state materials
and devices can be made. Clearly, these unit operations are distinctly dif-
ferent from those associated with traditional chemical manufacture. Never-
theless, the purpose of defining such a list is the same: to establish the
necessary chemical and physical operations so that a complicated process
may be designed and carried out from individual, more easily controlled
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Figure 14. Schematics of MOS transistors. 1p denotes the drain current. (Re-
produced with permission from reference 8. Copyright 1985 Wiley.)

and better understood steps common to all manufacturing sequences. For
instance, the fabrication of solid-state devices can be described by various
combinations of the operations given in List L.

Overview of Unit Operations. To maximize the electron or hole
(carrier) mobility and thus device speed, ICs are built in single-crystal sub-
strates. Methods of bulk crystal growth are therefore needed. The most
common of these methods are the Czochralski and float-zone techniques.
The Czochralski technique is a crystal-pulling or melt-growth method,
whereas the float-zone technique involves localized melting of a sintered
bar of the material, followed by cooling and, thus, crystallization.
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List I. Unit Operations
in Microelectronic Device Fabrication

e Bulk crystal growth
Czochralski
Float zone

e Chemical reactions with surfaces
Cleaning
Oxidation
Etching

e Thin-film formation
Evaporation
Sputtering
Epitaxy
Chemical vapor deposition
Spin casting

o Lithography

e Semiconductor doping
Solid-state diffusion
Ion implantation

After growth, the single-crystal boule is sliced into wafers or disks by
diamond-coated wires or saws (14). The individual slices are subsequently
chemomechanically polished (14-16), and sorted according to electrical re-
sistivity. Before the wafers are subjected to high-temperature processes,
they are exhaustively cleaned in various acids, solvents, or both to remove
organic, inorganic, and particulate contaminants (17). Other chemical re-
actions performed on solid surfaces include the thermal oxidation of silicon
to form amorphous SiO, and liquid- or plasma-etching techniques to define
patterns in film or substrate materials.

Because ICs are built-up of thin-film layers, a variety of film deposition
methods (18-20) are needed to satisfy specific requirements at particular
points in the overall process sequence (e.g., film composition, low deposition
temperature, uniform step coverage, cleanliness, deposition rate, film mor-
phology, and crystal structure). In general, the methods can be classified as
either physical (evaporation, sputtering, and spin coating) or chemical (chem-
ical vapor deposition), although combinations such as reactive evaporation
or reactive sputtering are sometimes invoked. The combinations involve the
addition of a reactive gas such as O, or N, to an evaporative or sputtering
(plasma) atmosphere so that the film and target are oxidized or nitrided
during deposition (e.g., TiN can be formed from sputtering Ti in an Ar—N,
atmosphere).

Lithography is the process of generating a stencil or pattern in a radia-
tion-sensitive material. The stencil subsequently serves as a mask to permit
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etching only in selected areas of the film or substrate. During the fabrication
of devices or ICs, the doping type (p or n) and level (resistivity) must be
altered. (For instance, transistors and diodes require p-n junctions, and
polycrystalline silicon resistors demand precisely controlled dopant concen-
trations.) Dopants can be introduced into silicon or other semiconductors
by bringing a vapor containing the dopant into contact with the semicon-
ductor surface at an elevated temperature. Solid-state diffusion then drives
the dopant into the solid to the required depth. Alternatively, gaseous dopant
ions can be generated, accelerated, and, finally, implanted into a solid sur-
face.

Example: NMOS Fabrication. The individual steps listed in List
I can be sequenced to give a simple process for the fabrication of an NMOS
transistor (Figures 12 and 15) Although the example is a MOS transistor,
the techniques also apply to the fabrication of bipolar transistors, diodes,
capacitors, resistors, and ICs.

First, a p-type silicon wafer is immersed in a sulfuric acid-hydrogen
peroxide mixture to remove major organic contaminants. Acid residues are
removed by rinsing the wafer in deionized (DI) water (>18 MQ-cm, a
bacterial count of <50/L, and <10° particles per liter larger than 0.3 pm.
Residual organic residues and metals are removed by immersion in an am-
monium hydroxide-hydrogen peroxide bath at 75-80 °C, followed by a DI-
water rinse. A short dip in a hydrofluoric acid solution followed by a DI-
water rinse is often used to remove the “native” oxide layer grown when
silicon is exposed to air. The remaining atomic and ionic contaminants are
then removed from the wafer surface by immersion in a hydrochloric
acid—hydrogen peroxide solution at 75-80 °C. After another DI-water rinse,
the wafer is dried with hot nitrogen gas. The cleaned substrate is thermally
oxidized at temperatures above 700 °C in a resistance-heated quartz tube
into which oxygen, water vapor, or both are flowing (Figure 15a).

Because the diffusivities of normal silicon dopants (boron, phosphorus,
and arsenic) are orders of magnitude larger in Si than in SiO,, a SiO, layer
can be used as a mask against dopant incorporation. Therefore, selected
areas of the p-type Si substrate (source and drain regions) can be doped by
generating openings or patterns in the SiO, film. The precise patterning is
accomplished by lithography.

The lithographic procedure involves coating the wafer with a radiation-
sensitive material (usually a polymer) called a resist. Selected areas are then
exposed to radiation (UV photons, electrons, or X-rays). When UV radiation
is used, this selective exposure is achieved by a chromium-on-glass photo-
mask (Figure 15b). For positive resists, the radiation renders the exposed
regions more soluble in a developer solution than the unexposed areas (Fig-
ure 15¢). Thus, differential solubility permits the formation of a resist stencil
or mask so that etching of the film beneath occurs only in regions where
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Figure 15. Simplified process sequence for the fabrication of an NMOS tran-

sistor: (a) substrate preparation, (b) selective exposure of substrate, (c) mask

formation by differential solubility, (d) etching, (e) stripping of resist, (f) dop-

ing, (g) reoxidation of silicon surface, (h) formation of gate oxide, and (i) metal

deposition and patterning. Abbreviations are defined as follows: p-Si, p-type
silicon; PR, photoresist; S, source; G, gate; and D, drain.

the resist has been removed. The wafers then go through an etching step
to transfer the resist pattern into the underlying SiO, film (Figure 15d). At
present, etching is performed in a radio frequency (if) glow discharge
(plasma) containing fluorine species, although hydrofluoric acid solutions
have been used in the past. The remaining resist is then stripped in either
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organic solvents or an oxygen plasma. The result of this lithographic—etching
process is a patterned layer (Figure 15¢).

The Si regions exposed by the SiO, etch are doped with phosphorus or
arsenic to form source and drain areas (Figure 15f). Until the early 1970s,
this process was accomplished by predeposition and drive-in diffusion. For
the past 15 years, however, selective introduction of dopant atoms into the
Si lattice has been performed by ion implantation. As in the case of pre-
deposition and diffusion, a patterned SiO, layer can be used to attain selective
doping. Alternatively, because ion implantation is a low-temperature process
relative to predeposition, polymer resist layers can serve as implantation
masks.

The next step in the fabrication of the n-channel transistor involves the
formation of the thin (10-50-nm) gate oxide between the source and drain
regions. First, the SiO,, resist, or both remaining from the previous step
are removed, and the Si surface is reoxidized to a thickness of ~300-500
nm (Figure 15g). By a lithographic—etching process, an opening is formed
in the SiO,, and the gate oxide is grown in this region (Figure 15h). Windows
are then etched in the oxide over the source and drain regions in preparation
for metal deposition (Figure 15i). »

The electrical contact of the source, gate, and drain regions is established
by the deposition of a conductor film. These conductors must satisfy a mul-
titude of requirements, including low electrical resistivity, low contact
resistance, good step coverage, good adhesion, and high electromigra-
tion resistance (21, 22). Because no single material meets all these require-
ments, a number of conductors are used in a process, on the basis of the
specific needs (e.g., contact barriers and interconnections). For instance, alu-
minum, heavily doped polycrystalline silicon, tungsten, and tungsten sili-
cide are sometimes used in an individual IC process. These films are sub-
sequently patterned to isolate the connections (Figure 15j) and to provide
the interconnections among the various circuit elements (transistors,
resistors, diodes, etc.) on the chip. In this manner, an electrical circuit is
formed.

After the final metallization layer is patterned, the transistor and, on a
larger scale, the IC are electrically complete. Before the wafer is diced or
sectioned into individual chips and the circuits are subsequently packaged,
a protective or passivation coating such as phosphorus-doped SiO,, plasma-
deposited silicon nitride, or polyimide is deposited over the finished IC.
This layer protects the surface of the device from impurities such as alkali
ions and water vapor, which can degrade the electrical properties or promote
metal corrosion, and from mechanical damage due to handling. Finally,
another lithographic step opens windows in the passivation coating so that
leads from a package can be connected to the metallization pattern. These
package leads connect the IC functions to the outside world.
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Organization of This Volume

This volume addresses many of the unit operations listed in List I and
depicted in Figure 15. The chemistry and chemical engineering principles
behind these operations are described, and future directions and needs are
suggested. The final chapter indicates the problems associated with the
extreme purity and cleanliness demanded by IC processing.

Abbreviations and Symbols

c total molar concentration

Ca concentration of species A

D, electron diffusivity

D, hole diffusivity

D,g binary molar diffusivity

E electron energy or electric field

E, electron energy at minimum of conduction band
E, electron energy at bottom of conduction band
E. electron energy at top of conduction band

E; Fermi level

Egor E; intrinsic Fermi level

E, band gap

E, electron energy at maximum of valence band
F(E) probability distribution, Fermi-Dirac distribution

G, rate of generation of electrons
G, rate of generation of holes

h Planck constant

h Planck constant divided by 2
I total current

I, collector current

Ip drain current

I, emitter current

Iz forward current

I, electron current

I, hole current

Iy reverse current

k Boltzmann constant

m, effective mass of electron

m, effective mass of hole

n concentration of electrons

n, concentration of ionized acceptors
np concentration of ionized donors
n, intrinsic carrier concentration
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n; concentration of impurity

n, concentration of holes

N, molar flux of species A

Ng molar flux of species B

N, density of electronic states

N, total concentration of impurity
q electronic charge

R, rate of reaction

R, recombination rate of electrons
R, recombination rate of holes

t time

T temperature

v, drift velocity of electrons

v, drift velocity of holes

\ potential

v, built-in potential

Ve forward voltage

Vi reverse voltage

X4 mole fraction of species A

x; thickness of inversion layer

2 spatial coordinate

€ electric field

€ dielectric permittivity of vacuum
€, dielectric permittivity of solid
T electron mobility

Mo hole mobility

v frequency

o conductivity

T carrier lifetime
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Theory of Transport Processes
in Semiconductor Crystal Growth
from the Melt

Robert A. Brown

Department of Chemical Engineering and Materials Processing Center,
Massachusetts Institute of Technology, Cambridge, MA 02139

The quality of large semiconductor crystals grown from the melt for
use in electronic and optoelectronic devices is strongly influenced by
the intricate coupling of heat and mass transfer and melt flow in
growth systems. This chapter reviews the present state of under-
standing of these processes, starting from the simplest descriptions
of solidification processes to the detailed numerical calculations
needed for quantitative modeling of processing with solidification.
Descriptions of models for the vertical Bridgman—Stockbarger and
Czochralski crystal growth techniques are included as examples of
the level of understanding of industrially important techniques.

MELT CRYSTAL GROWTH OF SEMICONDUCTOR MATERIALS is a mainstay of
the microelectronic industry. Boules of nearly perfect crystals are grown by
a variety of techniques for controlled solidification and are used as substrates
in almost all device fabrication technologies. The variety of crystalline ma-
terials produced in this manner ranges from the ubiquitous silicon to more-
exotic materials like GaAs, InP, and CdTe. Although the processing con-
ditions for each of these materials differ in some details, the solidification
systems are similar in that the system dynamics and the quality of the crystal
produced are governed by the same set of concepts describing the transport
processes, thermodynamics, and materials science. These underpinnings
make melt crystal growth one of the “unit operations” of electronic materials
processing.

Revised and reprinted with permission from AIChE J. 1988, 34, 881-911
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Many review papers and several books (I-3) have focused on the science
and technology of crystal growth. The purpose of this chapter is not to
duplicate these works but to focus on the fundamental transport processes
that occur in melt crystal growth systems, especially advances in under-
standing that have occurred during the last decade of vigorous research. The
chapter also accentuates the features and research issues that are common
to many of the techniques used today in laboratories and industrial produc-
tion.

A thorough understanding of heat and mass transport in melt growth
processes is a prerequisite to optimization of these systems for control of
crystal quality, as measured by the degree of crystallographic perfection of
the lattice and the spatial uniformity of electrically active solutes in it. This
discussion concentrates on the role of transport processes in controlling the
stability of melt growth techniques and in setting solute segregation in the
crystal. Several review papers have also discussed these aspects (4, 5).

The connection between processing conditions and crystalline perfection
is incomplete, because the link is missing between microscopic variations
in the structure of the crystal and macroscopic processing variables. For
example, studies that attempt to link the temperature field with dislocation
generation in the crystal assume that defects are created when the stresses
due to linear thermoelastic expansion exceed the critically resolved shear
stress for a perfect crystal. The status of these analyses and the unanswered
questions that must be resolved for the precise coupling of processing and
crystal properties are described in a later subsection on the connection
between transport processes and defect formation in the crystal. .

The simple models of transport processes in controlled solidification,
solute redistribution, and process stability reviewed in this chapter are based
on results of pioneering studies during the last three decades. The analyses
are rich in physical insight but are semiquantitative because of the limiting
assumptions needed to permit closed-form analyses. The new possibilities
for the large-scale numerical analysis of these transport processes are be-
ginning to make practical the detailed simulation of melt growth. Examples
of these results are included to give perspectives of the complexity involved
in quantitative modeling of these systems.

Several examples of melt growth systems are described in the next
section to facilitate the description of the transport processes in succeeding
sections. The crystal growth systems are distinguished according to whether
a surrounding solid ampoule or a melt—fluid meniscus shapes the crystal
near the solidification interface. Methods with these features are classified
as confined and meniscus-defined crystal growth techniques, respectively.
Then, the fundamental transport processes associated with solidification of
a dilute binary alloy in a temperature gradient are reviewed. The classical
one-dimensional analysis of directional solidification is discussed for diffusion-
controlled growth. Mechanisms for convection in the melt are reviewed,
and models that account for convection in solute transport are presented.
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Important development efforts have gone into any commercial crystal
growth system to optimize the important aspects of each process with respect
to the production of compositionally uniform cylindrical crystals with low
densities of crystalline defects. Progress in analysis and optimization of real
solidification systems is exemplified in later sections through descriptions of
the vertical Bridgman—Stockbarger and Czochralski growth methods. The
meniscus-defined growth of the Czochralski method leads to the issues of
process stability and control for batchwise growth; these points are brought
out in a subsection devoted to process stability and control.

Classification of Melt Crystal Growth Systems

The many technological innovations in melt crystal growth of semiconductor
materials all build on the two basic concepts of confined and meniscus-
defined crystal growth. Examples of these two systems are shown schemat-
ically in Figure 1. Typical semiconductor materials grown by these and other
methods are listed in Table 1. The discussion in this section focuses on some
of the design variables for each of these methods that affect the quality of
the product crystal. The remainder of the chapter addresses the relationship
between these issues and the transport processes in crystal growth systems.

Several issues must be addressed. First, the heat-transfer environment
must yield a well-controlled temperature field in the crystal and melt near
the melt—crystal interface so that the crystallization rate, the shape of the
solidification interface, and the thermoelastic stresses in the crystal can be
controlled. Low dislocation and defect densities occur when the temperature
gradients in the crystal are low. This point will become an underlying theme
of this chapter and has manifestations in the analysis of many of the transport
processes described here.

Second, the stoichiometry of the melt and of impurities introduced
during processing must be controlled to the level demanded by application.
Although these constraints vary with application, more control is clearly
better in that the demands on purity and spatial uniformity of the material
are becoming more stringent with the increasing miniaturization of electronic
devices.

Confined Crystal Growth Systems. In confined growth geome-
tries, such as the variations of the directional-solidification method (1), the
material is loaded into an ampoule, melted, and resolidified by varying the
temperature field either by translation of the ampoule through the furnace
(the Bridgman—Stockbarger method; Figure 1a) or by time-dependent vari-
ation of the heater power (the gradient freeze method). After solidification,
the material is removed from the ampoule.

Confined melt growth systems have been used primarily for laboratory
preparation of exotic materials and for alloys with high vapor pressures. For
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Figure 1. Schematic diagrams of several commonly used systems for melt crystal

growth of electronic materials: (a) vertical Bridgman, (b) Czochralski, and (c)
small-scale floating-zone systems.
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Table 1. Common Semiconductor Materials and Methods for Growing Them
from the Melt

Material Application Technique
Single-crystal silicon Integrated circuits Czochralski
High-resistivity, Power transistors Floating zone
single-crystal silicon
Polycrystalline silicon Photovoltaic devices Variety of capillary growth
methods
Group III-V materials Optoelectronic Horizontal boat, horizontal
(e.g., GaAs, InP) devices, integrated Bridgman, liquid-
circuits encapsulated Czochralski,
vertical gradient freeze
Group II-VI materials Detectors Vertical Bridgman,
(e.g., CdTe, HgCdTe) horizontal Bridgman

such materials, the control of the stoichiometry in the melt is difficult without
confinement (Table I). Directional solidification and the gradient freeze tech-
niques are becoming popular for the growth of GaAs, InP, and other materials
for which low axial temperature gradients are needed to produce crystals
with low dislocation densities. Some of the renewed interest in these meth-
ods is a result of improvements in the control of the temperature gradients.
Carefully designed heat—pipe furnaces have been successfully used in Bridg-
man-Stockbarger systems (6) but have been limited to temperatures below
1100 °C. Multizone resistance furnaces have found application in gradient
freeze systems operating at higher temperatures (7, 8) for the growth of InP,
GaP, and GaAs.

The horizontal Bridgman technique, or boat growth technique, is a
variation in which the ampoule is laid horizontally with respect to gravity
and the temperature gradient in the melt is changed by varying the tem-
perature profile in the surrounding heater. The melt is contained in an open
ampoule, or boat, so that the composition of the melt can be equilibrated
with the surrounding ambient. For GaAs growth, a source of arsenic is placed
in the system and the vapor pressure of arsenic is controlled independently
to maintain the stoichiometry of the melt. This technique is a hybrid of the
classical gradient-freezing technique, because of the method for varying the
temperature profile, and of a meniscus-defined growth method, because of
the presence of the melt-ambient surface.

Meniscus-Defined Crystal Growth Systems. In most conventional
meniscus-defined growth systems, a seed crystal is dipped into a pool of
melt, and the thermal environment is varied so that a crystal grows from
the seed as it is pulled slowly out of the pool. Two examples of meniscus-
defined growth are shown in Figure 1. The Czochralski (CZ) method (Figure
1b) and the closely related liquid-encapsulated Czochralski (LEC) method
are batchwise processes in which the crystal is pulled from a crucible with
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decreasing melt volume. In the LEC system, an oxide material (usually
B,0;) is layered over the melt to prevent the loss of volatile components in
a high-vapor-pressure system, such as GaAs and InP. In these systems, the
gas pressure is usually maintained significantly above the ambient pressure.

The details for implementation of crystal growth by the CZ method
(9-11), the floating-zone method (12, 13), and meniscus-defined growth
methods (14, 15) developed for producing thin sheets have been reviewed.
The advantages and disadvantages of various confined and meniscus-defined
growth methods determine the types of materials that are produced by each
technique. For example, meniscus-defined methods have the advantage that
the cooling crystal is free to expand and so is less likely to generate large
thermoelastic stresses that lead to defect and dislocation generation. How-
ever, active control is needed to produce crystals of uniform cross section,
because the shape of the crystal is constrained only by capillary action.

In the floating-zone (FZ) system, a molten pool is formed by a circum-
ferential heat source that separates a melting polycrystalline feed rod and a
solidifying cylindrical crystal. In small-scale, resistively heated zones, the
pool of melt is held in shape by capillary forces and gravity and by hydro-
dynamic stresses caused by flow in the melt. The experimental techniques
related to floating-zone systems are discussed in the pioneering book by
Pfann (12). Floating-zone systems with conventional resistance heaters are
limited on earth to the growth of crystals with diameters less than ~1 cm,
because deformation of the meniscus by gravity causes loss of wetting of the
crystal by the surrounding melt (16); floating-zone growth in outer space
removes this restriction and is an area of active research (17). The shape of
a small-scale floating zone is shown in Figure lc.

Large-diameter industrial floating-zone systems have been developed
with radio frequency (rf) induction heating elements shaped so that the
induction coil has a smaller diameter than the growing crystal. These systems
are used for the growth of high-purity semiconductor materials, such as high-
resistivity silicon and germanium, and are described in the book by Muhl-
bauer and Keller (13). The explanation for the success of these systems has
centered on the levitation of the melt caused by the Maxwell stresses induced
by the coil; however, appeal to meniscus stabilization because of this ad-
ditional levitation force may not be necessary because of the shape of the
zone. The large melting interface of the polycrystalline feed rod is typically
very concave, so that the distance between the two melt—solid interfaces is
small, perhaps no more than a centimeter. The melting interface is covered
with a thin film of melt, so that the meniscus surrounding the bulk fluid
exists only adjacent to the crystal and the molten zone may be no larger in
the system with rf heating than in the system with resistive heating, which
is used for smaller diameter crystals. From this point of view, the rf coil is
a clever method of locally heating a small melt pool that is bound by a
meniscus with a shape that balances capillary force with gravity.
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Modeling of Melt Crystal Growth Systems. Two key issues must
be addressed before a detailed survey of modeling of melt crystal growth is
presented. First, it must be clear why and on what levels modeling can play
a role in optimization and control of systems for the growth of single crystals
from the melt. The potential for modeling in the development of these
processes will be obvious from a survey of the current state of the art in
growth of different semiconductor materials by similar processes.

Variants of the CZ process make a good case study. During the last 25
years, the Czochralski process has been optimized for the growth of single-
crystal silicon to the point that today dislocation-free crystals with 4-6-in.
(10-15-cm) diameters are grown from 5-25-kg batches of melt. The diameter
control is 0.1%, and impurity levels are controlled to be less than 5 x-10%
carbon atoms per cm® and 1 X 10' oxygen atoms per cm®. By contrast,
GaAs crystals grown by the liquid-encapsulated Czochralski process are lim-
ited to less than a 3-in. (7.6-cm) diameter with poor diameter control and
have 300-5000 dislocations per square centimeter, depending on the level
of dopants added to the melt. Moreover, other semiconductor materials,
such as CdTe, have not been grown successfully in Czochralski configura-
tions. The difference in the difficulty of producing silicon and GaAs wafers
is reflected in the difference by a factor of 100 in their cost per square
centimeter!

The role of transport processes in setting the level of difficulty for the
growth of each of these materials was described qualitatively by S. Motakeff
at the Massachusetts Institute of Technology (MIT) in terms of a plot similar
to Figure 2, in which the estimated thermal conductivities of several semi-
conductor materials are plotted against the approximate value of the critical
resolved shear stress (CRSS). Materials with low conductivities and low
values of CRSS are more difficult to grow because of the larger temperature
gradients (proportional to the conductivity) that will occur during processing
and the lower resistance of the crystal to the formation of dislocations (pro-
portional to CRSS). Although this argument is extremely qualitative, the
trend is clear. Analysis of linear thermoelastic stress in the crystal will be
developed further in a later subsection on transport processes and defect
formation. The newer materials used in the microelectronic industry can be
produced only with better quantitative optimization and control of the
growth systems. Modeling will play a substantial role in the development
of the next generation of crystal growth systems.

Analysis of crystal growth systems transcends levels of detail ranging
from thermal analysis of an entire crystal growth system to analysis of the
dynamics of defects in the crystal lattice. These models are represented
schematically in Figure 3 for a vertical Bridgman growth system. Several
intermediate-length scales for modeling this system have been included that
are not obvious without further discussion of the transport processes. These
scales include an intermediate scale for analysis of melt flow and solute



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1989-0221.ch002

42 MICROELECTRONICS PROCESSING: CHEMICAL ENGINEERING ASPECTS

0-3 T | T [ T | L
I Si e ]
02 - -
T
g
o i _
= InP
A .
0.1 | -
e Gals o (In-Doped GaAs)
) CdTe
0.0 i | i 1 i | 1
0 1 2 3 4

CRSS x107, dynes/cm?

Figure 2. Thermal conductivity of several common semiconductor materials

plotted against the best estimates for the critical resolved shear stress (CRSS)

for the crystal. As explained in the text, materials with low thermal conductivity
and low CRSS are hardest to grow.

transport in the melt with boundary conditions imposed by coupling between
this level of detail and an entire system model and microscale models of
melt—crystal interface morphology that account for surface forces and crys-
talline anisotropy. Analyses on these three length scales are based on con-
tinuum conservation equations and are described in this chapter.

Defect formation and dynamics in the crystal and at the melt—crystal
interface are molecular-scale events that are only adequately simulated by
lattice-scale models. A discussion of lattice-scale equilibrium and calculations
of molecular dynamics is beyond the scope of this chapter.

An important question for any modeling effort, especially one aimed at
a quantitative description of complex transport processes, is the level of
accuracy of the model. As will become evident in the discussion of transport
models and specific calculations, the values for thermophysical properties
and transport coefficients must be known, as well as the dependence of these
coefficients on temperature and pressure. Information is lacking for this data
base. Critical material properties for semiconductor materials are not known
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with any accuracy, and little data are available on the sensitivity of the
parameters to temperature and concentration. For example, the value of
the coefficient of thermal expansion for molten silicon is only available from
two isolated measurements, which disagree by a factor of three (18). The
difference in this number is critical in predicting whether steady or time-
dependent flow occurs in simulations of buoyancy-driven convection in CZ
crystal growth. Thermophysical properties for important group III-V semi-
conductors are almost totally unknown; Jordan (19) has compiled the avail-
able data and has estimated properties for GaAs and InP. The value of such
estimates is now being questioned. For example, recent measurements of
the viscosity of molten GaAs over a range of temperatures show an order-
of-magnitude increase as the melting point is approached (20), and the au-
thors suggest that molecular association in the melt is responsible for the
increase in viscosity.

Basic Transport Processes in Directional Solidification

The simplest picture of a directional solidification process is shown sche-
matically in Figure 4 and corresponds to melt translating through a tem-
perature field established by a surrounding furnace that brackets the melting
temperature. When convective heat transport is unimportant, the temper-
ature in the melt and crystal is idealized as a nearly constant axial gradient
for the purpose of describing the basic transport mechanisms. The quanti-
tative details of the temperature field depend on the thermophysical prop-
erties of the melt, crystal, and the surrounding ampoule and on the growth
rate, through the release of latent heat at the solidification interface. In a

AMPOULE TOP

AXIAL DISTANCE

Co

!

¢ p

(e

0

3

Y

Figure 4. Profiles of temperature, solute concentration, and density in one-
dimensional directional solidification of a binary alloy.



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1989-0221.ch002

2. BROWN Theory of Transport Processes 45

confined growth system, convection in the melt is caused by the translation
of the ampoule and by buoyancy-driven convection due to temperature and
concentration gradients. The details of the convection pattern will depend
on heat transfer in the system and on the orientation of the melt and crystal
with respect to gravity.

Heat transfer in melt crystal growth systems is by conduction in all
phases; convection in the melt; and convective, conductive, and radiative
exchanges between the various parts of the growth system. The goals of
heat-transfer systems designed for any crystal growth configuration are to
establish a nearly constant temperature gradient laterally along the
melt—crystal interface and to control the cooling rate of the crystal. The
details of implementing these conditions can be extremely complex because
of the complicated geometries in systems like the CZ and LEC techniques
and because of the influence of radiative heat exchange. Progress in under-
standing heat transport is discussed for specific systems in the later sections
on vertical Bridgman—Stockbarger and Czochralski crystal growth. The dis-
cussion in this section focuses on species transport for solutes that form ideal
solutions in the melt and single-phase crystalline solids. The shape of the
phase diagram between melt and solid is described by the dependence of
the liquidus T |(c) and solidus T)(c) temperatures on the solute concentration
c. The liquidus and solidus curves are taken to be straight lines with slopes
m and m/k, respectively, in which k is the equilibrium partition coeflicient.
Then the composition of melt (¢,,) and solid (¢,) in equilibrium are related
by

én = Glk (1)

(The symbol ~ is used throughout this chapter to denote dimensional vari-
ables; its absence corresponds to a dimensionless formulation.) The phase
diagram corresponding to constant values of m and k is shown in Figure 5.

Taking the segregation coefficient to be independent of the local growth
rate of the crystal is to assume that the solute concentration is in local
equilibrium at the interface, that is, that interface kinetics plays no role in
setting the composition of the crystal. Although this assumption is probably
accurate for the slow growth rates (1-10 wm/s) on a microscopically rough
crystal surface typical for the growth of many semiconductors, it is undoubt-
edly poor at higher solidification velocities or when the crystal grows along
a facet so that the growth rate is governed by the movement of ledges across
the surface.

One-Dimensional, Diffusion-Controlled Crystal Growth. Ne-
glecting bulk convection leads to an idealized picture of diffusion-con-
trolled solute transport of a dilute binary alloy with the solute composition
¢o far from an almost flat melt—crystal interface located at z = 0 (I, 21).
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Figure 5. Idealized phase diagram for a binary alloy. The liquidus slope m
and equilibrium segregation coefficient k are defined in the text.

When viewed from a reference frame that is stationary with respect to the
solidification interface, the melt moves uniaxially toward the interface and
the crystal moves away. Then solute transport in the melt is governed by
the one-dimensional balance equation

D+ V=0 @)

in which D is the solute diffusivity in the melt, ¢ is the dimensional con-
centration, Z is the dimensional axial coordinate, and V is the growth rate
measured in terms of the melt velocity. Equation 2 is solved with the fol-
lowing condition of solute conservation at the melt—crystal interface

0¥l -qa-w @)
0z

1=0

=0

in which k is the equilibrium partition coefficient defined by equation 1.
Because the growth rate V, is taken to be independent of the composition
at the interface, the results are limited in practice to dilute alloy systems.
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The solute field that decays to ¢, far from the interface (£ — ) is given by:

&3 = [1 + 1 - K exp ('1‘)’55)] @

Equation 4 shows the existence of an exponential diffusion layer adjacent to
the interface so that the variation in concentration caused by solute rejection
(k < 1) or incorporation (k > 1) at the interface only persists for an e-folding
distance in the order of D/V .

Analysis of transients in directional solidification is complicated by the
coupling between heat transfer, the shape of the melt—crystal interface, and
solute transport. Smith et al. (22) analyzed the idealized situation of one-
dimensional, diffusion-controlled transport in which the diffusion of heat is
much more rapid than that of solute, so that changes in the heat-transfer
environment or the ampoule pull rate appear as a step change in the mac-
roscopic solidification rate at the interface. Under these conditions, the
transient solute profile is governed by equations 2 and 3, with an accumu-
lation term (dc/dt) appearing on the right side of equation 2. Solution of this
equation by separation of variables and the boundary condition (equation 4)
gives an e-folding time of D/kV 2 for the solute profile in response to a step
change in the pull rate.

When the alloy is nondilute, the melting temperature depends on the
solute concentration adjacent to the interface through the shape of the lig-
uidus curve. Then the transport of heat and solute and the location of the
solidification interface do not decouple (23); Derby and Brown (24) presented
a numerical algorithm for the analysis of this problem.

Convection in Melt Growth. Convection in the melt is pervasive
in all terrestrial melt growth systems. Sources for flows include buoyancy-
driven convection caused by the solute and temperature dependence of the
density; surface tension gradients along melt—fluid menisci; forced convec-
tion introduced by the motion of solid surfaces, such as crucible and crystal
rotation in the CZ and FZ systems; and the motion of the melt induced by
the solidification of material. These flows are important causes of the con-
vection of heat and species and can have a dominant influence on the tem-
perature field in the system and on solute incorporation into the crystal.
Moreover, flow transitions from steady laminar, to time-periodic, chaotic,
and turbulent motions cause temporal nonuniformities at the growth inter-
face. These fluctuations in temperature and concentration can cause the
melt—crystal interface to melt and resolidify and can lead to solute striations
(25) and to the formation of microdefects, which will be described later.

Equations of Motion and Driving Forces for Convection. The presen-
tation in this section is limited to the case when the density variations in
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the melt caused by temperature and concentration gradients can be modeled
by the Boussinesq approximation (26) in terms of the thermal and solutal
expansion coefficients, B, = —(1/p)(dp/dT),, and B, = (1/p)(dp/dc),r, re-
spectively, in which p is pressure and T is temperature. Positive values of
B, correspond to a material with a density that decreases with increasing
temperature; a positive value of B, is appropriate for a solute with density
that increases with increasing concentration.

The governing equations and boundary conditions for modeling melt
crystal growth are described for the CZ growth geometry shown in Figure
6. The equations of motion, continuity, and transport of heat and of a dilute
solute are as follows:

5
po(—‘.') +v-Vi=-Vp+

wV2 + pog[l — B(T — T) + B¢ — cole, + Fy(V, %)

®)

V-v=0 6)
T . =) s
(af +v-V ) = VT 7
% 4 ¢-Ve) = DV ®)

In equations 5-8, the variables and symbols are defined as follows: p, is
reference mass density, v is dimensional velocity field vector, p is dimen-
sional pressure field vector, p is Newtonian viscosity of the melt, g is ac-
celeration due to gravity, T is dimensional temperature, T, is the reference
temperature, ¢ is dimensional concentration, ¢, is far-field level of concen-
tration, e, is a unit vector in the direction of the z axis, Fy, is a dimensional
applied body force field, V is the gradient operator, v(x, t) is the velocity
vector field, p(x, ) is the pressure field, p is the fluid viscosity, a,, is the
thermal diffusivity of the melt, and D is the solute diffusivity in the melt.
The vector Fy, is a body force imposed on the melt in addition to gravity.
The body force caused by an imposed magnetic field B(x, ¢) is the Lorentz
force, F, = o(v X v X B). The effect of this field on convection and
segregation is discussed in a later section.

Other mechanisms for flows in melt crystal growth arise from surface
stresses along or the relative motion of the boundaries of the melt. The no-
slip boundary condition describes the relative motion of a rigid boundary
0D,

¥(x, t) = V&, f) for X € 9Dy, )

in which V (&, £) is the velocity of the portion of the boundary aD,,. The
melt is solidified normal to the melt-solid interface and obeys a no-slip
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tangential to the surface. These conditions are written as follows

(N-9)
(T-9)

<

Vg(N . eg) (10)
V(T - e,), x € Dy,

for a steadily solidifying solid, in which the shape of the melt—crystal surface
is given by the unit normal N and tangent T vectors and the direction of
steady-state solidification at the velocity V, is given by the unit vector in
the direction of gravity, e,.

Both the normal and tangential components of stress must balance, and
the kinematics of the surface and flow field must be consistent along a
melt-fluid interface. For the meniscus shown in Figure 6 and described by
the normal and tangent vectors (n, t), these conditions dictate that

nn:[—pI + p(Vv + V¥N)] + py = 20¢H + n - F, (11a)
[ptn:(V¥ + V9] = V6 + t - F, (11b)

oh
ﬁ = n\-l, X € anm (12)

in which H is the mean curvature of the surface, o is the interfacial tension,
F, is a dimensional surface force, V, is the gradient operator defined for the
surface, and I is the identity tensor. The quantities in brackets signify the
difference of the quantity evaluated from both phases bordering the menis-
cus. Equation 1la is the condition for balancing normal stress across the
meniscus with the presence of the gas phase accounted for simply by a static
pressure p,. When viscous stresses (the term proportional to the viscosity
p) and the dynamic pressure in the melt are unimportant, this condition
gives the Young-Laplace equation for the shape of a hydrostatic interface.
Solutions for the Young-Laplace equation are available for most meniscus-
defined growth configurations.

The term V,6 in equation 11b represents the tangential stress caused
by a spatial variation in the interfacial tension due to either concentration
or temperature variation along the surface. The dependence of the interfacial
tension on temperature and concentration is usually expressed by the fol-
lowing approximation

& = & [1 i (g—;)@ ~Ty) + (‘;—j)@ - Co>] 13)

in which 6, T, and ¢, are reference values. Unfortunately, the dependence
of & on temperature even for pure melts of important electronic materials
is not known. The recent measurements of Hardy (27) for silicon suggest
that equation 13 is appropriate for an extended range of T. The additional
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surface traction F(x, #) is included in equation 1la to account for imposed
stresses, such as the direct coupling of an electromagnetic field generated
by a radio frequency (rf) field, which leads to vigorous stirring of the melt.
Inclusion of this effect as a surface force is a valid approximation for an
electrically conducting melt and a high-frequency rf field (28).

A major complication in the analysis of convection and segregation in
melt crystal growth is the need for simultaneous calculation of the
melt-crystal interface shape with the temperature, velocity, and pressure
fields. For low growth rates, for which the assumption of local thermal
equilibrium is valid, the shape of the solidification interface Dy, is given
by the shape of the liquidus curve T (c) for the binary phase diagram:

T(%, ) = T.(c) X € dDy (14)

The influence of surface curvature and surface free energy on the melting
temperature has been neglected in equation 14, because it is so small that
it is unimportant in determining the macroscopic shape of the interface.
However, microscopic details of the melt—crystal interface structure, such
as the onset of cellular and dendritic growth, depend crucially on the con-
tribution of the surface energy to the setting of the length scale of the pattern;
this point is discussed further in the section on transport processes and solid
microstructure. In addition to equation 14, latent heat that is released at
the melt—crystal interface must be included in the interfacial energy balance.

Scaling Analysis.  The complexity of practical crystal growth systems
makes difficult the understanding of the roles of each of the driving forces
for convection. As can be imagined from the expanded view of CZ growth
shown in Figure 6, different driving forces—for example, crystal and crucible
rotation, buoyancy-driven flows, and surface-tension-driven flows—domi-
nate the flow in different parts of the melt. Clearly, full numerical solutions
that account for all these effects are needed. However, scaling analysis that
balances the effects of various driving forces in idealized geometries is useful
in computing order-of-magnitude estimates of flow intensity and the scalings
for changes in flow intensity with variations in boundary conditions and
thermophysical properties.

In scaling analysis, the differential equations and boundary conditions
are put in dimensionless form by introducing characteristic scales for the
length, time, velocity, concentration, etc., that are chosen to reflect the
dominant mechanisms for transport in each conservation law. Then the di-
mensionless groups in the equations supply estimates for the relative mag-
nitudes of various driving forces. Some of the dimensionless groups for
convection and segregation in the melt are listed in Table II.

The Schmidt (Sc) and Prandtl (Pr) numbers (Table II) are ratios of mo-
lecular diffusivities and thus are formed purely from the thermophysical
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Figure 6. Schematic of driving forces for flows in Czochralski crystal growth

system, which shows the regions where the driving forces will produce the

strongest motions. The shape functions describing the unknown interface
shapes are listed also.

properties of the melt. Prandtl numbers relevant to melt crystal growth vary
between the large values (1-10) for oxide melts to the extremely low values
(0.01-0.1) for semiconductor melts. The Schmidt numbers are large (10-100)
because of the low solute diffusivities for typical melts.

Examples of dimensionless groups that specify ratios of transport mech-
anisms are listed next in Table II and depend on the size and shape of the
domain. The Peclet numbers for heat (Pe,) and solute (Pe,) and momentum
(Re) transport are ratios of scales for convective to diffusive transport and
depend on the magnitudes of the velocity field and the length sca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>