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Preface

This book provides an introduction to semiconductor fabrication technology. from crys-
tal growth to integrated devices and circuits, It covers theoretical and practical aspects
of all major steps in the fabrication sequence. It is intended us a textbook for senior under-
graduates or first-year graduate students in physics, chemistry, electrical engineering, chwem-
ical engineering, and materials science. The book can be used conveniently in a
semester-length course on integrated circuit fabrication. Such a course may or may not
be accompanied by a corequisite laboratory. The text can also serve as a reference for
practicing engineers and scientists in the semiconductor industry.

Chapter 1 gives a brief historical overview of major semiconductor devices and key
technology developments, as well as an introduction to basic fabrication steps. Chapter
2 deals with crystal growth techniques. The next several chapters are organized accord-
ing to a typical fabrication sequence. Chapter 3 presents silicon axidation. ww
and etching are discussed in Chapters 4 and 5, respectively. Chapters 6 and 7 present
the primary techniques for the introduction of dopants: diffusion and ion implantation.
The final chapter on individual process steps, Chapter 8, covers various methods of thin
film deposition. The final three chapters focus on broad, summative topics. Chapter 9
ties the individual process steps together by presenting the process flows for eritical pro-
cess technologies, integrated devices, and microelectrical mechanical systems (MEMS),
Chapter 10 introduces high-level integrated circuit manufacturing issues, including elec-
trical testing, packaging, process control, and yield. Finally, Chapter 11 discusses the fiture
outlook and challenges for the semiconductor industry.

Each chapter begins with an introduction and a list of learning goals and concludes
with a summary of important concepts. Solved example problems are provided through-
out, and suggested homework problems appear at the end of the chapter. The concept
of process simulation is presented in several chapters, using the popular SUPREM and
PROLITH software packages as application vehicles. Mastery of this software is intended
to supplement, but not replace, learning the fundamental concepts associated with micro-

electronics processing.

A complete set of detailed solutions to all end-of-chapter problems has been pre-
pared. This instructor’s manual is available to all adopting faculty. The figures in the text

are also available, in electronic format, from the publisher at the following website:
http/Awww.wiley.com/college/may.
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4 » Chapter 1. Introduction

The most important device for advanced integrated circuits is the E\l()Sl-‘IC']' “","t"d(.
oside-semiconductor field-effect transistor), which was reported h_\; ?\.;lmg; and .‘\{.l.“.l
in 1960, Figure 1.3 shows the first device using a thermally nxi(!izvd silicon sul)srr;lt_v‘. The
device has a gate length of 20 pm and a gate oxide thickness of 100 nm (1 nm = 10 o).
The two kevholes are the source and driin contacts, and the top -.-hnngulvdl;:‘r(:.l is the
aluminum gate evaporated through a metal mask. Although p‘rvsvnt‘(l;t_\‘ MOSFETs have
been scaled down to the deep-submicron regime, the choice of silicon and thermally grown
silicon dioxide used in the first MOSFET remains the most important t'l‘)[lll)ill‘.\ll(ll.l of
materials. The MOSFET and related integrated circuits now constitute about 90% of the
semiconductor device market. An ultrasmall MOSFET with a channel length of 15 nm
has been demonstrated recently.™ This device can serve as the basis for the most advanced
integrated circuit chips containing over one trillion (>10") devices. ‘

Tn 1962, Hall et al."™ first achieved lasing in semiconductors. In 1963, Kroemer™ and
Alfeerov and Kazarinov'” proposed the heterostructure laser. These proposals laid the foun-
dation for modern laser diodes, which can be operated continuously at room tempera-
ture. Laser diodes are the key components for a wide range of applications, including
digital video disks, uptic_-:ﬂ-ﬁht—‘r communication, laser printing, and atmospheric pollu-
tion monitoring.

Figure 1.3 The first metal-oxide-semiconductor field-effect transistor.” (Photograph courtesy of
Bell Laboratories.)
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» 'Il“hrvc‘- iippnmmt microwave devices were invented or realized in the next three vears,
| }c( ‘ irst t: :-.\ml\\ s Eh: tr.u&sf:-.ﬂl'xtul-rlwtnnn (Fmd(- fTIf.D: al'u_: (;alled Gunn diode), invented
y Gunn™ in 1963. The TED is used extensively in such millimeter-wave applications as
detection systems, remote controls, and microwave test instruments, The second device
n,.llu- IMPATT diode: its operation was first observed by Johnston et al" in 1965. IMPATT
:lmdvx_ can generate the highest continuous-wave (CW) power at millimeter-wave fre-
quencies of all semiconductor devices. They are used in radar systems and alarm systermns.
The third device is the MESFET (metal-semiconductor field-effect transitor). invented
by Mead™ in 1966. It is a key device for monolithic microwaye integrated circuits (MMIC).
An important semiconductor memory device was invented by Kahng and Sze* in
1967. This is the nonvolatile semiconductor memory (NVSM), which can retain its stored
information when the power supply is switched off. Although it is similar to a conven-
tional MOSFET, the major difference is the addition of a “floating gate™ in which semiper-
manent charge storage is possible. Because of its attributes of nonvolatility, high device
density, low power consumption, and electrical rewritability (i.e., the stored charge can
be removed by applying voltage to the control gate), the NVSM has become the domi-
nant memory for portable eléctronic systems such as the cellular phone, notebook com-
puter, digital camera, and smiart card.

A limiting case of the floating-gate nonvolatile memory is the single-electron mem-
ory cell (SEMC), which is obtained by reducing the length of the floating gate to ultra-
small dimensions (e.g., 10 nm}. At this dimension, when an electron moves into the floating
gate, the potential of the gate will be altered so that it will prevent the entrance of another
electron. The SEMC is the ultimate floating-gate memory cell, since we need only one
electron for information storage. The operation of a SEMC at room temperature was first
demonstrated by Yano et al*® in 1994. The SEMC can serve as the basis for the most
advanced semiconductor memories, which can contain aver one trillion bits.

The charge-coupled device (CCD) was invented by Boyle and Smith® in 1970. CCD
is used extensively in video cameras and in optical sensing applications. The resonant tun-
neling diode (RTD) was first studied by Chang et al.* in 1974, RTD is the basis for most
quantum-effect devices, which offer extremely high density, ultrahigh speed, and enhanced
functionality, because it permits a greatly reduced number of devices to perform a given
circuit function. In 1980, Mimura et al ® developed the MODFET (modulation-doped field-
effect transistor). With the proper selection of heterojunction materials, the MODFET is
the fastest field-effect transistor.

Since the invention of the bipolar transistor in 1947, the number and variety of semi-
conductor devices have increased tremendously as advanced technology, new materials,
and broadened comprehension have been applied to the creation of new devices. However,
one compelling question remains: What processes are required to construct these won-
drous devices from basic semiconductor materials?

» 1.3 SEMICONDUCTOR PROCESS TECHNOLOGY
131 Key Semiconductor Technologies

Many important semiconductor technologies I(::.\l\h'e been de:_*ivec} from processes n:;‘:;t;:
enturies azo. For example, the growth of metallic crystals in a furnace was pioneered b
o : of Lake Victoria more than 2000 years ago.™ This

Africans living on the western shores
process was used to produce carbon steel in pne-l\eated‘ forced-draft fumaces. Another
example is the lithography process, which was invented in l?98.g_lu this original process,
I ¢ ferred from a stone plate (litho)** This section considers

the pattern, or image, was trans



6 » Chapter 1. Introduction

the milestones of technologies that were '.1pp1iml for the .ﬁwt tim_v ln‘l semiconductor pro-
cessing or developed specifically for m.-n\iwmltnleur dgnw f;rthn:-.‘\tuu;, el

Some kev semiconductor technologies are listed in Table 1.2 in chrono (r'e_l.t‘; order.
In 1915, Czochralski® developed a 1i(|uid-_\uli|l mmu}c‘mnlmzwut ;::r'n\vtll trt.(;nwnlﬂm"
Czochralski growth is the process used to grow most of the crystals hjmn \\'IIL(“ i zt:)_u
wafers are produced. Another growth t?chniqm? was fhwcinpvd by Iir;«lg:llx_;tll .m_ 1 .P:.,]).‘
The Bridgman technique has been used extensively for the I:_:rum.h of gallium rseuicy
and related compound semiconductor crystals. .-\.ltlmugh the s:-m{coml.uctnr properties
of silicon have been widely studied since early 1940, the study ol smnllmnductt?! com-

unds was neglected for a long time. In 1952, Welker™ noted that g,fn']lmm ;vtrsumlv and
related I11-V u-)mpuunds were semiconductors, He was i’lhl(.‘ to p:‘n.‘d:('{ their character-
istics and to prove them experimentally. Technology and devices using these compounds
have since been actively studied. ’ .

The diffusion of impurity atoms in semiconductors is impf)mmt for .:h-\‘n":- process-
ing. Basic diffusion theory was considered by Fick™ in 1855. The i(]('fl of using (I‘:ﬂus'r(:n
techniques to alter the type of conductivity in silicon was disclosed in a patent in l\‘).a?.
by Pfann.® In 1957, the ancient lithography process was applied to semiconductor device
fabrication by Andrus.” He used photosensitive, etch-resistant polvmers (photoresist) for
pattern transfer. Lithography is a key technology for the semfcmxductor industry. The con-
tinued growth of the industry has been the direct result of improved lithographic tech-
nology. Lithography is also a significant economic factor, currently representing over 35%
of IC manufacturing costs.

TABLE12 Key Semiconductor Technologies

Year Technology Author{s)/Inventor(s) Ref.
1918 Czochralski crystal growth Czochralski 25
1925 Bridgman crystal growth Bridgman 29
1952 I1-V compounds Welker 30
1952 Diffusion Pfann 32
1957 Lithographic photoresist Andrus 33
1957 Oxide masking Frosch and Derrick 34
1957 Epitaxial CVD growth Sheftal, Kokorish, and Krasilov 35
1958 Ton implantation Shockley 36
1559 Hybrid integrated circuit Kilby a7
1959 Manolithic integrated circuit Noyce 38
1960 Planar process Hoemni 39
1963 CMOS Wanlass and Sah 40
1967 DEAM Dennard 41
1969 Polysilicon self-aligned gate Kerwin, Klein, and Sarace 42
1969 MOCVD Manasevit and Simpson 43
1971 Dry etching Irving, Lemons, and Bobos 44
1971 Molecular beam epitaxy Cho 45
1971 Microprocessor (4004) Hoff et al. 46
1982 Trench isolation Rung. Momose, and Nagakubo 47
1959 Chemical mechanical polishing Davari et al. 48
1993 Copper interconnect Paraszczak et al 49

CVD, chemical vapor depaosition: CMOS, complementary metal-oxide-semiconductor field-effect transistor;
DRAM. dynamic random access memory; MOCVD, metalorganic CVD

e
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The oxide masking method was developed by Frosch and Derrick® in 1957. They
found that an oxide layer can prevent most impurity atoms from diffusing through it. In
the same year, the epitaxial growth process based on the chemical vapor dﬁ{msiti&) tech-
nique was developed by Sheftal et al.* Epitaxy, derived from the Greek words epi, mean-
ing “on,” and taxis, meaning “arrangement,” describes a technique of erystal growth to
form a thin layer of semiconductor materials on the surface of a crystal that has a lattice
structure identical to that of the crystal. This method is important for the improvement
of device performance and the creation of novel device structures. In 1939, a rudimen-
tary integrated circuit was made by Kilby.™ It contained one bipolar transistor, three resis-
tors, and one capacitor, all made in germanium and connected by wire bonding—a hybrid
circuit. Also in 1859, Noyce™ proposed the monolithic 1C by fabricating all devices in a
single semiconductor substrate (monolith meins “single stone”) and connecting the devices
by aluminum metallization. Figure 1.4 shows the first monolithic IC of a flip-flop circuit
containing six devices. The aluminum interconnection lines were obtained by etching evap-
orated aluminum layer over the entire oxide surface using the lithographic technique. These
inventions laid the foundation for the rapid growth of the microelectronics industry.

The planar process was developed by Hoerni™ in 1960. In this process, an oxide layer
is formed on a semiconductor surface, With the help of a lithography process, portions
of the oxide can be removed and windows cut in the oxide. Impurity atoms will diffuse
only through the exposed semiconductor surface, and p-n junctions will form in the oxide
window areas.

Figure 1.4 The first monolithic integrated circuit.” (Photograph courtesy of De. G. Moare.]
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As the complexity of the 1C increased. technology has moved from NMOS Ul—t‘ll‘.llll.l!‘!

MOSFET) to CMOS (complementary MOSFET). which employs both NMOS and PMOS

A MOSFET) to form the logic elements. The CMOS concept was proposed by

Whalass and Sah™ in 1963, The advantage of CMOS technology is that logic vlcpwnls draw

stgmificant current only during the transition from one state to another (e.g., from O to 1)

sl s very little current between transitions, allowing power consumption to be min-
fmieed. CMOS technology is the dominant technology for advanced 1Cs.

In 1967, an important two-element circuit, the dynamic random access memory
IDRAM), was invented by Dennard.*' The memory cell contains one MOSFET and one
ehrge-storage capacitor. The MOSFET serves as a switch to charge or discharge the capac-
ftor. Although & DRAM is volatile and consumes relatively high power, we expect that
DRAMs will continue to be the first choice among various semiconductor memories for
nonportable electronic systems in the foreseeable future.

To improve device performance, the polysilicon self-aligned gate process was pro-
posed by Kerwin et al.“ in 1960, This process not only improved device reliability but
also reduced parasitic capacitances. Also in 1969, the metalorganic chemical vapor depo-
sition (MOCVD) methiod was developed by Manasevit and Simpson.*' This is a very impor-
tant epitaxial growth technique for compound semiconductors such as GaAs.

As the device dimensions were reduced. the dry etching technique was developed
to replace wet chemical etching for high-fidelity pattern transfer. This technique was ini-
tiated by Irving et al * in 1971 using & CF /O, gas mixture to etch silicon wafers. Another
important technique developed in the same year by Cho® was molecular beam epitaxy.
This technique has the advantage of near-perfect vertical control of composition and dop-
ing down to atomic dimensions. It is responsible for the creation of numerous photonic
devices and quantum-effect devices.

In 1971, the first microprocessor was made by Hoff et al.* who put the entire cen-
tral processing unit (CPU) of a simple computer on one chip. It was a four-bit micro-
processor (Intel 4004), shown in Figure 1.5, with a chip size of 3 mm by 4 mm, and it
contained 2300 MOSFETS. It was fabricated by a p-channel polysilicon gate process using
an S-um design rule. This microprocessor performed as well as those in $300,000 IBM
computers of the early 1960s—each of which needed a CPU the size of a large desk. This
was a major breakthrough for the semiconductor industry. Currently, microprocessors
constitute the largest segment of the industry.

Since the early 1950s, many new technologies have been developed to meet the
requirements of ever-shrinking minimum feature lengths. Three key technologies are
trench isolation, chemical mechanical polishing, and copper interconnect. Trench isola-
tion technology was introduced by Rung et al.” in 1952 to isolate CMOS devices. This
approach eventually replaced all other isolation methods, In 1989, the chemical mechan-
ical polishing method was developed by Davari et al.* for global planarization of the inter-
layer dielectrics. This is a key process for multilevel metallization. At submicron dimensions,
a widely known failure mechanism is electromigration, which is the transport of metal
ions through a conductor due to the passage of an electrical current. Although aluminum
has been used since the early 1960s as interconnect material, it suffers from electromi-
gration at high electrical current. Copper interconnect was introduced in 1993 by
Paraszezak et al* to replace aluminum for minimum feature lengths approaching 100
nm. This book considers all the technologies listed in Table 1.2,

132 Technology Trends

Since the beginning of the microelectronics era, the smallest linewidth (or the minimum
feature length) of an integrated circuit has been reduced at a rate of about 13% per year.™

1.3 Semiconductor Process Technalogy < ©

Figure 1.5 The first microprocessor.* (Photograph courtesy of Intel Corp.)

At that rate, the minimum feature length will shrink to about 50 nm in the year 2010.
Device miniaturization results in reduced unit cost per circuit function. For example, the
cost per bit of memory chips has halved every 2 years for successive generations of DRAM
circuits. As device dimensions decrease, the intrinsic switching time decreases. Device
speed has improved by four orders of magnitude since 1959. Higher speeds lead to
expanded IC functional throughput rates. In the future, digital 1Cs will be able to per-
form data processing and numerical computation at terabit-per-second rates. As devices
becomes smaller, they consume less power. Therefore, device miniaturization also reduces
the energy used for each switching operation. The energy dissipated per logic gate has
decreased by over one million times since 1959,

Figure 1.6 shows the exponential increase of the actual DRAM density versus the year
of first production from 1978 to 2000, The density increases by a factor of 2 every 15 lnonﬂu.
If trends continue, DRAM density will increase to 8 Gbin theyea.rmand mﬁécbmtmd
the year 2012. Figure 1.7 shows the exponential increase of microprocessor mmpuwinnnl
power. Computational power also increases by a factor of 2 every 18 months. Cummﬂy. i
Pentium-based personal computer has the same _computauoml power as ﬂmmﬂk\'l
supercomputer of the Jate 1960s, yet it s three orders pf magnitude smaller. lf ese trends
continue, we will reach 100 GIP (billion instructions per second) in the year 2010,
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Figure 1.9 (a) A bare n-type Si wafer. (b) An oxidized Si wafer by dry or wet oxidation.
le) Application of resist, (d) Resist exposure through the mask.

in a number of device structures or as a barrier to diffusion or implantation during device
fabrication. In the fabrication of a p-n junction (Fig. 1.9), the SiO, film is used to define
the junction area.
There are two SiO, growth methods, dry and wet oxidation, depending on whether
dry oxygen or water vapor is used. Dry oxidation is usually used to form thin oxides in
a device structure because of its good Si-SiQ, interface characteristics, whereas wet oxi-
dation is used for thicker layers because of its higher growth rate, Figure 1.9a shows a.
section of a bare Si wafer ready for oxidation. After the oxidation process, a Si0, llyénﬁ
formed all over the wafer surface. For simplicity, Figure 1,95 shows only the upper sur-
face of an oxidized wafer. More details on oxidation may be found in Chapter 3, A




me 1.10a shows the wafer after the development. The wafer is again baked to

J20°C to 180°C for 20 minutes to enhance the adhesion and improve the resistance to
.”T'V etching process. Then, an etch using buffered hydrofluoric acid (HF)
~ removes the unprotected SiO, surface (Fig. 1.10b). Lastly, the resist is stripped away by
& chemical solution or an oxygen plasma system. Figure 1.10¢ shows the final result of a
o h#n without oxide (a window) after the lithography process. The walfer is now ready
~ for forming the p—n junction by a diffusion or ion implantation process. Photolithography
“and etching are described more thoroughly in Chapters 4 and 5, respectively.

3 Diffusion and lon Implantation

In the diffusion method, the semiconductor surface not protected by the oxide is exposed
to a source with a high concentration of opposite-type impurity. The impurity moves into
the semiconductor erystal by solid-state diffusion. In ion implantation. the intended impu-
rity is introduced into the semiconductor by accelerating the impurity ions to a high energy
level and then implanting the ions in the semiconductor. The SiO, layer serves as a bar-
rier to impurity diffusion or ion implantation. After the diffusion or implantation pro-
cess, the p—n junction is formed. as shown in Figure 1.10d. Due to lateral diffusion of
impurities or lateral straggle of implanted ions, the width of the p-region is slightly wider
than the window opening. Diffusion and ion implantation are discussed in Chapters 6
and 7, respectively.

144 Metallization

After diffusion or ion implantation, a metallization process is used to form ohmic contacts
and interconnections (Fig. 1.10e). Metal films can be formed by physical vapor deposition
or chemical vapor deposition. The photolithography process is again used to define the
front contact, which is shown in Figure 1.10f. A similar metallization step is performed on
the back cantact without using a lithography process. Normally, a low-temperature (< 500°C)
anneal would also be performed to promote low-resistance contacts between the metal
layers and the semiconductor. Metallization is discussed in more detail in Chapter 8.

» 1.5 SUMMARY

Semiconductor devices have an enormous impact on our society and the global economy
because they serve as the foundation of the largest industry in the world—the electron-
ics industry.

This introductory chapter has presented a historical review of major semiconductor
devices, from the first study of the metal-semiconductor contact in 1874 to the fabrication
of an ultrasmall 15-nm MOSFET in 2001. Of particular importance are the invention of
the bipolar transistor in 1947, which ushered in the modem electronics era; the devel-
opment of the MOSFET in 1960, which is the most important device for integrated cir-
cuits; and the invention of the nonvolatile semiconductor memory in 1967, which has
been the technology driver of the electronics industry since 1990.

This chapter also described key semiconductor technologies. The origins of these
technologies can be traced back as far as two millennia. Of particular importance are the
development of the lithographic photoresist in 1957, which established the basic pattern
transfer process for semiconductor devices; the invention of the integrated circuit in 1959,
which was seminal to the rapid growth of the microelectronics industry; and the devel-
opments of the DRAM in 1967 and the microprocessor in 1971, which constitute the
two largest segments of the semiconductor industry.
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B pter 2 Crystal Growth

SILICON CRYSTAL GROWTH FROM THE MELT

' The basic technique for silicon crystal growth from the melt, which is material in liquid
O&Blhe Czochralski technique. A substantial percentage (>90%) of silicon crystals

for the semiconductor industry are prepared by the Czochralski technique, and so is vir-
~ tually all the silicon used for fabricating integrated circuits.

ki

Starting Material

* The starting material for silicon is a relatively pure form of sand (8i0,) called quartzite.
This is placed in a furnace with various forms of carbon (coal, coke, and wood chips).
' Although a number of reactions take place in the furnace, the overall reaction is

e SiC(solid) + SiO,(solid) — Si(solid) + SiO(gas) + CO(gas) (1)

This process produces metallurgical-grade silicon with a purity of about 98%. Next, the
silicon is pulverized and treated with hydrogen chloride (HCI) at 300°C to form trichlorosi-
lane (SHCL.):

Si(solid) + 3HCl(gas) — SiHCl,(gas) + H,(gas) (2)

The trichlorosilane is a liquid at room temperature (it has a boiling point of 32°C).
Fractional distillation of the liquid removes the unwanted impurities. The purified SiHCI,
is then used in a hydrogen reduction reaction to prepare the electronic-grade silicon (EGS):

SiHCl(gas) + H,(gas) — Si(solid) + 3HCl(gas) (3)

This reaction takes place in a reactor containing a resistance-heated silicon rod, which serves
as the nucleation point for the deposition of silicon. EGS, a polyerystalline material of high
purity, is the raw material used to prepare device-quality. single-crystal silicon. Pure EGS
generally has impurity concentrations in the parts-per-billion range.'

212 The Czochralski Technique

The Czochralski technique uses an apparatus called a crystal puller. A simplified version
of this device is shown in Figure 2.2. The puller has three main components: (a) a furnace,
which includes a fused-silicon (SiO,) crucible, a graphite susceptor, a rotation mechanism
(clockwise as shown), a heating element, and a power supply: (b) a erystal-pulling mech-
anism, which includes a seed holder and a rotation mechanism (counterclockwise); and
(c) an ambient control, which includes a gas source (such as argon), a flow control, and an
exhaust system. [n addition, the puller has an overall microprocessor-based control system
to control process parameters such as temperature, erystal diameter, pull rate, and rota-
tion speeds, as well as to permit programmed process steps. Various sensors and feedback
loops allow the control system to respond automatically, reducing operator intervention.

In the erystal-growing process, polyerystalline silicon (EGS) is placed in the crucible,
and the furnace is heated above the melting temperature of silicon. A suitably oriented
seed crystal (e.g., <111>) is suspended over the crucible in a seed holder. The seed is
inserted into the melt. Part of it melts, but the tip of the remaining seed crystal still touches
the liquid surface. It is then slowly withdrawn. Progressive freezing at the solid-liquid
interface yields a large, single crystal. A typical pull rate is a few millimeters per minute.
For large-diameter silicon ingots, an external magnetic field is applied to the basic
Czochralski puller. The purpose of the external magnetic field is to control the concen-
tration of defects, impurities, and oxygen.* Figure 2.3 shows a 300-mm (12 in.) and a
400-mm (16 in.) Czochralski-grown silicon ingot.
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Figure 22 Czochralski crystal puller. CW, clockwise; CCW, counterclockwise,

2.1.3 Distribution of Dopant

: i iy e

In crystal growth, a known amount of dopant is added to the melt to obtain the desired
doping concentration in the grown crystal. For silicon, boron and phosphonis a st
common dopants for p- and n-type materials, respectively. e n
As a crystal is pulled from the melt, the doping concentration
crystal (solid) is usually different from the doping co
the interface. The ratio of these two concentrations is d
gation coefficient, ki

solid and liquid near the inte

for silicon. Note that most values are -
are rejected into the melt. q
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Now, the remaining weight of the melt is M, — M, and the doping concentration in the
liquid (by weight), C,, is given by

e

Figure 2 4 illustrates the doping distribution as a function of the fraction solidified (M/M,)
for several segregation coefficients.™* As crystal growth progresses, the composition ini-
tially at k,C, will increase continually for k, < 1 and decrease continually fork, > 1. When
k, = 1, a uniform impurity distribution can be obtained.

b)
5 "M, —-M (©)
{ Combining Eqgs. 5 and 6 and substituting C /C, = k, yields
| as__ ( _am -
i S M,-M @
Given the initial weight of the dopant, C,M,, we can integrate Eq. 7:
L 3 u
ds —dM
— =k (8)
; '[, B ’;[ M,-M
Solving Eq. 8 and combining with Eq. 6 gives
-1
M\
? ¢ kuCD[I -E] (9)

Figure 23 300-mm (12 in.) and 400-mm (16 in.) Czochralski-grown silicon ingots. (Photo cour- » EXAMPLE 1
tesy of Shin-Etsu Handotai Co., Tokvo.)

A silicon ingot, which should contain 10" boron atoms/em’, is to be grown by the Czochralski tech-
nique. What concentration of boron atoms should be in the melt to give the required concentra-

ol g o i tion in the ingot? If the initial load of silicon in the crucible is 60 kg, how many grams of boron
N TSN LSO o e oy Al (atomic weight 10.8) should be added? The density of molten silicon is 2.53 g/em”.

Dopant k Type Dopant k, Type
B 8 5% 100 y As 3.0 % 10” - SOLUTION Table 2.1 shows that the segregation coefficient k; for boron is 0.5, We assume that
Al 2% 10F : :,1 73 % 1072 C, = k,C, throughout the growth. Thus, the initial concentration of boran in the melt should be
o X ;) a>D ) ' n .
, ' » b . . ! o ]
Ca S5x 10 P Te 20x 10 . n _I'O_.;l'szlo'n b
In 4 x10° P Li 1.0x 107" n | ]
8 1.25 C 4.0% 10" 1 ’
C 7 x ::n : ; g : - 3 l[l = | Since the amount of boron concentration is so small, the volume of melt can be calculated from
P : 1; 35 & 5 3 - the weight of silicon. Therefore, the volume of 60 kg of silicon is
S5 ] n
Dese P f\:n; npurity lewved 1 60x10 = 2’37x’0qcm|

2:53

5 okt : . : Mes 2 o The total number of boron atoms in the melt is
Consider a crystal being grown from a melt having an initial weight M, with an ini-

: ) =
tial doping concentration C, in the melt (i.e., the weight of the dopant per 1 g of melt). 1.25x10" atoms/cm’ x2.37x10"cm’ = 2.96x 10~ boron atoms
At a given point of growth when a crystal of weight M has been grown, the amount of ! o that
dopant remaining in the melt (by weight) is S. For an incremental amount of the crystal 5
with m-a:_'_lut dM tlw.mrr:’slmmlin&_{l reduction of the dopant (~d$) from the meltis C,dM, I 2.96x10™ atoms x 10.8 g/mol =5.31x10" g of boron =5.31 mg of boron
where C is the doping concentration in the crystal (by weight): 6.02x107 atoms/mal
-dS = C.dM (3) Note the small amount of boron needed to dope such a large load of silicon. L
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Figure24 Curves for growth from the melt showing the doping concentration in a solid as a
function of the fraction solidified.*

214 Effective Segregation Coefficient

While the crystal is growing, dopants are constantly being rejected into the melt (for k,> 1).
If the rejection rate is higher than the rate at which the dopant can be transported away
by diffusion or stirring, then a concentration gradient will develop at the interface, as illus-
trated in Figure 2.5. The segregation coefficient (given in Section 2.1.3) is k, = C,/C/(0).
We can define an effective segregation coefficient &, which is the ratio of C, and the impu-
rity concentration far away from the interface:

k=S (10)

Consider a small, virtually stagnant layer of melt with width 8 in which the only flow

is that required to replace the crystal being withdrawn from the melt. Outside this stag-
nant layer, the doping concentration has a constant value C,. Inside the layer, the dop-
ing concentration can be described by the steady-state continuity equation:
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Figure 25 Doping distribution near the solid-melt interface.

dC' d’c ol
0= d.t ===t DI (11)
where D is the dopant diffusion coefficient in the melt, v is the erystal growth velocity,
and C is the doping concentration in the melt.
The solution of Eq. 11 is

C=Ae"+a, (12)

where A, and A, are constants to be determined by the boundary conditions. The first
boundarycondmon is that C = C, (0) at x = 0. The second boundary condition is the con-
servation of the total number of dopants; that is, the sum of the dopant fluxes at the inter-
face must be zero. By considering the diffusion of dopant atoms in the melt (neglecting
diffusion in the solid), we have

D(‘ﬂ] +[c(0)-¢Jv=0 13).
dx J

Substituting these boundary conditions into Eq. lﬂﬂmm&mc if&ﬂg‘iaﬁ&;

C,=C, 2

D _ » ‘M:.

o= z “

Therefore,
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I FLOAT-ZONE PROCESS

i rocess can be used to silicon that has lower contamination than that
MMWWP from the Cmcllmlfl?tveciuﬁque. A schematic setup of the float-zone
process is shown in Figure 2.6a. A high-purity polycrystalline rod with a seed crystal at
"r bottom is beld in a vertical position and rotated. The rod is enclosed in a quartz enve-
lope within which an inert atmosphere (argon) is maintained. During the operation, a small
 zome (a few centimeters in length) of the erystal is kept molten by a radio-frequency (RF)
heater, which is moved from the seed upward so that this floating zone traverses the length
“of the rod. The molten silicon is retained by surface tension between the melting and
growing solid-silicon faces. As the floating zone moves upward, single-crystal silicon freezes
at the zone'’s retreating end and grows as an extension of the seed crystal. Materials with
higher resistivities can be obtained from the float-zone process than from the Czochralski
process because the former can be used to purify the crystal more easily. Furthermore,
since no cmucible is used in the float-zone process, there is no contamination from the
crucible (as with Czochralski growth). At the present time, float-zone crystals are used
mainly for high-power, high-voltage devices, where high-resistivity materials are required.
To evaluate the doping distribution of a float-zone process, consider a simplified model,

as shown in Figure 2.6b. The initial uniform doping concentration in the rod is C, (by
weight). L is the length of the molten zone at a distance x along the rod, A is the cross-
sectional area of the rod, p, is the specific density of silicon, and § is the amount of dopant
present in the molten zone. As the zone traverses a distance dx, the amount of dopant
added to it at its advancing end is C,p,A dx, whereas the amount of dopant removed from
itat the retreating end is k (S dx/L), where k_is the effective segregation coefficient. Thus,

dS=Cyp,A a-ii;im(cop,,a-&g (16)

Polysilicon ——»
feed rod

RF coil —0O

Singe ——
erystal

Seed
\ Cross section A

(a) (b)
Figure 26 Float-zone process. () Schematic setup. (b) Simple model for doping evaluation.
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50 that
* f ] ds
awe 4| PR
! ;!C‘npdfl-—(k,s,u.) (164)

where S, = Cyp,AL is the amount of donanet i th
front en:l of the‘I rod. From E:fu;&: “d@ﬂomm the zone when it was first formed at the

expl KX ) 2 CopuA=(kS, /L.
o r) m)l (1

or
CoAp,L g ‘
s==li-(1=R) (17)

Since C, (the doping concentration in the itreating ebd) b
k,(smp,.L),-daenpmg ONBIONT, B sl ettt L el G

C.=G1-10-k )]

values of k_ : T e p el LEACT AL

These two erystal growth techniques can also
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Figure 27 Curves for the float-zone process showing doping concentration in the solid as a
function of solidified zone lengths.'

The half-life of the intermediate element i) is 2.62 hours. Because the penetration depth
of neutrons in silicon is about 100 ¢m, doping is very uniform throughout the slice.
Figure 2.9 compares the lateral resistivity distributions in conventionally doped silicon and
in silicon doped by neutron irradiation.” Note that the resistivity variations for the neu-
tron-irmadiated silicon are much smaller than those for the conventionally doped silicon.

» 23 GaAs CRYSTAL GROWTH TECHNIQUES
231 Starting Materials

The starting materials for the synthesis of polyerystalline gallium arsenide are the ele-
mental, chemically pure gallium and arsenic. Because gallium arsenide is a combination

of two materials, its behavior is different from that of a single material such as silicon.

The behavior of a combination can be described by a phase diagram. A phase is a state

» EXAMPLE 2
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Figure 28 Relative impurity concentration versus zone length for a number of passes. L
denotes the zone length.!

relationship between the two components, gallium and arsenic, as a function
perature.” 2 s
Figure 2.10 shows the phase diagram of the.
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In Figure 2,10, consider a melt
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will be vaporized from the arsenic-rich melt, thus resulting in a higher vapor pressure. A
similar argument can explain the higher vapor pressure of gallium in a galln.sm-_nch n!elt.
Note that long before the melting point is reached, the surface layers of liquid gallium
arsenide may decompose into gallium and arsenic. Because the vapor pressures of ga]-
Jum and arsenic are different, there is a preferential loss of the more volatile arsenic species,
: iquid becomes gallium rich.
3 'ld;esyhzit:esize galliuﬂhrsenide, an evacuated, sealed quartz tube system with a two-
rature furnace is commonly used. The high-purity arsenic is placed in a graphite
boat and heated to 610°C to 620°C. whereas the high-purity gallium is placed in another
graphite boat and heated to slightly above the gallium arsenide melting temperature
{1240-1260°C). Under these conditions, an overpressure of arsenic is established (a) to
cause the transport of arsenic vapor to the gallium melt, converting it into gallium arsenide;
and (b) to prevent decomposition of the gallium arsenide while it is being formed in the
furnace. When the melt cools, a high-purity polyerystalline gallium arsenide results. This
serves as the raw material to grow single-crystal gallium arsenide.”

232 Crystal Growth Techniques

There are two techniques for CaAs crystal growth: the Czochralski technique and the
Bridgman technique. Most gallium arsenide is grown by the Bridgman technique. However,
the Czochralski technique is more popular for the growth of larger-diameter GaAs ingots.

For Czochralski growth of gallium arsenide, the basic puller is identical to that for
silicon. However, to prevent decomposition of the melt during erystal growth, a liquid encap-
sulation method is employed. The liquid encapsulant is a molten boron trioxide (B,0O,) layer
about 1 cm thick. Molten boron trioxide is inert to the gallium arsenide surface and serves
as a cap to cover the melt. This cap prevents decomposition of the gallium arsenide as long
as the pressure on its surface is higher than 1 atm (760 Torr). Because boron trioxide can
dissolve silicon dioxide, the fused-silica crucible is replaced with a graphite crucible.

To obtain the desired doping concentration in the grown crystal of GaAs, cadmium
and zne are commonly used for p-type materials, whereas selenium, silicon, and tellurium
are used for n-type materials. For semiinsulating GaAs, the material is undoped. The equi-
librium segregation coefficients for dopants in GaAs are listed in Table 2.2. Similar to
those in Si, most of the segregation coefficients are less than 1. The expressions derived
previously for Si (Eqs. 4 to 15) are equally applicable to GaAs.

TABLE22 Equilibrium Segregation Coefficients for Dopants in GaAs

Dopant k, Type

Be 3 P
Mg 0.1 P

Zn 4% 107 P

C 0.8 nip

i 1.85 % 107 nip

Ge 28 %107 nip

5 05 n

Se 50x 107

Sn 52 x 107

Te 68 x% 10" n

Cr 1.03 x 107 Semiinsulating
Fe 1.0 % 107" Semiinsulating
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Figure 212 Bridgman technique for growing single-crystal gallium arsenide, and a temperature
profile of the furnace.

Figure 2.12 shows a Bridgman system in which a two-zone furnace is used for grow-
ing single-crystal gallium arsenide. The left-hand zone is held at a temperature (approx-
imately 610°C) to maintain the required overpressure of arsenic, whereas the right-hand
zone is held just above the melting point of gallium arsenide (1240°C). The sealed tube
is made of quartz, and the boat is made of graphite. In operation, the boat is loaded with
a charge of polycrystalline gallium arsenide, with the arsenic kept at the other end of
the tube. |

As the furnace is moved toward the right, the melt cools at one end. Usually, there is
aseed placed at the left end of the boat to establish a specific crystal orientation. The grad-
ual freezing (solidification) of the melt allows a single crystal to propagate at the liquid—solid
interface. Eventually, a single crystal of gallium arsenide is grown. The impurity distribu-
tion can be described essentially by Eqs. 9 and 15, where the growth rate is given by the
traversing speed of the fumace.

b 2.4 MATERIAL CHARACTERIZATION
241 Wafer Shaping _ T

After a crystal is grown, the first shaping operation.
end of the ingot, which is last to solidify."
that the diameter of the material is defined. After t
along the length of the in | regions.
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Figure 213  Identifying flats on a semiconductor wafer.

The ingot is then ready to be sliced by diamond saw into wafers. Slicing deter-
mines four wafer parameters: surface orientation (e.g., <111> or <100>); thickness (e.g.,
0.5-0.7 mm, depending on wafer diameter); taper, which is the wafer thickness vari-
ations from one end to another; and bow, which is the surface curvature of the wafer,
measured from the center of the wafer to its edge.

After slicing, both sides of the wafer are lapped using a mixture of ALO, and glyc-
erine to produce a typical flatness uniformity within 2 pm. The lapping operation usu-
ally leaves the surface and edges of the wafer damaged and contaminated. The damaged
and contaminated regions can be removed by chemical etching (see Chapter 5). The final
step of wafer shaping is polishing, Its purpose is to provide a smooth, specular surface
where device features can be defined by photolithographic processes (see Chapter 4).
Figure 2.14 shows 200-mm (8 in.) and 400-mm (16 in.) polished silicon wafers in cas-
settes. Table 2.3 shows the specifications for 125-, 150-, 200-, and 300-mm diameter pol-
ished silicon wafers from the Semiconductor Equipment and Materials Institute (SEMI).
As mentioned previously, for large crystals (2 200 mm diameter), no flats are ground; instead,
a groove is made on the edge of the wafer for positioning and orientation purposes.

Gallium arsenide is a more fragile material than silicon. Although the basie shaping
operation of gallium arsenide is essentially the same as that for silicon, greater care must
be exercised in gallinm arsenide wafer preparation. The state of gallium arsenide technol-
ogy is relatively primitive compared with that of silicon. However, the technology of group
HI-V compounds has advanced partly because of the advances in silicon technology.
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Figure 214  200-mm (8 in.) and 400-mm (16 in.) polished silicon wafers in cassettes,
(Photo courtesy of Shin-Etsu Handotai Co., Tokyo.)

TABLE23 Specifications for Polished Monocrystalline Silicon Wafers

Parameter 125 mm 150 mm 200 mm 300 mm

Diameter (mm) 12541 1501 200+1 300£1

Thickness (mm) 0.6-0.65 0.65-0.7 0715-0735  0.735-0.775

Primary flat length (mm) 4045 55-60 NA NA

Secondary flat length (mm)  25-30 3540 NA NA

Bow (pm) 70 GO 30 <30

Total thickness variation (um) 65 50 10 <10

Surface orientation (100) = 1° Same Same Same
(I1D£1°  Same Same Same

NA, not available.

24.2 Crystal Characterization

Crystal Defects _
A real crystal (such as a silicon wafer) differs from the ideal erystal in important ways. It
is finite; thus, surface atoms are inoompletely!bo[:ldcd. Ftwﬂ:mmor&i:fh&mwm
strongly influence the electrical, mechanical, and optical properties of the semiconduc
tor. There are four categories of defects: pomtdefects.linadnfeds;mﬁedsgmdvﬂ‘
ume defects. . R
Figure 2.15 shows several forms of point defects."" Any foreign atom incorporated
into the lattice at either a substitutional site [i.e., at a regular lattice sitc (Fig. 2.15a)]
or an interstitial site [i.e., bemreenmgularhmees:teslmga.lﬂv}l

missing atom in the lattice creates avacancy, also consi Ay
- —— el — ! iy
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Figure 2.15 Point defects. (a) Substitutional impurity. (b) Interstitial impurity. (¢} Lattice
vacancy. (d) Frenkel-type defect.”

A host atom that is situated between regular lattice sites and adjacent to a vacancy is
called a Frenkel defect (Fig. 2.15d). Point defects are particularly important subjects in
the kinetics of oxidation and diffusion processes. These topics are considered in Chapters
3 and 6, respectively.

The next class of defects is the line defect, also called a dislocation."” There are two
types of dislocations: the edge and screw types. Figure 2.16a is a schematic represen-
tation of an edge dislocation in a cubic lattice. An extra plane of atoms AB is inserted into
the lattice. The line of the dislocation would be perpendicular to the plane of the page.
The screw dislocation may be considered as being produced by cutting the erystal part-
way through and pushing the upper part one lattice spacing over, as shown in Figure 2.16b.
Line defects in devices are undesirable because they act as precipitation sites for metal-
lic impurities, which may degrade device performance.

Area defects represent a large-area discontinuity in the lattice. Typical defects are twins
and grain boundaries. Twinning represents a change in the crystal orientation across a
plane. A grain boundary is a transition between crystals having no particular orientational
relationship to one another. Such defects appear during crystal growth. Another area defect
is the stacking fault.” In this defect, the stacking sequence of an atomic layer is interrupted.
In Figure 2.17 the sequence of atoms in the stack is ABCABC ... If a part of layer C is
missing, the defect is called an intrinsic stacking fault (Fig. 2.17a). If an extra plane A is
inserted between layers B and C, it is an extrinsic stacking fault (Fig. 2.17h). Such defects

may appear during crystal growth. Crystals having these area defects are not usable for

integrated circuit manufacture and are discarded.
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Figure 217  Stacking faults in semiconductor. () Intrinsic stacking fanlt. (b) Extrinsic stacking
fault.”

Precipitates of impurities or dopant atoms make up the fourth class of defects: vol-
ume defects. These defects arise because of the inherent solubility of the impurity in the
host lattice. There is a specific concentration of impurity that the host Jattice can accept
in a solid solution of itsell and the impurity. Figure 2.18 shows solubility versus temper-
ature for a variety of elements in silicon."” The solubility of most impurities decreases
with decreasing temperature. Thus, if an impurity is introduced to the maximum con-
centration allowed by its solubility at a given tempemture,mdthed)}@ﬁ&mmhd ‘
to a lower temperature, the crystal can only achieve an equilibrium state by precipitat-
ing the impurity atoms in excess of the solubility level. However, the '
between the host lattice and the precipitates results in dislocations.

Material Properties el oy :
Table 2.4 compares silicon characteristics and the requirements for i
nology having more than 107 mmm"' Mﬁ‘ )

gration (ULSI)."*" The semiconductor material properties listed
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Figure 2.18  Solid solubilities of impurity elements in silicon."!

and trace impurities such as oxygen and carbon in silicon can be analyzed by the secondary
ion mass spectroscopic (SIMS) technique described in Chapter 6. Note that although cur-
rent capabilities can meet most of the wafer specifications listed in Table 2.3, many improve-
ments are needed to satisfy the stringent requirements for ULSI technology.”

The oxygen and carbon concentrations are substantially higher in Czochralski crys-
tals than in float-zone crystals because of the dissolution of oxygen from the silica cru-

cible and transport of carbon to the melt from the graphite susceptor during crystal growth.

Typical carbon concentrations range from 10" to about 10" atoms/em”, and carbon atoms
in silicon occupy substitutional lattice sites. The presence of carbon is undesirable because
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TABLE24 Comparison of Silicon Material Characteristics and Requirements for ULSI

Churacteristics

Froperty Czochralski Float Zone Requirements

for ULSI
Resistivity (phosphorus) n-type (chm-cm) 1-50 1-300 and up 5-50 and up
Resistivity (antimony) n-type (ohm-cm) 0.005-10 — 0.001-0.02
Resistivity (boron) p-type (ohm-.cm) 0.005-50 1-300 5-50 and up
Resistivity gradient (four-point probe) (%) 5-10 20 <l
Minority carrier lifetime (ps) 30-300 50-500 3001000
Oxygen (ppma) 5-25 Not detected Uniform and

controlled
Carbon (ppma) 1-5 0.1-1 <01
Dislocation (before processing) (per em?) <500 <500 sl
Diameter (mm) Up to 200 Up to 100 Up to 300
Slice bow (pm} <25 <25 =5
Slice taper (m) <15 <15 <5
Surface flatness (um) <5 <5 <l
Heavy-metal impurities (ppba) <1 <001 <0.001

ppma, parts per million atoms; ppba, parts per billion atoms.

it aids the formation of defects. Typical oxygen concentrations range from 10" to 10"
atoms/cm’. Oxygen, however, has both deleterious and beneficial effects. It can act as a
donor, distorting the resistivity of the crystal caused by intentional duping. On the other
hand, oxygen in an interstitial lattice site can increase the yield of silicon.

In addition, the precipitates of oxygen due to the solubility effect can be used for

gettering. Gettering is a genera.l term meaning a process that removes bﬂl‘lﬁﬁll impuri-
When the wafer

ties or defects from the region in a wafer where devices are fabricated
is subjected to high-temperature treatment (e.g., 1050°C in N,), o
the surface. This lowers the oxygen content near the surface
defect-free (or denuded) zone for device fabrication, s shown in
Additional thermal cycles can be used to promote the fo
in the interior of the wafer for gettering of impurities
depends on the time and temperature of the thermal cycle )
gen in silicon. Measured results for the denuded zon shown
possible to obtain Czochralski erystals of silicon that are virtua
Commercial melt-grown materials of gallium ars
the crucible. However, for photonic applications, most re
materials (between 10" and 10" em™). F
devices, undoped gallium arsenide ¢
of 10" Q-cm. Oxygen is an undesirab
level, which contributes to a trapp:
its resistivity. Oxygen contamination ¢
melt growth. The dislocation content
about two orders of magnitude hig
the dislocation density is about

grownGaAsmyshh_ i
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A real erystal has defects that influence the electrical, mechanical, and optical prop-
erties of the semiconductor. These defects are point defects, line defects, area defects,
and volume defects. This chapter also discussed means to minimize such defects. For
the more demanding ULSI applications, the dislocation density must be less than 1 per
square centimeter, Other important requirements are listed in Table 2.4, :

1250°C, 0.5% HCL 855% O,
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Figure 218 Denuded zone width for two sets of processing conditions. Inset shows a schematic:
of the denuded zone and gettering sites in a wafer cross section.’

» 2.5 SUMMARY

- 5 ! = Jose, CA, 2001,
Several techniques are available to grow single crystals of silicon and gallium arsenide. s : A o
For silicon cx}s(t]als sand (Si0,) is used to produce polyerystalline silicon, which then serves le:\\':rkmk )G, C. sl nad B. 0. Femmer, Bt Quch A Sem b S A
as the raw material in a Czochralski puller. A seed crystal with the desired orientation is
used to grow a large ingot from the melt. Over 90% of silicon erystals are prepared by
this technique. During erystal growth, the dopant in the crystal will redistribute. A key » PROBLEMS

parameter is the segregation coefficient, that is, the ratio of the dopant concentration in
the solid to that in the melt. Since most of the coefficients are less than 1, the melt becomes
progressively enriched with the dopant as the erystal grows. |

Another growth technique for silicon is the float-zone process. It offers lower con-
tamination than that normally obtained from the Czochralski technique. Float-zone crys-
tals are used mainly for high-power, high-voltage devices where high-resistivity materials
are required.

To make GaAs, chemically pure gallium and arsenic are used as the starting mate-
rials that are synthesized to form polyerystalline GaAs. Single crystals of GaAs can be
grown by the Czochralski technique. However, a liquid encapsulant (e.g., B,O,) is required
to prevent decomposition of GaAs at the growth temperature. Another technique is the
Bridgman process, which uses a two-zone furnace for gradual solidification of the melt.

After a erystal is grown, it usually goes through wafer-shaping operations to give an
end product of highly polished wafers with a specified diameter, thickness, and surface
orientation. For example, 200-mm silicon wafers for a MOSFET fabrication line should
have a diameter of 200 £ 1 mm, a thickness of 0,725 £ 0,01 mm, and a surface orienta-
tion of (100) £ 1°, Wafers with diameters larger than 200 mm are being manufactured
for future integrated circuits. Their specifications are listed in Table 2.3.

SECTION 2.1: SILICON CRYSTAL GROWTH FROM THE MELT
1. Plot the doping distribution of arsenic at distances of 10, 20, 30, 40, and 45 cm from the
seed in a silicon ingot 50 cm long that has been pulled from a melt with an initial doping
concentration of 10" cm™. '
2. In silicon, the lattice constant is 543 A. Assume a hard-sphe
radius of a silicon atom. (b) Determine the density of silicon atom
the Avogadro constant to find the density of silicon. |
3. Assuming that a 10-kg pure silicon change is used, what is the
be added to get the boron-doped silicon to have & resistivity
of the ingot is grown?
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6. Plot the curve of the C/C, value for k= 0.05 in the Czochralski technigue.

' y horon concentration larger
7. A Caochralski-grown crystal is doped with boron. Why is the arg,
at the tall end of the erystal than at the seed end?

8. Why is the impunity concentration larger in the center of the wafer than at its perimeter?

o 3

Silicon Oxidation

SECTION 2.2: SILICON FLOAT-ZONE PROCESS
9. We use the float-zone process to purify a silicon ingot that contains a uniform gallium
concentration of 5 x 10'* em™. One pass is made with & molten zone 2 cm long. Over
what distance is the resulting gallium concentration below 3 x 10 cm™?

10. From Eq 18 find the C/C, value at L = 1 and 2 with k, = 0.3.

11. 1f p+-n abrupt-junction diodes are fabricated using the silicon materials shown in Figure
29, find the percentage change of breakdown voltages for the conventionally doped sili-
con and the neutron-irmdiated silicon.

Many different kinds of thin films are used to fabricate discrete devices and integrated
circuits, including thermal oxides, dielectric layers, polycrystalline silicon, and metal films,
Figure 3.1 shows a schematic view of a conventional silicon n-channel MOSFET that
uses all four groups of films. The first important thin film from the thermal oxide group
is the gate oxide layer, 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

I SECTION 2.3: GAAS CRYSTAL GROWTH TECHNIQUES
12. From Figure 2.10, if C_ is 20%, what fraction of the liquid will remain at T,?
13. From Figure 2.11, explain why the GaAs liquid always becomes gallium rich.

SECTION 2.4: MATERIAL CHARACTERIZATION becauseonly thermal oxidation can provid Ihe Nigh -t[unl:ty SRR he s
g i Mﬁ“ﬁ?‘e‘owu

14. The equilibrium density of vacancy n, is given by N exp(—E /kT), where N is the density of interfa:?e trap densities. . e
scmi:gndur:mr atoms and E, is the energy of formation. Calculate n, in silicon at 27°C, This chapter covers the foﬂmngtopiw
MO IS i B w2 3aY ek : * The thermal oxidation process used to form silicon dioxide (Si0,
15. Assume the energy of formation (E,) of a Frenkel-tvpe defect to be 1.1 eV and estimate g : M e T =
the defect density at 27°C and 900°C. The equilibrium density of Frenkel-type defects is * Impurity redistribution during axidation ad
given by * Material properties and thickness measurement
B = NN 5P
where N is the atomic density of silicon (cm™), and N” is the density of available intersti- e -
tial sites (cm™) and is represented by N” = 1 x 10% ¢35V o9, 4 e=pu

16.. How many chips of area 400 mm* can be placed on a wafer 300 mm in diameter? Explain’
your assumptions regarding the chip shape and unused wafer perimeter.

P
Figure 3.1 Schematic cross section of a me
(MOSFET). A EQPF




OXIDATION PROCESS

aductors can be oxidized by various methods. These include thermal oxidation,
mical anodization, and plasma-enhanced chemical vapor deposition (PECVD,

8). Among these methods, thermal oxidation is by far the most important

icon devices. It is a key process in modern silicon integrated circuit technology. For
1 arsenide, however, thermal oxidation results in generally nonstoichiometric films.
he oxides provide poor electrical insulation and semiconductor surface protection; hence,
 these ovides are rarely used in gallium arsenide technology. Consequently, this chapten
* concentrates on the thermal oxidation of silicon.

The basic thermal oxidation apparatus is shown in Figure 3.2." The reactor consists
of u resistance-heated fumace. a cylindrical fused-quartz tube containing the silicon wafers:
held vertically in a slotted quartz boat, and a source of either pure dry axygen or pure
water vapor. The loading end of the fumnace tube protrudes into a vertical flow hood where
a fltered flow of air is maintained. Flow is directed as shown by the arrow in Figure 3.2,
The hood reduces dust and particulate matter in the air surrounding the wafers and min~
imizes contamination during wafer loading, The Osidation temperature is generally in.
the range of 900°C to 1200°C, and the typical gas flow rate is about 1 L/min. The oxi-
dation system uses microprocessors to regulate the gas flow sequence, to control the auto-
matic insertion and removal of silicon wafers, to ramp the temperature up (i.e., to increase
the fumace temperature linearly) from a low temperature to the oxidation temperature
so that the wafers will not warp due to sudden temperature change, to maintain the oxi-
dation temperature to within +1°C, and to ramp the temperature down when oxidation
is completed.

3.1.1 Kinetics of Growth

The following chemical reactions describe the thermal oxidation of silicon in oxygen (dry
oxidation) or water vapor (wet oxidation): ]

Si (solid) + O, (gas) — SiO, (solid) (1

Si (solid) + 2H,0 (gas) — SiO, (solid) + 2H, (gas)

Filtered
: Reﬁsunthuter i
o L1
Ly \ I
Oy ot \ | _Silicon wafers
S BE:
—_— | = Tovent
Pe f=— End cap (quartz)
Fused
fumace tube
ot i
T ]
Exhaust

Figure 32 Schematic cross section of a resistance-heated oxidation furnace.
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The silicon-silicon dioxide interface moves into the silicon during the oxidation process,

This creates a fresh interface region, with surface contamination on the original silicon
ending up on the oxide surface. The densities and molecular weights ufsﬂlg:al and sili-
con dioxide are used in the following example to show that growing an oxide of thick-
ness x consumes a layer of silicon 0.44x thick (Fig. 3.3). :

EXAMPLE 1

If a silicon oxide layer of thickness x is grown by thermal oxidation, what is the thickne “silicon
being consumed? The molecular weight of Sli,yis 289 g/mol, and the density of Si ise:{gg[an‘
The corresponding values for S0, are 60.08 g/mol and 2.21 glem’. S

SOLUTION  The volume of 1 mol of silicon is
Molecular weight of Si
Densityof Si
The volume of 1 mol of silicon dioxide is
Molecular weight of $i0, _ 60.08 g/mol
Demsityof S0, 221 gleay’
Since 1 mol of silicon is converted to 1 molofmwr .
Thickness of SiO, xarea  Volume of 1 mol of Si0,
Thicknessof $i__ 1206 _o 00
Thickness of $i0, 27,18
Thickness of silicon = 0.44 (thickness of Si0,). For example, to grow a silico
alayer of 44 nm of silicon is consumed. % o N

_ 289 g/mol
233 g/em’

=12,06 em’/mol

=27.18 em' /mol.

The basic structural unit of thermally grown sili
tetrahedrally by four ox m,
internuclear distance is

the various phases or structures o
crystalline structures (e.g., quartz) and
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Onygen

(e)

Figure 3.4 (a) Basic structural unit of silicon dioxide. (b) Two-dimensional representation of a
quartz crystal lattice. (¢] Two-dimensional representation of the amorphous structure of silicon

dioide.!

The basic difference between the crystalline and amorphous structures is that the for-
mer is a periodic structure, extending over many molecules, whereas the latter has no peri-
odic structure at all. Figure 3.4 is a two-dimensional schematic diagram of a quartz crystalline
structure made up of rings with six silicon atoms. Figure 3.4¢ is a two-dimensional schematic
diagram of an amorphous structure shown for comparison. In the amorphous structure,
there is still a tendency to form characteristic rings with six silicon atoms. Note that the
amorphous structure in Figure 3.4¢ is quite open because only 43% of the space is occu-
pied by silicon dioxide molecules, The relatively open structure accounts for the lower den-
sity and allows a variety of impurities (such as sodium) to enter and diffuse readily through
the silicon dioxide layer.

The kinetics of thermal oxidation of silicon can be studied based on a simple model
tlustrated in Figure 3.5.° A silicon slice contacts the oxidizing species (oxygen or water
vapor), resulting in a surface concentration of C, molecules/em’ for these species. The
maguitude of C, equals the equilibrium bulk concentration of the species at the oxida-
tion temperiture. The equilibrium concentration generally is proportional to the partial
pressure of the oxidant adjacent to the oxide surface. At 1000°C and at a pressure of 1
atm, the concentration C, is 5.2 x 10" molecules/em® for dry oxygen and 3 x 10"
molecules/cm’ for water vapor.

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

F= pee - bG-¢) (3)
dx x
where D is the diffusion coefficient of the oxidizing species, and  is the thickness of the
onide layer already present.

Oxidant
————
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Figure 3.5 Basic model for the thermal oxidation of silicon.*

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

B =xC, 4)

where xis the surface reaction rate constant for oxidation. At the steady state, F, = F, = F
Combining Eqs. 3 and 4 gives

DG,
s x+(Djx)

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 107 silicon dioxide molecules/cm” in the oxide, and we add one oxygen molecule
(0,) to each silicon dioxide molecule, whereas we add two water molecules (H,0) to each
Si0, molecule. Therefore, C, for oxidation in dry oxygen is 2.2 x 10* em™, and for oxi-
dation in water vapor it is twice this number (4.4 x 10 em™). Thus, the growth rate of
the oxide layer thickness is given by

(5)

& _F_DGIG &
dt  C, x+(D/K)
We can solve this differential equation subject to the initial condition, x(0) = d,, where:
d, is the initial oxide thickness; d, can also be regarded as the thickness of oxide layer
grown in an earlier oxidation step. Solving Eq. 6 yields the general relationship for the
oxidation of silicon,
e +?—"~x=-_.v.2f’c (r+7) m
TR
where 1= (d § + 2Dd,/x)C /2DC,,. which represents a time coordinate shift to account
for the initial oxide layer d. b
The oxide thickness after an oxidizing time ¢ is given by

D 26x (t+7) 1 ®)
=2 A T
X ':[ 0 ] y
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B o . K ot TABLE32 Rate Constants for Dry Oxidation of Silicon
G Parabolic Rate  Lincar Rate
x==2(r+71) (9) Oxidation Constant Constant
1 Temperature (°C) A (um) B (um*h) B/A (pm/h)  t(h)
and for larger values of ¢, it reduces to 1200 0040 0045 1.12 0027
_ 2o, 1100 0090 0,027 0.30 0476
X= c (r+1) (10) 1000 0.165 00117 0.071 0.37
920 0.235 0.0049 0.0208 1.40
During the early stages of oxide growth, when surface reaction is the rate-limiting factor, 800 0370 0.0011 0.0030 20
the oxide thickness varies linearly with time. As the oxide layer becomes thicker, the oxi- 700 0.00026 8LO

dant must diffuse through the oxide laver 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. T°C)
Equation 7 is often written in a more compact form: joi 1200 100 0 80 700

¥ =Ax=B(r+1) (11)

where A = 2D/x, B = 2DC,/C,, and B/A = xC,/C . Using this form, Eqs. 9 and 10 can 1,0 (105 Pa)

E =205¢V

be written as = oh

5 i
x=—(1+1) (12) 3

4 s wif
for the linear region and as g
x* =B(t+7) (13) g

o 102}
for the parabolic region. For this reason, the term B/A is referred to as the linear rate g
constant, and B is the parabolic rate constant. Experimentally measured results agree i

with the predictions of this model over a wide range of oxidation conditions. For wet oxi- 5 |

dation, the initial oxide thickness d, is very small, or 7= 0. However, for dry oxidation,

the extrapolated value of d; at t = 0 is about 25 nm. Thus, the use of Eq. 11 for dry oxi-

dation on bare silicon requires a value for 7 that can be generated using this initial thick-

ness, Table 3.1 lists the values of the rate constants for wet oxidation of silicon, and Table 1074 | 1 | .

‘ = e 06 0.7 08 0.9 1.0 1.1

3.2 lists the values for dry oxidation. X

The temperature dependence of the linear rate constant B/A is shown in Figure AL

3.6 for both dry and wet oxidation and for (111)- and (100)-oriented silicon wafers.* The Figure 36 Lincar rate constant versus temperature.”

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 requlred 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 incorporation of oxygen atoms into the silicon. The rate depends on the sur-
face bond structure of silicon atoms, making it orientation dﬂp&!ﬂ?ﬂﬂtw the den-
sity of available bonds on the (111) plane is higher than that on the (100) plan: the linear

TABLE3.1 Rate Constants far Wet Oxidation of Silicon rate constant for (111) silicon is larger. at‘ N
Parabolic Rate  Linear Rate A thetem 4 ﬁiﬂ R

s can also be described by exp(—E/kﬂ “The. .

Oxidation St o tion. The comparable activation energy f
2 (°C) A “/h B/A ]

Temperature ( Alum) B {umh) (wmh) % (h) corresponding value for wet oxidation, 0.
1200 005 0720 14.40 0 eV for the activation energy t]iﬂimﬁpn
1100 0.11 0510 4.64 0 stant is independent of cry
1000 0226 0257 1.27 0 a measure of the diffusion process of th
920 050 0203 0.406 0 layer of amorphous silica.
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Figure 3.7 Parabolic rate constant versus temperature.”

Although oxides grown in dry oxygen have the best electrical properties, consider-
ably 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 ina MOS-

FET (typically < 20 nm), dry oxidation is used. However, for thicker oxides such as field
oxides (2 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.

Figure 3.8 shows the experimental results of silicon dioxide thickness as a function
of reaction time and temperature for two substrate orientations.” Under a given oxida-
tion condition, the oxide thickness grown on a (111) substrate is larger than that grown
on a (100) substrate because of the larger linear rate constant of the (111) orientation.
Note that for a given temperature and time, the oxide film obtained using wet oxidation
is about 5 to 10 times thicker than that using dry oxidation.

EXAMPLE 2

A silicon sample is oxidized in dry O, at 1200°C for 1 hour, (a) What is the thickness of the oxide
grown? (b) How much additional time is required to grow 0.1 pm more oxide in wet O, at 1200°C?

SOLUTION (2) From Table 3.2, the values of the rate constants for dry O, at 1200°C are
A=004pum B =0.045pm'/h
and T = 0.027 h. Using these parameters in Eq. 11, we obtain an oxide thickness of
x = 0.196 pm
Ib) From Table 3.1, the values of the rate constants for wet O, at 1200°C are
A =005 um B = 0.72 um*/h

3.1.2 Thin Oxide Growth
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Figure 38 Experimental results of silicon dioxide thickness as a function of reaction time and
temperature for two substrate orientations. (4) Growth in dry oxygen. (b) Growth in steam Ty
Since d, = 0.196 pm from the first step. we have
. di+Ad,, .y
r=(d) +2Dd, Ix)C, [2DC, = -Lai"-wo.om h

The final desired thickness is x = d, + 0.1 {in = 0.206 pm. Using these parameters in Eq. 11, we.
obtain an additional oxidation time of

t=076 h=453min -

Relatively slow growth rates must be used to rep: _
cise thickness. Various approaches to achieve such slow growth rates ha
including growth in dry O, at atmospheric pressure and lower te
900°C); growth atpmsum‘s'lawe'f-;th;y:_ ospheric | e
pressures of O, by using a diluent inert gas, such as Ny, At:
containing the oxidizing species: and the use of comp id

films consisting of a layer of thermally grown $iO; ’r
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chemical vapor deposition (CVD). However, the mainstream approach for gate oxides 10
10 15 nm thick is to grow the oxide film at atmospheric pressure and lower temperatures
(S00°C to 900°C). With this approach, processing using modern vertical oxidation fur-
naces 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 an apparently rapid oxidation that
gives rise to an initial oxide thickness d,, of about 20 nm. Therefore, the simple model
presented in Section 3.1.1 is not valid for dry oxidation with an oxide thickness less than
or equal to 20 nm. For ULSI, the ability to grow thin (~5-20 nm), uniform, high-quality
reproducible gate oxides has become increasingly important. This section briefly considers
the growth mechanisms of such thin oxides.

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 is reduced because of the viscous flow of silica, and the dif-
fusion coefficient will approach its stress-free value. Therefore, for thin oxides, the value
of D/x may be sufficiently small that we can neglect the terin Ax in Eq, 11 and obtain

&= do', = Bt (14)

whered, is equal to V2DC, 7/ C, . which is the initial oxide thickness when time is extrap-
oluted 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.

» 3.2 IMPURITY REDISTRIBUTION DURING OXIDATION
Dopant impurities near the silicon surface will be redistributed during thermal oxida-

tion. The redistribution depends on several factors. When two solid phases are brought
together. an impurity in one solid will redistribute between the two solids until it reaches
equilibrium. This is similar to the previous discussion in Chapter 2 on impurity redistri-

bution in erystal growth from the melt. The ratio of the equilibrium concentration of the
impurity in the silicon to that in the silicon dioxide is called the segregation coefficient
and is defined as
_ Equilibrium concentration of impurity in silicon
Equilibrium concentration of impurity in SiO,

(15)

A second factor that influences impurity distribution is that the impurity may diffuse
rapidly through the silicon dioxide and escape to the gaseous ambient. If the diffusivity
of the impurity in silicon dioxide is large, this factor will be important. A third factor in
the redistribution process is that the oside is growing. and thus the boundary between
the silicon and the oxide is advancing into the silicon as a function of time. The relative

rate of this advance compared with the diffusion rate of the impurity through the oxide

is important in determining the extent of the redistribution. Note that even if the segre-
gation coefficient of an impurity equals unity, some redistribution of the impurity in the
silicon will still take place. As indicated in Figure 3.3, the oxide layer will be about twice
as thick as the silicon layer it replaced. Therefore, the same amount of impurity will now
be distributed in a larger volume, resulting in depletion of the impurity from the silicon.

Four possible redistribution processes are illustrated in F igure 3.9. These processes
can be classified into two groups. In one group, the oxide takes up the impurity (Figs. 3.9a
and b for k < 1), and in the other the oxide rejects the impurity (Fig. 3.9¢ and d for k >1).

In each case, what happens depends on how rapidly the impurity can diffuse through the

axide. In group 1, the silicon surface is depleted of impurities; an example is boron, with
k approsimately equal to 0.3. Rapid diffusion of the impurity through the silicon dioxide

3.3 Masking Praperties of Silicon Dioxide < 51
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Figure 383 Four different cases of impurity redistribution in silicon due to thermal asidati

increases the amount of depletion; an example is boron-doped silicon heated in a hydro-
gen ambient, because hydrogen in silicon dioxide enhances the diffusivity of boron. In
group 2, k is greater than unity, so the oxide rejects the impurity. on of the im
rity through the silicon dioxide is relatively slow,
surface; an example is phosphorus, with k approx
through the silicon dioxide is rapid. so much impurity n
gaseous ambient that the overall effect will be a depleti
is gallium, with k approximately equal to 20. -
The redistributed dopant impurities in
However, redistribution in silicon has :
formance. For example, nonuniform
of the measurements of interface t
centration will modify the threshold voltage an
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» 3.4 OXIDE QUALITY

subsequent high-temperature drive-in step, diffusion in oxide-masked regions must be

slow enough with respect to diffusion in the silicon to prevent dopants from diffu.sing
through the oxide mask to the silicon surface. The required thickness may bc detc.nnmed
experimentally by measuring the oxide thickness necessary to prevent the inversion of a
lightly doped silicon substrate of opposite conductivity at a pnrtimilnr temperature and
time. Typically, oxides used for masking common impurities are 0.5 to 1.0 pm thick.

The values of diffusion constants for various dopants in $i0, depend on the con-
centration, properties, and structure of the oxide. Table 3.3 lists diffusion constants for
various common dopants, and Figure 3.10 gives the oxide thickness required to mask boron
and phosphorus as a function of diffusion time and temperature. Note that SiO, is much
more effective for masking boron than phosphorus. Nevertheless, the diffusivities of P,
Sh, As, and B in Si0, are all orders of magnitude less than their corresponding values in
silicon, so they are all compatible with oxide masking. This is not true, however, for Ga
or AL Silicon nitride is used as an alternative masking material for these elements,

TABLE3.3 Diffusion Constants in Si0,
Dopants  Diffusion Constants at 1100°C (em™/s)

B 34 %107 o 2.0 x 107
Ga 53x 10"
P 29x 107" to 2.0 x 10°9
As 12x 107" to 3.5 x 1075
Sh 9.9 x 107"
10 T T T T TTTT SR ALY Tl =T T

=——— Boron
— — = Phosphorus SO

T T T ITT
Al
T B G

T

i | ;

g - -

-] B -

2 - -

e - :
E
=

01 = -

' oo

0.01 e A N | T T T

0.1 1.0 10 100
Diffusion time (hr)
Figure 3.10  Thickness of silicon dioxide needed to mask boron and phosphorus diffusions as a
function of diffusion time and temperature,
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Oxides used for masking are usually grown by wet oxidation. A typical -
sists of a sequence of dry-wet-dry oxidations. g’r ost of the growth x?;p such ?Mmc)*ox:
in the wet phase, since the SiO, growth rate is much higher when water is used as the
oxidant. Dry oxidation, however, results in & higher-quality oxide that is denser and has
a higher breakdown voltage (5-10 MV/em), It is for these reasons that the thin gate oxides
in MOS devices are usually formed using dry oxidation.

MOS devices are also affected by charges in the oxide and traps at the SiO,-Si inter-
face. The basic classification of these traps and charges is shown in Figure 3.1, They
are the 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 are
dependent on the chemical composition of this interface. The traps are located at the
Si0,-Si interface, with energy states in the silicon forbidden bandgap. The interface trap
density (i.e., number of interface traps per unit area and per eV) is orientation depen-
dent. In silicon with a <100> crystal orientation, the interface trap density is about an
order of magnitude smaller than that in the <111> orientation. Present-day MOS devices
with thermally grown silicon dioxide on silicon have most of the interface trapped charges
passivated by low-temperature (450°C) hydrogen annealing (see Chapter 7). The value
of Q, for <100>-oriented silicon can be as low as 10" cm™, which amounts to about one
interface trapped charge per 10 surface atoms. For <111>-oriented silicon, Q, is about
10" em™.

The fixed charge (Q,) is located within approximately 3 nm of the Si0,-Si interface.
This charge is fixed and very difficult to charge or discharge. Generally, 0, is positive and
depends on oxidation and annealing conditions and on silicon orientation. It has been
suggested that when the oxidation is stopped, some ionic silicon is left near the inter-
face. These ions, along with uncompleted silicon bonds (e.g., Si-Si or $i-O bonds) at the
surface, may result in the positive interface charge. O, can be regarded as a charge sheet
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located at the Si0,~Si interface. Typical fixed oxide charge densities for a carefully treated TABLE34  Color Chart for Thermally Grown $i0, Films Observed Perpendicularly under Daylight
SI0.,-Si interface system are about 10" cm™ for a <100> surface and about 5 x 10" em™* Fluorescent Lighting :
for & <111> surface. Because of the lower values of Q, and Q. the <100> orientation is Film Film
preferred for silicon MOSFETS. T S

Onide trapped charges (Q,,) are associated with defects in the silicon dioxide. These () Color and Comments (pm) Color ind Comments
charges can be created, for example, by x-ray radiation or high-energy electron bom- — —————————— :
bardment. The traps are distributed inside the oxide layer. Most process-related Q,, can ‘“‘f Tan 0.68 Bluish” (not blue but bordedine
be removed by low-temperature annealing, 0.07 Bfﬂ:’" : between viqhgﬁ:dlﬂum

Mobile ionic charges (Q,.), which result from contamination {rom sodium or other 010 Dark violet to red violet wmm‘&m ,
alkali jons, are mobile within the oxide under raised temperatures (e.g., >100°C) and high 0.12 Royal blue ; l!ﬂm tred and blue green
electric field operations. Trace contamination by alkali metal ions may cause stability prob- 015  Light blue to metallic blue el e o whm”
lems in semiconductor devices operated under high-bias and high-temperature condi- 0.17 M;’I'a'"‘-' to very light X o e W.' 3
tions. Under these conditions mobile ionic charges can move back and forth through the _ T g'l';e“ e elia i'u-mf S R
oxide layer and cause threshold voltage shifts. Therefore, special attention must be paid ol xgmlg"w‘:iﬁ: ¥ .O_ﬂngg (rather! oringe)
to the elimination of mobile ions in device fabrication. For example, the effects of sodium Sy Trs*m;-- e .

- : . ek by 022 Gold with slight Dull, light red violet

contamination can be reduced by adding chlorine during oxidation. Chlorine immobi- yellow opange . Violet
lizes the sodium fons. A small amount (6% or less) of anhydrous HCl in the oxidizing gas 0.5 Oringad dlont ’ Blue violet

can accomplish this, but the presence of chlorine during dry oxidation increases both the

0.27 Red violet
linear and parabolic rate constants, leading to a higher growth rate.

0.30 Blue to violet blue
031 Blue

0.32 Blue to blue green
0.34 Light green

035  Green to yellow green
0.36 Yellow green

0.37 Green yellow

0.39 Yellow

0.41 Light orange

0.42 Carnation pink
0.44 Violet red

» 3.5 OXIDE THICKNESS CHARACTERIZATION

Perhaps the simplest method for determining the thickness of an oxide is to compare the
color of the wafer with a reference color chart, such as the one in Table 3.4.° When an
oxide-coated wafer is illuminated with white light perpendicular to the surface, the light
penetrates the oxide and is reflected by the underlying silicon wafer. Constructive inter-
ference leads to enhancement of a certain wavelength of reflected light, and the color
of the wafer comresponds to that wavelength. For example, a wafer with a 500-nm sili-
con dioxide layer will appear blue green.

Clearly, color chart comparisons are subjective and are therefore not the most accu-

: 0.46 Red violet
rate mechanism for determining oxide thickness. A more accurate measurement can be 047  Violet
obtained using techniques such as profilometry or ellipsometry. 048 Blue violet

Profilometry is a very common method of film thickness measurement. In this tech- 040 " Hiua

nique, a step feature in the grown or deposited film is first created, either by masking
during deposition or by etching afterward. The profilometer then drags a fine stylus across
the film surface (see Fig. 3.12)". When the stylus encounters a step, a signal variation
indicates the step height. This information is then displayed on a chart recorder or CRT
sereen. Filis of thicknesses of less than 100 nm to greater than 5 pm can be measured

0.50 Blue green |
052  Green (broad) |
054 Yellow green " |
056 Green yellow P
057 Yellow to “yellowish" (not yellowbut e

with this instrument. is in the position where ysllowis o
Ellipsometry is another widely used measurement technique that is based on the polar- be expected; at times appears tobe
ization changes that oceur when light is reflected from or transmitted through a medium. light creamy gray or metallic) !

Changes in polarization are a function of the optical properties of the material (ie., its
complex refractive indices), its thickness, and the wavelength and angle of incidence of
the light beam relative to the surface normal. These differences in polarization are mea-
sured by an ellipsometer. and the oxide thickness can then be calculated.

058  Light orange oryellow topink |
0.60  Camation pink sy
063 Violet red :

» 3.6 OXIDATION SIMULATION

As trends toward miniaturization continue and the scale of integration of ICs increases,
accurate knowledge of one-, two-, and three-dimensional structural information regare
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Figure 312 Schematic drawing of u surface profilometer.”

the features being fabricated becomes more and more critical. However, actual experi-
mental examination and characterization of such structures is both time-consuming and
expensive. Therefore, computer simulation is an important tool for investigating ULSI
fabrication processes. Sophisticated simulation programs are needed to solve the gener-
alized differential equations that model various processes.

Perhaps the most widely used example of such process simulation software is the
Stanford University Process Engineering Modeling (SUPREM) program. SUPREM can
accurately simulate multidimensional oxide growth, accounting for the moving Si-$i0,
boundary. impurity segregation during growth, and other physical phenomena. In addi-
tion, SUPREM can predict the results of the various deposition, diffusion, epitaxial growth,
and ion implantation processes discussed in subsequent chapters.

SUPREM performs oxidation simulations based on the kinetic growth model described
in Section 3.1.1. The package incorporates Arrhenius functions to describe the linear and
parabolic rate coefficients for wet and dry oxidation, as well as a rudimentary model for
chlorinated oxidation. Oxidation is simulated using the command DIFFUSION, with either
WETO2 or DRY02 included as parameters indicating wet or dry oxidation, respectively.*
SUPREM also requires the specification of process conditions such as times, tempera-
ture profiles, and so forth. In the thin oxide regime, SUPREM uses an empirical model
of the form”

‘tt B +C€-l"‘.

dr 2x+ A

(16)

where B and A ure the oxidation rate coefficients, and € and L are empirical constants.

To run SUPREM. an input deck must be provided. This file contains a series of state-
ments and comments. A description of a few commonly used statements is given in
Appendis 1. The deck begins with a TITLE statement, which is merely a comment repeated
on each page of the program output. The next command, INITIALTZE, is a control state-
ment that sets the substrate type, orientation, and doping. This command can also be

B e R e e e i el il = . b

37 Summary < 57

used to specify the thickness of the region to be simulated and establish a grid. After the
substrate and materials are established, a series of statements is used to specify the sequence
of process steps as they occur. Finally, the output of the simulation can be printed or plot-
ted using PRINT or PLOT statements, respectively. Simulation ends with a STOP statement.
Several COMMENT statements will typically appear throughout the deck. The user is encour-

aged to use these statements to better facilitate documentation of the process flow. These
ideas are illustrated in Example 3.

EXAMPLE 3

Suppose we want to perform a dry-wet-dry oxidation sequence on 3 <1005 silicon wafer at 1100°C
for 5 minutes in dry Oy, 2 hours in wet O, and finally, for 5 more minutes in dry O, If the silicon
substrate is doped with phosphorus at a level of 10" em™, use SUPREM to determine the final
oxidation thickness and the phosphorus doping profile in the oxide and silicon layers.

SOLUTION The SUPREM input listing is as follows:

TITLE Oxidation Example

COMMENT Initialize silicon substrate

INITIALIZE <100> 5iTicon Phosphor Concentration=1el6

COMMENT Ramp furnace up to 1180 C over 10 minutes in N2
DIFFUSION Time=18 Temperature=-968 Nitrogen T.rate«20

COMMENT Oxidize the wafers for S minutes at 1108 C in dry 02
DIFFUSION Time=5 Temperature=1100 Dry02

COMMENT Oxidize the wafers for 120 minutes at 1100 C in wet 02
DIFFUSION Time=120 Temperature=1100 WetD2

COMMENT Oxidize the wafers for 5 minutes at 1808 C in dry 02
DIFFUSION Time=5 Temperature=1100 Dry02

COMMENT Ramp furnace down to 900 C over 10 minutes in N2
DIFFUSION Time=10 Temperature=1180 Nitrogen T.rates-20

PRINT Layers Chemical Concentration Phosphor

PLOT Active Net Cmin=leld

STOP End oxidation example

We assume the furmace has an idle temperature of 900°C when the wafer is inserted, so we nse a
10-minute ramp up at 20°C/minute to 1100°C at the beginning of processing and a 10-minute ramp
down at ~20°C/minute back to 900°C at the end. The ramp up and ramp down are performed in

a nitrogen ambient,

After oxidation is complete, we print and plot the phosphorus concentration as a function of depth
into the silicon snbstrate. The results are shown in Figure 3.13, whlch_ind)eam & final cﬁhthicl':
ness of 0.909 pm and depicts the phosphorus incorporation in the oxide layer.

» 3.7 SUMMARY

silicon dioxide is a high-quality insulator that can be thermally grown on silicon wafers.
It can also serve as a%)har-?ier lgyer during impurity diffusion or impl_entgﬁoﬂi and it is a
key component of MOS devices and circuits. gese c{'ac:tc;rs ha\;: ::ln;)k;wg;ignﬁmnﬂy
to silicon’s current status as the dominant semiconductor mat J in use tocay.

This chapter described the mechanism of thermal oxidation of silicon mdpruel:_xted
a kinetic model of oxide growth. This model accurately predicts oxide growth rate :;;
wide range of process conditions. The chapter also discuswd dopuntmmd.lsmbuﬁ ition
the masking properties of oxides. Oxide characterization methods and oxide quality were
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~ » PROBLEMS
Asterisks denote difficult problems.
—- :2?‘32;?:; :53;; ) 1. A p-type <100>-oriented silicon wafer with a resistivity of 10 Q-cm is placed in u wet oxi

dation system to grow u field oxide of 0.45 pm at 1050°C. Determine the time required
grow the oxide. E g

*2. After the first oxidation as given in Problem 1, a window is opened in the oxide to Erow a

1 gate oxide at 1000°C for 20 minutes in dry oxidation. Find the thicknesses of the gate
axide and the total field oxide.
I 3. Show that Eq. 11 reduces to x* = Bt for long times and to x = B/A(t + 1) for short times,
4. Determine the diffusion coefficient D for dry oxidation of <100>-oriented silicon samples
l at 980°C and 1 atm.

5. Define segregation coefficient.

6. Assume that the Cu concentration in the SiO, layer is 5 x 10" atoms/em” after vapor
phase deposition and is measured with atomic absorption spectrometry. The Cu concen-
tration in the Si layer is 3 x 10" atoms/em” after HF/H,0, dissolution. Caleulate the seg-
regation coefficient of Cu in Si0,/Si layers.

*7. A bare and undoped <1005 silicon sample is oxidized for 1 hour at 1100°C in dry O, It is
then covered and has the oxide removed over half the wafer. Nest, it is re-oxidized in wet
0, at 1000°C for 30 minutes. Use SUPREM to determine the thickness in the two
regions. How high are the step on the surface and the step in the substrate?

-~ - & By

Figure 3.13  Plot of phosphorus concentration as a function of depth into the silicon substrate,
using SUPREM software

described as well. Finally, the process simulation software package SUPREM was intro-
duced. The use of SUPREM, however, is not limited to oxidation, and it will be revis-
ited in subsequent chapters,
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Photolithography

Photolithography is the process of transferring patterns of geometric shapes on a mask
to & thin layer of photosensitive material (called photorvsist) covering the surfuce 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 pattemns defined by the lithographic process are not penmanent 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 lavers comprising the device.
Pattern transfer is accomplished by an etching process that selectively removes unmasked
portions of 4 layer (see Chapter 5).* A brief description of pattern transfer was given in
Section 1.4.2. The present chapter covers the following topics:

* The importance of a clean room for lithography

» The most widely used lithographic method—optical lithography—and its resolu-
tion enhancement techniques

* Advantages and limitations of other lithographic methods

» 41 OPTICAL LITHOGRAPHY

The vast majority of lithographic equipment for IC fabrication is optical equipment using
ultraviolet light (wavelength or A = 0.2-0.4 pm). This section considers the exposure tools,
masks, resists, and resolution enhancement techniques used for optical lithography. It
also considers the pattern transfer process, which serves as a basis for other lithographic
systems, The section first briefly discusses the clean room, because all lithographic pro-
cesses must be performed in an ultraclean environment.

41.1 The Clean Room

An IC fabrication facility requires a clean processing room, especially in the area used
for photolithography. The need for such a clean room arises because dust particles in the
air can settle on semiconductor wafers and lithographic masks and can cause defects in
the devices, which result in circuit failure. For example, a dust particle on a semicon-
ductor surface can disrupt the single-crystal growth of an epitaxial film, causing the for-
mation of dislocations. A dust particle incorporated into the gate oxide can result in
enhanced conductivity and cause device failure due to low breakdown voltage. The situ-
ation is even more critical in the lithographic area. When dust particles adhere to the sur-
face of & 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

4.1 shows three dust particles on a photomask.” Particle 1 may result in the formation of

e e o e
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Figure 41 Various ways in which dust particles can interfere with photomask patterns.*

a pinhole in the underlying layer. Particle 2 is located near a pattern edge and may caus
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 & clean room, the total number of dust particles per unit volume must be tightly
controlled. along with the temperature and humidity. Figure 4.2 shows the particle-size
distribution curves for various classes of clean rooms. Two systems are used to define the
classes of clean room." In the English system, the numerical designation of the class is
taken from the maximum allowable number of particles that are 0.5 pm and larger per
cubic foot of air, In the metric system, the class is taken from the logarithm (base 10) of
the maximum allowable number of particles that are 0.5 pm and larger per cubic meter.
For example, a class 100 clean room (English system) has a dust count of 100 particles/fit’
with particle diameters of 0.5 um and larger, whereas a class M 35 clean room (metric
system) has a dust count of 10°, or about 3500 particles/m” with particle diameters of
0.5 pm or larger. Since 100 particles/ft’ = 3500 particles/m’, a class 100 in the English
system corresponds to a class M 3.5 in the metric system. 7

Because the number of dust particles increases as particle size decreases, a more strin-
gent control of the clean room environment is required when the mininmum feature lengths
of 1Cs are reduced to the deep submicron range. For most IC fabrication areas, a class
100 clean room is required; that s, the dust count must be about four orders of magni-
tude lower than that of ordinary room air. However, for the lithography area, a class 10
clean room or one with a lower dust count is required.

EXAMPLE 1

16 we expose a 200-mm wafer for 1 minute to an air stream under a laminar-flow o
m/min, how many dust particles will land on the wafer in 4 class 10 clean room?

SOLUTION  For a class 10 clean room, there are 350 particles (0.5 jim and
The air volume that goes over the wafer in 1 minute is

0w min {222 -9

- L DS
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Figure 42 Particle-size distribution curve for English (- - -) and metric (—) classes of
clean rooms.*

The namber of dust particles (0.5 pm and larger) contained in the air volume is 350 x 0.942 = 330
particles.

Therefore, if there are 400 IC chips on the wafer, the particle count amounts to one particle on
each of 52% of the chips. Fortunately, only a fraction of the particles that land adhere to the wafer
surface, and of those only a fraction are at a circuit location critical enough to cause a failure, However,
the caleulation indicates the importance of the clean room.

The pattern transfer process is accomplished by using a lithographic exposure tool. The
performance of an exposure tool is determined by three parameters: resolution, regis-
tration, and throughput. Resolution is the minimum feature dimension that can be trans-
ferred with high fidelity to a resist film on a semiconductor waler. Registration 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 hour for a given mask level.

There are basically two optical exposure methods: shadow printing and projection
printing.* Shadow printing may have the mask and wafer in direct contact with one another
(as in contact prinfing) or in close proximity (as in proximity printing). Figure 4.3a shows
 basic setup for contact printing, in which a resist-coated wafer is brought into plysical’
contact with a mask, and the resist is exposed by a nearly collimated beam of ultraviolet
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light through the back of the mask for a fixed time, The intimate contact between resists
and mask provides a resolution of approximately 1 pm. However, contact printing suf-
fers « major drawback caused by dust particles, A dust particle or a speck of silicon dust
on the wafer can be imbedded into the mask when the mask makes contact with the wafer.
The imbedded 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 4.3 shows
the basic setup. It is similar to the contact printing method, except that there is a small
gap (10-50 pm) between the wafer and the mask during exposure, The small gap 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, the resolution is degraded to the 2 to 5-pm range.

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

CD=4g 8

where A 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 A = 0.4 um and g = 50 m,
the CD is 4.5 pm. If we reduce A to 0.25 um (a wavelength range of 0.2 to 0.3 pm is in
the deep UV spectral region) and g to 15 pum, the CD becomes 2 pm. Thus, there is an
advantage in reducing both X 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, projection-
printing exposure 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 resolution,
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 4.4a shows a 1:1 wafer
scan projection system.*” A narrow, arc-shaped image field approximately 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.

Contact __Provmity

L.ight “\lll’

(b) Proximity printing.




-
:
e

Figure 44 Image partitioning techniques for pmjeuhon printing. (a) Annual-feld wafer scan.
() 1:1 step-and-repeat. (c) M:1 reduction step-and-repeat. (d) M:1 reduction step-and-scan.*?

(c)

The small image field can also be stepped over the surface of the wafer by two-
dimensional translations of the wafer only, while 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 4.4b and 4.4¢ show the partitioning of the wafer image by step-and-
repeat projection with a ratio of 1:1 or at a demagnification ratio of M:1 (e.g;, 10:1 fora
10 times reduction on the wafer), respectively. The demagnification ratio is an impor-

tant factor in our ability to produce both the lens and the mask from which we wish
print. The 1:1 optical systems are easier to design and fabricate than 10:1 or 5:1 redue-
tion systems, but it is much more difficult to produce defect-free masks at 1:1 than it is
at a 10:1 or a 5:1 demagnification ratio.

Reduction projection lithography can also print larger wafers without redesigning
the stepper lens, as long as the field size (i.e., the exposure area onto the wafer) of the =8
lens is large enough to contain one or more IC chips. When the chip size exceeds
field size of the lens, further partitioning of the image on the reticle is necessary. In Fig
4.4d, the image field on the reticle can be a narrow arc shape for M:1 step-and-scan
jection lithography. The step-and-scan system yields two-dimensional translations of th
wafer with speed v, and one-dimensional translation of the mask with a speed M timy
that of the walfer speed.

The resolution of a projection system is given by
A
=Rk

where A is again the exposure wavelength, k, is a process-dependent factor, andH@ is
the numerical aperture, which is given by
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NA =ising (3)

where 7 is the index of refraction in the image medium (usually air, where 7 = 1), and

Bis the half- angleoftheconaoﬂlghtmnve@ngtoapolntlmyﬁ&eﬂ[ﬂﬂm
in Fni::ldls Also shown in the figure is the depth of focus (DOF), which can be
expressed as

...HE. _.I.E g 4)
R T el (NA)’ @
where k, is another process-dependent factor.

Equauou 2 indicates that resolution can be improved (i.c., smaller L) by either reduc-
ing the wavelength or increasing NA or both. However, Eq 4'indimm Mtbe DQF
degrades much more rapidly by increasing N. ' , X
trend towaxd shorter-wavelength sources in :

high intensity and reliability. The .
as shown in Figure 4.6. 'IhetermsG—!Ina.H-ﬂna

405 nm, and 365 nm, respectively. I-line lithy
can offer a resolution of 0.3 pm with resolul
4.1.6). Advanced exposure tools such as
excimer laser, the 193-nm lithographic

nm lithographic system using a F, ex
tion w:th a resoluﬁon of 0. 18 pm (L
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Figure 46 Typical high-pressure mercury-are lamp spectrum.

into the underlying chromium layer for the finished mask. The details of pattern trans-
fer are considered in Section 4.1.5.

The patterns on a mask represent one level of an 1C design, The composite layout
is broken into mask levels that correspond to the IC process sequence, such as the iso-
lation region on one level, the gate region on another, and so on, Typically, 15 to 20 dif-
ferent mask levels are required for a complete IC process cycle.

The standard-size mask substrate is a fused-silica plate 15 x 15 em square, 0.6 em thick.
The 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 wavelengths, and its mechanical strength. Figure 4.7 shows a

S— o — _— A
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Figure 47 An integrated circuit photomask."

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 defect density. Mask defects can be intro-
duced 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 10). As a first-order approximation, the yield Y for a given masking level can be
expressed as

Y= (5)

where D, is the average number of “fatal” defects per unit area, and A, is the defect-
sensitive area (or “critical area”) of the IC ¢hip. If D, remains the same for all mask lev-
els (e.g., N = 10 levels), then the final yield becomes

Y= A (6)

Figure 4.8 shows the mask limit yield for a 10-level lithographic process as a function
of chip size for various values of defect densities. For example, for D, = 0.25 defect/em’,
the yield is 10% for a chip size of 90 mm®, and it drops to about 1% for a chip size of 180 mm*
Therefore, inspection and cleaning of masks are important to achieve high yields on large
chips. Of course, an ultraclean processing area is mandatory for lithographic processing.

41.4 Photoresist

Photoresist is a radiation-sensitive compound that can be classified as p_oslt’i'vg or nega-
tive, depending on how it responds to radiation. For positive resists, the mosedrggm
become more soluble and are thus more easily removed in the development process. The
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Figure 48 Yield for a 10-mask lithographic process with various defect densities per level.

net result is that the patterns formed (also called images) in the positive resist are the
sume us those on the mask. For negative resists, the exposed regions become less solu-
ble, and the patterns formed in the negative resist are the reverse of the mask patterns.

Positive phiotoresists 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 exposure, the photosensitive compound absorbs radia-

tion in the exposed pattern areas, changes its chemical structure, and becomes soluble:

in the developer solution. After development, the exposed areas are removed.

Negative photoresists are polymers combined with a photosensitive compound. After
exposure, the photosensitive compound absorbs the optical energy and converts it into
chemical energy to initiate a polymer cross-linking reaction. This reaction causes cross
linking of the polymer molecules. The cross-linked polymer has a higher molecular weight
and becomes insoluble in the developer solution. After development, 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 4.9a shows a typical exposure response curve and image cross section for a
positive resist. The response curve describes the percentage of resist remaining after expo-
sure and development versus the exposure energy. Note that the resist has a finite solu=

bility in its developer. even without exposure to radiation. As the exposure energy increases,
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Figure 49 Exposure response curve and eross section of the resist image after development.!
(a) Positive photoresist. (b) Negative photoresist.

where E, is the energy obtained by drawing the tangent at E, to reach 100% resist thick-
Tess, as s]:own in Figure 4.9a. A larger yimplies a higher solubility of the resist with an
incremental increase of exposure energy and results in sharper images.

The image cross section in Figure 4.9a illustrates the relationship between the edges
of a photomask image and the corresponding edges of the resist images after develop-
ment. 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 E..

Figure 4.9h shows the exposure response curve and image cross section for a :
tive resist. The negative resist remains completely soluble in the developer solution:ﬁ
exposure energies lower than E,. Above E,, more of the resist film remains after devel-
opment. At exposure energies twice the threshold energy, the resist film becomes essen-
tially 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 ¥ is defined similarly to y in Eq. 7, except that E, and E; are i
The image cross section for the negative resist (Fig. 4.9h) isalso influenced by the diffrac-
tion effect.

t EXAMPLE 2
Find the parameter ¥ for the photoresists shown in Figure 49.

the solubility gradually increases until at a threshold energy E,, the resist becomes com-
pletely soluble, The sensitivity of a positive resist is defined as the energy required to pro-
duce complete solubility in the exposed region. Thus, E, corresponds to the sensitivity
In addition to E,, a parameter ¥, the contrast ratio, is defined to characterize the resist:

TE[ln[%]]-. M

|
SOLUTION  For the positive resist, E; = 90 mj/em® and E, = 45 mJfem’, so

rolof e [ e
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For the negative resist, E; = 7 m}/em® and E; = 12 mfen®, so
EN [ (2]
|| = In[—]] =19
y'[ (5, ” [ 7

For deep UV lithography (e.g.. 245 and 193 nm), we cannot use conventional photoresists because
these resists require a high-dose exposure in deep UV, which will cause lens dumage and lower
throughput Chemical-amplified resist (CAR) has been developed for the deep UV process. CAR
consists of a phnt()-&m‘i(l generator, & resin pu]‘vmt'r, and u solvent. CAR is very seusitive to dl.’ep
UV radiation, and the exposed and unexposed regions differ greatly in their solubility in the devel-

<4

oper solution.

415 Pattern Transfer

Figure 4.10 illustrates the steps to transfer 1C patterns [rom a mask to a silicon wafer
that has an insulating SiO, layer formed on its surface.” The wafer is placed in a clean
room, which typically is illuminated with yellow light, since photoresists are not sensi-
tive to wavelengths greater than 0.5 pm. To ensure satisfactory adhesion of the resist,
the surface must be changed from hydrophilic to hydrophobie. This change can be made
by the application of an adhesion promoter, which can provide a chemically compatible
surface for the resist. The most common adhesion promoter for silicon ICs is hexam-
ethyl-disilazane (HMDS). After the application of this adhesion layer, the wafer is held
on a vacuum spindle, and 2 to 3 em” of liquidous resist is applied to the center of the
wafer. The waler is then rapidly accelerated to a constant rotational speed, which is main-
tained for about 30 seconds. Spin speed is generally in the range of 1000 to 10,000 rpm
to coat a uniform film about 0.5 to 1 pm thick, as shown in Figure 4.10a. The thickness
of photoresist is correlated with its viscosity.

After the spinning step, the wafer is “soft baked” (typically at 90-120°C for 60-120
seconds) to remove the solvent from the photoresist filin and to increase resist adhesion
to the wafer. The wafer is aligned with respect to the mask in an optical lithographic sys-
tem, and the resist is exposed to UV light, as shown in Figure 4.10b. If a positive pho-
toresist is used, the exposed resist is dissolved in the developer, as shown on the left side
of Figure 4.10¢. Photoresist development is usually done by flooding the wafer with the
developer solution. The wafer is then rinsed and dried. After development. “post bak-
ing” at approximately 100°C to 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 insu-
lation layer but does not attack the resist, as shown in Figure 4.10d. Finally, the resist s
stripped (e.g., using solvents or plasma oxidation), leaving behind an insulator image (or
pattern) that is the same as the opaque image on the mask (left side of Fig. 4.10e).

For negative photoresist, the procedures described are also applicable, except that
the unexposed areas are removed. The final insulator image (right side of Figure 4.10¢)
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 (see Chapter 7) can be done to dope the exposed 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 complete cireuit is fabricated by aligning the next mask in the

sequence to the previous pattern and repeating the lithographic transfer process,
A related pattern transfer process is the liftoff technique, shown in Figure 4.11. A
positive resist is used to form the resist pattern on the substrate (Figs. 4.11a and 4.115)

(PR ——
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Figure 410 Details of the optical lithographic pattern transfer process.®

The film (e.g., aluminum) is deposited over the resist and the substrate (Fig. 4.11c). The
film thickness must be smaller than that of the resist. Those portions of the film on the
resist are removed by selectively dissolving the resist layer in an appropriate liquid etchant
so that the overlying film is lifted off and removed _(F?g. 4.11d). The liftoff technique is
capable of high resolution and is used extensively for discrete devices such as high-power
MESFETs. However, it is not as widely applicable for ultralarge-scale integration, in which
dry etching is the preferred technique.
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Figure 411 The liftoff process for pattern transfer,

4.1.6 Resolution Enhancement Techniques

Optical lithography has been continuously challenged to provide better resolution, greater
DOF, and wider exposure latitude in IC processing. These challenges have been met by
reducing the wavelength of the exposure tools and developing new resists, In addition,

many resolution enhancement techniques have been developed to extend the capability

of optical lithography to even smaller feature lengths.
An important resolution enhancement technique is the phase-shifting mask (PSM).
The basic concept is shown in Figure 4.12.° For a conventional mask (Fig. 4.12a), the elec-

tric field has the same phase at every aperture (clear area). Diffraction and the limited

resolution of the optical system spread the electric field at the wafer, as shown by the dot-
ted lines. Interference between waves diffracted by the adjacent apertures enhances the field
between them. Because the intensity () is proportional to the square of the electric field,
it becomes difficult to separate the two images that are projected close to one another,
The phase-shift layer that covers adjacent apertures reverses the sign of the electric field,
as shown in Figure 4.12h. Because the intensity at the mask is unchanged, the electric
field of the images at the wafer can be cancelled. Therefore, images that are projected
close to one another can be separated. A 180° phase change can be obtained by using a
transparent layer of thickness d = A/2(n — 1), where 7 is the refractive index and A is the
wavelength that covers one aperture, as shown in Figure 4.12b.

Another resolution enhancement technique is optical proximity correction (OPC),
which uses modified shapes of adjacent subresolution geometry to improve imaging capa-
bility. For example, a square contact hole with dimensions near the resolution limit will
print nearly as a circle. Modifying the contact-hole pattern with additional geometry at
the corners will help to print & more accurate square hole.
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Figure 412 The principle of phase-shift technology. (a) Conventional technology. (b) Phase-shift
technology.”

» 4.2 NEXT-GENERATION LITHOGRAPHIC METHODS

Why is optical lithography so widely used and what makes it such a promising method? The
reasons are that it has high throughput, good resolution, low cost, and ease in operation.
However, due to deep-submicron 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 span, the complexity of mask production and mask inspection cannot
be easily resolved. In addition, the cost of masks is very high. Therefore, we need to find
alternatives to optical lithography to process deep-submicron or nanometer ICs.
Various types of next-generation lithographic methods for IC fabrication are discussed
in this section. Electron beam lithography, extreme UV lithography. x-ray lithography.
and ion beam lithography are considered, as are the differences among these methods.

421 Electron Beam Lithography

Electron beam (or e-beam) lithography is primarily used to produce photomasks. Relatively
few tools are dedicated to direct exposure of the resist by a focused electron beam with-
out a mask. Figure 4.13 shows a schematic of an electron 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 cathode or single-crystal lanthanum hexaboride
(LaB,) is used for the electron gun. Condenser lenses are used to focus the electron beam
to a spot size 10 to 25 nm in diameter. Beam-blanking plates, which tum the electron
beam on and off, and beam deflection coils are computer controlled and operated at MHz
or higher rates to direct the focused electron beam to any location in the scan field on
the substrate. Because the scan field (typically 1 em) is much smaller than the !
diameter, a precision mechanical stage is used to m"”‘hﬂm” tobepatteme&.
The advantages of electron beam lithography include the generation of submicron

resist geometries, highly automated and precisely controlled operation,
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Figure 413  Schemutic of an electron beam lithography machine.™

of focus than that available from optical lithography. and direct patterning on a semi-
conductor wafer without using a mask. The disadvantage is that electron beam lithog-
raphy 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 min-
imum device dimensions.

There are basically two ways to scan the focused electron beam: raster scan and vee-
tor scan. ' In a raster scan system, resist patterns are written by a vertically oriented beam
that moves through a regular mode, as shown in Figure 4.14a. The beam scans sequen-
tially over every possible location on the mask and is blanked (turned off) where no expo-
sure is required. All patterns on the area to be written must be subdivided into individual
addresses, and a given pattern must have a minimum incremental interval that is evenly
divisible by the beam address size.

In a vector scan system, shown in Figure 4.14b, 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, so time is saved using a vector scan system.

Figure 4.14¢ shows several types of electron beams employed for e-beam lithogra-

phy: the Gaussian spot beam (round beam), the variable-shaped beam, and cell projee-
tion, In the variable-shaped beam system, the patterning beam has a rectangular cross

section of variable size and aspect ratio. It offers the advantage of exposing several address

units simultancously. Therefore, the vector scan method using a variable-shaped beam

|
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Figure 414  (a) Raster scan writing scheme. (b) Vector scan writing schemes. (c) Shapes of elec-
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has higher throughput than the conventional Gaussian spot beam. It is also possible to
pattern a complex geometric shape in one exposure with an electron beam system; this
is called cell projection, as shown in the far right of Figure 4.14¢. The cell projection tech-
nique'* is particularly suitable for highly repetitive designs, as in MOS memory cells, since
several memory cell patterns can be exposed at once. Cell projection has not yet achieved
the throughput of optical exposure tools.

Electron Resist

Electron resists are polymers. The behavior of an electron beam resist is similar to that
of a photoresist; that is, a chemical or physical change is induced in the resist by irradi-
ation. This change allows the resist to be patterned. For a positive electron resist, the
polymer-electron interaction causes chemieal bonds to be broken (chain scission) to form
shorter molecular fragments, as shown in Figure tl&.“&samult, the molecular weight
is reduced in the irmdiated area, which can be dissolved subsequently in a developer solu-
tion 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 resolution of 0.1 pm or better. _

molecular—we:ght matena!. Poly-glyudyl methmy]" e-co-cthyl-acry
mon negative electron resist. COP, like most negative photore
development, so resolution is limited to about 1 pm.

The Proximity Effect "
In optical lithography; the the resolution is limited by diffraction of light. Inalael:mbm ithog-
mphythemsolnﬁouwmthmﬂedhydlﬂ'tm&cn(beﬂm%ﬂ.m engths associat
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Figure 415 Schematic of positive and negative resists used in electron beam lithography.” scutferti

with electrons of a few keV and higher energies are less than 0.1 nm) but by electron 1 Backscattering
scattering, When electrons penetrate the resist film and underlying substrate, they undergo ’
collisions. These collisions lead to energy losses and path changes. Thus, the incident elee- 5 L yeoo="F e~ }
trons spread out as they travel through the material until either all of their energy is lost ; SRR 0 1 2 3
or they leave the material because of backscattering. * (pm)
Figure 4.16a shows computed electron trajectories of 100 electrons with initial energy = (b)
of 20 keV inciclc'-nt‘ at _tlle origin of & [).4-1.1_111 PMMA ﬁlu.n ona thick silicon s'uhsFrate." The . Figure 416 (a) Simulated trajectories of 100 electrons in PMMA for a 20-keV electron beam.
electron beam is incident along the z-axis, and all trajectories have been projected onto. 8 (b) Dose distribution for f 1 scattering and backscattering atthe resist-substrate inlerface,

the xz plane. This figure shows qualitatively that the electrons are distributed in an oblong
pear-shaped volume with a diameter on the same order of magnitude as the electronpen-
etration depth (~3.5 m). Also, many electrons undergo backscattering collisions and travel | Laser plasma source or
backward from the silicon substrate into the PMMA resist film and leave the material. ‘| epnctrchon ity
Figure 4.16b shows the normalized distributions of the forward-scattering and
backscattering electrons at the resist-substrate interface. Because of backscattering, elee- = Paraboloid
trons effectively can irradiate several micrometers away from the center of the exposure 8
beam. Since the dose of a resist is given by the sum of the irradiations from all surrounding \, Reflection mask
areas, 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 proximity effect,
patterns are divided into smaller segments. The incident electron dose in each segment ‘
is adjusted so that the integrated dose from all its neighboring segments is the correct expo- 5
sure dose. This approach further decreases the throughput of the electron beam system
because of the additional computer time required to expose the subdivided resist pattems.

EUV light 10-14 nm

Ellipsoid

422 Extreme Ultraviolet Lithography = | lm ~

Extreme ultraviolet (EUV) lithography is a promising next-generation lithographic technology - ‘ T eetem B
, : . 5 g ic tation of an extreme ultraviolet (EUV) lithography system.
to extend the minimum linewidths to 30 nm without throughput losses." Figure 4.17 shows j Figure 417 Schematic represen
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a schematic diagram of an EUV lithography system. A laser-produced plasma or Syn- ecale 3 s . .

chrotron r.uljuti:;n can serve as the sotf}xJ of EUV having a wavelength of 10 to 14 nm, f::l)t(: (ll‘l:::llﬂtll:(:‘:::i:;: srll:ll;::l:aotil:cnttlx:; ?Emgu‘! i mgﬂ e have.low L o
The EUV radiation is reflected by a mask that is produced by patterning an absorber mate- atomic-number material, such as silicon :arbi'a?::;u"‘me q;; 2 pum thick) made of low-
rial deposited on a multilayer coated flat silicon or glass-plate mask blank. EUV radia- in a thin (~0.5 pm), relatively high-atomic-number m 'tmrral w-l?mem fradeds s
tion is reflected from the nonpatterned regions (i.e., nonabsorbing regions) of the mask gold, or one of their alloys, which is supported by th ﬂ:_ 'S:K ‘hm S gt
through a 4x reduction camera and imaged into a thin layer of resist on the wafer. " Masks are the most d;ﬂ'icult and (?rl:t?cal elc'}r)nc:t |I"n In)t;;;l..mne'

Since the EUV radiation beam is narrow, the mask must be scanned by the beam to structin of an x-ray misslcls much mor oom ﬁ@t “}0 atl]l : system, and the con-
illuminate the entire pattern field that describes the circuit mask layer. Also, for a 44 absorption of the x-rays between the source alr:d m::k ti?: iato a‘photumnsk_ To avoid
mirror (i.e., the one-paraboloid, two-ellipsoid, and one-plane mirror) reduction camera, in a helium environment. The x-my:; RPSRIAE i:; 2 -emut;igﬁl}emﬂy takes place
the wafer must be scanned at one-fourth the mask speed in a direction opposite to the the helium by a thin vacuum windov-'(umaﬁ v of bel'}"]lur:ict;:lm 3 k mﬁmﬂed )
mask movement to reproduce the image field on all chip sites on the wafer surface. A 25% to 35% of the incident flux and must tl?lerefﬁrebe co;aletf lil\ms S rmi:e gl
precision system is required to perform the chip-site alignment and to control the wafer will absorb about 10% of the incident flux. There are no mﬂ;ecl!i]ox.m[y tI: 1 M'L‘;tmck
and mask stage movements and the exposure dose during the scanning process. to create standing waves, so antireflection cc- o e g ns from the substrate
EUV lithography is capable of printing 50-nm features with PMMA resist using 13-nm We can use electron beam resists as x-ray reg:ts because when an x-ray is absorbed
radiation. However, the production of EUV exposure tools has a number of challenges. by an atom, the atom goes to an excited state with the emission of an lect;::a y'ﬂm r'tt:d
Since EUV is strongly absorbed in all materials, the lithography process must be per- atom retums to its ground state by emitting an x-ray having a diﬂ'e:am ml:’;al ex(tnl
formed in a vacuum. The camera must use reflective lens elements, and the mirrors must the incident x-ray: This x-ray is absorbed byanother}; o fn SR e“gdlSi lan
be coated with multilayer coatings that produce distributed quarter-wave Bragg reflec- all the processes vesult in the emission of elettrans; g resist il lf,nder ‘.mgm
tors. In addition, the mask blank must alsa be multilayer coated ta maximize its reflec- is equivalent to one being irradiated by a large num,ber of semndal)'ebckm};xs from ;:l"
tivity at A of 10to 14 am. of the other processes. Once the resist film is irradiated, chain cross linking or clw.nms’—,

sion will occur. depending on the type of resist.
423 X-Ray Lithography

X-ray lithography® (XRL) is a potential candidate to succeed optical lithography for the 424 lon Beam Lithography

fabrication of integrated circuits at 100 nm. The synchrotron storage ring is the choice Ton Beam lithogmphv can achieve higher resolution than optical, x-ray, or electron beam

of x-ray source for high-volume manufacturing: It can provide a large amount of colli- lithographic techniq::es because ions have a higher mass and therefore scatter less than

mated flux and can easily accommodate 10 to 20 exposure tools, electrons. The most important application is the repair of masks for optical lithography:
XRL uses a shadow printing method similar to optical proximity printing. Figure 4.18 a task for which commercial systems are available.

shows a schematic XRL system. The x-ray wavelength is about 1 nm, and the printing is Figure 4.19 shows the computer-simulated trajectories of 50 H* jons implanted at

through a 1x mask in close proximity (10-40 pm) to the wafer. Since x-ray absorption 60 keV into PMMA and various substrates.”” Note that the spread of the jon beam at a

depth of 0.4 pm is only 0.1 pm in all cases (compare with Fig. 4.16a for electrons).
Backscattering is completely absent for the silicon substrate, and there is only a small

Exposure tool

' Distance ()
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Figure 418 Schematic representation of a proximity x-ray lithography system.” Figure 419 Trajectories of 60-keV H" ions traveling through PMMA into Au. Si. and PMMA."
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wsmount of backscattering for the gold substrate. However. ion beam lithography may suf-
fer from random (or stochastic) space-charge effects, causing broadening of the ion beam,

There are two types of ion beam lithography systems: a scanning focused-beam sys-
term and o mask-beam system. The former system is similar to the electron hbeam machine
(Fig. 4.13). in which the ion source can be Ga' or H'. The latter system is siu.lilar to an
aptical 5x reduction projection step-and-repeat system, which projects 100-keV light ions
such as H; through a stencil mask.

425 Comparison of Various Lithographic Methods

The lithographic methods discussed earlier all have 100 nm or better resolution. A com-
parison of various lithographic technologies is shown in Table 4.1. However, each method
has its own limitations: the diffraction effect in optical lithography. the proximity effect
in electron beam lithography: mask fabrication complexities in x-ray lithography, diffi-
culty in mask blank production for EUV lithography, and stochastic space charge in jon
beam lithography.

For IC fabrication, many mask levels are involved. However, it is not necessary to
use the same lithographic method for all levels, A mix-and-match approach can teke advan-
tage of the unique features of each lithographic process to improve resolution and to max-
imize throughput. For example. a 4:1 EUV method can be used for the most eritical mask
levels, whereas a 4:1 or 5:1 optical system can be used for the rest.

According to the Semiconductor Industry Association’s International Technology
Roadmap for Semiconductors, 1C manufacturing technology will reach the 50 nm gen-
eration around 2010." With each new technology generation, lithography hias become

TABLE 4.1 Comparison of Various Lithographic Technologies
()plic.ﬂ SCALPEL EUV X-ray Ton Beam
2457193 nm
Expostire Tool
Source Laser Filament Laser plasma Synchrotron Multicusp
Diffraction limited  Yes Na Yes Yes No
Optics Refractive Refractive Refractive No optics Full-field
refractive
Step and scan Yes Yes Yes Yes Stepper
Throughput of 40 30-35 20-30 30 30
200-mm wafershr
Mask
Demagnification 4% 4x 4x 1% 4x
Optical proximity Yes Na Yes Yes No
correction
Radiation path Transmission Transmission Reflection Transmission  Stencil
Rexixt
Single or multilayer  Single Single Surfuce Single Single
imaging
Chenricad-amplified  Yes Yes No Yes No
et
SCALPEL, Scattering with angular imitation projection electron beam lithoraphy; EUV, extreme ultriviolet.

43 Photolithography Simulation < 81

an even more important key driver for the semiconductor ind of

ments of smaller feature size and tighter overlay tolerance, mmﬁt&iﬂw fi‘l‘;f:;i
costs have become higher relative to the total cquipment costs for an Ic mans:‘i'l:ct’\;nn
facility. Currently, the technology development of next-generation lithography is conducted
by multinational research projects or by industrial partners, ;

» 43 PHOTOLITHOGRAPHY SIMULATION

As is the case with oxidation (see Chapter 3), computer simulation is also an im rtant
tool for studying the photolithography process. The SUPREM package, unfonup:mc]
is not capable of photolithographic simulation. However, another popular tool PEO].JTI:;G
does provide this capability. , ,
PROLITH is a Windows-based program that uses a tive/negativ i -
cal lithography model originally devell)oped by Chris Mackp?:iPROLHH ifmmdﬂszg-
plete one- and two-dimensional optical lithography process from aerial image formation
through resist exposure and development. The output of the program is an accurate pre-
diction of the final resist profile, which is presented in a wide variety of images, plots,
graphs, and caleulations. In particular, PROLITH is able to simulate the following:

¢ Formation of an image of a mask feature by an optical projection system
* Exposure of photoresist by this image

» Diffusion of the image

* Development of the exposed photoresist

PROLITH accepts lithography information in the form of data files and input param-
eters and uses this information to simulate standard and advanced lithography processes.
To run PROLITH, the user simply clicks on the PROLITH icon from the Windows Start
menu. Alter a successful license search, the Imaging Tool parameters window appears
(see Fig. 4.20). As the user makes choices from the View menu, PROLITH displays win-
dows in which parameters may be entered in order to view simulation results. These can
be observed from the Graphs menu. These ideas are illustrated in Example 3.

EXAMPLE 3

Use PROLITH to view the resist profile for the eylindrical mask feature in Figure 4.20 after expo-
sure and development. Assume the following process conditions:

Photoresist type = SPR 500

Pre-hake temperature = 95°C

Pre-bake time = 60 seconds

Numerical aperture of the lens = 05
Exposure wavelength = 365 nm
Exposure energy = 150 mJ/cm®
Post-exposure bake temperature = 110°C
Post-exposure bake time = 60 seconds
Development time = 60 seconds
Developer = MFT 245/501

SOLUTION Al of the given values can be entered from the mmwwhm‘m
the appropriate icons on the toolbar. The resulting resist profile is shown in Figure 421, -
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Figure 421 The resist profile for the mask feature specified in Fig, 4.20 and Example 3.
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» 44 SUMMARY

The continued growth of the semiconductor industry is a direct result of the capability
to transfer smaller and smaller circuit patterns onto semiconductor wafers. Currently, the
vast majority of lithographic equipment is optical systems. This chapter considered var-
ious exposure tools, masks, photoresists, and the clean room for optical lithography. The
primary factor limiting resolution in optical lithography is diffraction. However, because
of advancements in excimer lasers, photoresist chemistry. and resolution enhancement
techniques such as PSM and OPC, optical lithography will remain the mainstream tech-
nology, at least to the 100 nm generation.

Electron beam lithography is the technology of choice for mask making and nanofab-
rication, in which new device concepts are explored. Other lithographic processing tech-
nologies are EUV, x-ray, and ion beam lithography. Although all these have 100 nm or
better resolution, each process has its own limitations: proximity effect in electron beam
lithography, mask blank production difficulties in EUV lithography, mask fabrication com-
plexity in x-ray lithography, and stochastic space charge in ion beam lithography.

At the present time, no obvious successor to optical lithography can be identified
unambiguously. However, a mix-and-match approach can take advantage of the unique
features of each lithography process to improve resolution and to maximize throughput.
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» PROBLEMS

SECTION 4.1: OPTICAL LITHOGRAPHY

1. For a class 100 clean room, find the number of dust particles per cubic meter with parti-
cle sizes (a) between 0.5 and 1 pm, (b) between 1 and 2 pm, and (c) above 2 um.

2. Find the final yield for a nine-mask-level process in which the average fatal defect density per
cm® is 0.1 for four levels, 0.25 for four levels, and 1.0 for one level. The chip area is 50 mm®,

3. An optical lithographic system has an exposure power of 0.3 mW/em®. The required expo-
sure energy for a positive photoresist is 140 m)/cm’, and for a negative photoresist is 9
m]/eny’. Assuming negligible times for loading and unloading wafers, compare the wafer
throughput for positive photoresist and negative photoresist.

4

by

(a)For an ArF excimer laser 193-nm optical lithographic system with NA = 0.65, k, = 0.60,
and k, = 0.50, what are the theoretical resolution and depth of focus for this tool? (b) What
can we do in practice to adjust NA, k;, and k, parameters to improve resolution? (¢) What
parameter does the phase-shift mask (PSM) technique change to improve resolution?

The plots in Figure 4.9 are called response curves in microlithography. (a) What are the

advantages and disadvantages of using resists with high y values? (b) Conventional resists
cannot be used for 248-nm or 193-nm lithography. Why not?

w

SECTION 4.2: NEXT-GENERATION LITHOGRAPHIC METHODS

6. (a) Explain why a shaped beam promises higher throughput than a Gaussian beam in
e-beam lithography. (b} How can alignment be performed for e-beam lithography? Why
is alignment in x-ray lithography so difficult? (¢) What are the potential advantages of
x-ray lithography over e-beam lithography?

7. Why has the operating mode of optical lithographic systems evolved from proximity print-
ing to 1:1 projection printing and finally to 5:1 projection step-and-repeat? (b) Is it possi-
ble to build a step-and-scan x-ray lithographic system? Why or why not?

SECTION 4.3: PHOTOLITHOGRAPHY SIMULATION
8. Repeat Example 3 with the following revised process conditions:

Pre-bake temperature = 100°C
Pre-bake time = 5 minutes
Exposure energy = 50 m]/em®
Post-exposure bake temperature = 120°C
Post-exposure bake time = 15 minutes
Du-\'elnplm‘ml time = 60 seconds

Developer = MF 319

Explain any differences in the resist profile.

S seoes e
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Etching

As discussed in the previous chapter, lithography is the process of transferring pattems
to photoresist covering the surface of a semiconductor wafer. To produce circuit features,
these resist patterns must be transferred into the underlying layers comprising the device,
The pattern transfer is accomplished by an etching process that selectively removes
unmasked portions of a layer.' A brief description of etching was given in Section 1.4.2.
The present chapter covers the following topies:

* Mechanisms for wet chemical etching of semiconductors, insulators, and metal
films

* Plasma-assisted etching (also called dry etching) for high-fidelity pattern transfer

» 5.1 WET CHEMICAL ETCHING

Wet chemical etching is used extensively in semiconductor processing. Starting from semi-
conductor wafers sliced from an ingot (Chapter 2), chemical etchants are used for lap-
ping and polishing to give an optically flat, damage-free surface. Prior to thermal oxidation
(Chapter 3) or epitaxial growth (Chapter 8), semiconductor 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 I1I-V compounds.

The mechanisms for wet chemical etching involve three essential steps, as illustrated
in Figure 5.1: The reactants are transported by diffusion to the reacting surface, chem-
ical reactions occur at the surface, and the products from the surface are removed by
diffusion. Both agjtation and the temperature of the etchant solution influence the etch
rate, which is the amount of film removed by etching per unit time. In 1C processing,
most wet chemical etches proceed by immersing the walers 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 unifor-
mity and a consistent etch rate. Spray etching has gradually replaced immersion etching
because it greatly increases the etch rate and uniformity by constantly supplying fresh
etchant to the wafer surface. ‘

For 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 the fol-
lowing equation:

(Maximum etch rate~Minimum etch m_te)
(Maximum etch rate + Minimum etch rate)

Etch rate uniformity (%) = x100% (1
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For example, a solution with 19 wt % KOH in deionized (DI : *C removes
the (100) plane at & much higher rate than the (110) nfui gmmmfm of the
etch rates for the (100, (110), and (111) planes is 100:16:], ' “w
Orientation-dependent etching of <100>-oriented silicon through a pattemed sili-

con dioxide mask creates precise V-shaped grooves, the edges being the (111) planes at
an angle of 54.7° from the (111) surface, as shown at the left of Figure 5.2a. If the win-
dow in the mask is sufficiently large or if the. etching time is short, lU-!hlped groove

will be formed, as shown at the right of 594, SR X '
: W, = W, -2l cot 54.7°
or

W, =W, - Vai (4)

where W, is the width of the window on the wafer surface and [ is the etched depth. If
<110>-oriented silicon is used, essentially straight-walled grooves with sides d{mm) X
can be formed, as shown in Figure 5.2h. We can use the large orientation depe planas
in the etch rates to fabricate device structures with submicron feature I o

Figure 5.1 Basic mechanisms in wet chemical etching.

EXAMPLE 1

Caleulate the Al average etch rate and etch rate uniformity on a 200-mm diameter silicon wafer,
assuming the eteh rates at the center, left, right, top, and bottom of the wafer are 750, 812, 765,
743, and 798 nm/min, respectively,

5.1.2 Silicon Dioxide Etching .

The wet etching of silicon dioxide isoomnmlyaehmeainmm;m solution of HF
or without the addition of ammonium fluoride (NH,F). Adding NH,F creates

SOLUTION

Al average etch rate = (750 + 812 + 765 + 743 + T98) + 5 = T73.6 nm/min _
Etch rate uniformity = (812 ~ 743) + (812 + 743) x 100% = 4.4% <

5.1.1 Silicon Etching

For semiconductor materials, wet chemical etching usually proceeds by oxidation, fol-
lowed by the dissolution of the oxide by a chemical reaction. For silicon, the most com-
monly used etchants are mixtures of nitric acid (HNO,) and hydrofluoric acid (HF) in
water or acetic acid (CH,COOH). Nitric acid oxidizes silicon to form a SiO, Ia)rv.ar.s The
oxidation reaction is

Si + 4HNO, = Si0, + 2H,0 + 4NO, (2

Hydrofluoric acid is used to dissolve the SiO, layer. The reaction is
Si0, + BHF — H,SiF, + 2H,0 (3)

Water can be used as a diluent for this etchant, However, acetic acid is preferred because
it reduces the dissolution of the nitric acid.

Some etchants dissolve a given crystal plane of single-crystal silicon much faster tha
another plane; this results in orientation-dependent etching.* For a silicon lattice, the (111
plane has more available bonds per unit area than the (110) and (100) planes; therefor
the etch rate is expected ta be slower for the (111) plane. A commonly used orientation
dependent etch for silicon consists of a mixture of KOH in water and isopropyl alc
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reforred to as & buffered HE solution (BHF), also called buffered oxide eteh (BOE), The
addition of NH_F to HF controls the pH value and replenishes the depletion of the fly-
oride ions, thus maintaining stable etching performance. The overall reaction for SIi0,
etching is the sume as that in Eq. 3. The etch rate of 5i0, etching depends on etchant
solution, etchant concentration, agitation, and temperature. In addition, density, poros-
ity, microstructure, and the presence of impurities in the oxide influence the etch rate,
For example, a high concentration of phosphorus in the oxide results in a rapid increase
in the eteh rate, and a loosely structured oxide formed by chemical vapor deposition (GVD)
or sputtering exhibits a faster etch rate than thermally grown oxide.

Silicon dioxide can also be etched in vapor-phase HE. Vapor-phase HF oxide eteh
technology has a potential for submicron feature etching because the process can be well
controlled.

513 Silicon Nitride and Polysilicon Etching

Silicon nitride films are etchable at room temperature in concentrated HF or buffered
HF and in a boiling H,PO, solution. Selective etching of nitride to oxide is done with
85% H,PO, at 150°C because this solution attacks silicon dioxide very slowly. The etch
rate is typically 10 nm/min for silicon nitride, but less than 1 nin/min for silicon dioxide.
However, photoresist adhesion problems are encountered when etching nitride with boil-
ing H,PO, solution. Better patterning can be achieved by depositing a thin oxide layer
on top of the nitride film before resist coating. The resist pattern is transferred to the
oxide layer, which then acts as 4 mask for subsequent nitride etching.

Etching polysilicon is similar to etching single-crystal silicon. However. the etch rate
is considerably faster because of the grain boundaries. The etch solution is usually mod-
ified to ensure that it does not attack the underlying gate oxide. Dopant concentrations
and temperature may affect the etch rate of polysilicon.

514 Aluminum Etching

Aluminum and aluminum alloy films are generally etched in heated solutions of phos-
phoric acid, nitric acid, acetic acid. and DI water. The typical etchant is a solution of 73%
H,PO,, 4% HNO,, 35% CH,COOH, and 19.5% DI water at 30°C to 80°C, The wet etch-
ing of aluminum proceeds as follows: HNO, oxidizes aluminum, and H,PO, then dis-
solves the oxidized aluminum. The etch rate depends on etchant concentration,
temperature, agitation of the wafers, and impurities or alloys in the aluminum film. For
example, the etch rate is reduced when copper is added to the aluminum.

Wet etching of insulating and metal films is usually done with similar chemicals that
dissolve these materials in bulk form and involve their conversion into soluble salts or
complexes. Generally, film materials will be etched more rapidly than their bulk coun-

terparts. Also, the etch rates are higher for films that have a poor microstructure, built

in stress, or departure from stoichiometry, or that have been irradiated. Some useful
etchants for insulating and metal films are listed in Table 5.1,

515 Gallium Arsenide Etching

A wide variety of etches have been investigated for gallium arsenide; however, few of them
are truly isotropic.” This is because the surface activities of the (111) Ga and (111) As
faces are very different. Most etches give a polished surface on the arsenic face, but the
gallium face tends to show crystallographic defects and etches more slowly. The maost

commeonly used etchants are the H,SO,~H,0,-H,0 and H,PO ~H,0,-H,0 systems. For
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TABLE 5.1  Etchants for Insulators and Conductors

Material Etchant Compaosition Eteh Rate (nrvmin)
Si0, 28 ml HF

170 ml HF  } Buffered HF 100

113 ¢ NH,F
15 ml HF
10 ml HNO,
300 ml H,0

Si;N, Buffered HF 05

Al 1, PO, 10

4 ml HNO,
35 ml CH,COOH 30
73 ml H,PO,
195 ml H,0

Au 4gKI 1000
lgl
40 ml HO

Mo 5 ml H,PO, 500
2 ml HNO,
4 ml CH,COOH
150 ml H,0

1 ml HNO,

Pt 7 ml HC 50
Sml H,0
34 g KILPO,

W 13.4 g KOH 160
33 ¢ K,FelCN),
1,0 to make 1 liter

P etch 12

an etchant with an 8:1:1 volume ratio of H,S0,:H,0,:H.0, the etch rate is 0.8 pm/min
for the <111> Ga face and 1.5 pm/min for all other faces. For an etchant with a 3:1:50

volume ratio of H,PO:H,0,:H,0, the etch rate is 0.4 pm/min for the <111> Ga face and
0.8 pm for all other faces.

DRY ETCHING " .
In pattern transfer operations, a resist pattern is defined by a lithograp s to
asgfnask for etching of its underlying layer (Fig. 5.34)." Most of er materials (e,
$i0,, Si;N,, and deposited metals) are amorphous iyt M

are etched in a wet chemical etchant, theemhmtek generally isotropic (i.e., the
and vertical etch rates are the same), as illustrated in Figure 5.3b. If i is the thickn
of the layer material and  the |nwmmmmmwﬁk |
define the degree of anisotropy (A,) by "~ ‘ .
—— | — ;-',1-'_“_ - - - -
Sk e 3

" Mo {
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Resist
(mask)

Semiconductor

(a)

(e)

Figure 5.3 Comparison of wet chemical etching and dry etching for pattern transfer.”

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

The major disadvantage of wet chemical 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 2 A, > 0) must be used. In practice, the value
of A, is chosen to be close to unity. Figure 5.3¢ shows the limiting case where A, = 1, cor-
responding to [ = 0 (or R, = 0).

To achieve a high-fidelity transfer of the resist patterns required for ultralarge-scale
integration processing; dry etching methods have been developed. Dry etching is syn-
onymous with plasma-assisted etching, which denotes several techniques that use plasma
in the form of low-pressure discharges. Dry etch methods include plasma etching, reac-
tive ion etching (RIE), sputter etching, magnetically enhanced RIE (MERIE), reactive
ion beam etching, and high-density plasma (HDP) etching.

521 Plasma Fundamentals

A plasma is a fully or partially ionized gas composed of equal numbers of positive and
negative charges and a different number of unionized molecules. A plasma is produced

Bl B S D ——
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when an electric field of sufficient magnitude is applied to 4 i '

down and become ionized. The plzn.smg:is iru'tiatel(;l;)y free eli?tf: ﬁﬁmﬁk
some means, such as field emission from a negatively biased electrode. The free elec
trons 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
clectrons 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.

The electron concentrations in the plasma for dry etchings are relative A, typi-
cally on the order of 10” to 10* cm™. Atp a pre&sured;} 1 'I'orr.gtshe mnmnng o?gs
molecules are 10* to 10 times higher than the electron concentrations. This results in
an average gas temperature in the range of 50°C to 100°C. Therefore, plasma-assisted
dry etching is a low-temperature process.

EXAMPLE 2

The electron densities in RIE and HDP systems range from 10° to 10™ cnand 10" 1o 10 e,
respectively. Assuming the RIE chamber pressure is 200 mTorr and HDP chamber pressure is
5 mTorr, calculate the ionization efficency in RIE reactors and HDP reactors 4t room

ture. The jonization efficiency is the ratio of the electron density to the density of molecules.

SOLUTION

'V = nRT

where P is the pressure in atm (1 atm = 760,000 mTorr), V is the volume in liters, n is the naum-
ber of moles, R is the gas constant (0.082 liter-atm/mol-K), and T is the absolute temperature in

K. respectively.
For the RIE system,
n/V = P/RT = (200/760.0001/(0.082 x 300) = 1,06 x 107" (mol/liter)
= 106 x 107 % 6,02 x 107+ 1000
= 635x 10" (em™)
Tonization efficiency = (10F ~ 10)46.38 x 10%)
= 1,56 107 ~ 1,56 % 10°*

For the HDP system,
n/V = PIRT = (376000010082 x 300) = 266 x 107 (molliter)
= 266 % 107 x 6,02 x 107 + 1000
= L6 % 10" {cm™
lonization efficiency = (10" = 10%)(1.6 x 10")
=625x 107 - 625 x 107

Therefore, HDP has much higher jonization effciency than RIE -

522 Etch Mechanism, Plasma Diagnostics, and End-Point Control

Plasma etching is & process in which a solid film is remamibynchmﬁul reaction with
ground-state or excited-state neutral species. Plasma etchingis often enhanced or induced
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by energetic ions generated in a gaseous discharge. The basic etch mechanism, plasma
disgnostics, and end-point control are introduced briefly in this section.

Etch Mechanism ‘ ‘ :
Plasma etching proceeds in five steps, as illust rated in Figure 5.4. F‘nrst. .I]lu etchant species
is generated in the plasma. The reactant is then transported by diffusion through a stag-
nant gas layer to the surface. Next, the reactant is adsorbed on the surface. A cl:emu_a]
reaction (a'long with ph_\"siml effects such as ion l)fm\bardment) fnil(‘m-s to l‘urm volatile
compounds. Finally, the compounds are desur_bed from the surface, diffused into the bulk
umped out by the vacunm system.’

iy all:l‘.ili'n el;c):;‘iing is based on the generation of plasma in a gas at low pressure, 'I‘?vo basic
types of methods are used: physical methods and chemical methods. Th.e fonnorl includes
siautter etching. and the latter includes pure chemical etching. In physical etching, posi-
tive ions bombard the surface at high speed; small amounts of negative ions formed in
the plasma cannot reach the wafer surface and therefore play no direct role in plasma etcih-
ing. 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 charscteristics. Chemical etching exhibits a high etch rate and geod selectivity (i.e.,
the ratio of etch rates for different materials) and produces low ion bombardment-induced
damage, but yields isotropic profiles. Physical etching can yield anisotropic pi ofiles, but is
associated with low etch selectivity and high bombardment-induced damage. Combinations
of chemical and physical etching give anisotropic etch profiles, reasonably good selec-
tivity, and moderate bombardment-induced damage. An example is the RIE process, which
uses a physical method to assist chemical etching or creates reactive ions to participate
in chemical etching.

Plasma flowing gas
e e el B R AT e RS
(1} Generation of etchant species
(2) Diffusion to surface
Stagnant gas Liyer
A
{4) Reaction
{5) Desorption and diffusion
; into bulk
(3) Adsorption

gas

Figure 5.4 Busic steps in a dry etching process.”
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Plasma Diagnostics

Most processing plasinas emit radiation in the range from infrared to ultraviolet. A sim-
ple analytical technique is to measure the intensity of these emissions versus wavelength
with the aid of optical emission spectroscopy (OES). Using observed spectral peaks, it is
usually possible to determine the presence of neutral and ionic species by correlating these
emissions with previously determined spectral series. Relative concentrations of the species
can be obtained by correlating changes in intensity with the plasma parameters, The emis-

sion signal derived from the primary etchant or by-product begins to rise or fall at the
end of the etch cycle.

End-Point Control

Dry etching differs from wet chemical etching in that dry etching has less etch selectiv-
ity to the underlying layer. Therefore, the plasma reactor must be equipped with a mon-
itor that indicates when the etching process is to be terminated (i.e.. an end-point detection
szrtem). Laser interferometry of the wafer surface is used to continuously monitor etch
rates and to determine the end point. During etching, the intensity of laser light reflected
off a thin film surface oscillates. This oscillation occurs because of the phase interfer-
ence between the light reflected from the outer and inner interfaces of the etching layer.
This layer must therefore be optically transparent or semitransparent to observe the oscil-
lation. Figure 5.5 shows a typical signal from a silicide/polycrystalline Si gate etch. The
period of the oscillation is related to the change in film thickness by

Ad =120 (6)

where Ad is the change in film thickness for one period of reflected light, A is the wave-
length of the laser light, and 7 is the refractive index of the layer being etched. For exam-
ple, Ad for polysilicon is 80 nm, measured by using a helium-neon laser source for which
A = 6325 nm.

523 Reactive Plasma Etching Techniques and Equipment

Plasma reactor technology in the ICmdushyhsscbnngnddmnamllyainm!heﬁntapp&
cation of plasma processing to photoresist stripping. A reactor for plasma etching con-
tains a vacuum chamber, pump system, power supply generators, pressure sensors, gas
flow control units, and end-point detector. Table 5.2 shows the similarities and differences

Silicide/polysilicon etch
experimental curve

X
— Silicide —w}+—— Polysilicon ——

Reflectance (arbitrary units)

i —

Etch time {arbitrary units) ' i r 83
The end point of the etch is indicated by the cessation of the reflectance oscillation.
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TABLES2 FEtch Mechanisms and Pressure Ranges of Plasma Reactors

Etch Tool Configuration Etch Mechanism Pressure Range (Torr)

Barrel etching Chemical 0.1-10

Desustream plasma etching Chemical 0.1-10

Reactive ion etching (RIE) Chemical and physical 0.01-1

Magnetic enhanced RIE Chemical and physical 0.01-1

Magnetic confinement triode RIE Chemical and physical 0,001-0.1

Electron cydotron resonance Chemical and physical 0,001-0.1
plasma etch

Inductively nmplt'd p[.l.\lll.l. or Chemical and pl:\.\u‘.\l 0.001-0.1
transformer-<oupled plasma

Surface wave coupled plasma Chemical and physical 0.001-0,1

ar helicon plasma etching

in the types of etching equipment that ure commercially available. A comparison of pres-
sure operating ringes and ion energies for different types of reactors is shown in Figure
5.6. Each etch tool is designed empirically and uses a particular combination 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.

Reactive Ion Etching
RIE has been extensively used in the microelectronics industry. In a parallel-plate diode
system, a radio frequency 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

il

Z ok
=3
z
=
-t Lenw-pressure
high-density
ECR, ICP
l =
A L i i
1 10 100 1000
Pressure (mTorr)

Figure 56 Comparison of ion energy and uperating pressure ranges for different types of
pl.nsma reacton

—— e e e

s
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by choosing the proper etch chemistry, for exam

) - ple, the sili
with ﬂuon?c:lrbonqpolymers to obtain selectivity of $i0, mp?'ylmmﬂﬁﬁnﬁmhe S.ﬂxl;-‘u.mrfmm
configuration RIE etch, as shown in Figure 5.7, can separate plasma genemﬁon.fmm ion
transport. lon energy is controlled through a separate bias on the wafer electrode, the

minimizing the loss of selectivity and the i reby
most traditional RIE systams, ty and the ion bombardment-induced damage observed in

Electron Cyelotron Resonance Plasma Etching

Most parallel-plate plasma etehers, except triode RIE, do not provide the ability to

trol plasma parameters such as electron energy, plasma density, and reactant density iro?ﬂ:.:-
pendently. As a result, ion bombardment—induced damage becomes a serious problem
The electron cyclotron resonance (ECR) reactor combines microwave power Wlll;l astatic
magnetic field to force electrons to circulate around the magnetic field lines at an an ‘-:
lar frequency. When this frequency equals the applied microwave frequency, a mona;‘:a
coupling occurs between the electron energy and the applied electric field that results
in a high degree of dissociation and ionization (107 for ECR compared with 107 for RIE)
Figure 5.8 shows an ECR reaction chamber confi - Microwave power is cwpled
through a microwave window into the ECR source region. The magnetic field is sup-
plied from the magnetic coils. ECR plasma systems can also be vsed in thin film depo-
sition. High efficiency in exciting the reactants in ECR plasmas allows the deposition of
films at room temperature without the need for thermal activation.

Other High-Density Plasma Etchers

As feature sizes for ULSI continue to decrease, the limits of the conventional RIE sys-
tem are being approached. In addition to the ECR system, other types of lngh-denﬁty
plasma sources, such as the inductively coupled plasma (ICP) source, the transformer-
coupled plasma (TCP) source, and surface wave-coupled plasma (SWP) sources, have
been developed. These etchers have high plasma density (10"'-10" cm™) and low pro-
cessing pressure (<20 mTorr). In addition, they allow the wafer platen to be powered inde-
pendently of the source, providing significant decoupling between the ion energy (wafer
bias) and the ion flux (plasma density, primarily driven by source power). The primary

Figure 57 Schematic of  triode reactive fon etch reactor. The ion enengy is separately con
trolled by a bias voltage on the bottom electrode. of, radio frequency. E
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Microwaves (245 GHz)

Microwave window

Muin
magnetic coll ————>

Plasma
chamber

Reaction
chamber
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F
i

Electrostatic chuck rf (13:56 MHz) — %\f‘:l

Figure 58 Schematic of an electron cyclotron resonance reactor.

processing advantages of HDP sources are better critical dimension (CD) control, higher
etching rates, and better selectivity.

In addition, HDP sources provide low substrate damage (because of independent
biasing of the substrate and the side electrode potentials) and high anisotropy (because
of low pressure, yet high active species density). However, because of their complexity
and higher cost, these systems may not be used for less critical applications, such as spacer
etching or planarization. Figure 5.9 shows a TCP plasma reactor. A high-density, low
pressure plasma is generated by a flat spiral coil that is separated from the plasma by a

Dielectric plate

Figure 5.9 Schematic of a transformer-coupled plasma reactor.
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dielectric plate on the top of the reactor. The wafer is located away from the coil, so it
is not affected by the electromagnetic field generated by the coil. There is little plasma
density loss because plasma is generated only a few mean free paths away from the wafer
surface. Therefore, a high-density plasma and high etch rates are achieved.

Clustered Plasma Processing

Semiconductor wafers are processed in clean rooms to minimize exposure to ambient
particulate contamination. As device dimensions shrink. particulate contamination becomes
a more serious problem. To minimize particulate contamination; clustered plasma tools
use a wafer handler to pass wafers from one process chamber to another in a vacuum
environment. Clustered plasma processing tools can also increase throughput. Figure 5.10
shows the multilayer metal interconnect (TiW/AICu/TiW) etching process with clustered
tools in an AlCu etch chamber, a TiW etch chamber, and a strip passivation chamber.
Clustered tools provide an economic advantage by having high chip yield because the
walfer is exposed to less ambient contamination and is handled less.

52.4 Reactive Plasma Etching Applications

Plasma etching has rapidly evolved from simple batch resist stripping to large and single-
wafer processing. Etching systems continue to be improved, from the conventional RIE
tool to the high-density plasma tool for pattern transfer of deep-submicron devices. Aside
from the etching tool. etch chemistry also plays a eritical role in the performance of the
etch process. Table 5.3 lists some etch chemistries for different etch processes. Developing
an etch process usually means optimizing etch rate, selectivity, profile control, eritical dimen-
sion, damage, and so forth by adjusting a large number of process parameters.

Silicon Trench Etching

As device feature size decreases, a corresponding decrease is needed in the wafer sur-
face area occupied by the isolation between circuit elements and the storage capacitor

AlCu etch chamber

TiW etch chamber Strip passivation chamber

Vacutm load-lock
chamber

I

@
Cassette load/unload

cluamber _

Figure 5.10 Cluster reactive ion etch tool for multilayer metal (RW/AICu/TW) interconnect

etching.®
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TABLE 5.3 Etch Chemistries of Different Etch Processes

Material Being Etched Etching Chemistry

Deep Si trench HB/NF/OJSE,

Shallow Si trench HBr/CL/O,

Poly i HBr/C1/0,, HBr/O,, BCL/CL, SF,
Al BC/CL,. SiCl/Cl,, HBr/Cl,
AlSiCu BCI/CI/N,

W SF, only, NF,/Cl,

nw SF, only

\WSi,, TiSi,, CoSi, CCLFJNF,, CF/CL, Cl/N/C/F,
LA gl CF/CHF/Ar, C,F,, G,F,, C,F/CO, C,F,, CH.F,
Si,N, GHF /O, CH,F,, CH,CHF,

of a DRAM cell. This surface area can be reduced by etching trenches into the silicon
substrate and filling them with suitable dielectric or conductive materials. Deep trenches,
usually with a depth greater than 5 pm, are used mainly for forming storage capacitors,
Shallow trenches, usually with a depth less than 1 pum, are often used for isolation.
Chlorine-based and bromine-based chemistries have a high silicon etcli rate and high
etch selectivity to the silicon dioxide mask. The combination of HBr + NF, + SF, + O,
gas mixtures is used to form a trench capacitor with a depth of approximately 7 pm. This
combination is also used for shallow trench isolation etching, Aspect ratio—dependent etch-
ing (i.e., variation in etch rate with aspect ratio) is often observed in deep silicon trench
etching, caused by limited ion and neutral transport within the trench. Figure 5.11 shows

the dependence of average silicon trench etch rate on aspect ratio. Trenches with large

aspect ratios are etched more slowly than trenches with small aspect ratios.

Polysilicon and Polycide Gate Etching
Polysilicon or polycide (i.e., low-resistance metal silicides over polysilicon) is usually used
as a gate material for MOS devices. Anisotropic etching and high etch selectivity to the

0%
—e— 0.25%0.25 pum
i —8— (.4 %04 um
= g <
; L
E oub
02t

Aspect ratio

Figure 511  Dependence of average silicon trench etch rate on aspect ratio.*
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gate oxide are the most important requirements for gate i

tivity required in 1G DRAM is mo:nlz than 150 (i.eﬁaee::ll?oncg)}mﬁ{g !lt':;rum l;c;u:eg;
and gate oxide is 150:1). Achieving high selectivity and etch anisotropy at the sarr'noe ti

is difficult for most ion-enhanced etching processes. Therefore, multistep process inm'e
used. in which different etch steps in the process are nptimi'md' for ctchq:nisoh'opy gl;
selectivity, On the other hand, the trend in plasma technology for anisotropic etchin ﬁd
ligh selectivity is to utilize a low-pressure, high-density plasma using a relatively low ; er.
Most chlorine-based and bromine-based chemistries can be used for gateetchz:g to me\ :
the required etch anisotropy and selectivity. d

Dielectric Etching

The patterning of dielectrics, especially silicon dioxide and silicon nitride, is 2 key pro-
cess in the manufacture of modern semiconductor devices. Because of their higher bond-
ing energies, dielectric etching requires aggressive ion-enhanced, fluorine-based plasma
chemistry, Vertical profiles are achieved by sidewall passivation, typically by introducing
a carbon-containing fluorine species to the plasma (e.g., CF,, CHF,, C,F.). High ion-
hombardment energies are required to remove this polymer layer from the oxide, as well
as to mix the reactive species into the oxide surface to form SiF, products.

A low-pressure, high-density plasma is advantageous for aspect ratio—dependent etch-
ing. However, the HDP generates high-temperature electrons and subsequently gener-
ates a high degree of dissociation of ions and radicals. It generates far more active radicals
and ions than RIE or MERIE plasmas. In particular, a high F concentration worsens the
seiectivity to silicon. Various methods have been tried to enhance the selectivities in the
li:zh-density plasma. First, a parent gas with a high C/F ratio, such as C.F,, C,F,, or C.F,,
was attempted. Other methods to scavenge F radicals have also been developed.*

Interconnect Metal Etching

Etching of a metallization layer is a very important step in IC fabrication. Aluminum,
copper. and tungsten are the most popular materials used for interconnection. These mate-
rials usually require anisotropic etching. The reaction of aluminum with fluorine results
in nonvolatile ALF,, which has a vapor pressure of only 1 Torr at 1240°C. Chlorine-based
chemistry (e.g., a Cl/BC, mixture) has been widely used for aluminum etching. Chlorine
has a very high chemical etch rate with aluminum and tends to produce an undercut dur-
ing etching. Carbon-containing gas (e.g.. CHF,) or N, is added to form sidewall passi-
vation during aluminum etching to obtain anisotropic etching.

Exposure to the ambient is another problem in aluminum etching, Residual chlo-
rine on the aluminum sidewall and the photoresist tends to react with atmospheric water
to form HCI, which corrodes aluminum, An in situ exposure of the waler to a CF, dis-
charge to exchange Cl with F and then to an oxygen discharge to remove the resist, fol-
lowed by immediate immersion in deionized water, can eliminate aluminum corrosion.
Figure 5.12 shows 0.35-ym TiN/Al/Ti lines and spaces on a wafer mmntainedatambi—
ent for 72 hours. No corrosion is present even after prolonged exposure to the ambient.

Copper has drawn much attention as a new metallization material in ULSI circuits
because of its low resistivity (~1.7 Q-cm) and superior remmneebelemmmlgﬂﬁm com-
pared with Al or Al alloys. However, because of the low volatility ofcq)pe.rhalid;s.n ;’ﬂéﬂm
etching at room temperature is difficult. Process temperatures higher than ~ are
required to etch copper films. Therefore, the damascene process is usetto form Curioter-
connection without dry etching. Damascene pmmingmvohes(he crestion ﬂfhbmm A
lines by first etching a trench or canal in a planar dielectric layer and then Blling that trenct
with metal, such as aluminum or copper. In dual damascene processing ( 13), asec-

ond level is involved where a series of holes (ie.. contacts or vias) are etched and filled
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Figure 5.12  0.35-um TIN/AUTIN lines and spaces on a wafer maintained at ambient for 72 hours
after a microwave strip are not corroded

in addition to the trench. After !‘:lling. the metal and dielectric are p].m..!'m-si 11_\.‘ chem- > 53
ical mechanical polishing (CMP, see Chapter 8). The advantage of damascene process-

ing is that it eliminates the need for metal etch. This is an important concern as the industry

moves from aluminum to copper interconnections.

e Resist

——

‘\
Eich 1hiplm-'r

A e Resiat

Interconnect

Figure 5.13  Process sequence for the dual damascene process
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TN barrier layer

Before W etchback After W erchhack

Figure 514 Formation of tungsten plug in a contact hole by depositing blanket low-pressure
chemical vapor deposition W and then using reaction jon etching etchback.

Low-pressure CVD (LPCVD) tungsten (W) has been widely used for filling contact
holes and first-level metallization because of its excellent deposition conformability. Both
fluorine- and chlorine-based chemistries etch W and form volatile etch products. An impar-
tant tungsten etch process is the blanket W etchback to form a W plug. The blanket
LPCVD W is deposited on top of a TN barrier layer, as shown in Figure 5.14. A two-
step process is usually used. First, 90% of the W is etched at a high etch rate, and then
the etch rate is reduced to remove the remaining W with an etchant that has a high
W-to-TiN selectivity.

ETCH SIMULATION

SUPREM may be used to simulate the etching process. However, etch simulation using
SUPREM is rudimentary at best. Simulation results may be achieved using the ETCH com-
mand, which allows the user to etch all or part of any given layer at the top of the cur-
rent structure. If the material at the top of the structure is not the material specified,
then no etching takes place. If the amount to be etched is not specified, then the entire

layer is removed.

EXAMPLE 3

Suppose we want to simulate the etching of 0.3 jim of the oxide grown after the dry-wet-dry sequence
in Example 3 of Chapter 3.

SOLUTION The SUPREM input listing is as follows:

TITLE Etching Example

COMMENT Initialize silicon substrate

INITIALIZE 100> Silicon Phosphor Concentration=lelf

COMMENT Ramp furnace up to 1100 C over 18 minutes in N2
DIFFUSION Time=10 Temperature=900 Nitrogen T.rate-20

COMMENT Oxidize the wafers for § minutes at 1188 C in dry 02
DIFFUSION Time=5 Temperature=1100 Dry02

COMMENT Oxidize the wafers for 120 minutes at 1100 C fn wet 02
DIFFUSION Time«120 Temperature=1108 WetOZ

COMMENT Oxidize the wafers for 5 minutes at 1008 C in dry 02
DIFFUSION Time=5 Temperature=1100 Dry02

COMMENT Ramp furnace down to 900 C over 10 minutes in N2
DIFFUSTON Time=10 Temperature=1108 Nitrogen T.rate=-20
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Figure 5:15  Plot of phosphorus concentration as a function of depth into the silicon substrate,
using SUPREM.

ETCH Oxide Thickness = 0.3

PRINT Layers Chemical Concentration Phosphor
PLOT Active Net Cmin=leld

STOP End etching example

After oxidation is complete, we print and plot the phosphorus concentration as a function of depth
into the silicon substrate. The results are shown in Figure 5.15, which indicates a final oxide thick-
ness of 0.609 pm and depicts the phosphorus incorporation in the oxide layer. <

SUMMARY

The two major processes to transfer patterns in IC fabrication are photolithography and
etching. Wet chemical etching is used extensively in semiconductor processing. It is par-
ticularly suitable for blanket etching. This chapter discussed wet chemical etching pro-
cesses for silicon and gallium arsenide, insulators, and metal interconnections. Wet chemical
etching was used for pattern transfer. However, undercutting of the layer underneath the
mask resulted in loss of resolution in the etched pattern.

Dry etching methods are used to achieve high-fidelity pattern transfer. Dry etching
is synonymous with plasma-assisted etching. This chapter considered plasma fundamentals
and various dry etching systems, which have grown from relatively simple, parallel-plate
configurations to complex chambers with multiple frequency generators and a variety of
process-control sensors.

The challenges for future etehing technology are high etch selectivity, better dimen-

sioned control, low aspect ratio-dependent etching, and low plasma-induced damage.
Low-pressure, high-density plasma reactors are necessary to meet these requirements.

|
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As processing evolves from 200-mm to 300-mm and even larger diameter wafers, con-
tinued improvements are required for etch uniformity across the wafer. New gas
chemistries must be developed to provide the improved selectivity necessiry for advanced

integration schemes.
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» PROBLEMS

Asterisks denote difficult problems.

SECTION 5.1: WET CHEMICAL ETCHING

1. If the mask and the substrate cannot be etched by a particular etchant, sketch the edge
profile of an isotropically etched feature in a film of thickness I for (a) etching just to
completion, (b) 100% overetch, and (c) 200% overeteh.

2. A <100>-oriented silicon crystal is etched in a KOH solution through a 1.5 m X L5 pm
window defined in silicon dioxide, The etch rate normal to (100) p!anes!io.ﬁlti‘nﬁnﬁl—
The etch rate ratios are 100:16:1 for the (100):(110):{111) planes. Show the etched profile
after 20 seconds, 40 seconds, and 60 seconds, ’

3. Repeat the previous problem with a <110>-oriented silicon etehed with a thin Si0, mask
in KOH solution. Show the etched pattern profiles on <110 Si. 7

4. A <100>-oriented silicon wafer 150 mm in diameter is 625 pm thick. The wafer has 1000

pm % 1000 pm ICs on it. The IC chips are to be separated hymimuﬂqm-depmdemewh-
ing. Describe two methods for doing this and calculate the fraction of the surface area

that is lost in these processes.

SECTION 5.2: DRY ETCHING
*5. The average distance traveled by particles between collisions is called the mean free path
(A), A= 5 x 10°/P (cm), where P is pressure in Torr, In typical plasmas of mtml.tf[o ]
chamber pressure ranges from 1 Pa to 150 Pa. What are the corresponding density of gas
molecules (em™) and the mean free path?
6. Fluorine (F) atoms etch Si at 4 rate given hy

Etch rate (nm/min) = 2.86 x 10™ n, x T exp(~E,/RT)
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7.

10.

ik

12.

13.

where iy, is the concentration of F atoms (cm ™), T the temperatare (K), and E, and R
the activation enengy (245 keal/mol) and gas constant (1987 cal-K), respectively. 1fn, is
3 x 10™, caleulate the etch rate of Si at room temperature,
SI0, etched by F atoms could also be expressed by

Etch rate (nm/min) = 0,614 x 107" n, x T** exp(~E /RT)

where n, &5 3 % 10" (em™) and E, is 3.76 keul/mol. Calculate the etch rate of Si0, and

etch selectivity of Si0, over Si at room temperature.

A multiple-step etch process is required for etching a polysilicon gate with thin gate axide.

How do you design an etch process that has no micromasking, has an anisotropic etch

profile, und is selective to thin gate oxide?

Find the etch selectivity required to etch a 400-nm polysilicon layer without removing

more than 1 nm of its underlying gate oxide, assuming that the polysilicon is etched witha

process having a 10% etch-rate uniformity.

A L Al film is deposited over a flat field oxide region and patterned with photoresist.

The metal is then etched with 4 mixture of BCI/CI, gases at 4 temperature of 70°Cina

Helicon etchier. The selectivity of Al over photoresist is maintained at 3. Assuming a 30%

overetch, what is the minimum photoresist thickness required to ensure that the top

metal surface is not attacked?

In an ECR plasma, a static magnetic field B forces electrons to circulate sround the mag-

netic field lines at an angular frequency, @, that is given by
‘@, = qBim,_

where g is the electronic charge and m,_ the electron mass. If the microwave frequency is
245 GHz what is the required magnetic field? F
What are the major distinctions between traditional reactive ion etching and high
plasma etching (ECR, ICP, etc.)?

Describe how to eliminate the corrosion issues in Al lines after etching with chlorine-
based plasma.

e 6

Diffusion

Impurity doping is the introduction of controlled amount

conductors. The practical use of impurity

cal properties of the mloonduetm])m

methods of impurity doping. Both di

ingdiscm(edel:ﬁuee?nnd{'_

ment each other."* For example, di

well in CMOS), whereas jon implas

form a shallow junction source/dr
Until the early 19705, impurity dopi

peratures, ns-sllm\i:m-‘ﬂgmé

the surface of the wafer

oxide sources. The dopir
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This chapter focuses on the diffusion process. lon implantation is covered in Chapter 7 allovs and ZnAs, £
: e ; St : alloy for the sealed-anpule approach
Specifically, this chapter covers the following topics: The n-type dopants in gallium menidepgwiud:;]z:.m?;{f:, llllle 0pen-tnhe approach,
s The movement of impurity atoms in the crystal lattice under high-temperature RS
and high-concentration-gradient conditions 6.1.1 Diffusion Equation
* Impurity profiles for constant diffusivity and concentration-dependent diffusivity Dilfusion e samloon At
smicon. .
* The impact of lateral diffusion and impurity redistribution on device characteristics (dopant atoms) in the cr:‘ia?liactt:xbeb}“mmgi” the atomic movement of the diffusant
¢ The simulation of diffusion using SUPREM basic atomic diffusion models in a solid.™* The Dp:rl; mcirdmr;uuds‘ Figu:llsii:!h ows the two
: represent atoms oec-

pying the equilibrium lattice positions. The solid dots represent impuri
vated temperatures, the lattice atoms vibrate around the equill];:;?:r?:u l.:ttz:et.:::: é!!i;b
. There

» 6.1 BASIC DIFFUSION PROCESS is & ﬁn;le probability that a host atom will acquire sufficient energy to leave the lattice
Diffusion of impurities is typically done by placing semiconductor wafers in a carefully :: ::::m S ﬂ;ﬁ:&m:::h tial aton"l, l.hereby creating a vacancy. When a neighboring impu-
controlled. high-temperature quartz-tube fumace and passing a gas mixture that contains S di_ﬂ'i:ion ;)l' Jecho S as illustrated in Figure 6 34, the mechanism is called
the desired dopant through it. The temperature usually ranges between 500°C and 1200°C pyi.n ;ylattioe site ( l:ﬂ ‘g‘;bﬁ)htlal ahaargones fl'om one place to another without occu-
for silicon and 600°C and 1000°C for gallium arsenide. The number of dopant atoms that {;m“g"w host atom orltg- ithe mechan ism is interstitial diffusion. An atom smaller
diffuse into the semiconductor is related to the partial pressure of the dopant impurity The bastc difﬁlsione; the:,}l;temuPau)ﬂ
k X ¢ rocess of impurity atoms is similar to 5
in tlu‘ gas }nL\lpm.. » _ _ : trons and holes), We define a fhix Fpm ge B to that of charge carriers (elec-

For diffusion in silicon, boron is the most popular dopant for introducing a p-type unit area in a unit ime and C as the d e dopant atoms passing through a
impurity, whereas arsenic and phosphorus are used extensively as n-type dopants. These s and C as the dopant concentration per unit volume. We then have
three elements are highly soluble in silicon; they have solubilities above 5 X 10 em™ in aC
the diffusion tempersture range. These dopants can be introduced in several ways, includ- E==D== (3)
ing solid sources (e.g.. BN for boron. As,0, for arsenic, and P,O, for phosphorus), lig- <hae ik —_ )
uid sources (BBr,. AsCl,, and POCL), and gaseous sources (Bl I,. AsH,, and PH,). theibg ‘i;edp.ro_po r;:'ion 1?'310 lmtant_D i e dm cocfficient or diffusivity, Note that
However, liquid sources are most commonly used. A schematic diagram of the furnace flux ;;u. 8 n:;lg ﬁm; ¥ d.tHUSIOFI POy the concentration gradient oC/ck. The
and gas flow arrangement for a liquid source is shown in Figure 6.2. This arrangement Gise), E\J\ )P? ¥ hfo e concentration gradient, and the dopant atoms will move (dif-
is similar to that used for thermal oxidation. An example of the chemical reaction for phos- : [ f‘-l“:) suri;)smli: t lgh-cgnicentr}::hon region toward a]mr'@omm Tegion,
phorus diffusion using a liquid source is dition that no ma::ﬁﬁ.aml}gomcdt : o:re-dhmo cousmnednizl tel:: mwmm% mﬂﬂﬂmmm-

4POC], + 30, — 2P,0; + 6CL, T (1) o Sap el il
The P,0, forms a glass-on-silicon wafer and is then reduced to phosphorus by silicon, 0 ae 35;(9'3—:] (4
2P0, + 5S5i — 4P + 5810, @ When the concentration of the dopant atoms is low, the diffusion coefficient can be con-

sidered to be independent of doping concentration, and Eq. 4 becomes

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

For diffusion in gallium arsenide, the high vapor pressure of arsenic requires spe- 3¢ . :
cial methods to prevent the loss of arsenic by decomposition or evaporation.” These meth- S (5)
ods include diffusion in sealed ampules with an overpressure of arsenic and diffusion in e
Equation 5 is often referred to as Fick's diffusion equation or Fick's lace.

an open-tube furnace with a doped oxide capping layer (e.g.. silicon nitride). Most of the
studies on p-type diffusion have been confined to the use of zine in the forms of Zn-Ga-As

0.0 @@ O QG
Electric furnace O O O O O O O O
. Q'uﬂl"ut.n' _ff ey & L}—ch O .__O O O O O
o F\—]———ru Electric fimace O O O O O o O

Liquid t b
|n1imn1)' ()-: § T oy n TR - s
- Figure 63 Atomic diffusion mechanisms for a two-dimensional i lattice:* (a) Vacancy mecha-

nism, (b) Interstitial mechanism.

Figure 62 Schematic diagram of a typical open-tube diffusion systen.

I
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Figure red diffusion coefficients for low mncemmtiu_ns of various
dupﬁ fu:r:?ﬁ:‘ til;esi'l‘il;tsn‘:md gallium arsenide.'” The logarithm of the dlﬂ't.lsl()n coef-
ficient plotted against the reciprocal of the absolute temperature gives a.smught Ih.'e in
maost of the cases. This implies that over the temperature range, the diffusion coefficients

can be expressed as
-E
= —_ (6)
D =D& 72 )

where D, is the diffusion coefficient in em/s extrapolated to infinite temperature, and
i in eV,

4 Big:é.:u Sxﬁfﬁgﬁon model. E, is related to the energies required to move dopant

atoms from one interstitial site to another. The values of E, are fou_md to be bet\.veen 05

and 2 eV in both silicon and gallium arsenide. For the vacancy diffusion quel. E, is related

to both the energies of motion and the energies of formation of vacancies. Thus, E, for

vacancy diffusion is larger than that for interstitial diffusion, usually between 3 and 5 eV.

T(°C)
1200 1000
T T T 1
Si
10 N 10
\

10 107

lo-su 10- 10

Difussion coelficient D (cim®/s)

1071 10

107 1071

0.6
1000¢T (K1) 1000/T (K1)
(a) (b)
Figure 6.4 Diffusion coefficient (also called diffusivity) as a function of the reciprocal of tem-
perature for (a) silicon and (b) gallium arsenide."*
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For fast diffusants, such as Cu in Si and GaAs, shown in the upper portion of Figures
6.4a and b, the measured activation energies are less than 2 eV, and interstitial atomic
movement is the dominant diffusion mechanism. For slow diffusants, such us As in Si
and GaAs, shown in the lower portion of Figures 6.4a and b, E, is larger than 3 eV, and

acancy diffusion is the dominant mechanism.

6.1.2 Diffusion Profiles

The diffusion profile of the dopant atoms is dependent on the initial and boundary con-
ditions. This subsection considers two important cases, namely, constant surface con-
centration diffusion and 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 con-
centration during the entire diffusion period. In the second case, a fixed amount of dopunt
is deposited onto the semiconductor surface and is subsequently diffused into the wafers.

Constant Surface Concentration
The initial condition at ¢ = 0 is

Cix, 0) (7

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

Cl0,1) =C, (Sa)

and
Cles, t) =0 (8h)

where C, is the surface concentration (at x = 0), which is independent of time, The sec-
ond boundary condition states that at large distances from the surface there are no impu-
rity atoms.

The solution of Fick’s diffusion equation that satisfies the initial and boundary con-
ditions is given by”

C(x,1)=C.exf Eitﬁ) 9)

where erfe is the complementary error function and VDt is the diffusion length. The
definition of erfc and some properties of the function are summarized in Table 6.1. The
diffusion profile for the constant surface concentration condition is shown in Figure 6.54,
which plots, on both linear (upper) and logarithmic (lower) scales, the normalized con-
centration 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. Note
that as time progresses, the dopant penetrates deeper into the semiconductor.
The total number of dopant atoms per unit area of the semiconductor is given by

0(1)= [ Clx.1) d (10)

Substituting Eq. 9 into Eq. 10 yields

Q(’)=T2;C,\!EEI.I3C‘\@ (11
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TABLES.1 Error Function Algebra

2 p,
erﬂll-:}-jit dy
erfe{x) =1~ er(x)
erd(0)=0
erf{=) =1

o
erd(x)2 —=x forx <<l
4
erfe(x) = -}-{-— forx>>1
Jr x

" 2
2 o) =™
VI
} 4
d—\crf{.t]=-,i xe
dy” T

I:_crfc{_\")d_\" = x erfo{x)+ :};—(1 - )

J—rrfc(.t v =-T|-
' Jx

This expression can be interpreted as follows. The quantity Q(¢) represents the area under
one of the diffusion profiles of the linear plot in Figure 6.5a. These profiles can be approx-

imated by triangles with height C, and base 2V D, This leads to Q(¢} = C,VDt, which

is close to the exact result obtained from Eq. 11.
A related quantity is the gradient of the diffusion profile dC/dk. The gradient can be

obtained by differentiating Eq. 9:
ac G, el

ax|,, 4 NrDr (12)

EXAMPLE 1

For a boron diffusion in silicon at 1000°C, the surface concentration is maintained at 10" em™
and the diffusion time is 1 hour. Find Q(f) and the gradient at x = 0 and at a location where the
dopant concentration reaches 10" em™.,

SOLUTION The diffusion coefficient of boron at 1000°C, as obtained from Figure 6.4, is about
2 x 10" em’/s, 5o the diffusion length is

VDr =2 %10™ x 3600 =8.48 X 10~ cm

0(1)=1.13C, VD1 =1.13x10" x8.48x10* =9.5% 10" atoms/cm’
dC -10"

C 2 -4
= e = ==6.7x%10" cm
dr |, JmDr J:r x848x10"

—

1.0
C, = constant
{erfe)
o
L o5
S~
0
1
107 L
102 -
g
10
1w
-5 ] 1 1
105 1 2 3 4
Diffusion depth x (pm)
{a)

1% 10%
(&3
0
10°
10'
e (1
5
0
O oL
10!
1
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§ = constant
(Gaussian)

0.1 pm

0.5 pm

<

TN

L

fD"f=l.0um

0.5 pm

0.1 pm

1 2 3 Fi

Diffusion depth x {jtm)
(b)

Figure 65  Diffusion profiles. (a) Normalized complementary error function versus distance for
successive diffusion times. (b) Normalized Gaussian function versus distance.

When € = 10" em™, the corresponding distance x, is given by Eq. 9, or

13

x, =2VDr exfc“[%g-ﬁ] =2/Dr(2.75) = 4.66 X 10" cm = 0,466 pm

£| =S - _35%10° cm™
Ax |, 350 I

Constant Total Dopant .
For this case, a fixed (or constant) amont of dopant is deposited onto thesenﬁcondtw-
tor surface in a thin layer, and the dopant subsequently diffuses into the semiconductor.
The initial condition is the same as in Eq. 7. The boundary conditions are

]C(x.':)=‘s

(134)
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and
Sntp=0 (13h)

where § is the tota! amount of dopant per unit area.
The solution of the diffusion equation that satisfies the above conditions is

S X }
C(x,t)= —===exp| =—— 1
( Dt 1 4D1 ) (14)
This expression is the Gaussian distribution. Since the dopant will move into the semj-
conductor as time increases, in order to keep the total dopant S constant, the surface
concentration must decrease. This is indeed the case, since the surface concentration is
given by Eq. 14 with x = 0:

- s
Clat) == (15)

8

Figure 6,5) shows the d;)lm.nl pmﬁ]u for a Gaussian distribution in which the nonmalized
concentration (C/S) is plotted as a function of the distance for three increasing diffusion

lengths. Note the reduction of the surface concentration as the diffusion time increases,

The gradient of the diffusion profile is obtained by differentiating Eq, 14 and is

L B =) (16)
dx|,, 2\rm(Di) 201
The gradient (or slape) is zero at x = 0 and at x = e, and the maximum gradient oceurs
atx= V2Dt
In integrated eircuit processing, a two-step diffusion process is commonly used, in
which a predeposition diffused layer is first formed under the constant surface concen-
tration condition. This step is followed by a drive-in diffusion (also called redistribution

diffusion) under a constant total dopant condition. For most practical cases, the diffu-

sion length VDt 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 to be negligibly small compared with that of the final profile that results from

the drive-in step.

EXAMPLE 2

Arsente was predeposited by arsine gas, and the resulting total amount of dopant per unit area was
1 x 10" atoms/em®. How long would it take to drive the arsenic in to a junction depth of 1 pm?
Assume a background doping of G, = 1 X 10™ atoms /e, and a drive-in temperature of 1200°C.
For As diffusion, D, = 24 em™/s, and E, = 4.08 ¢V.

SOLUTION

D=D,mp{£—]=24-rx ———-i'(,]f;—]=2.602x10"' cm’fs
ET 8.614x10" x1473

1.|06x|0‘]
I

1f=ln'=wnn[cs ]=l.0-lx!0"’rln[

wV

y = 10.09¢ — 5350, Therefore, t = 1190 seconds, or approximately 20 minutes.

e ]l)g:l = 10.09¢ + 5350 = 0
The solution to this equation can be determined by the cross point of equation y =t logt lﬂ:
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6.1.3 Evaluation of Diffused Layers

The results of a diffusion process can be evaluated by three measurements: the junction
depth, the sheet resistance, and the dopant profile of the diffused lajer. The junction
depth can be delineated by cuttin§ a groove into the semiconductor and etching the sur-
face with a solution (e.g., 100 em® HF and a few drops of HNO, for silicon) that stains
the p-type region darker than the n-type region, as illustrated in Figure 6.64. If R, is the
radius of the tool used to form the groove, then the junction depth x, is given by

x,=\Ri-b - R -a® (17

where a and b are indicated in the figure. In addition, if R, is much larger than a and b,

then

-

aZ —h*
) 2 R‘,
The junction depth x;, as illustrated in Figure 6.6b, is the position where the dopant
concentration equals the substrate concentration C, or
Clx) = Cy (19)

Thus, if the junction depth and Cy, are known, the surface concentration C, and the impu-
rity distribution can be calculated, provided the diffusion profile follows one or the other
simple equation derived in Section 6.1.2.

The resistance of a diffused layer can be measured by the four-point probe technique
shown in Figure 6.7. The probes are equally spaced. A small current I from a constant-
current source is passed through the outer two probes, and a voltage Vis measured between
the inner two probes. For a thin semiconductor sample with thickness W that is much
smaller than the sample diameter d, the resistivity (p) is given by

X

{3

(18)

p=-‘:—'-W-CF Q-cm (20)

where CF is known as the correction factor. The correction factor depends on the ratio
of d/s, where s is the probe spacing. When d/s > 20, the correction factor approaches 4.54.

I.-

‘.|

u‘
b 4
a4 e
p-Si
(a) b

Figure 66 Junction-depth measurement. (a) Grooving and staining. (b) Position in which
dopant and substrate concentrations are equal.




114 & Chapter 6 Diffusion
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Figure 67 Measurement of resistivity using a four-point probe.”

The sheet resistance (R} is related to the junction depth (x), the carrier mobility (4,
which is a function of the total impurity concentration), and the impurity distribution Clx)

by the following expression:’
- 1
qI;pC (x) dx

For a given diffusion profile, the average resistivity (p = Rx)) is uniquely related to the
surface concentration (€) and the substrate doping concentration for an assumed dif-
fusion profile. Design curves relating C, and p have been calculated for simple diffusion
profiles, such as the erfe or Gaussian distribution.” To use these curves correctly, we must
be sure that the diffusion profiles agree with the assumed profiles. For low concentra-
tion and deep diffusions, the diffusion profiles generally can be represented by the afore-
mentioned simple functions, However, as discussed in the next section, for high
concentration and shallow diffusions, the diffusion profiles cannot be represented by these
simple funetions.

The diffusion profile can be measured using a capacitance-voltage technique. The major-
ity carrier profile (n), which is equal to the impurity profile if impurities are fully ionized,

(21

can be determined by measuring the reverse-bias capacitance of a p—n junction or a Schottky

barrier diode as a function of the applied voltage. This is due to the relationship”

qg, | d(1/c”)/dv

where g is the charge of an electron, g, is the permittivity of the semiconductor, C*i5

capacitance per unit area of the sample, and V is the applied voltage.

A more elaborate method is the secondary ion mass spectroscopic (SIMS) technique,
which measures the total impurity profile. In the SIMS technique, an ion beam sputters
material off the surface of a semiconductor, and the ion component is detected and mass
analyzed. This technique has high sensitivity to many elements, such as boron and arsenic,
and is an ideal tool for providing the precision needed for profile measurements in high-
concentration or shallow-junction diffusions."

EXTRINSIC DIFFUSION

The diffusion profiles described in Section 6.1 are for constant diffusivities. These pro-

files occur when the doping concentration is lower than the intrinsic carrier concentri=
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tion (n) at the diffusion temperature, For example, at T = 1000°C, equals 5% 10" ey
o,

for silicon and 5 x 10" em™ for gallium arsenide. The diffusivity at low concentrations

is often referred to as the intrinsie diffusivity. Doping profiles that have concentrations

less than n(T) are in the intrinsic diffusion region, as indicated in the left side of Fis
6.8, In this region, the resulting dopant profiles of sequential or simultaneous t?iff i
of n- and p-type impurities can be determined by superposition; that is, the diﬂ'lm‘om
can be treated independently. However, when the impurity concentration ‘inl uségfhs
the substrate and the dopant, is greater than n (T), the semiconductor b.em s i
sic, and the diffusivity is considered to be extrinsic. In the extrinsic diffusio regtin: Iln.
diffusivity becomes concentration dependent." In the extrinsic diffusion n‘::‘gig:. dill'e
fusion profiles are more complicated, and there are interactions and ooor?;ﬁ e eff ‘
among the sequential or simultaneous diffusions. ARG =5

621 Concentration-Dependent Diffusivity

As mentioned previously, when a host atom acquires sufficient energy from the lattice
vibration to leave its lattice site, a vacancy is created. Depending on the charges associ-
ated with a vacancy, we can have a neutral vacancy V*, an acceptor vacancy V°, a double-
charged acceptor vacancy V-, a donor vacancy V', and so forth. We expect that tize
density of a given charge state (i.e., the number of vacancies per unit volume, C,) has a
temperature dependence similar to that of the carrier density, that is, i

G =C, “P(EE;;‘.EL) (23)

;\'hl?re. C,is the intrinsic vacancy density, E, is the Fermi level, and E, is the intrinsic Fermi
evel. .

' the dopant diffusion is dominated by the vacancy mechanism, the diffusion coef-
ficient is expected to be proportional to the vacancy density. At low doping concentrations

100 T
o 1
. |
b 1
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i 1
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diffusion E diffusion
i
)
0.1 i i s asaaul Ao i il A4 g awaasl L uaiaia
0.01 0.1 10 10 100
nin, (T)

Figure 68  Donor impurity diffusivity versus electron concentration showing regions of intrinsic
and extrinsic diffusion."
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< ). the Fermi level coincides with the intrinsic Fermi level (l'.',- - 1-.',.1, -T}Ee vacancy
density is equal to €, and is independent of doping mnc«ntnftiun. The lllﬂlll.‘ilon me_fﬁ.
cient. which ks proportional to €, also is independent of doping concentration. At high
concentrations (n > n ), the Fermi level will move toward the conduction band edge (for
donor-type vacancies), and the term [exp(E, - E,)I‘L"T] h"(ﬂl"?s Iiirgtft‘ than unity, Thig
canses C, to increase. which in turn causes the diffusion coeflicient to increase, as shown
in the right side of Figure 6.5,

When the diffusion coefficient varies with dopant concentration, Eq. 4 should be
used as the diffusion equation instead of Eq. 5, in which D is independent of C. We cap.
sider the case where the diffusion coeflicient can be written as

o
D= u_( : ] (24)
where C_is the surface concentration, D, is the diffusion coelficient at the surface, and
¥ is a parameter to describe the concentration dependence. F(." such a case, we can write
Eq. 4 as an ordinary differential equation and solve it numerically. y

Figure 6.9 shows the solutions" for constant surface concentration diffusion with difs
ferent values of ¥ For y = 0, we have the case of constant diffusivity, and the profile is
the same as that shown in Figure 6.5a. For 7> 0, the diffusivity decreases as the con-
centration decreases, and increasingly steep and boxlike concentration profiles result for
increasing ¥ Therefore, highly abrupt junctions are formed when diffusions are made
into a background of an opposite impurity type. The abruptness of the doping profile
results in a junction depth virtually independent of the background concentration. Note
that the junction depth (see Fig. 6.9) is given by

Lo ]
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Figure 69 Normalized diffusion profiles for extrinsic diffusion where the diffusion coefficient
becomes concentration dependent. '
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% = L6VDt forD- ¢ (y=1)
%= 11VDt for D - €t (7= 9) (25)
% = 08TVDt for D ~ ¢ (y= )

In the case of = ~2, the diffusivi ty increases with decreasing concentration, which leads
to a concave profile, as opposed to the convex profiles for other cases,

6.22 Diffusion Profiles

Diffusion in Silicon

The measured diffusion coefficients of boron and arsenic in silicon have a concentration
dependence with y= 1. Their concentration profiles are abrupt, as depicted in curve ¢
of Figure 6.9. For gold and platinum diffusion in silicon. 7is close to -2, and their con-
centration profiles have the concave shape shown in curve d of F igure 6.9,

The diffusion of phosphorus in silicon is associated with the doubly charged accep-
tor vacancy V¥, and the diffusion coefficient at high concentration varies as C%. We would
expect that the diffusion profile of phosphorus resembles that shown in curve b of
Figure 6.9. However, because of a dissociation effect, the diffusion profile exhibits anoma-
lous behavior.

Figure 6.10 shows phosphorus diffusion profiles for various surface concentrations
after diffusion into silicon for 1 hour at 1000°C." When the surfice concentration is low,
corresponding to the intrinsic diffusion region, the diffusion profile is given by an erfc
(curve a). As the concentration increases, the profile begins to deviate from the simple
expression (curves b and ¢). At very high concentration (curve d), the profile near the
surface is indeed similar to that shown in curve b of Figure 6.9. However, at concentra-
tion 11, a kink occurs and is followed by a rapid diffusion in the tail region. The concen-
tration n,_corresponds to a Fermi level 0.11 eV below the conduction band. At this energy
level, the coupled impurity-vacancy pair (P'V*) dissociates to P*, V-, and an electron.
Thus, the dissociation generates a large number of singly charged acceptor vacancies V-,
which in turn enhances the diffusion in the tail region of the profile. The diffusivity in
the tail region is over 10~ em™s, which is about two orders of magnitude larger than the
intrinsic diffusivity at 1000°C. Because of its high diffusivity, phosphorus is commonly
used to form deep junctions, such as the n-tubs in CMOS.

Zine Diffusion in Gallium Arsenide

We expect diffusion in gallium arsenide to be more complicated than that in silicon because
the diffusion of impurities may involve atomic movements on both the gallium and arsenic
sublattices. Vacancies play a dominant role in diffusion processes in gallium arsenide
because both p- and n-type impurities must ultimately reside in lattice sites. However,
the charge states of the vacancies have not been established. .

Zine is the most extensively studied diffusant in gallium arsenide. Its dlffxmnn _cog!'-
ficient is found to vary as C*. Therefore, the diffusion profiles are steep, as shown in Figure
6.11," and resemble curve b of Figure 6.9. Note that even for the case of the lowest sur-
face concentration, the diffusion is in the extrinsic diffusion region, because n, for GaAs
at 1000°C is less than 10" em™. As seen in Figure 6.11, the surface concentration has a
profound effect on the junction depth. The diffusivity mﬂeslineaﬂy“ﬁlhlhopuﬁal pres-
sure of the zinc vapor, and the surface concentration is proportional to umure root
of the partial pressure. Therefore, from Eq. 25, the junction depth is propor-
tional to the surface concentration.
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Figure 610 Phasphorus diffusion profiles™ for various surface concentrations after diffusion
into silicon for 1 hour at 1000°C.

LATERAL DIFFUSION

The one-dimensional diffusion equation discussed previously can describe the diffusion pro-
cess satisfactorily. except at the edge of the mask window. Here the impurities will diffuse
downward and sideways (i.e.. laterally). In this case, we must consider a two-dimensional
diffusion equation and use a numerical technique to obtain the diffusion profiles under dif-
ferent initial and boundary conditions.

Figure 6.12 shows the contours of constant doping concentration for a constant sur-
face concentration diffusion condition, assuming that the diffusivity is independent of con=
centration.' At the far right of the figure, the variation of the dopant concentration from
05 C, to 107 C, (where C, is the surface concentration) corresponds to the erfc distri-
bution given by Eq. 9. The contours are in effect a map of the location of the junctions
created by diffusing into various background concentrations, For example, at C/C, = 10

(Le., the background doping is 10" times lower than the surface concentration), we see

from this constant concentration curve that the vertical penetration is about 2.8 pm,
whereas the lateral penetration is about 2.3 um (i.e.. the penetration along the diffusion

mask-semiconductor interface). Therefore, the lateral penetration is about 80% of the:

[N
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Figure 811 Diffusion profiles” of zinc in GaAs after annealing at 1000°C for 2.7 hours, The

different surface concentrations are obtained by maintaining the Zn source at temperatures in
the range 600°C to 800°C.

penetration in the vertical direction for concentrations three or more orders of magni-
tude below the surface concentration. Similar results are obtained for a constant total
dopant diffusion condition. The ratio of lateral to vertical penetration is about 75%, For
concentration-dependent diffusivities, the ratio is found to be reduced slightly, to about
65% to 70%.

Diffusion mask

Figure 6.12 Diffusion contonrs at the edge of an oxide window, where 1, is the radius of

curvature. '
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Because of the lateral diffusion effect, the junction consists of a central plane (or
flat) region with approximately cylindrical edges witll.u radius of curvature ry, as shown
in ﬁg\;m 6.12. In addition, if the diffusion mask contains sharp corners, th-;_slpqw of the
iunction near the corner will be roughly spherical because u!' Iat?ml l.|1“llh‘lu'tl. Since
the electric field intensities are higher for evlindrical and spherfcal junction regions, the
avalanche breakdown voltages of such regions can be substantially lower than that of a
plane junction having the same background doping.

» 64 DIFFUSION SIMULATION

The various complications that arise in the computation of diffusion profiles (such as con-
centration-dependent diffusivity) tend to preclude the use of analytical hand c‘u]culahons
for all but the simplest examples. Fortunately, the SUPREM software package introduced
in Chapter 3 also includes complete models for diffusion. SUPREM can simulate one- or
two-dimensional diffusion profiles. This is accomplished using the DIFFUSION -mmm.md.
The output of the program is typically the chemical, carrier, and vacancy corcentrations
as functions of depth into the semiconductor substrate. ‘

All diffusion process simulators, including SUPREM, are based upon three basic equa-
tions." The first equation is for the flux (J), which in one dimension is given by

J,==D, % +ZuCE (26)

where Z is the charge state, g is the mobility of the impurity, and E is the electric field.
The subseript i indicates the SUPREM grid location. The second relationship is the con-
tinuity equation, which is given by

— L= (27)

where G, is the generation/recombination rate of the impurity. The final key relationship
is Poisson’s equation, which in one dimension is given by

%[s‘E]=q(p—n+N,;—N;) (28)

where g is the permittivity, n and p are the electron and hole concentrations, and N
and N, are the concentrations of ionized donors and acceptors, respectively. SUPREM

solves Eqgs. 26 to 28 simultaneously over a one-dimensional grid specified by the user.
The diffusivity values used by SUPREM are based on the vacancy model of Fair."" The
values of E_and D, for B, Sb, and As are included in a look-up table. Empirical models
are used to account for field-aided, oxidation-enhanced. and oxidation-retarded diffusion.

EXAMPLE 3

Suppose we want to simulate the predeposition of boron into an n-type <100 silicon wafer at 850°C
for 15 minutes. If the silicon substrate is doped with phosphorus at a level of 10 cm™, use SUPREM
to detenmine the boron doping profile and the junction depth.

SOLUTION  The SUPREM input listing is as follows:

> 65

65 Summary « 121

TITLE Predeposition Example

COMMENT Initialize silicon substrate

INITIALIZE ~ <10@> Silicon Phosphor Concentration=lel6

COMMENT Diffuse boron

DIFFUSION Time=15 Temperature=850 Boron Solidsol

PRINT Layers Chemical Concentration Phosphorus Boron Net
PLOT Active Net Cmin=lel5

STOP End predeposition example

Note that surface concentration of the boron is set to the solid solubility limit by the So1idsol
parameter in the DIFFUSION command. After predepasition is complete, we print and plot the

boros concentration as a function of depth into the silicon substrate, The results are shown in Figure
6.13, which indicates a junction depth of 0.0555 pm. -

SUMMARY

Diffusion is a key method of impurity doping. This chapter first considered the basic dif-
fusion equation for constant diffusivity. The complementary error function (erfc) and the
Ganssian function were obtained for the constant surface concentration case and con-
stant total dopant cases, respectively. The results of a diffusion process can be evaluated
by measurements of the junction depth, the sheet resistance, and the dopant profile.

= = Boron (/cm3)
-« FPhosphorus (/cm3)
Net Doping (/cm3)

i

Figure 613 Plot of boron concentration as a function of depth inta the silicon substrate, using
SUPREM.
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When the doping concentration is higher than the intrinsic carrier concentration n, at
the diffusion temperature, the diffusivity becomes concentration dependent. This depen.
dence has a profound effect on the resulting doping profile. For example, arsenic and
boron diffusivity in silicon vary linearly with the impurity concentration. Their doping
profiles are much more abrupt than the erfc profile. Phosphorus diffusivity in silicon varies
as the square of concentration, This dependence and a dissociation effect give rise to 3
phosphiorus diffusivity that is 100 times larger than its intrinsic diffusivity.

Lateral diffusion at the edge of a mask and impurity redistribution during oxidation
are two processes in which diffusion can have an important impact on device performance,
The former can substantially reduce the breakdown voltage, and the latter will influence
the threshold voltage as well as the contact resistance,
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3. Assume the measured phosphons profile can be represented by & Gaussiun function with
a diffusivity D = 2.3 x 107 em/s, The measured surfuce concentration is 1 x 10
atoms/cm’, and the measured junction depth is 1 um at a substrate concentration of
110", Calculate the diffusion time and the total dopant in the diffused layer,

"4. To avoid wafer warp due to a sudden reduction in temperature, the temperature in a diffo-
sion { urnace is decreased linearly from 1000°C to 500°C in 20 minutes. What is the effec-
tive diffusion time at the initial diffusion temperature for a phosphoris diffusion in silicon?

*5. For a low-concentration phosphorus drive-in diffusion in silicon at 1000°C, find the
percentage change of surface concentration for 1% variation in diffusion time and
temperature,

6. If arsenic is diffused into a thick slice of silicon doped with 10 boron atoms/em” at &
temperature of 1100°C for 3 hours, what is the final distribstion of arsenic if the surface

concentration is held fixed at 4 % 10" atoms/em? What are the diffusion length
tion depth? el

SECTION 6.2: EXTRINSIC DIFFUSION

7. arsenic is diffused into a thick slice of silicon doped with 10* boron atoms/em’® at a
temperature of 900°C for 3 hours, what is the final distribution of arsenic if the surface
concentration is held fixed at 4 x 10" atoms/em*? What is the junction depth? Assume
the following:

D, =458 cm’/s E, =405 eV x = 1.6VDr
8. Explain the meaning of intrinsic diffusion and extrinsic diffusion.

SECTION 6.4: DIFFUSION SIMULATION

9. Use SUPREM to perform a drive-in step for 6 hours at 1175°C following the predeposi-
tion described in Example 3. Plot the boron profile and give the new junction depth.

*10. After the boron drive-in step in Problem 9, suppose phosphorus is subsequently prede-
posited and driven in. The phosphorus predeposition occurs at 850°C for 30 minutes, and
the drive-in occurs at 1000°C for 30 minutes. Use SUPREM to plot the phosphons and
boron impurity profiles, and determine the junction depth(s). :

12. L. R. Weisberg and J. Blanc, “DifTusion with Interstitial-Substitutional Equilibrium, Zinc in GaAs,”
Fhys. Rev., 131, 1548 (1963).

13. F A. Cunnell and C. H, Gooch, “Diffusion of Zine in Gallium Arsenide,” J. Phys. Chem. Solid, 15, 127
(1860},

14. D, P Kennedy and R. R O'Brien, "Analysis of the Impurity Atom Distribution Near the Diffusion Mask
for a Planar p-n Junction,” IBM |. Res. Dev., 9, 179 (1963),

15. 5. A. Camipbell, The Science and Engineering of Microelectronic Fabrication, 2nd Ed., Oxford University
Press, New York. 2001, Ch. 3.

» PROBLEMS
Astorisks denole difficult problems.

SECTION 6.1: BASIC DIFFUSION PROCESS

1. Calculate the junction depth and the total amount of dopant introduced after boron pre-
deposition performed at 950°C for 30 minutes in a neutral anbient. Assume the sub-
strate is n-type silicon with Ny, = 1.5 % 10" em ™ and the boron surface concentration is
C,=18%10" cm™.

2. If the sample in Problem 1 is subjected to a neutral drive-in at 1050°C for 60 minutes,
calculate the diffusion profile and the junction depth.
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lon Implantation

in C iffusi ion implantation are the two key methods of
iscussed in Chapter 6, diffusion and ion impla : i ke
:151 (E:t‘: dupilng. sml; the early 1970s, many doping operations ha\f been l?f'l‘fﬂnned
b\‘li)un i;uplanta-tiou. as shown in Figure 7.1. In this process the dopant ions are m'Phnte_d
into the semiconductor by means of an ion beam. The doping concentration ha-s a peak
distribution inside the semiconductor, and the profile of the dnpa'm dmlnbuu.on is deter-
mined mainly by the ion mass and the implanwd-ion energy. This chapter discusses the
following topics:
» The process and advantages of ion implantation
« Ton distributions in the crystal lattice and how to remove lattice damage caused
by fon implantation ) -
» Implantation-related processes, such as masking, high-energy implantation, and
high-current implantation
« The simulation of ion implantation using SUPREM

Gas of
dapant Mask
atoms
I
Y
x
(n)
Muask
InC

(b)

Figure 7.1 Comparison of (4) diffusion and (b) ion-implantation techniques for the selective
introduction of dopants into the semiconductor substrate.
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» 7.1 RANGE OF IMPLANTED IONS

lon implantation is the introduction of energetic, charged particles into a substrate such
as silicon. Implantation energies are between 1 keV and 1 MeV, resulting in ion distri-
butions with average depths ranging from 10 nm to 10 pm. lon doses vary from 10"
ions/em” for threshold voltage adjustment to 10" ions/cm® for the formation of buried
insulating layers. Note that the dose is expressed as the number of ions implanted into
1 em® of the semiconductor surface area. The main advantages of ion implantation are
its more precise control and reproducibility of impurity dopings and its lower process-
ing temperature compared with those of the diffusion process.

Figure 7.2 schematically shows a medium-energy ion implantor.' The ion source has
a heated filament to break up source gases such as BF, or AsH, into charged ions (B® or
As’). An extraction voltage, around 40 kV, causes the ¢ 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-to-charge ratio can travel through it without
being filtered. The selected ions then enter the acceleration tube, where they are accel-
erated 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
107 74 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 semi-
conductor substrate.

The energetic ions lose energy through collisions 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 principle side effect is disrup-
tion cor damage of the semiconductor lattice due to ion collisions. Therefore, a subsequent
annealing treatment is needed to remove this damage.

lon Distribution

The total distance that an ion travels in coming to rest is called its range (R) and is illus-
trated in Figure 7.3a.* 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 (9,). There is also a statistical fluctuation along
an axis perpendicular to the axis of incidence, which is called the lateral straggle (,).

source . Terminal Vacuum
] Wmd system

Figure 72 Schematic of a medium-current fon implantor.
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7.1.2 lon Stopping

Semiconductor i i
There are two stopping mechanisms by which an energetic fon, on entering a semicon-
ductor substrate (also called the target), can be brought to rest, The first is by transfer-

Vacuam ring its energy to the target nuclei. This causes deflection of the incident ion and also
dislodges many target nuclei from their original lattice sites. If E is the r.-nerﬁy of the ion
: at any point x along its path, we can define a nuclear stopping power, §,(E) = (dE/dx).,
fon beam : >-x to characterize this process. The second stopping mechanism is b)' the interaction of the
. incident ion with the cloud of electrons surrounding the target’s atoms. The ion loses energy
: in collisions with electrons through Coulombic interaction. The electrons can be excited
; to higher energy levels (excitation), or they can be ejected from the atom (ionization). We
: can define an electronic stopping power, S_(E) = (dE/dx),, to characterize this process.
(a) The average rate of energy loss with distance is given by a superposition of the two
Log fion concentration] stopping mechanisms:
1 :
[ dE
ni'ﬂr} """"""""""""""""" Graussian I - Sn('E’ ik s:' (E) (2)
If the total distance traveled by the ion before coming to rest is R. then
DARI) fromm = e = S = g T dE
o=l ®
where E, is the initial ion energy. The quantity R has been defined previously as the range.
We can visualize the nuclear stopping process by considering the elastic collision
between an incoming hard sphere (energy E, and mass M) and a target hard sphere (ini-
tial energy zero and mass M,), as illustrated in Figure 7.4. When the spheres collide,
DA : momentum is transferred along the centers of the spheres. The deflection angle (8) and
—— 2 x the velocities, v, and v;. can be obtained from the requirements for conservation of momen-
X by tum and energy. The maximum energy loss is in a head-on collision. For this case, the
(b) ' energy loss by the incident particle M,, or the energy transferred to M., is
Figure 73 (a) Schematic of the ion range R and projected range R,. (b) Two-dimensional distri-
bution of the implanted jons.* | g g 4M M, (4)
2777 | (M M)
Figure 7.3b shows the ion distribution. Along the axis of incidence, the implanted
impurity profile can be approximated by a Gaussian distribution function:
2 I vy
n(x)= S exp|- M (1 -
errap 20, '
where § is the ion dose per unit area. This equation is similar to Eq. 14 in Chapter 6 for ’ T
constant total dopant diffusion, except that the quantity 4Dt is replaced by 207 and the Fa
distribution is shifted along the x-axis by R, Thus, for diffusion, the maximum concen- X
tration is at x = 0, whereas for ion implantation the maximum concentration is at the pro= M, IV Y |
jected range. The ion concentration is reduced by 40% from its peak value at (x=R)= " .__”ﬁ_ ol _‘,::‘ o s
+0,, by one decade at £26_, by two decades at £30,, and by five decades at £4.80, = S
Along the axis perpendicular to the axis of incidence, the distribution is also a Gaussian Ey Mg 5 N My

function of the form exp({~y*/261). Because of this distribution, there will be some lat-
eral implantation.’ However, the lateral penetration from the mask edge (on the O!dﬁ'
of ) is considerably smaller than that from the thermal diffusion process discussed in

Section 6.3. Figure 7.4 Collision of hard spheres.
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Since M, is usually of the same order of magnitude as M, a large amount of energy
can be trnsferred in a nuclear stopping process. ‘ . -

Detailed calculations show that the nuclear stopping power increases lme:u-]}: with
energy at low energies (similar to Eq. 4), and S (E) reaches a maximum a? some inter-
mediate energy. At high energies, S,(E) becomes smaller b('(-”-nISt' fast Pnrhclcs may not
have sufficient interaction time with the target atoms to achieve vﬂtrchlvc energy trans-
fer. The calculated values of S (E) for arsenic, phosphorus, and h.oru‘n in silicon at vari-
ous energies wre shown in Figure 7.5 (solid lines, where the superscript indicates .the atomic
weight).* Note that heavier atoms, :!nch as arsenic, have a larger nuclear stopping power,

at is, L mergy loss per unit distance.

s ';sizkl:’lg:(::t;:igtoppis; power is found to be proportional to the velocity of the inei-

dent ion, or

S.(E)=kNE )
where the coefficient k, is a relatively weak function of atomic mass and ah:.[\“ic number,
The value of k_ is appmxim:ltel_v 107 (eV)"*/em for silicon and 3 x 107 (eV)"/em for gal-
lium arsenide. The electronic stopping power in silicon is plotted in Figure 7.5 (dotted
line). Also shown in the figure are the crossover energies, at which S (E) = §.(E). For

boron, which has a relatively low ion mass compared with the target silicon atom, the

crossover energy is only 10 keV. This means that over most of the impl-.ullu'tion energy
range of 1 keV to 1 MeV, the main energy loss mechanism is due to electronic stopping.
On the other hand. for arsenic, with its relatively high ion mass, the crossover energy is
700 keV. Thus, nuclear stopping dominates over most of the energy range. For phosphorus,

L iy
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Figure 7.5 Nuclear stopping power, S (E), and electronic stopping power, S,(E), for As, F. and
B in Si. The points of intersection of the curves correspond to the energy at which nuclear and
electronic stopping are equal *
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the crossover energy is 130 keV. For an E, less than 130 keV. nucl opping -
inate; for higher energies, electronic stopping will take over, i s
Once Si_(l-:) and S::i] E) are known, we can calculate the range from Eq. 3. This in turn
can give us the projected range and projected straggle with the he ollowing appros-
imate equations:’ 5 BV '
R
Rz—un—
"= e (M, 134 2

0,2 @]&

M, +M, (7)

Figure 7.6a shows the projected range (R ), the proj straggle (o, ), an .
eral straggle (o)) for arsenic, boron, andg:ho‘:‘)phomspin m’ As &lﬂ.ﬂn‘f&ﬁ:l::t
the energy loss, the smaller the range. Also, the projected range and straggles increase with
ion energy. For a given element at a specific incident energy, o, and o, are com
and usually within £20%. Figure 7.6b shows the oon'esponding\;hes for hydrogen, zinc,
and tellurium in gallium arsenide.” If we compare Figures 7.6a and b, we see that most
of the popular dopants (except hydrogen) have larger projected ranges in silicon than

they have in gallium arsenide,
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Figure 76 Projected range, projected straggle. and lateral stragele for (a) B, P. and As in silicon.*
and (b) H, Zn, and Te in gallium arsenide.
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EXAMPLE 1

Assumie 100-keV boron implants ona 200-mm silicon wafer at a dose of 5 x 10" jons/em?, Calculage
the peak concentration and the required jon beam current for 1 minute of implantation.

SOLUTION From Figure 7.64, we obtain 0.31 and 0.07 um for the projected range and projectid
stragyle, respectively:

From Eq, 1,

0y (.r - R!‘]:
n(x) = mtﬁ[{- T]

dn___S 3(.‘-3:,}“{-(..-R},)’]:O
: =

d¢  2ro. 20} o)

The peak concentration isatx = B and n(x) = 285 x 10" jons/cm’.

The total number of implanted jons, (), is given by
" 20Y Fiiis it
Q=5x10"xrx v =1.57x10" ions/ cm

The required ion current. 1, is given by

v (¢
f=22 _ L6X10 ;‘0"57’”0 =4.19%10™ A =042mA <
r

7.1.3 lon Channeling

The projected range and straggle of the Gaussian distribution discussed previously give
a good description of the implanted ions in amorphous or fine-grain polycrystalline sub-
strates. Both silicon and gallium arsenide behave as if they were amorphous semicon-
ductors, provided the ion beam is misoriented from the low-index crystallographie direction
(e.g., <111>), In this situation, the doping profile described by Eq. 1 is followed closely
near the peak and extended to one or two decades below the peak value. This is illus-
trated in Figure 7.7.* However, even for a misorientation of 7° from the <1115 axis, there
still is a tail that varies exponentially with distance as exp(—1/4), where 4 is typically on
the order of 0.1 pm.

The exponential tail is related to the ion channeling effect. Channeling ocenrs when
incident ions align with a major crystallographic direction and are guided between rows
of atoms in a erystal. Figure 7.8 illustrates a diamond lattice viewed along a <110> direc-
tion.” lons implanted in the <110> direction will follow trajectories that will not bring them
close enough to a target atom to lose significant amounts of energy in nuclear collisions.
Thus, for channeled ions, the only energy loss mechanism is electronic stopping, and the
range of channeled ions can be significantly larger than it would be in an amorphous tar-
get. lon channeling is particularly eritical for low-energy implants and heavy ions.

Channeling can be minimized by several techniques: a blocking amorphous surface
layer, misorientation of the wafer, and creati ng a damaged layer in the wafer surface. The
usual blocking amorphous layer is simply a thin layer of grown silicon dioxide (Fig. 7.9a).
The layer randomizes the direction of the ion beam so that the jons enter the wafer at
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Figure 2.7 Impurity profile obtained in a purposely misoriented target. Ion beam is incident 7°

from the <1115 axis,*

different angles and not directly down the crystal channels. Misorientation of the wafers
5% to 107 off the major plane also has the effect of preventing the ions from entering the chan-
nels (Fig. 7.95). With this method, most implantation machines tilt the wafer by 7° and
then apply a 22° twist from the flat to prevent channeling. Pre-damaging the wafer surface
with a heavy silicon or germanium implant creates a randomizing layer in the wafer sur-
face (Fig. 7.9¢). This method, however, increases the use of the expensive ion implantor.

» 1.2 IMPLANT DAMAGE AND ANNEALING

Implant Damage

When energetic ions enter a semiconductor substrate, they lose their energy in a series
of nuclear and electronic collisions and finally come to rest. The electronic energy loss
an be accounted for in terms of electronic excitations to higher energy levels or in terms
of the generation of electron-hole pairs. However, electronic collisions do not displace semi-
conductor atoms from their lattice positions. Only nuclear collisions can transfer sufficient
energy to the lattice so that host atoms are displaced, resulting in implant danmgﬂnlso
called lattice disorder).” These displaced atoms may possess large fractions of the incident
energy, and they in turn cause cascades of secondary displacements of nearby atoms to
form a tree of disorder along the ion path. When the displaced atoms per unit volume
approach the atomic density of the semiconductor, the material becomes amorplious.
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Figure 7.9 Minimizing channeling. (2) Implantation through an amorphous oxide layer.
{b) Misorientation of the beam direction to all crystal axes. (¢) Pre-damage on the crystal surface.

The tree of disorder for light ions is quite different from that for heavy ions. Much of
the energy loss for light ions (e.g., "'B- in silicon) is due to electronic collisions (see Fig, 7.5)
which do not cause lattice damage. The ions lose their energies as they penetrate deeper

into the substrate. Eventually, the ion energy is reduced below the crossover energy (10

keV for boron) where nuclear stopping becomes dominant. Therefore, most of the lat-
tice disorder occurs near the final ion position. This is illustrated in Figure 7.10a.

We can estimate the damage by considering a 100-keV boron ion. Its projected range
is 0.31 pm (Fig. 6a), and its initial nuclear energy loss is only 3 eV/A (Fig. 7.5). Since the

spacing between lattice planes in silicon is about 2.5 A, this means that the boron ion

will lose 7.5 eV at each lattice plane because of nuclear stopping, The energy required
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Figure 710 Implantation disorder caused by (a) light ions and (b) heavy ions.

to displace a silicon atom from its lattice position is about 15 V. Therefore. the incident
borun ion does not release enough energy from nuclear stopping to displace a silicon atom
when it first enters the silicon substrate. When the ion energ?'is reduced to about 50
keV (at a depth of 1500 A). the energy loss due to nuclear stopping increases to 15 eV
for cach lattice plane (i.e., 6 eV/A), sufficient to create a lattice disorder. Assuming that
L atom is displaced per lattice plane for the remaining ion range, we have 600 lattice atoms
displaced (i.e., 1500 A/2.5 A). If each displaced atom moves roughly 25 A from its orig-
inal position, the damage volume is given by V, = (254)*(15004) = 3 x 10""cm’. The
damage density is 600/V,, = 2 x 10* em™, which is only 0.4% of the atoms. Thus, very
high doses of light ions are needed to create an amorphous layer.

For heavy ions, the energy loss is primarily due to nuclear collisions; therefore, we expect
substantial damage. Consider a 100-keV arsenic ion with a projected range of 0.06 pm, or
60 nm. The average nuclear energy loss over the entire energy range is about 1320 eV/nm
(Fig. 7.5). This means that the arsenic ion loses about 330 eV for each lattice plane on the
average. Most of the energy is given to one primary silicon atom. Each primary atom will
subsequently cause 22 displaced target atoms (i.e., 330 eV/15 eV). The total number of dis-
placed atoms is 5280. Assuming a range of 2.5 nm for the displaced atoms, the damage vol-
ume is V,, = 2(2.5 nm)* (60 nm) = 10™ em’”. The damage density is then 5250V, = 5 x
10" em™, or about 10% of the total number of atoms in V;, As a result of the heavy-ion
implantation, the material becomes essentially amorphous. Figure 7105 illustrates the sit-
uation in which the damage forms a disordered cluster over the entire projected range.

To estimate the dose required to convert a erystalline material to an amorphous form,
we can use the criterion that the energy density is of the same order of magnitude as
that needed for melting the material (i.e., 10*' keV/em®). For 100-keV arsenic ions, the
dose required to make amorphous silicon is then

! A
5o Oy .
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For 100-keV boron ions, the dose required is 3 X I‘O g :qns!( m lx?ani‘ul{'{l“ Ior llm;on &
five times larger than forarsenic. However, in practice, higher doses (>10" ions/em?) are
required for boron implantation into a target at room temperature because of the nonupj.
form distribution of the damage along the ion path.

722 Annealing

Because of the damaged region and the disorder olusllvr llh:tt nﬂsu-lt fmu]l igu implanta.
tion, semiconductor parameters such as mobility and h_fcmm- are sev vn..'_ y ¢ (.-gradec:l, In
addition, most of the ions as implanted are not located in fubstltuhon:d sites. To activate
the implanted ions and to restore mobility and other m;}tonai parameters, we must anneg]
the semiconductor at an appropriate combination of time and temperature,

Conventional annealing uses an open-tube, batch furnace system similar to that used
for thermal oxidation. This process requires a long time and high temperature to remove
the implant damage. However, conventional annealing may cause subst;mtml' dopant dif-
fusion and cannot meet requirements for shallow junctions and narrow dopmg profiles,
Rapid thermal annealing (RTA) is an annealing process that employs a variety of ene
sources with a wide range of times, from 100 seconds down to n;umsmnmtl's—all' s.hon
compared with conventional annealing. RTA can activate dopants fully with minimal
redistribution.

Conventional Annealing of Boron and Phosphorus P :

Annealing characteristics depend on the dopant type and the dose u‘n'u-.v.wd. F:tgure 711
shows the annealing behaviors of boron and phosphorus implantation fto silicon sub-
strates.” The substrate is held at room temperature (T,) during implantation. At a given
ion dose, the annealing temperature is defined as the temperature at which 90% of the
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Figure 711 Annealing temperature versus dose for 90% activation of boron and phmphol'll!is
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implanted fons are activated by a 30-minute annealing in a conventional annealing fur-
nace. For boron implantation, higher annealing temperatures are needed for higher doses

For phosphorus at lower doses,the annealing bebavior i similar o thatfor berge: Homs
when the dose is greater than 10" e, the annealing temperature drops to about 600°C,
This phenomenon is related to the solid-phase epitaxy process (see Chapter 8). At phos-
phorus doses greater than 6 x 10" em, the silicon surface layer becomes amorphous.
The single-crystal semiconductor underneath the amorphous layer serves as 4 seeding
arca for recrystallization of the amorphous layer. The epitaxial growth rate along the <100>
direction is 10 nm/min at 550°C and 50 nm/min at 600°C, with an activation energy at
2.4 eV. Therefore, a 100- to 500-nm amorphous layer can be recrystallized in a few min-
utes. During the solid-phase epitaxial process, the impurity dopant atoms are incorpo-

rated into the lattice sites along with the host atoms. Thus, full activation can be obtained
at relatively low temperatures.

Rapid Thermal Annealing

The machine for RTA with transient lamp heating is shown in Figure 712 The

measured from the heated wafer is usually from 600°C to 1100°C.* A wafer is heated qquickly
under atmospheric conditions or at low pressure under isothermal conditions.

lamps in an RTA system are tungsten filaments or are lamps. The processing chamber is
made of either quartz, silicon carbide, stainless steel, or aluminum and has quartz win-
dows through which the optical radiation passes to illuminate the wafer. The wafer holder
is often made of quartz and contacts the wafer in a minimum number of places. A mea-
surement system is placed in a control loop to set wafer temperature. The RTA system
interiaces with a gas-handling system and a computer that controls system operation.
Typically, wafer temperature in an RTA system is measured with a noncontact optical
pyrometer that determines temperature from radiated infrared energy.

Table 7.1 compares conventional furnace and RTA technology. To achieve short pro-
cessing times using RTA, trade-offs must be made in temperature and process unifor-
mity. temperature measurement and control, and wafer stress and throughput. In addition,
there are concerns about the introduction of electrically active wafer defects during the

Reflector Lamps
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Figure 7.12  Rapid thermal annealing system that is optically heated.
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TABLE7.) Technology Comparison 4 10" ¢
Detenminant Conventional Fumace Rapid Thermal Annealjns £ —
Batch Single-wafer

Hot-wall Cold-wall
High

Process
Fumacs
"mﬂn‘ rate Low
Cycle time High Low

l';mpenlurr moritor Furmace Wafer

Thermal budget High Low !
Particle problem Yes Minimal

Uniformity and repeatability High Low |
Throughput High Low |

107

10" F

Poping {em™)

1013 E
very fast (100°=300 °C/s) thermal transients. Rapid heating with temperature gradients :
in the wafers can cause wafer damage in the form of slip dislocations induced by ther-
mal stress. On the other hand, conventional furnace processing causes significant prob- .
lems, such as particle generation from the hot walls, limited ambient control in an open ‘ {014
system, and a large thermal mass that restricts controlled heating times to tens of min- 0 02 04 06 08 10
utes, In fact, requirements on contamination, process control, and cost of manufactur- Distance (jm)

ing floor space have resulted in a paradigm shift to the RTA process. Figere 113, Compod doping proRlBDaIETANIA SRIIRE

» 7.3 IMPLANTATION-RELATED PROCESSES

This section considers a few implantation-related processes, such as multiple implantation,
masking, tilt-angle implantation, high-energy implantation, and high-current implantation, 10

731 Multiple Implantation and Masking

In many applications, doping profiles other than the simple Gaussian distribution are
required. One such case is the preimplantation of silicon with an inert ion to make the
silicon surface region amorphous. This technique allows close control of the doping pro-
file and permits nearly 100% dopant activation at low temperatures, as discussed previ-
ously. In such a case, a deep amorphous region may be required. To obtain this type of
region, we must make a series of implants at varying ion energies and doses,

Multiple implantation can also be used to form a flat doping profile, as shown in Figure
7.13. Here, four boron implants into silicon are used to provide a composite doping pro-
file." The measured carrier concentration and that predicted using range theory are shown
in the figure. Other doping profiles, unavailable from diffusion techniques, can be obtained
by using various combinations of impurity dose and implantation energy. Multiple implants
have been used to preserve stoichiometry during the implantation and annealing of GaAs.
This approach, whereby equal amounts of gallium and an n-type dopant (or arsenic and &
p-type dopant) are implanted prior to annealing, has resulted in higher carrier activation.

To form p-n junctions in selected areas of the semiconductor substrate, an appropri-
ate mask should be used for the implantation. Because implantation is a low-temperature _ ‘
process, a large variety of the masking materials can be used. The minimum thickness 09:% = S, 1000,
of t!:-t; r?a.-skinﬁe material required to stop a given percentage of incident ions can be mfg} E (keV)
mated from the range parmmeters for ions. The inset of Figure 7.14 shows a profileot p— produce
an implant in a masking material. The dose implanted in !ﬂ region beyond f depth d Figure 714 Minimum thickness °Ls,‘o' (N SNl PR U B
(shown shaded) is given by integration of Eq. 1 as !‘ a masking effectiveness of 99.99%.
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o e x=R Y
- - dx
S 27a, !cxp[ [ Ra, ] ] (9)
From Table 6.1, we can derive the expression
jr'”dy = -\Lf-—erfc{.t] (10)

»

Therefore, the fraction of the dose that has “transmitted” beyond a depth d is given by
the transmission coefficient (T):

S; 1 |d-R _
TE?-E‘”C[ = (11)

Once T is given, we can obtain the mask thickness d from Eq. 11 for any given R, and o,

The values of d to stop 99.99% of the incident ions (T = 107) are shown in Figure
7.14 for Si0,, Si;N,. and photoresist as masking materials.”"" Mask thicknesses given in
this figure are for boron, phosphorus, and arsenic implanted into silicon. These mask thick-
nesses also can be used as guidelines for impurity masking in galliumn arsenide. The dopants
are shown in the parentheses. Since both R, and ¢, vary approximately linearly with energy,
the minimum thickness of the masking materiu.i also increases linearly with energy. In
certain applications, instead of totally stopping the beam, masks can be used as attenu-
ators that can provide an amorphous surface layer to the incident ion beam to minimize
the channeling effect.

EXAMPLE 2

When boron ions are implanted at 200 keV, what thickness of SiO, will be required to mask 99.996%
of the implnted jons (R, = 0.53 pm, g, = 0.093 wm)?

SOLUTION The complementary error function in Eq; 11 can be approximated i the argument is
large (see Table 6.1}
T= Sk
pAVE S
where the parameter u is given by (d — R.)/V20, For T = 107, we solve the above equation to
obtain u = 2.5, Thus,

d=R_+3960, =0.53+3.96x0.093=0.898 ttm <4

732 Tilt-Angle lon Implantation

In scaling devices to submicron dimensions, it is important also to scale dopant profiles
vertically. We need to produce junction depths less than 100 nm, including diffusion dur-
ing dopant activation and subsequent processing steps. Modem device structures, such
as the lightly doped drain (LDD) MOSFET, require precise control of dopant distribu-
tions vertically and laterally.

Itis the ion velocity perpendicular to the surface that determines the projected range
of an implanted ion distribution. If the wafer is tilted at a large angle to the ion bean,
then the effective ion energy is greatly reduced. Figure 7.15 illustrates this for 60-keY
arsenic ions as a function of the tilt angle, showing that it is possible to achieve extremely
shallow distributions using a high tilt angle (86°). In tilt-angle ion implantation, we should
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Figure 7.15  60-keV arsenic implanted into silicon, as a function of beam tilt ungle. Inset shows
the shadow area for tilt-angle ion implantation.

consider the shadow effect (inset in Fig. 7.15) for the patterned wafer. A lower tilt angle
leads to a small shadow area. For example, if the height of the patterned mask is 0.5 pm,
with vertical sidewall, a 7° incident ion beam will induce a 61-nm shadow. This shadow
effect may introduce an unexpected series resistance in the device,

733 High-Energy and High-Current Implantation

Higli-energy implantors, capable of energies as high as 1.5 to 5 MeV, are available and
have been used for a number of novel applications. The majority of these depend on the
ability to dope the semiconductor to many micrometers in depth, without the need for
long diffusion times at high temperatures. High-energy implantors can also be used to
produce low-resistivity buried layers. For example, a buried layer 15 to 3 pm below the
surface for a CMOS device can be achieved by high-energy implantation.
High-current implantors (10-20 mA), operating in the 25- to 30-keV ringe, are rou-
tinely used for the predeposition step in diffusion technology because the amount nft.olnl
dopant can be controlled precisely. After predeposition, the dopant impurities can be driven
in by a high-temperature diffusion step at the same time that implant damage at the sur-
face region is annealed out. Another application is the threshold vollage adjushnem in
MOS devices. A precisely controlled amount of dopant (e.g,, bomn? is implanted through
the gate oxide to the channel region'! (Fig. 7.16a). Because the projected ranges of boron
in silicon and silicon oxide are comparable, if we choose aiq,uitgl?k incident energy. the
ions will penetrate just the thin gate oxide, not the thicker field oxide. The threshold volt-
age will vary approximately linearly with the implanted dose. Aﬂerbumnimphnta:g:
polysilicon can be deposited and patterned to form the gate electrode of the MOSFET.
The thin oxide surrounding the gate electrode is removed, and the source and drain regions
are formed, as shown in Figure 7.16b, by another high-dose arsenic mphnhﬁnn. o
High-current implantors with energies in the 150- to EQO-keV-mnge are nolgeh il-
able. A major use for these machines is to form high-quality silicon films, which are





