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Thermal Oxidation and
the Si/Si0, Interface

6.1 Introduction

Silicon is unique among semiconductor materials in that its surface can be easily passi-
vated with an oxide layer. The interface between Si and SiO: is perhaps the most care-
fully studied of all material interfaces and its electrical and mechanical properties as well
as those of the oxide layer itself are almost ideal. SiO; layers are easily grown thermally
on silicon or deposited on many substrates. They adhere well, they block the diffusion of
dopants and many other unwanted impurities, they are resistant to most of the chemi-
cals used in silicon processing and yet can be easily patterned and etched with specific
chemicals or dry etched with plasmas, they are excellent insulators, and they have stable
and reproducible bulk properties. The interface that forms between Si and SiO; has very
few mechanical or electrical defects and is stable over time. These properties make MOS
structures easy to build in silicon and they imply that silicon devices of all types are gen-
erally reliable and stable. Virtually all other semiconductor/insulator combinations suf-
fer from one or more problems that significantly limit their applicability.

We saw a number of applications of SiO; layers in the CMOS technology example in
Chapter 2. These included use as the gate dielectric layer in MOS devices, as a mask
against implantation, as an isolation region laterally between adjacent devices, and as an
insulator between metal layers in back-end processing. These and some other uses are
illustrated in Figure 6-1.

The SIA NTRS provides a roadmap for SiO; and other insulating layers as part of its
general technology requirements. Some of the key issues are summarized in Table 6-1
[6.1]. Most of these requirements relate to oxides < 10 nm since these are the critical
gate insulators and tunneling oxides in modern MOS structures. The last two rows in the
table relate to thicker insulators used primarily for masking and in back-end processing,
These insulating layers are normally deposited rather than thermally grown and will be
discussed in more detail in Chapters 9 and 11.

Even at room temperature, silicon exposed to an oxygen or air ambient will form a
thin native oxide layer on its surface. This oxide rapidly covers the surface to a thickness
of 0.5-1 nm (5-10 A). Growth then slows down and effectively stops after a few hours,
with a final thickness on the order of 1-2 nm. Both the growth rate and the final native
oxide thickness depend on the surface preparation and in particular on the presence or
absence of chemical residues from cleaning procedures. For example, the SC-1 and SC-2
cleaning procedures we discussed in Chapter 4 create chemical oxides on the silicon
surface which are typically 1-2 nm thick.
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Oxide
Thickness

1pm

10 nm

1 nm

Thermally Grown Oxides Deposited Oxides
- . . Backend Insulators
Field Oxides Between Metal Layers
L Masking Oxides
Masking Oxides
Pad Oxides
Gate Oxides
Tunneling Oxides
[~ Chemical Oxides from Cleaning
Native Oxides

Figure 6-1 Uses of SI0;insilicon technology

Table 61  Future projections for silicon technology taken from the SIA NTRS [6.1]

Year of First DRAM Shipment 1997 1999 2003 2006 2009 2012
Minimum Feature Size (nm) 250 180 130 100 70 50
DRAM Bits/Chip 256M 1G 4G 16G 64G 256G
Minimum Supply Voltage (volts) 1825 15-18 12-15 09-12 0.6-0.9 05-06
Gate Oxide Tox Equivalent (nm) 4-5 34 2-3 1.5-2 <1.5 <1.0
Thickness Control (% 3 o) + 4 +4 +4-6 + 4-8 + 4-8 + 4-8
Equivalent Maximum E-field

(MV em™) 4-5 5 5 >5 >5 >5
Gate Oxide Leakage (DRAM)

(pA pm™?) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tunnel Oxide (nm) 85 8 7.5 7 6.5 6
Maximum Wiring Levels 6 6-7 7 7-8 89 9
Dielectric Constant, K for

Intermetal Insulator 3.041 2530 15-20 1520 <1.5 <15

The most critical application of insulators in CMOS technology is as the gate insula-
tor. As shown in Table 6-1, these layers are typically 3-5 nm th?ck in currebnt state-of-
the-art technology and are projected to be < 1 nm in another 10-15 years. Even today,
thgse layers are only about 25—50 atomic layers thick. It is quite remarkat;le that VLS—I
chips can be manufactured today with tens of millions of such oxides, each defect free
anq capa?le of reliably sustaining electric fields within a factor of abollt two of the ma-
terial limit of SiO; which is about 10~15 MV cm ", Notice also in Table -1 th(;t gate in-
sulatgrs must .be c?ntrolled in thickness to essentially single atomic di:[ﬂ[lc-es.
Continued scaling .W.lll make it very difficult for SiO, films to n%eet 1l :11-1 se 1:3( uire-
ments. As a result, it is very likely that the very thin ga.te insulators pr(?iecteiibzori?le fu-
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ture will not .be pure SiO; films. Oxynitride films (SiO, with nitrogen incorporated
throt{gh a variety of processes) are the most likely near-term solution.

With i:llmS as thin as those projected in the NTRS, the term “insulator” begins to lose
some of its meaning because such thin films will conduct finite amounts of current due
to quantum mechanical tunneling of electrons or holes, This process occurs because of
?he wave nature of electrons and basically allows electrons to pass through an otherwise
impenetrable barrier such as SiO,, if the barrier is thin enough. The probability of such
an event happening decreases exponentially with oxide thickness, so tunneling oxides
must be quite thin for significant currents to flow. If a polysilicon gate is deposited on
top of such an oxide and electrically isolated by surrounding it with SiO; on all sides,
then the electrons which tunnel through the thin oxide underneath the polysilicon can
be trapped in the poly layer, allowing it to take on a negative charge. This can be used
as the basis for a nonvolatile inemory element. In fact, oxide layers between 4 and 10
nm are often used in electrically programmable memories and are referred to as tun-
neling oxides in these applications.

In gate dielectrics, tunneling is undesirable and in some applications like DRAM
pass transistors is a major problem since it directly affects data retention. The specifi-
cations on leakage current shown in Table 6-1 for DRAM:s are likely not achievable in
Si0; layers thinner than about 4 nm and so it is likely that thicker gate dielectrics will
be used in these applications. For more general-purpose logic applications, higher lev-
els of gate leakage current can be tolerated.

Many of the other applications listed in Figure 6-1 were discussed in detail in Chap-
ter 2. Thermal oxides in the range of 10-30 nm are often used under Si;N; layers as stress
relief or “pad” oxides during LOCOS type processes. We saw several examples of this
application in the CMOS process in Chapter 2. Thicker thermal oxides often serve as
masks for ion implantation or gas-phase doping steps. Here it is usually only important
that the oxide layer be thick enough to block dopant penetration into the underlying sil-
icon substrate. We will consider these applications more carefully in Chapters 7 and 8.
Thick oxides may also serve as “field” or isolation oxides in many technologies. In this
case they provide lateral isolation between adjacent components on the wafer surface.

It is also quite possible to deposit SiO: layers using CVD or LPCVD techniques. For
back-end applications, after the wafers have metal on them, deposition is the only op-
tion. In fact for any application in which the oxide must be placed on top of underlying
films, deposition is generally the only option since silicon may not be available from the
underlying films for SiO; thermal growth. Deposition usually involves a much smaller
“thermal budget” compared to thermal oxidation and hence is preferred even in front-
end processes whenever it is important to limit the temperature cycle the wafers are
subjected to. Deposited oxides are usually not used for layers thinner than about 10 nm
because control of the deposition process is not as good as the thermal oxidation
process. The interface between a deposited oxide and the underlying silicfon is not as
perfect electrically as that formed by a thermal oxide either, so thermal ox1d§s are usu-
ally used for gate dielectrics and other critical oxides in device structures. It is Posmble
to anneal a deposited oxide/Si interface, however, to produce electrical properties close
to those of a thermally grown oxide. The simplest way to “‘anneal” such an i.nterfa.ce is
simply to grow a thin thermal oxide underneath the deposited oxide. This is straight-
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forward to do because new SiO; always grows at the Si/SiO: interface, as we will see in
the next section,

Finally, note that the NTRS in Table 6-1 specifies a dielectric constant less than 3.9
(SiOy) for intermetal dielectrics in technology generations in the future. This is required
in order to improve the speed of interconnects (RC delay) and implies that deposited
films will not be Si0, in back-end processes in the future. We will discuss so-called “low
K" deposited dielectrics in Chapter 11.In contrast to back-end “low K” dielectrics, gate
oxides are likely to use “high K” dielectrics in the future. Thus the equivalent electrical
gate oxide thicknesses in Table 6-1 may be achieved with higher K materials physically
thicker than the values in the table.

This chapter will focus primarily on the thermal oxidation process and the properties
of the Si/SiO; interface. Deposited oxides and other deposited thin films are described
in detail in Chapter 9.

6.2 Historical Development and Basic Concepts

Ambient

Si0,

Silicon

A number of experiments done in the past 30 years [6.2-6.5) have conclusively shown
that when silicon is oxidized, the oxidation process occurs at the Si/SiO: interface as il-
lustrated in Figure 6-2. Because of this, a new interface is constantly forming and mov-
ing downward into the silicon substrate. Silicon oxidation therefore occurs by the
inward diffusion of the oxidant, rather than the outward diffusion of silicon. Conceptu-
ally, the simplest way to demonstrate this is to grow an SiOz layer with one oxygen iso-
tope and then continue the growth with a second isotope (O and O, for example).
Profiling through the resulting composite oxide with a mass sensitive technique can
then determine whether the second oxide grows at the top or bottom surface. This and
other related experiments have consistently shown that the new oxide grows at the
Si/Si0Oz interface.

Conceptually one can think of this process in the following way. The Si atoms in the
substrate are bonded to other Si atoms. These bonds must be broken, oxygen atoms in-
serted between the silicon atoms, and finally Si-O bonds formed. The process involves
a volume expansion because of the room needed for the oxygen atoms. As illustrated in

2, Hof Figure 6=2 Basic process for the oxidation of silicon.

The chemical reaction lakes place at the Si/Si0; interface.
7 // Z

Si+ 0y — SiOy or
Si+2H,0 — Si0, +2H,
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— |
. ) Si
Si substrate 02

Si substrate

F.I.gure 6-3 Volume expansion that occurs during silicon oxidation. A unit volume of
silicon on the lefi is wransformed into $i0s. In the middle the volume expansion is un-
constrained; on the right the substrate restricts the expansion to one dimension.

Original Si Sutface

Si Substrate

Figure 6—4 Scanning electron micrograph of 2 simple LOCOS structure. The silicon oxida-
tion was masked on the right side by 2 Si;N, layer. A polysilicon layer has been deposited on top
of the structure, after the SisN, layer was stripped, to provide contrast in the picture, Note that
the grown oxide on the left side occupies approximately twice the volume of the silicon con-
sumed in the oxidation. Courtesy of J. Bravman, Stanford University.

the center of Figure 6-3, the oxide would like to expand by 30% in all three dimensions
to accommodate the oxygen atoms. However because the silicon substrate prevents ex-
pansion in the two lateral directions, the only option is for the oxide to expand upward
as shown on the right of Figure 6-3. The volume is thus accommodated by a 2.2 times
upward expansion of the oxide compared to the volume of the silicon oxidized.
Figure 64 illustrates this in a real two-dimensional structure. This example is a SEM
cross section of a simple LOCOS process like the one we described in Chapter 2. On
planar surfaces, most of the volume expansion ts accommodated simply by the oxide
growing up above the original silicon surface as in Figure 6-3. On shaped surfaces,
which are common especially in advanced silicon device structures, the expansion may
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not be so easily accommodated. LOCOS results in a nonpl?lnar SUS‘Q? mterf?ce be-
tween the nitride masked and oxidized regions and an obv1f)qs tfapmflon region be-
tween the two. This transition region takes on a characteristic “bird’s beak” shape
because of lateral oxidation under the nitride mask. o o

Oxide layers grown on silicon are amorphous. This m{ght seem surprising initially
because we are oxidizing a single-crystal substrate and SiO2 ex1st§ in both crystalline
and amorphous phases. However, there are no crystalline forms gt S10> whose 'lattice
size closely matches the silicon substrate. Any attempt to grow smgle-crysFal Si0; on
silicon would therefore result in very large stresses. Such stresses could easily be large
enough to generate crystallographic defects in the silicon, whiCh.would significantly de-
grade circuit yield and device performance. Even though the oxide that grows is amor-
phous, it does have short-range order, which is illustrated in Figure 6-5. S10. tetrahedra
are the basic units from which SiOz forms. These tetrahedra bond together by sharing
oxygen atoms as illustrated on the right of the figure. Such shared atoms are called
bridging oxygen atoms. In the amorphous forms of SiO: there may also be some non-
bridging oxygen atoms present. These phases are often referred to as fused silica. Crys-
talline forms of SiO; such as quartz contain only bridging oxygen bonds. The various
crystalline and amorphous forms of SiO, arise because of the ability of the bridging
oxygen bonds to rotate, allowing the position of one tetrahedron to move with respect
to its neighbors. This same rotation is what allows the material to lose long-range order
and hence become amorphous. At normal processing temperatures, the thermody-
namically stable form of SiO: is one of the crystalline forms. These forms are rarely ob-
served in IC structures, however, because the time required for amorphous SiO to
rearrange itself into a crystalline form is very long compared to normal diffusion, oxi-
dation, or anneal cycles. Occasionally fused silica furnace tubes that are used in oxida-
tion or diffusion furnaces will crystallize (a process called devitrification) after many
months or years at high temperature.

0.262 SASSN O b
nm Q O/ . ‘O

Figure 6-5 Structure of fused silica lass. The si

- The silicon atoms are § er of e
the lelr'flhedra. The 0-0 distance is 0.262 nm; and the Si-0 dmslzi‘nrze1 [ils“(l)el%eznml OF'EACh' Of
bond distance depends on the particular form of Si0;, but is about 0 31 . The l'he o
bered ring structure of Si0, is shown conceptually on the right 1 . The siv-mem-

Ex. 2008-016




Historical Development and Basic Concepts m

) The oxide layers that grow on Si are normally in compressive stress. At the Si/SiO»
mterfac.e_, the growing oxide can expand only upward, not laterally since it must attach
to 9the silicon substrate. This results in compressive stresses that can be as large as 5 X

10° dynes cm =2 At temperatures above about 1000°C, the oxide can relieve some of this
stress by viscous flow; at lower temperatures, the oxide viscosity is too high to allow
much relief to take place. In addition to these intrinsic stresses which can be present af-
ter an oxide is grown, there is also a large difference in the thermal expansion coeffi-
Flents of Si and SiO,. As the wafers are cooled down after an oxide is grown, this results
in an additional compressive stress in the oxide that can be as high as a few x 10° dynes
cm ™2 These two effects place the silicon substrate in tension; however, the substrate is
many times thicker than the oxide layer and as a result, the tensile stresses are scaled
down in proportion to the thickness ratio. These effects can easily be observed even on
flat silicon wafers. After an oxidation, SiO: is normally present on both the top and back
surface of the wafer and the stresses from the two oxide films therefore balance. If the
oxide is chemically stripped from one surface, however, a distinct bow will be observed
in the wafer because of the stresses. In fact measurement of this “wafer curvature” is
one way to determine the stress levels in SiO: or other thin films on silicon substrates.

Figure 3-15 showed a high-resolution Transmission Electron Micrograph (TEM) of
the Si/Si0; interface. The atomic resolution in this image clearly shows the silicon crys-
tal structure, the amorphous SiO; layer, and the abruptness of the interface. A number
of recent studies using TEM and other techniques have shown that the Si/SiO: interface
is normally characterized by a transition region which is vary narrow (perhaps only one
atomic distance). The interface is usually quite flat, although there are steps of one
atomic distance which occur occasionally. The abruptness of the interface depends to
some extent on the process conditions used to grow the oxide and the interface is a lit-
tle rougher for oxides which are rapidly grown (HzO versus O oxidation or high pres-
sure oxidation, for example). The interface is also a little rougher for oxides grown at
low temperatures.

The growth kinetics of SiO2 layers on silicon have been studied for more than three
decades and continue to be studied today. Early studies variously reported the growth
rate to have a linear, parabolic, logarithmic, inverse logarithmic, or power-law depen-
dence on time. The first widely accepted model of the growth kinetics was due to Deal
and Grove in 1965 [6.6]. This work showed that over a wide range of cc}nditions, .the
growth followed a linear parabolic law which could be explained ona solid theqrehcal
basis. Later work has generally focused on modeling growth conditions for which tl}e
Deal-Grove model is inadequate. Examples include very thin oxides, oxides grown In
mixed ambients, oxides grown on 2D or 3D silicon surfaces, and o>fides_grown on heav-
ily doped substrates. We will discuss these and other models later in this cha.pter. .

There has also been for many years a considerable controversy over which oxidant
species diffuse through the SiO, to grow new layers of oxide. In the gas ghase abovc? the
wafer, molecular species (02 or Hz0) are present. Howevgr, these species could d1§so—
ciate or even ionize to form 0,07, O3, or many other species once they enter the SiOa.
Some early work [6.2] using an electric field sugges?ed that a charged species was the
dominant diffusant. However, later work largely discounted these results and today

Ex. 2008-017




m Chapter 6 Thermal Oxidation and the Si/Si0; Interface

most workers believe that neutral O; and H,0 and/or OH are the dominant species in-
volved in the oxidation process.

The electrical properties of the Si/SiO; interface have been studied intensively for
more than 40 years. A great deal has been learned about these properties, how they de-
pend on process conditions, and how to control them. To first order, the interface is per-
fect. The densities of defects that are present in modern devices are on the order of
10°~10" cm~2 compared to a silicon surface atom density of about 10" cm ™2 Most of the
defects that do exist are usually attributed to incompletely oxidized Si atoms or Si atoms
with dangling or unsatisfied bonds. However, only about 1 atom in 10° has such a defect.

In 1980, in an effort to unify research in this field, Deal [6.7] suggested the nomencla-
ture shown in Figure 6-6 to represent the various types of electrical defects that are found
experimentally at the Si/SiO: interface and in SiO; layers. There are four basic types of de-
fects or charges that exist. The first, Oy, is known as the fixed oxide charge. Experimentally
we find that a sheet of positive charge (usually 10°-10" cm™?) exists in the oxide, very
close to the interface. It seems to be located within 2 nm of the interface (perhaps closer)
and is likely associated with the transition from Si to SiO2. Most physical explanations for
Oysuggest that it is due to incompletely oxidized Si atoms that have a net positive charge.
Qs called the fixed oxide charge because its charge state does not change during normal
device operation. It is positive and invariant under normal conditions.

The second type of charged defect present at the Si/SiO; interface is Qi the interface
trapped charge. The physical origin of these charges is often suggested to be similar to
Oy That is, Qi is likely due to some type of incompletely oxidized silicon atom with un-
satisfied or dangling bonds located in the oxide, but very close to the interface. However
there is a very important difference between Qi and Q. The charge associated with QO
is fixed and positive. The charge associated with Qi may be positive, neutral, or negative
and in fact may change during normal device operation because of the capture of holes
or electrons. Hence the name trap associated with Q. These traps behave very much

o @
+

Transition

~—1

O

Region

Qi
/7 v
Silicon 7 %
4 7
/ % .

Figure 6~6 Charges associated with the Si0x/Si system. (After
Deal 16.7]).
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like the bulk deep-level tra

ps we discussed in Chapters 1 and 4 (Figure 1-27). Ener
levels associated with O S . ) o

exist throughout the forbidden band, although usually there
are more traps at energy levels near the conduction and valence band edges than there
are in the middle of the bandgap. Oxidizing a silicon surface usually results in a density
of Qi on the order of 10°-10' cm~2eV~", about the same density as is found for Qy. In
fact 1t' is usually the case that a process that results in a high value of Qy will also result
in a high density of Q. This correlation is one of the experimental results that suggests
a common origin for the two charges.

The other two types of charges shown in Figure 6-6 are usually less important today.
O is the mobile oxide charge that may be located anywhere in the oxide, and was a se-
rious problem in the 1960s. At that time, it was often the case that MOS structures were
unstable after fabrication. We discussed this briefly in Chapter 1 and again in Chapter
4 and observed there that this instability in transistor threshold voltage was traced to
the presence of mobile ions like Na* and K* in the gate oxides—Q,.. With proper at-
tention to cleanliness in wafer fabrication facilities, this problem largely disappeared by
the 1970s, although even today it occasionally becomes a problem in manufacturing fa-
cilities since ppm concentrations of these mobile ions can cause measurable instabilities.
In the example we considered in Chapter 4, we saw that the shift in V7 in MOS devices
caused by Na* or K* is inversely proportional to Cox [Eq. (4.1)]. Thus as gate oxide
thickness is scaled down, larger Q. values can be tolerated.

O, or oxide trapped charge, which also may be located anywhere in the oxide, is the
final experimentally observed charge type in the Si/SiO2 system. These defects are likely
broken Si-O bonds in the bulk of the oxide, well away from the Si/SiO; interface. Such
bonds can be broken by ionizing radiation or by some of the process steps used in man-
ufacturing ICs today. Plasma etching, for example, exposes oxides to energetic ions, elec-
trons and other neutral species. Ion implantation is often done through an oxide layer.
These and other processes can damage oxides resulting in traps in the bulk oxide—Qu.
Such traps are normally repaired by a high-temperature anneal before device.fa?rica-
tion is complete which allows the broken bonds to repair themselves. If they em§t in t'he
oxide because they are not fully annealed, or because the device is exposed to ionizing
radiation, these traps can capture holes or electrons that may be injected into the oxide
during device operation, resulting in trapped charge. Hence the name Qo:. ) )

Q. has taken on increased importance in recent years because of thfe high elictrlc
fields present in scaled devices. These higher fields result in more energetic or “hot” car-
riers that can achieve energies high enough to be injected into the gate oxides of m(x_i-
ern MOS devices. If oxide traps are present, or if they are create_d by the energettlc
carriers themselves, charge trapping can occur. This results in device threshold §h1fts
with time [see Eq. (4.1)] and reliability concerns. A common measure of the quz}llty of
a gate insulator is Qsp or the amount of charge that‘can_be Passed thrc?ugh the oxu.ie b_e-
fore failure (breakdown) occurs. Charge trappipg in S.102 1nsulatqrs is also a major 158
sue in programmable devices like EPROMs in which current is purposely passe

ide as part of the write operation. ]
thrzlilgf}z):lkrleofztitt\z gg;rges i?l Figure 6-6 can have delt?ter.ious effects on device operation.
As a result, great care is normally taken durin.g _fabrlcatlor? to choos§ process sequences
that will minimize these charges. Generally this is accomplished by high-temperature in-
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ert anneals in Ar or N; toward the end of the process flow, and by a final moderate tem.-
perature (= 400°C) anneal in H; or forming gas (N/Ho) at the end of the process. We will
discuss such anneals and charges more carefully in Section 6.5.13 later in this chapter.

A final point with regard to SiO: layers on Siis important. One of the earliest and most
important uses of SiO2 layers was for masking against impurity diffusion. Oxides are still
widely used for this purpose today and this use depends fundamentally on the fact that
most impurities have much lower diffusivities in SiO: that they do in Si. It is reasonably
simple to calculate the thickness of an oxide layer needed to successfully mask against a
diffusion or ion implantation operation. However, we will defer discussion of these points
until Chapters 7 and 8 where we discuss diffusion and ion implantation in detail.

The appendix contains a number of useful and important properties of three insula-
tors commonly used in silicon technology. SiOxNy is an insulator usually formed by ex-
posing an SiO: layer to an NH; or other nitrogen containing ambient to convert the
oxide into an oxynitride. The properties of both oxynitrides and SisNs vary somewhat
with deposition and/or nitridation conditions and will be discussed in more detail in
Section 6.5.11 and at the end of the chapter when future trends are discussed.

6.3 Manufacturing Methods and Equipment

Oxidation systems are among the simplest types of semiconductor processing equip-
ment. Conceptually all that is needed, as illustrated in Figure 6-7, is an oven capable of
temperatures from 600-1200°C and a simple gas distribution system capable of intro-
ducing O or H,O. In practice, such systems are far more complex because of the need for
uniformity, reproducibility, and cleanliness in the process. Modern furnaces are capable
of handling up to several hundred 8” wafers, with a temperature uniformity of +0.5°C.

O 0O 0 0O O O O O

Quartz
Tube Wafers

~ L =

Quartz Carrier

O 0O 0O 0O O 0O O
Resistance Heating

bt

0, H

Figure 6~7 Concéptuaigi'l'i‘éon oxidation system.
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o lc\iAOSt dsuch systems in use today are horizontally oriented with the oxidant species in-

oduced at the t_)ack end and the wafers at the front. Many recently developed furnaces
are v'ertlcally oriented since these take up less floor space in a manufacturing facility.
Liquid sources gf O and H; are commonly used, with the holding tanks located outside
the manuf_acturmg facility. Gases from these liquid sources are carried to the furnaces
throug_h high-purity stainless steel lines. For O, oxidations, the oxygen is injected di-
rectly into the furnace. For H,O oxidations, O» and H: are burned in the back end of the
furnace to produce H,O. Additional source lines to the furnace may allow for gaseous
HCI or TCA (trichloroethane), both of which provide a Cl source. The Cl may be used
tp clean the furnace tube prior to oxidation or may actually be used during the oxida-
tion as a small percentage additive. Cl serves the useful purpose of reacting with many
unwanted metal ions and producing gas phase byproducts that can be exhausted from
the furnace. (Recall our discussion in Chapter 4 of cleaning procedures. HCl is a com-
ponent of the SC-2 cleaning solution.) If the HCI or TCA are used during the oxidation,
some Cl is incorporated in the growing SiO; layer. This provides some degree of pro-
tection from trace amounts of ionic contaminants such as Na* and also changes the
growth kinetics. We will discuss these issues more fully later in Section 6.5.6.

The wafers are normally loaded into the furnace on carriers or “boats” which hold
10-50 wafers. These boats are carried into the furnace by automatic loading systems that
are usually cantilever arms that move slowly into the furnace hot zone. Early horizontal
oxidation systems used sleds, sometimes with quartz wheels that were pushed into the
furnace hot zone. However, such systems invariably stir up particles from the furnace
system that can deposit on the wafers causing yield loss. Today cantilever systems carry
the wafers into the furnace without actually touching the furnace walls. In the case of
vertical furnaces, elevators are used to carry the wafers up into the furnace hot zone.

The furnace temperature control system is simple in concept. The furnace is normally
divided in three to five zones for temperature control, with the wafers located in the
center section during an oxidation. The outer zones are designed to help compensate
for heat losses out the ends of the tube, so that a long central section with uniform tem-
perature can be maintained. Thermocouples monitor the temperature in each of the
sections and a controller delivers power to the resistive heating elements in each section
to maintain a flat temperature profile in the central zone. In order to avoid large ther-
mal gradients across the wafers, which can induce crystallographic defects, the wafers
are normally loaded at a moderate temperature (about 800°C) and the furnace is then
ramped up to the oxidation temperature after the wafers are in the central hot zone.
The furnace controller is usually designed to control the ramp up and ramp down rates
so that thermal stress on the wafers is minimized. Ramp rates on the order of 1°Csec™
are typical. .

At 1000°C, oxidation rates in H>O are on the order of 0.1 nm sec™! and approxi-
mately double for a 100°C temperature rise. As a result, temperature control on the or-
der of +0.5°C and time control on the order of seconds are required to produce
consistent oxide thicknesses from batch to batch. ) .

The vast majority of oxidation furnaces today operate at atmospherlc pressure since
these are the simplest to operate. However, we will see in Section §.5:3 that. oxide
growth rates are proportional to OX{dant pressure (to first order), so it is possible tg
grow a given oxide thickness in less time at high pressure. Such systems exist today an
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are used in applications in which a thick thermal oxide mus_t be grown w?th mir%imum
thermal budget (Dr). Pressures lower than atmospheric are simple to obt?un t_)y diluting
the oxidant gas with an inert gas such as Ar or N2. In this case, the oxidation rate is
slowed down, approximately in proportion to the oxidant partial pressure.

The effort to continue decreasing the size of VLSI devices has In recent years de-
manded very short high-temperature steps. In addition, gate oxides in modern MOS de-
vices are < 10 nm thick, requiring short, well-controlled growth cycles. These issues
have resulted in the investigation of Rapid Thermal Oxidation (RTO) techniques for
growing very thin SiOz layers. Typically RTO systems use a lamp heated chamber which
can heat a wafer up to oxidation temperature at a raté of 100°C sec™!, hold the wafer
there while the oxide is grown, and then cool it back down to room temperature, again
in a few seconds. Usually such systems are single-wafer machines. ‘When reports of RTO
oxide growth kinetics first began to appear in the literature, there were suggestions that
the growth kinetics were different from those observed in oxidation furnaces and that
new models would be needed to explain the kinetics. This might be the case, for exam-
ple.if transient effects, which are negligible in a furnace which takes 15 minutes to heat
the wafers, become important when the system time constants are measured in seconds.
However, it now appears that the conventional models may in fact be satisfactory. One
of the very difficult problems in an RTO system is in knowing exactly what the wafer
temperature really is. These systems usually support the wafer on a small thermal mass
in order to be able to heat the wafer rapidly. This makes it very difficult to use thermo-
couples for temperature measurement as is done in a furnace. Other techniques such as
using a pyrometer are often used, but these methods have their own set of problems.
The result is that some of the early RTO experiments which suggested “new” kinetics
may have done so because of uncertainties or variations in the wafer temperature. Ad-
ditional work in the future should clarify whether or not transient effects will require
additions to the standard oxidation models.

Some oxidation furnaces today have a “fast ramp” capability (= 10°C sec” ') which
provides an intermediate capability between conventional furnaces and RTO systems.
These new furnaces provide very good temperature control through the use of conven-
t{onal thermocouples for temperature measurement, along with the fast ramp rates con-
sistent with shorter Dr cycles and better control of thin oxides.

6.4 Measurement Methods

Experimental measurements of the results of an oxidation procedure are an esscntial
part o.f any manufacturing process. The parameters of interest for an oxide (or other di-
electric) layer are usually thickness, dielectric constant, index of refraction dielectric
strength, and defect density. The uniformity of all these parameters across a.wut‘er and
from wafer to wafer are also important.
Th_e available measurement techniques can be broadly grouped into three classes.
The -flI'St of these_ involves physical measurements that are often destructive. The sec-
onfi involves optical techniques that can measure some, but not all, of the a-mmctcrs
of 1nte_rest.They are normally nondestructive. The third (;lass of m;a‘suremeri)ls itlx\"olveS
- electrical measurements. These are also usually nondestructive and are potentiully the
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most powerful because they di m
I irectly m i i I
A y y measure the parameters that are of interest in

6.4.1 Physical Measurements

Ir_1 one Qf the simplest physical measurements, the dielectric is etched away in some re-
gions using avchemical etchant that attacks the thin film but not the underlying substrate
(HF for .an SiO; layer). A small needle stylus is then moved across the surface step cor-
responfimg to the etched edge of the film. Mechanically or electrically amplifying the
small signal produces a measurement of the step height. Instruments of this type have
been commercially available for many years and have a resolution below 10 nm. The re-
cent development of the scanning tunneling microscope, the Atomic Force Microscope
(AFM), and derivative instruments has pushed the resolution of these “stylus” type
tools to atomic dimensions. Figure 1-3 showed an example of the capability of these in-
s.truments. Other physical techniques for measuring film thickness include cross sec-
t1'onal SEM images similar to Figure 64 that can image film thickness, or
higher-resolution TEM cross-sectional images such as that shown in Figure 3-15. All of
these techniques require sample preparation and as a result are not well suited to in-

process measurements on a manufacturing line. They also only provide information on
film thickness.

6.4.2 Optical Measurements

Optical techniques are very widely used to measure film thickness and a number of in-
struments are commercially available. Many depend on the measurement of reflected
light from the sample as illustrated in Figure 6-8. If monochromatic light of wavelength
\ is incident on the sample surface at an angle ¢, some light will be directly reflected. If
layer xo is transparent, some light will also reflect from the lower interface. For some
values of \, the two reflected waves will be in phase and will add: for other values of A,

Figure 6-8 Light reflection from a sample with a

i

i
[0 : transparent thin film on its surface. #1s the index of re-
,/‘:i : fraction of ir (1.0), #, is the index of refraction of the
[ thin film and - is the index of refraction of the sub-
b ng strate. ¢ is the angle of the incident fight, (3 is the angle

(]

i

]

of the reflecting light at the bottom interface.

Transparent
Thin Film *o

L
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destructive interference will occur. The result is that the intensity of the reflected light
will go through minima and maxima as \ is varied. These effects are exaf:tly the same as
those that cause standing waves during photoresist exposure. (Recall Figures 5-23 and
5-24.) The maxima and minima occur at values of A given by

2n,X,co8P
)\min.nmx = m (61)
Rgsin
where B= sin‘l[ . ¢] 6.2)
n
andm = 123, ... for maxima and "2, 3%, .50, ... for minima. These are simply gen-

eralized versions of the simple AM/2ny periodicity we used for the standing waves in pho-
toresist in Chapter S for vertically incident light. Commercially available instruments
use spectrophotometers to sweep the incident wavelength with ¢ constant. They then
measure dielectric film thicknesses by fitting the resulting reflected intensity to Eq.
(6.1). This technique works reliably for film thicknesses greater than a few tens of nm.
For thinner films, it is difficult to detect the first minimum unless very short wavelength
light is used. In using this technique, the index of refraction of the dielectric film must
be known since it shows up directly in Eq. (6.1).

There are many cases of interest in silicon technology in which dielectric films thin-
ner than a few tens of nanometers need to be measured, or in which the film dielectric
constant is not known precisely. Examples include gate oxides in MOS structures that
are now less than 10 nm in thickness and SisNs or SiOxNy films in which 7, may vary
with processing conditions. For these applications, ellipsometry is a better method to
measure film properties. Conceptually, ellipsometry works in a similar fashion to the re-
flectance technique described above. However, polarized light is used in an ellipsome-
ter and the change in the polarization when the light is reflected from the
dielectric/substrate interface is measured. In general the change in polarization depends
on the properties of both the film and the substrate. However in the simple case when
the optical properties of the substrate are known and the film is transparent at the
wavelengths being used, the change in polarization of the reflected light depends only
on the film thickness and index of refraction. Commercially available ellipsometers can
easily measure films down to 1 nm in thickness and accurately determine the index of
refraction. Usually these instruments are computer controlled so that the film proper-
ties are calculated automatically.

By far the simplest optical technique to evaluate dielectric film thickness is the use
of color charts.Tl}ese charts were originally described by Pliskin and Conrad [6.8] and
are b.ased on the 1d§a that if white light is used to illuminate a thin transparent dielec-
;2;: gﬁeor\; :vr;gzctﬁg'su?}?lrat; (as ig Eigure '6—'8), destructive interference will O(.ICL'U'
color. This allows ag simuie o?asr ?rvz(t:; ; hfgh II’ giving the reﬂe.cted lig'h t‘a characteristic
vide ;'m estimate of lhepfilm thtjlckne(s)sn ’I(? l;l - ?OIOI of the ox1 de or 1}1tr1de layer to pro*
Si0: or Si:N films on reflectin - 1ables in the gppendu( provide these colors for

2 g substrates (usually silicon). The charts assume that the
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films are being viewed perpendicularly under daylight fluorescent lighting. The colors
repeat about every 300 nm for SiO» and about every 200 nm for SisN,. For this reason

stal}dar'ds are often used in conjunction with these charts. If the sample under investi:
gation is viewed side by side with a standard of the same color and the observer then
views the two at an angle, the colors of both will change as the viewing angle changes.
The CO]OFS on both will change in the same way, only if the thicknesses are actually the
same. Th'IS allows one to distinguish where on the color chart a particular sample fits,
The eye is remarkably good at distinguishing colors and an estimate of film thickness
within about 10-20 nm can be made with these charts, particularly if standards are avail-
able as well. The ranges covered by these charts are those normally encountered in sil-
icon technology. Note however, that oxides thinner than about 50 nm do not have any
characteristic color so this method is not useful in this thickness range.

6.4.3 Electrical Measurements — The MOS Capacitor

The third category of measurement techniques are those that involve electrical mea-
surements. These are potentially the most powerful methods because they measure pa-
rameters that are of direct interest to semiconductor devices—capacitances, electrical
charges, and so on. By far the most dominant electrical technique is the Capacitance-
Voltage or CV method. This technique is very widely used and provides a large amount
of information about dielectric films and the interfaces that such films make with un-
derlying semiconductors. We will describe how this technique works and the information
that it provides in the following paragraphs. We will apply the CV technique in this chap-
ter to help understand the properties of the S¥/SiO; interface. In later chapters (7 and 8
in particular), we will apply it to measurement of doping profiles in semiconductors,

The basic structure used to make CV measurements is the MOS capacitor, consist-
ing of a semiconductor substrate, a dielectric layer and a conducting electrode. We
briefly considered this structure in Chapter 4 (Figures 4-15 and 4-19) in connection
with measurements of dielectric breakdown and carrier lifetime. Since the primary use
of the MOS capacitor is in the characterization and study of insulators and the Si/Si0;
interface, we will discuss this structure in more detail here.

Generally the MOS system is (polysilicon or Al) §iO:-Si although any conductor/in-
sulator/semiconductor combination can be used. The basic measurement is illustrated in
Figure 6-9 where we consider the specific case of a metal/SiO2/N silicon structure. This
figure shows three regions of operation of the MOS capacitor. Positive voltages on the
metal electrode correspond to accumulation [Figure 6-9(a)], negative voltages first cause
depletion [Figure 6-9(b)] and then inversion [Figure 6-9(c)] in the substrate. We will de-
fine these terms more carefully shortly. The metal part of the structure is often called the
gate because that is the role it playsin a MOS transistor that has the same structure. It is
important to note that the gate voltage Ve is a DC voltage and it is assumed in the fol-
lowing discussion to be applied for a long enough time for the system to come to a final
steady state condition. We will return to this point later when we discuss high-frequency
and low-frequency CV curves as well as other applications of the technique.
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cumulation, (b) to depletion, and (c) to inversion.

We make the further assumption that the insulator and the insulator/semiconductor
interface (SiO2/Si in this case) have only small numbers of charges or defects. In other
words, the four types of charges described in Figure 6-6 dre assumed to be relatively
small in density. If this is the case, eleclric field lines that start on charges on the gate will
extend through the insulator and into the substrate where there are charges ol Sppositc
sign available Lo terminate the field lines. If there were large numbers of charges oT de-
fects in the insulator or at the insulator/semiconductor interface, the electric ficld lines
could terminate on these charges belore they reached the underlying semiconductor:

Vou
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;I;hrflizzsnlgtlxg?.kli)zglg?;na};pgll'ng Vol'tages to the gate would have little' effect on the
structure would no ba usefur; | 1rﬁer519n cquld not l')e' cpntrollably achieved ‘and the
insulator/serni in MOS lran-sxstorg. This is in fact what happens in many

oo @conductor systems, but the 8i0,-Si system is close to electrically perfect.
e S?II];SSZI: fl'rs;] the case with a DC voltage of + Vi on the gate [Figure 6-9(a)]. Since
e subst eis type7 positive gate voltages will attract the majority carrier electrons

e silicon surface. If we now measure the small signal capacitance of the structure by
superimposing a small AC signal on Vg, the capacitance measured will be simply the ox-
IQe capamtance? Cor. The silicon substrate will act simply as a resistor in series with C,;
since no depletion region will form for positive gate voltages. The measurement extracts
only :che capacitive part of the impedance, which will be independent of V. as shown in
the right-hand part of Figure 6-9(a). Frequencies in the range of 100 kHz to 1 MHz are
often used for this measurement.

Cor'lsider now the application of negative DC gate voltages in part (b) of the figure.
Negative voltages will repel the majority carrier electrons from the surface creating a
depleted region. Any negative charge we place on the gate must be balanced by a cor-
responding positive charge in the substrate to maintain charge neutrality. The positive
charge is provided by the substrate donor atoms that have a net positive charge when
the mobile electrons are forced away from the surface. Conceptually what happens is
that the electrons forced away from the semiconductor surface region flow out the bot-
tom of the substrate, through the power supply connected to the gate and then on to the
gate where they provide the negative gate charge. As a result,

1Q¢l = 10p| = Npxp (6.3)

where Qg and Qp are in units of number of charges cm~?, and Np is the doping in the
substrate which is assumed to be uniform. A depletion region will form to a depth xp.
The concept here is very similar to the PN junction depletion region we discussed in
Chapter 1. The depletion region will have a capacitance per unit area associated with
it given by

Cp=-* (6.4)

D

where &5 is the permittivity of silicon. However, xp is a function of the gate voltage, in-
creasing as Vi increases. The overall capacitance that is measured for the structure is
now Co. in series with a varying Cp. The plot on the right of Figure 6-9(b) reflects this,
with a capacitance that decreases as V¢ becomes more negative because xp grows as Ve
becomes more negative. )

For larger values of negative DC gate voltage, the silicon surface will actl.lally “in-
vert” from N type to P type [Figure 6-9(c)]. The negative voltage on the gate will attract
the minority carrier holes in the substrate to the surface and if enough of them are pre-
sent there, they can form an inversion layer of P-type carriers. The gate voltage at wh1f:h
this occurs is called the threshold voltage and is exactly the same voltage that we d}S-
cussed in earlier chaptersin connection with turning on a MOS transistor. Once the in-
version layer forms, xp Stops expanding and reaches a maximum value xpaax-
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For all regions of operation of the capacitor, the gate charge must be balanced by
charge in the substrate. That is

Qg=Npip + & (6.5)

where Qs the charge density (number of charges per cm?) in the inversion layer. O is
negligible during the depletion condition so that xp expands during depletion to bal-
ance Qc. Once the inversion layer forms, however, additional gate charge is balanced by
Q, rather than Qp so that xp reaches a maximum value. This means that the CV curve
will reach a minimum as shown in Figure 6-9(c).

In order to understand why additional Qg is balanced by Q; and not by Qp once in-
version occurs, we need to return to the concept of band diagrams that we introduced
in Chapter 1. Figure 6-10 shows the band diagram for the MOS capacitor under condi-
tions of accumulation, depletion, and inversion. The oxide prevents any current flow
through the structure so the semiconductor is in equilibrium and we can draw the Fermi

\ .
Ec =7 S——
I .. E - VG 1_ \——ic
Vg | F i E Er
______ P N———
Ev Ey
Metal V Semiconductor Metal Semiconductor
Oxide Oxide
ACCUMULATION DEPLETION
(a) (o)
* DMax

Ev

Metal Semiconductor

Oxide
INVERSION
©)

Figure 6-10 Band diagrams for the MOS capacitor i i
(c) inversion. ’ capactor n (a) accumulaton, (b) depleton, and
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L(i)\:lbistfl}l:talgf)tifﬂl?oﬁ The F.'ermi level in the metfil is separated from Erin the sili-
voltage is applied ( Y tlle apphed_ gate voltage. In Figure 6-10(a), a positive DC gate
This will caESe e rbecad t_hat positive is downward in these dlagrams by convention).
region. This ola Ean ls in the semiconductor to bend_ downwarq in the near surface
from tile surI;a ce; r closer t_o Ec at the surfz.ice than is the case in the bulk far away
thores irface. As we saw in Cha;')t.er .1, this means t‘hat the electron population is

erefore higher at the surface than it is in the bulk. This accumulates electrons at the
surfacg. the same conclusion we reached when discussing Figure 6-9(a).

In Flg_ure 6-10(b), a negative DC gate voltage has been applied, causing the bands in
the sem1c9nductor to bend upward near the surface. This creates the depletion region
that we dls.cu.ssed in Figure 6-9(b) since over the distance xp, Er is away from both Ec
and' Ey. This implies that both 7 and p are small, that is that the mobile carrier concen-
tratlf)ns are much less than Np. In this region, Q» is given by Eq. (6.3).

Figure 6-10(c) shows the situation in inversion. Here the DC gate voltage is negative
enough so that the bands at the surface are bent far enough to place Er near Ey. This
means that the hole population is significant at the surface, that is, that inversion has oc-
curred and the surface is P type. We can now appreciate why additional Q¢ is balanced
by Qi rather than by Q) in inversion. Further increases in the negative voltage on the
gate will try Lo bend the bands further in the semiconductor and move Er closer to Ey.
However, we saw in Chapter 1 that moving Er nearer to Ev will result in an exponen-
tial increase in p. [See Egs. (1.10) or (1.14) for example.] Because of this, only a very
slight movement of Erwith respect to Ev is needed to provide enough Q; to balance ad-
ditional Q. Referring again to Eq. (6.5), we see that increasing Q¢ after inversion is
reached, will result in a very small increase in xp and hence in Qp, and that most of the
Qg increase will be balanced by an increase in Q;. We therefore speak of xp as being
“pinned” at xpu.: Once inversion occurs.

There are a few other basic concepts that we should understand about CV measure-
ments before we discuss how they can be used to evaluate insulators and insulator/
semiconductor interfaces. The CV curves we have described to this point are called
high-frequency (HF) CV curves. This simply means that the small AC signal used to
measure the MOS capacitance is a moderately high-frequency signal (typically 100 kHz
to 1 MHz). We need to consider why this frequency is important.

Consider again the inversion condition in Figure 6-9(c) or Figure 6-10(c). Suppose
that we have applied the DC gate voltage — V¢ for a long enough time for the system
to come to equilibrium. (We will define how long this is shortly.) In equilibrium, the in-
version layer is present and xp is “pinned” at xpasas- Suppose we now apply a small HF
signal to measure the structure capacitance. The AC signal is superimposed on — Vg ﬂr'ld
hence modulates Qg very slightly. This change in Q¢ must be balanced by a chfmge in
either Op or Q;. In equilibrium, Q; would change as we saw above. However, high fre-
quency in this context means that Qg is being modulated faster thag Qi can responq. If
this is true, then the only option the system has is to modulate Qp in order _to provide
the balancing charge. If this happens, then the charge balancing that occurs is be'tween
the gate and the bottom of the depl-etion region. The bottom _ec.ige of the depletion re-
gions moves up and down along with the gate voltage, providing the AQp needed to
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balance the AQa. Hence the capacitance that is measured is bet-ween those two plates
(C.x in series with Cp). For any — Ve in the inversion region, xo 18 at Xpsax and so Co is
at Cpasin. This is why the HF capacitance measurement produces a minimum capacitance
for negative Vg that is independent of V. . .

Now why is it that O cannot change as fast as the bllgh frequency s1gnal on the gate?
The answer is simply that there is no source of addmona! holes available in the sub-
strate to provide the AQy. There are very few holes present 1n an N-type semiconductor.
The only mechanisms usually available to create or remove holesiare the@al genera-
tion and recombination, respectively, and these processes are quite slow 1n materials
like silicon which have long carrier lifetimes. As a result Q; cannot change rapidly and
the HF CV curve measures a constant minimum value in inversion.

Now suppose that we dow down the AC signal on the gate. If we reduce the fre-
quency to a Jow enough value (typically less than 1 Hz for silicon), then generation and
recombination processes can keep up with the AC signal and Q; can follow the changes
in Q¢. What do we now measure for the CV curve? The answer, not surprisingly. is that
we now measure the Low-Frequency (LF) CV curve. If Q, follows Qg, then the capac-
itance measured in the structure will be just the oxide capacitance because the top and
bottom plates of the capacitor where Q is changing are on the two edges of the oxide.
Hence we should expect that the CV curve would come back up to C.. in the inversion
region. This is in fact what happens and the resulting curve is the LF CV curve. Figure
6-11 illustrates the HF and LF curves. Note that the point at which these ideal HF or LF
CV curves reach their minimum corresponds to the onset of inversion and so is the
threshold voltage for the MOS structure.

Figure 6-11 also illustrates the deep depletion condition that can be observed in
MOS capacitors. We discussed this case qualitatively in Chapter 4 (Section 4.4.3) in con-
nection with measuring the carrier generation lifetime in semiconductors. Deep deple-
tion results if the DC bias voltage on the capacitor is swept 100 rapidly into the

C
Ideal LF )
L Cox
i
CMin ”ld:i[i//,_r
Deep Depletion ||
1
Vry DC Gate Voltage
Fi

gure 6=11 Ldeal MOS OV curves at hig i
e eion Y cune, gh and low frequencies. Also shown is the
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inversion region. If this is done, the holes needed for the inversion layer cannot be gen-
erated rapidly enough to follow the applied “DC” bias. If 0, cannot change rapidly
enough, changes in Q¢ can only be balanced by Op.Thus a deeper depletion region than
would be present in equilibrium forms. A smaller capacitance than the equilibrium
value is measured, which gradually relaxes back to Cyy, as hole generation takes place.

Eq. (1.20) gave the net rate of recombination or generation from the Shockley-Read-
Hall model. In a depletion region, n and p are negligible and U reduces to

n;

= — a (6.6)
Assuming that this generation rate holds throughout the volume of the depletion re-
gion, then the current density corresponding to U is simply

7o~ qnW

gen

(6.7)
TG

This current will flow to the surface, providing the holes for the inversion layer. In or-
der to avoid deep depletion, the rate at which the “DC” bias voltage is swept on the
MOS capacitor must be less than

AV _Jeen _ Jgen _ qnW (6.8)
d  C  Cox 76Cox

In practice, this means that “DC” sweep rates less than about 0.1 V sec™* must be used.

Example In an experimental structure in Figure 6-12, a phosphorus N+ region is
formed by ion implantation using a 50-nm SiO; mask. A metal electrode is then

0.05 pm
,_I_L ¢
]

C=Cox

1

Flgllre 6~12 MOS capacitor structure with “anomalous” CV measurement.
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formed as shown and a CV measurement is made in the region outside the N region.

The measurement gives C = Cox for all values of applied voltz}ge as shown. Explain
what might have gone wrong in this experiment. That is explain why no surface

inversion is observed in the CV measurement.

Answer While a number of explanations are possible, the basic observation here is
that the gate voltage appears to have essentially no effect on the underlying silicon.
This can happen if there are charges at or very close to the Si/SiO; interface which
terminate the field lines before they penetrate into the silicon. This could be caused
by a very poor Si/SiO> interface, but there is nothing in the process flow to suggest
that this should have happened (unless there is damage from the implant that was
not properly annealed). A more likely explanation is that the 0.05-pwm oxide was not
thick enough to mask the implant and as a result the N* implant penetrated every-
where. If this happened, there would be plenty of donor atoms available to terminate
the gate field very close to the surface. Thus as + V¢ is applied, the material tries to
start depleting, but since the doping is so high close to the surface, the depletion re-
gion x4 is extremely shallow. Thus the capacitance associated with x4 is very large and
the total capacitance (Co in series with Cbp),is essentially just Co. We will discuss im-
plantation and masking issues more carefully in Chapter 8.

We saw in Section 6.2 that a number of charges are generally associated with insulator/
semiconductor interfaces. These charges cause shifts and distortions in CV curves be-
cause they require gate charge Qg to balance them. Figure 6-13 illustrates these etfects
on the “ideal” HF CV curve. Qy is a fixed positive charge that is present in the oxide,

C
s b e
~
B e—————Ideal HF

HF — q? /Cux"' d)MS

Chin

DC Gate Vollage

Figure 67-1 3 1F MOS CV curves illustrating some of the nonidealities that can
be present in aglu:d experimental siruciures. A, B, and € illustrate the effects of m
terface states with different energy levels in the silicon bandgap.
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near the SiOy/Si interface. Such a
image charge in the silicon, effe

}:‘osifive ct;(arge will induce a corresponding negative
_ ; clively making the silicon surface more N type and
tlﬁzrr‘;f:;il;algieéft?ﬁnvg; tO'P type. 'This shows up as a lateral shift in the CV cux}']\?e, with
lows calculation of tl? shift simply given by qu'/.C‘ox. Measuremf:nt of this shift thus al-
cause of a dift e rr_lagmlude of Q;. An additional lateral shift occurs in general be-
lilference in the work functions of the metal and the semiconductor dus. The
work function is by definition the energy required to remove an electron in the mater-
ial at energy Ef Lo a position just outside the material. This is a measurable property of
amaterial and is generally known for any given experiment. The lateral offset in the CV
curve due tO‘ $us is thus known. These two terms, ¢bus and gQy/C.:, together account for
an increase in the gate voltage required to cause inversion and are often lumped to-
gethe_r d)MS-ng /Corand called the flat band voltage Vg since if a gate voltage of this
magmtude is applied, the bands in the semiconductor will be flat. These terms also show
up in the turn-on voltage of a MOS transistor [see Eq. 4.1)]
. If mobile charges (Qn) or oxide trapped charge (Qa) are present, they produce a sim-
ilar effect to Q. That is, they cause a lateral shift in the CV curve. The only real differ-
ence is that these charges are usually not located directly at the SiO»-Si interface and so
the magnitude of the shift they cause is reduced in proportion to their distance away
from the interface. (A positive charge located in the central portion of the oxide will in-
duce a balancing negative image charge partially on the gate and partially in the silicon.)

The “distorted” CV curve shown in Figure 6-13 illustrates what happens when in-
terface traps Qi are present. We saw in Section 6.2 that these traps can have energy lev-
els throughout the forbidden band. As applied gate voltage causes the semiconductor
surface to move from accumulation to depletion to inversion, sweeping out a CV curve,
Er at the semiconductor surface will move from one band edge to the other (Ec to Ev
in the N type example we have been considering). As a result, the Qi traps will fill and
empty as Er moves through their energy levels. As this happens, the CV curve will dis-
tort from its ideal shape. The form of the distortion depends on the density and energy
levels of the Q; traps. In Figure 6-13 the region labeled A corresponds to interface
states near E¢, B corresponds to states near the middle of the bandgap, and C corre-
sponds to states near Ey. The assumption is often made that the interface states cannot
follow the HF signal used to measure the capacitance. That is, they do not charge and
discharge as the HF signal changes. But these traps will respond to the DC signal ap-
plied on the gate since we assume that this signal is applied for a long enough period of
time to reach equilibrium. Thus Qg is partially balanced by Qx. The result is a stretch-
ing out of the CV curve along the horizontal (DC voltage) axis.

A number of methods have been developed to experimentally extract the interface
state density from CV measurements on MOS capacitors. Many of these are described
in detail in references like [6.9,6.10]. The most commonly used method is the “quasi-sta-
tic” or LF method that is illustrated in Figure 6-14. In this method HF and LF CV
curves are superimposed from measurements on the same MOS capacitor. It is assumed
that interface states cannot respond to the HF measurement and that they do reqund
to the low-frequency measurement. In practice, this means that the HF must be high
enough that the traps cannot charge and discharge at the measurement frequency, and
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Figure 6-14 Typical experimental HF and LF CV curves used lo extract the

interface state density Dy as a function of energy in the band i
typical of extracted data. w Bip. The D plotis

the.LF must pe low enough to allow the traps to charge and discharge as the LF signal
varies. If this is the case, then the traps will behave as an additional capacitance f;r the
l9w frequency measurement and AC in Figure 6-14 will be proportional to the trag den-
;l:;y uaste :jhf DC potintial for{esponding to the measurement point. This informatci‘i'n can
o generate a plot like that shown on the bot in Fig. ,is the in-
terf_azce st‘ate density at a particular position in the ba:c)jrgagl Sg E:: ?1:1{?5 <I>)f“c1'sn'k} ] :11111;15
cm™ ,whl'le Dy has units of traps cm~2eV~'. The U shape quélit;tiv ly sh i :II fig-
ure pis typical of what is generally observed for the Si-SiO interfac: yshownin fhe 18
charnotdher CV measgrement that is sometum?s useful characterizes Q. the mobile
ge 'ens.lty in the'msulator. Typically these ions are Na* or K*, both of which are
mobile in SiO., especially at slightly elevated temperatures. The me’asgren?e:: r::ctlfod
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is called Bias Tem

perature Stressing or simply BTS and involves making an initial HF
gi\t’h“;ia:min;grg (a:t l;.oom temperature."['h_e MOS capacitor is then heatged to = 200°C
and will erz)al;il P 1as on the gate. At thls'temper_ature Na* and K* are very mobile
room tem ethure ug;)lvards or Siownwards in the SiO,. The capa.citor is then cooled to
of O, has I(J)ccurred(s 1l under l?1§§), and a second HF Cy curve is measur.ed. If drifting

hift"'l - »a lateral shift in the HF CV curve will be measured, like the lateral
s in Figure 6-13 due to Q;. The extent of the shift is proportional to Q.. Sometimes
a 'sec<')nd BTS procedure with opposite polarity bias is used to drift the Q. to the other
SiO: interface so that the lateral difference between the two CV curves corresponds to
the total Oy, present regardless of where it was originally located in the insulator.

An.othe'r simple measurement of insulator properties that is possible with the MOS
capacitor is the I-V characteristic of the insulator. For thin oxides (< 10 nm), this
measurement can directly measure tunneling currents which are used in some types
of memory devices. For thicker oxides, these currents are too small to measure easily,
but a destructive measurement of the dielectric breakdown strength of the oxide is
sometimes made simply by ramping the voltage across the oxide until breakdown oc-
curs. (See Figure 4-15.) For high-quality SiO; layers, this normally occurs at about 10—
15 MV cm™!. If a large number of capacitors are measured on a wafer, a histogram
plot of the measured breakdown fields ean provide information on defect densities in
the oxides.

We briefly mentioned earlier Qzp or the charge to breakdown that can be passed
through a thin SiO; layer before breakdown occurs. The process of oxide degradation
as charge passes through it is the trapping of charge at defect sites in the oxide. This
process can also be monitored using a MOS capacitor. If a DC current is forced through
a MOS capacitor for a period of time and CV measurements were made before and af-
ter this process, then trapped charge will show up as Q. Thus the CV curves before and
after will show a horizontal shift whose magnitude is proportional to Q. as illustrated
in Figure 6-13. A series of such experiments produce a plot of Qo versus the time the
current is forced through the oxide. Forcing current through an insulator can also cre-
ate damage at the Si/SiO; interface. If this happens, such damage is also evident in CV
curves through the distortion of the curve Q: creates (also shown in Figure 6-13).

Finally, in most modern MOS structures, the doping is not constant with depth as we
have assumed in our discussion to this point. In fact this provides another powerful op-
portunity for CV measurements. Since the depletion depth xp depends on doping,a CV
measurement can also be used to extract Np or N4 versus depth. This is a powerful dop-
ing profiling capability, which we will discuss in Chapter 7. . ‘

The MOS capacitor can thus provide a tremendous amount of information about in-
sulators and the Si/SiO- interface. This simple structure has had such a profound influ-
ence on the semiconductor industry that entire books have been written on it [6.10].

In summary then, we see that a variety of measurement technique§ are ayaﬂable tf’
determine insulator properties. The thickness of a deposited or grown 1_nsulatmg layer is
obtainable through physical, optical, or electrical measurements. Thf: interface proper-
ties between the insulator and underlying semiconductor are dlrect_ly measurable
through CV methods. And defect densities are availabl.e through destruct_we break-dow_n
tests on large numbers of capacitors. All of these techniques have been widely applied to
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both thermally grown oxide/Si interfaces, and to more general insulator/semiconductor
structures. We will find many examples of such measurements throughout this text. A fi-
nal point, although it may be obvious, is that although all the examples we have shown
in this section have been for N-type substrates. P-type substrates produce similar CV
plots except that the horizontal axis is flipped (mirror imaged).

6.5 Models and Simulation

A substantial amount of effort over more than 25 years has been devoted to under-
standing and modeling silicon oxidation kinetics. We will focus in this section on a hier-
archy of models that have been developed to explain and predict oxidation kinetics and
the properties of the S/SiO2 interface. The first general models date back to the work
of Deal and Grove in the early 1960s [6.6]. This work resulted in the linear parabolic
model that is still used today to model the planar oxidation of silicon. This model can-
not fully explain the oxidation of shaped surfaces, which are often encountered in mod-
ern VLSI devices, and it also cannot fully explain the oxidation kinetics in mixed
ambients or for very thin oxides. Finally, it cannot explain why oxidation affects other
process phenomena like dopant diffusion, often at great distances away from the oxi-
dizing surface. However, it provides a useful starting point for our discussion and much
of the more recent work on modeling builds on Deal and Grove’s pioneering work.

Many of the models we will describe in this chapter have been implemented in
process simulation programs. We will illustrate the use of these simulation tools as we
describe the models. The simulator we will use is the Stanford University program
SUPREM IV that has been implemented in commercially available versions like
TSUPREM IV [6.11] and ATHENA [6.12]. These programs implement many (but not
all) of the models we will discuss. SUPREM IV is a 2D simulator, which is generally
available and used fairly widely in the semiconductor industry. The simulation examples
in this chapter were run on commercially available versions of this program.

It is important to note that many of the oxidation models we will describe were de-
veloped specifically to deal with one aspect of the problem-—for example, the oxidation
of heavily doped substrates. The fabrication of real device structures involves many
processes acting simultaneously. The only real way to model such technologies is to use
a computer program that integrates all the individual models and allows them to oper-
ate simultaneously during a high-temperature step. This is the real power of simulation
programs. However, the very fact that such programs integrate individual models. per-
haps even models that were developed independently of each other, means that the in-
teracfuons between the models may not have been fully tested experimentally. In fact.
the simulators really become a means of testing the generality of the individual models.
At the egd of the chapter we will show some examples of more complete oxidation
process simulation—examples that integrate many models simultaneously.

Ex. 2008-036




Models and Simulation m

6.5.1 First-Order Planar Growth Kinetics—The Linear Parabolic Model

Ce

rI'.he central ideas behind the Deal-Grove or linear parabolic model are illustrated in
Flgur'e 6-15. (Note the similarity of this model to the photoresist development model
we dlsgussed 1n connection with Figure 5-48.) We assume that an oxide of some thick-
ness x; is already present on the silicon surface. We also assume that the structure is one
dimensional so that this model will only apply to oxide films grown on flat substrates.

The oxidt'a grows by indiffusion of the oxidizing species to the oxide/silicon interface,
where a simple chemical reaction such as

Si + 0, - Si0, (6.9)
or Si + 2H,0 - Si0, + 2H, (6.10)

takes place. We initially assume that three sequential steps are necessary for this to hap-
pen, although it will turn out that only two of them are important. Figure 6-15 illustrates
three fluxes associated with the process. The first represents the transport of the oxidant
in the gas phase to the oxide surface. We can describe this flux as

Fy=hg(Cs — Cy) (6.11)

where F is the flux in molecules cm~?sec™?, (Cg — Cs) is the concentration difference
between the main gas flow and the oxide surface, and kg is the mass transfer coefficient
in cm sec™!. The process represented by F; is the gas phase diffusion of the oxidant
species through the boundary or stagnant layer that always forms adjacent to a solid ob-
ject placed in a gas which is flowing over its surface. In the case of oxidation, this diffu-
sion process is very fast compared to the other steps that must occur and hence F; will
turn out to be unimportant in determining the overall growth kinetics. Other process-
ing techniques such as epitaxy and CVD that also involve reactant transport from the

0.01-1pm i =500 pm | "Fignre 6-15 Oxidant flux from the gas phase to
x | thesilicon surface during thermal oxidation. The bold
—2 =5 line represents the O; or H;0 concentration.
\ .
Co
Gas Oxide
Fr - 133
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gas phase to the wafer surface, may be limited by this transport process. We will discuss
these technologies in Chapter 9.

We can relate the concentration of the oxidant just inside the oxide surface Co to the
pressure in the gas phase adjacent to the surface, through Henry’s law:

C, = HP; (6.12)

This law states that the equilibrium concentration of a gas species dissolved ina solid is
proportional to the partial pressure of that species at the solid surface. It holds for mol-
ecular species, so we are assuming that 0, or Hz0 are absorbed into the oxide. Psis not
usually a known experimental parameter, so it is convenient to write the oxidant con-
centration in the oxide in terms of Pg the bulk gas pressure, which is known.

C* = HP; (6.13)

We define C’ to be the oxidant concentration in the oxide that would be in equilib-
rium with Pg. Since it will turn out that £ is not the rate limiting step in the oxidation
process, this implies that C" = Cp. and Pg = Ps. C" therefore really represents the sol-
ubility of the oxidant in the SiO: .

From the ideal gas law, we have that

Pg

P
=77 and Cy=—3 (6.14)

Co kT

Substitution of Egs. (6.12)-(6.14) into (6.11), now leads directly to the result that
F,=h(C"—Cy) (6.15)

where i = ho/HKT. Experimentally we find that wide changes in gas flow rates in oxi-
dation furnaces, changes in the spacings between wafers on the boat or carrier in the fur-
nace and changes in wafer orientation (standing up or lying down in the furnace) make
little difference in oxidation rates. These results imply that 4 is very large, or that only a
small difference between C" and Co is required to provide the necessary oxidant flux.

Flux F: in Figure 6-15 represents the diffusion of the oxidant through the oxide to
the Si/Si0; interface. Using Fick’s law, we can express this as

e b p[Ce=C) 616
X Xo

where D is the oxidant diffusivity in the oxide, Co and C; are the concentrations at the
two interfaces, and xo is the oxide thickness. In writing this expression, we have assumed
that the process is in steady state (not changing rapidly with time), and that there is no
loss of oxidant as it diffuses through the oxide. Under these conditions, F> must be con-
stant through the oxide and hence the derivative can be replaced sim;;ly‘bv a constant
gradient, The oxidant concentration falls off linearly through the oxide as shown in Fig-
ure 6-15. The experimental evidence seems to suggest that O diffuses in molecular
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form through the SiO,,
other hand, seems to di
trix. The effective diffus
wm? hr~! at 1100°C).
The third part of the oxidation is t lion at i/Si0; i
process is the reaction at the Si/SiO, int
represent this with a third flux given by RIOs nterace. e

likely'interstitially between the atoms in the oxide. H>O on the
.ffEIS'e In a more complex manner, interacting with the SiO, ma-
1vities of both O, and H,O are on the same order (about 5 x 10°

Fy =k, (6.17)

The rat.e at which this reaction takes place should be proportional to the oxidant con-
Centration a't the interface Cr. There are also many other factors that are likely involved
in the .reacl_’lon such as 8i-Si bond breaking, Si-O bond formation, and possibly O, or
_HzO dissociation. All of these effects and others are lumped into ks which is termed the
interface reaction rate constant (cm sec™ !). We will return to a more detailed discussion
of this interface reaction later in this chapter.

Under steady-state conditions, the three fluxes representing the oxidation process
must be equal since they occur in series with each other and the overall process will pro-
ceed at the rate of the slowest process. Thus Fi = F> = Fs. Combining Egs. (6.15)-(6.17)
then leads to

¢-—5 - € (618)

Cppks ket ks ‘
h D D
C‘(1+—kg°)

COZWEC (6~19)
h D

In writing the right-hand expressions in these equations, we have made use of the ex-
perimental observation that 4 is very large. Physically, we can think of the overall
process as involving two interface reactions (k and ks) and a diffusion process. Of the
two interface reactions, the process at the oxide surface (gas absorption) occurs very
rapidly compared to the chemistry occurring at the Si/SiO: and hence & can be ne-
glected compared to ks.

There are two limiting cases that are of interest in Eqs. (6.18) and (6.19). These are
illustrated in Figure 6-16. These cases occur when ksxo/D is much less than 1 or much
greater than 1. The left-hand side of Figure 6-16 illustrates the case when ksxo/D << 1.
In this case C; = C and the oxidant profile is essentially flat through the oxide. Physi-
cally this means that the diffusion process is not rate limiting or in other words that ox-
idant is being supplied to the Si/SiO, interface at a rate which is fast compared to that
required to sustain the chemical reaction occurring there. This condition is often re-
ferred to as reaction rate controlled since the interface is determining the rate at which
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Gas Oxide Silicon Gas Oxide Silicon

Figure 6=16 Limiting cases in silicon oxidation. The interface reaction is the rate limiting step
on the left: the oxidant transport through the Si0, rate limits on the right.

the oxide grows. Generally this is the case for thin oxides since ksxo/ D << 1 when xois
small. The oxide thickness at which ksto/D = 1 varies with temperature since ksand D
change with temperature, but is usually in the range of 50-200 nm.

For oxide thicknesses above this value, the growth tends more and more toward the
limiting case shown on the right of Figure 6-16. In this case, ksxo/D >> 1 and the oxi-
dant profile in the oxide becomes linear, with C; = 0. In this case, the oxidant is react-
ing at the interface as fast as it arrives and the overall growth rate is limited by the
diffusion process. This is often referred to as the diffusion controlled regime.

Combining Egs. (6.17) and (6.18), we have that

dxo, F ksC*
— =5 = (6.20)
dt N, [ kg  kgxo
N1+ =2+ ===
it h * D

where N is the number of oxidant molecules incorporated per unit volume of oxide
grown. Ny = 2.2 X 102 cm~? for O oxidation and twice this value for H.O oxidation.
Integrating this equation from an initial oxide thickness x; to a final thickness xo leads
us to our final result describing the oxide growth kinetics:

* kg | kex N .
NxL {1 t T Do}dxoz k,C J;dr (6.21)
x5=x1  Xo— X% "
B B/A_ =t (6.;~)
2DC*
where B == 4z
N, (6.23)
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B and B/A are often termed the parabolic and linear rate
cause of the x* and x terms in which they appear. Physically,
butions of fluxes F; (oxidant diffusion) and F; (interface rea
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(6.24)

constants respectively be-
they represent the contri-
ction), respectively.

It is sometimes convenient to rewrite the linear parabolic growth law in the fol-

lowing form:
% =0yt
BT BA T (6.25)
x5 + Ax;
where ==z (6.26)

In these expressions, x; or T account for any oxide present at the start of the oxidation.
They can also be used to provide a better fif to data in the “anomalous” thin oxide
regime in dry O as we will see later. Solving the parabolic equation leads to the fol-
lowing explicit expression for oxide thickness in terms of growth time:

(6.27)

There are two limiting forms of the linear parabolic growth law that may be seen di-
rectly from Eq. (6.25). These occur when one of the two terms dominates, leading to

X sg(t +1) or ¥=B(t+1) (6.28)

'The reasons for referring to B/A and B as the linear and parabolic rate constants are
clear when the growth law is expressed in these forms. The linear term will dominate for
small x values, the parabolic term for larger x values. SiO; growth on a bare silicon wafer
therefore usually starts out with a linear x versus ¢ characteristic, which becomes para-
bolic as the oxide thickens.

Eqgs. (6.23) and (6.24) suggest that we should be able to calculate values for B and
B/A and therefore test the predictions of the linear parabolic model against experi-
ment. In fact, B and B/A are normally determined experimentally by extracting them
from growth data. The reason for taking this approach is simply that we usually do not
know all the parameters in Eqgs. (6.23) and (6.24). ks in particular contains a lot of “hid-
den” physics associated with the interface reaction. What we can do, however, is com-
pare experimental values of B and B/A with the form of Egs. (6.23) and (6.24) to test
the reasonableness of the linear parabolic model.

Figure 6-17 suggests how the oxidation rate constants can be extracted from exper-
imental data. By replotting oxide thickness versus time data in the form shown on the
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xg1

Flgnleb-l 7 Extraction of rate constants from
to oxide thickness versus time experimental data,

-

right in the figure, B is directly extracted from the slope of the line and A and hence
B/A, is extracted from the intercept. This approach has been widely used to determine
values for B and B/A for a wide range of experimental conditions. If the experimental
data do fall on a straight line when plotted in the form of Figure 6-17, then the data are
well described by a linear parabolic growth law. In fact, there are many growth condi-
tions that do not result in data that lieon a straight line, some of which we will discuss
in later sections of this chapter. In these cases, we can conclude that the data are not
well modeled by the simple linear parabolic model we have described thus far.

When oxidations are performed on flat unpatterned surfaces, on lightly doped sub-
strates, in simple O, or H2O ambients and when the oxide thickness is larger than about
20 nm, the growth kinetics are usually well described by the linear parabolic law. Under
such conditions, values for B and B/A can be readily extracted. Experimentally, we find
that both B and B/A are well described by Arrhenius expressions of the form

B = Cexp( — E,/KT) (6.29)
B
e Cexp( — E,/kT) (6.30)

In these expressions, Ei and E; are the activation energies associated with the physical
processes that B and B/A represent; C, and C: are the preexponential constants.

Ttis often the case that considerable physical significance can be attached to activa-
tion energies that are measured experimentally when Arrhenius relationships are lol-
lowed. Table 6-2 below lists the experimental values for the parameters in Eqgs. (6.29)
and (6.30). The corresponding values for B and B/A are also plotted in Figure 6-18.In
Table 6-2, the middle oxidation ambient (*“wet O,”) corresponds to an oxi&ati()n system
in which O is bubbled through H»O at 95°C. The result is an oxidation ambient which
is mostly HzO, but also contains some 0. These kinds of systems were common some
years ago, although most H:O oxidation systems today directly react H, and Oz to pro-
duce H,0 in the back of the furnace. i

. Consider first the parabolic rate constant B. We find experimentally, that the activa-
tion energy E, is quite different for Oz and H:O ambients. Eq. (6.23) suggests thal the
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Table 6~2  Rate constants describing (111) silicon oxidation kirietics af 1 Atm fotal
pressure. For the corresponding values for (100) silicon, all €, volues
should be divided by 1.68.
Ambient B B/A
Dry O, G =772 X 10 pm*hr™! G = 623 X 10° pmm b
Ei = 1.23eV Ex=20eV
Wet O; Ci = 2.14 X 10 um? hr! Cy =895 X 107 um hr-!
E; =071 eV Ez = 2.05eV
H.0 Ci = 3.86 X 10° pm? hr™! C; = 1.63 X 10° um hr~!
El = 0.78 eV E; =205eV
7(°0)
100 1200 1100 1000 900 800
N
10 T
TS B/AH,0
] \._
T L
Lok ?;
€ o BH0
= - [~ o ~ T ———
Q3 T~ B/ADIyO;
001 S ~
BDry O 2 \
0.001 \%
0.0001 I I L L L
0.65 0.7 075 0.8 085 09 095 1

1000/T (Kelvin)

Figure 6~18 B and B4 for 0, and H,0 oxidation of <<111>> silicon. Values taken from
the parameters in Table 6-2.

physical mechanism responsible for E; might be the oxidant diffusion through the SiO».
(V1 is a constant and C is not expected to increase exponentially with temperature.) In
fact, independent measurements of the diffusion coefficients of O; and H»O in SiO,
show that these parameters vary with temperature in the same way as Eq. (6.29) and
with E; values close to those shown in Table 6-2. The clear implication is that B in the
linear parabolic model really does represent the oxidant diffusion process.

The E; values for B/A in the table are all quite close to 2 eV. Eq. (6.24) suggests that
the physical origin of E is likely connected with the interface reaction rate constant ks.
ks really represents a number of processes occurring at the Si/SiO, interface. These may
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Oxide Thickness — microns
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Figure 6~19 Calculated oxidation rates for
(100) silicon in dry Oz based on the Deal-Grove
SO model. Parameter values taken from Table 6-2.
The initial fast oxidation for the first = 20 nm is
1200°C notincluded (v= 0).
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Figute6-20(1alculaledo‘ddauon rates for (100) silicon i
) H
the Deal-Grove model. Parameter values taken from Table 65;1 20 besed on

ipclude O)Sifiant dissociation (O:—20), Si-Si bond breaking, and/or Si-O bond {orma-
tion. Trad1t1onally, the 2-eV activation energy has been asso’ciated with the Si-Si bond
breaking process because of measurements by Pauling that suggested t}fa;' the Si-Si
bond.ene'rgy was in the correct range to explain the B/A values I-gliwever the interface
reaction is very complex and it is likely that other effects also.affect the ,expterimcntal
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B/A valqes. An additional observation that supports the idea that it is something asso-
01a.ted 'w1th the Si substrate that determines E;, is that E is essentially independent of
0x1fiat10n ambient. It is also essentially independent of substrate crystal orientation,
which suggests that E. represents a fundamental part of the oxidation process, not
something only associated with the substrate.

Using the values for B and B/A in Table 6-2, Figures 6-19 and 6-20 show the calcu-
lated oxide thickness versus time curves predicted by the Deal-Grove model. The gen-
éral behavior of an initially linear growth rate that becomes parabolic as the oxide grows
1s apparent in these calculated curves. It is also apparent from the figures that SiQ,
grows much faster in an H,O ambient than it does in dry O,.The principal reason for this
is that the oxidant solubility in SiO, [C” in Egs. (6.23) and (6.24)], is much higher for H,O
than for Oz At 1100°C, typical values for C* are ~ 5 x 10' cm~* for dry Oz and = 3 X
10" cm~* for H,0. As a result, both rate constants, B and B/A are much larger for H.0
than for O2. Dry O oxidations are thus generally useful for producing oxide films up to
100-200 nm. Films thicker than this would normally be grown using H;O ambients.

Example Local oxidation is a process that is widely used to provide lateral isolation
between devices in IC chips. In some cases, it is desirable to end up with a more
planar surface than standard LOCOS provides, and so a silicon etch is used prior to
the oxidation step as illustrated in Figure 6-21. For the structure shown on the left,
with 0.5 um of silicon etched prior to the oxidation, how long must the wafer be
oxidized at 1000°C in H,O to produce the planar oxide shown on the right?

Answer There is a 2.2X volume expansion during thermal oxidation, so growing 1
pm of SiO; consumes 0.45 pm of silicon. Thus the growing oxide will consume an
additional thickness of silicon (y in Figure 6-22) in filling up the etched trench.

Thus we need to grow a total thickness of SiO: given by

Yy
<=y +05=y=041um
0457 ) "
, LOCOS
Si3Ny 8i0, Oxide

_______ = —\
O.Tm 75//

(100) Si (100) Si

Figure 6~21 Recessed LOCOS process in which the silicon is etched prior to LOCOS
to produce a final planar surface. The “bird’s beak” produced at the boundaries of such
structures is not illustrated here (see Figure 6—41 later in the chapter).
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0.5 pm Figure 6~22 Recessed LOCOS geometry showing additional silicon con-
¥ sumed during the oxidation.

7

(100) Si

Thus we need to grow a total of 0.91 pm of Si02. At 1000°C in H20 we have

78 eV
B =3.86 X 10° exp( _0 7:; =0.316 p,mQhr’]
B 1.63 % 10° 2.05 eV) )
B_100 2T expl - - 075 pmhr!
A 168 XP( o) = 075 pmbr

2 x, (0917 091
. T + 22 -383h
'=p T B/A 0316 075 s

6.5.2 Other Models for Planar Oxidation Kinetics

The linear parabolic model described above is the most widely accepted oxidation
model. However, it does not explain a number of experimental observations, many of
which we will discuss in subsequent sections of this chapter. One fact of particular im-
portance is that experimental measurements of oxide growth rates in dry O are not ac-
curately predicted by the Deal-Grove model for thin oxides less than about 20 nm.
Because of this and other problems, many other models have been proposed, each
claiming to be an improvement over the linear parabolic approach. However, none of
these models has gained widespread acceptance. We will briefly discuss here a few of
these alternative models, in order to provide a broader picture of oxidation kinetics.

. In 1987, Reisman and colleagues [6.13] suggested that a very simple power law of the
orm

xo=a(t+ 1) or x,= a(r + (ﬁ)%>b (631
a

where a'and b are constants for a given set of process conditions and ¢ is the time €O
respond1ng to the growth of any existing oxide (x;) at the start of the lrocess could fit
all published dry O- oxidation data. In fitting this equation to experinl:l)ental Jata. they
extracted b v_alues between 0.25 and 1.0, depending on temperature and oxidant partial
pressure. This equation has two fitting parameters (a and b), just as thé DL‘nl—GrOve
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model has two (B and B/A). There are key differences between the models, however.
First, Reisman and colleagues claim that Eq. (6.31) can fit data down to an oxide thick-
ness of essentially 0. There is no anomalous thin regime as there is with the Deal-Grove
model. Second, the physical bases for the models are quite different. The Deal-Grove
model as we have seen is based on the idea of oxidant diffusion and an interface reac-
tion, with each process dominating the growth under different conditions. In a follow-
up paper to [6.13], Nicollian and Reisman suggested that the interface reaction actually
controlled the oxidation process at all times and that the volume expansion necessary
at that interface to accommodate the growing oxide was provided by viscous flow (re-
laxation) of the oxide layer [6.14]. The time-dependent viscous flow of the oxide, in their
model, is used to explain the extracted pressure and temperature dependence of the pa-
rameters in their model (b and a),

The model expressed in Eq. (6.31) has not yet been widely implemented in process
simulation programs. These programs generally still rely on the Deal-Grove linear par-
abolic model. However, the physical approach used in [6.13,6.14] is interesting because
the concepts of volume expansion and oxide viscous flow are also the basic ideas used
to explain oxidation on nonplanar silicon surfaces as we will see in Section 6.5.7.

Another approach to modeling oxidation kinetics was recently suggested by Han
and Helms [6.15]. They showed that a wide body of oxidation data, including the dry O,
thin regime, could be modeled by an expression of the form

do__ B + B
d 2y + A, 25+ A,

(6.32)

The two terms represent parallel oxidation processes, perhaps O and O diffusing
through the SiO:; in parallel, or perhaps O, and oxygen vacancies. This type of parallel
diffusion and reaction was first proposed by Hirabayashi and Iwamura [6.16], to model
O,/HCl oxidations, a topic we will return to later in Section 6.5.6. All of the rate con-
stants in Eq. (6.32) were found to fit Arrhenius expressions of the form

B, = Cexp( — E,/kT) (6.33)

with the values given in the Table 6-3 below for dry O: oxidation.

Except for the B+/A; values, all numbers in Table 6-3 apply to either (111) or (100)
silicon orientations. Note that no values are given for Bi/A, since Han and Helms found
that setting this term to « (4, = 0), produced reasonable agreement with experiment.

Table 6-3  Experimental rate constants for the parallel oxidation model of Hun and Helms [6.15]

B BiA, B, BiJA:
C 39 %10 um?hr! o 1.56 X 10* ym? hr " 4.98 X 10 pm hr~' (111)
1.56 % 10 pm hr~' (100)

E, 22eV 1.6eV 1.9eV
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Presumably this implies that whatever process the first term in Eq. (§.32) represents, the
interface reaction associated with that process is very fast. Integrating (6.32) produces
a closed form expression for oxide thickness versus time :

2Ex, + F‘) B

(x5 = 1) + Cloxo = %) = Gln(ZEx; T F (634)

AB +AB, . _ _ _BBy(4, — 4)
where C=——‘-B;1—+—E—,E—B, + B, F=AB, + A,B,G 2(B, + B

As mentioned above, Han and Helms found that they could fit experimental data
satisfactorily with A4, = 0 which simplifies these expressions somewhat. This model has
not been applied to HO oxidations. However, the simple linear parabolic model works
quite well for HzO, and it is really just a special case of Eq. (6.32) in which only one of
the two terms is used.

Another model that has been proposed is due to Ghez and van der Meulen [6.17].
The model was motivated by a series of oxidation experiments done by van der Meulen
with various partial pressures of Oz in the oxidizing ambient. The linear parabolic model
predicts that both B and B/A should be linearly proportional to pressure. (This is a con-
sequence of assuming that Henry’s law holds during the oxidant adsorption into the
SiO» and that only a molecular species is involved in the transport through the oxide
and reaction at the Si/SiO; interface.) van der Meulen’s measurements showed that

% o P" (6.35)

where n approached 0.5 at low oxidation temperatures and 1 at high temperatures. (In
contrast, n is experimentally equal to 1 for H20 oxidations, suggesting that the assump-
tions made in the Deal-Grove model are more accurate in that case.)

To explain their results, Ghez and van der Meulen proposed a model in which mol-
ecular O; is absorbed from the gas phase and diffuses through the SiO: to the silicon
surface. At the oxidizing interface, two parallel reactions were proposed, one involving
molecular O and the other atomic O. This results in a complicated growth law with no
simple analytic formulation. However the atomic O reaction does lead to an  value of
0.5 for the interface reaction; the molecular O reaction leads to an n value of 1. van der
Meulen’s data can therefore be explained by assuming that the atomic reaction domi-
nates at low temperature and the molecular reaction at high temperatures. We will dis-
cuss these results more carefully in Section 6.5.4. -

Figures 6-23 and 6-24 compare the predictions of several of these alternative mod-
els with the Deal-Grove model. The model parameters for these plots were taken from
Tables §—2 and 6-3 for the Deal-Grove and Han and Helms models, respectively. For
th_e Reisman and colleagues model at 800°C, @ = 0.302 nm b =0 7‘04 ‘p d: = -1’%‘1
mu;At 1(300°C7a =3.02nm,b = 0.701 and to = 1.26 r;liu [é 13]_ e -
Parertlts.(')l%g I-(Il?r%ggf:iél-_liﬂlsl 1::1(;1 llfzfe'rences In these models for very thin oxides are ap-

‘ ¢ eisman and colleagues m v well with
each other and both match experimental data i o mo_dels agree fairly " 3
in the thin regime well. The Deual-Grove
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Figure 6~23 Comparison of three oxidation models
for 1 atmosphere dry 0, oxidation at 800°C.

Deal Grove Model (T = 8 hrs)

Reisman et. al. Model

Han & Helms Model

Deal Grove Model (T = 0)

0 L L
0 2 4 6 8 10
Time - hours
0.25 o
g Comparison of three oxidation models for 1
) .z  atmosphere dry O; oxidation at 1000°C. The dashed lines are
Reisman et. al. Model ¥ the Deal-Grove model.
2L
02 \ 2%
"'
Cd
Han & Helms Model i
0.15 | 28
'f
o
ot
e
’
0.1 £ 2
Cd
/o<’ Deal Grove Model (1=0.37)
005 | 7.
’I
7 Al Deal Grove Model (T =0)
0 L i ] 1 ! It 1 I I
0 2 4 6 8 10

Time — hours

model does not do a very good job for thin oxides even with 7 set at 8 hours (the value
Deal and Grove extracted in their original work [6.6]). We will see in Section 6.5.3, that
the Deal-Grove model can be “fixed” to do a better job in the dry O thin regime. Note
that for oxides thicker than about 20 nm all three models converge to approximately
the same result, as long as we use T = 8 hours in the Deal-Grove model.

At 1000°C (Figure 6-24), the differences in the models in the very thin regime are }ess
apparent since much thicker oxides grow at the higher temperature on the same time
scale. Including or not including 7 in the Deal-Grove model also makes less difference,
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for the same reason. For the particular parameters chosen for this plot, the 3eisman and
f the other models for thicker oxides

colleagues model diverges from the predictions o

In summary, many other models for oxidation kinetics have been propose(:}. all of them
motivated by shortcomings in the linear parabolic model. However, none of these mod-
els has found the widespread acceptance of the linear parabolic model. Mo§t modeling
efforts today use the Deal-Grove model as a starting point and then add-to it or modify
it as necessary to include effects that the basic model itself either does not include or does
not model well. We will consider many of these effects in the sections below.

6.5.3 Thin Oxide Si0: Growth Kinetics

The very earliest oxidation studies suggested that there was something unusual about
the initial growth of oxides in dry Oz on bare silicon wafers. Deal and Grove in their
original paper describing the linear parabolic model observed that the model did not fit
the first 20 nm of growth in dry Oz and we saw an example of this in Figure 6-23. They
attributed the fast growth rate they experimentally observed in this regime to the effect
of a space charge region in the oxide, set up by the indiffusing oxygen ions (presumabiy
03). If the principal diffusing species really were ionic, then positive charge carriers
would also be present to maintain charge neutrality. The two species Oz and holes (h*)
would diffuse as a coupled pair. The holes, however, diffuse much faster than the Oz and
would tend to move on ahead. This sets up an electric field due to the charge separation,
which acts to keep the two together. The effect of this field is to slow the holes down and
to speed up the O3 ions. This coupled diffusion is observed anytime a charged species
diffuses. The distance over which the electric field exists is on the order of the extrinsic

Debye length, given by
kTe
L, =528
D 2q2cm (636)

Substituting in numbers for O2 oxidations gives a Debye length of about 15 nm which
agrees with the thickness over which fast growth occurs. For H2O oxidations, C’ is about
10* times higher, resulting in a Debye length of less than 1 nm even if a charged species
were involved in water oxidations. Deal and Grove used this observation to sfngCSt why
an anomalous fast initial growth is not observed in H>O oxidations. The diffic&lly with
this explanation, however, is that the original assumption that O§‘was the species in-
volved in oxidant transport was based on experiments done by Jokr enson in the early
1960s [6.2]. These results have been subsequently largely discounteg

1f neutral O? and HO are the dominant diffusing species, space C-hal‘ e effects can
not be responsible for the anomalous high initial growth rat:a observed fn O-. This has
lefi to a largc? nu-mber of new proposals over the past 20 years, all attempting m explain
tl_nm f)x1de kinetics. There is still great debate about the physi(;al mechagisnis) respon-
sible; no consensu‘s has_ emerged. The problem has taken on new importance recently,
becauﬂse MOS g'alf: oxides are now routinely grown with thicknesses in this ~anom
alous” range. This is an example of industrial application outpacing ]pusic' SCic.nlifiC un-
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derstanding. From an industrial
these thin oxide layers reproduci

tp))lf:rspfé::tivc-:f. it is more important to be able to grow
_ o y and uniformly. and with good electrical properties
:il;?]ng;lr:)sulsoaun?erstﬁld the governing phygical principles. However this is soglegmes a
. PP oac‘ ecause lack of physical understanding may mean that manufac-

ring problems. which arise may not be understood and may have to be solved by trial
and error experiments. This is the reason why so much effort has been invested in un-
derstanding thin oxide growth kinetics.

.One f’f th'e factors which confuses model development and data interpretation in the
tl.nn.rj:glme is that chemical cleaning procedures prior to oxidation have been shown to
significantly affect the oxide growth kinetics. We discussed wafer cleaning and some of
these effects in detail in Chapter 4 (Figure 4-3). Most experimental studies of thin
growth k'inetics have not carefully controlled this parameter with the result that data on
oxide thickness versus time vary from experiment to experiment even when the same
temperatures and other parameters have been used. This makes model development
very difficult.

Perhaps the most extensive experimental study yet reported was that by Massoud
and colleagues [6.18]. They reported that growth in the thin regime could be fitted by
an addition to the Deal-Grove model given by

dx, B X0
dt gt A CCXP( L) (637)
E
here c=0C ( - _A;>
w exp T

and C° =~ 3.6 X 10% um hr™!, E, = 2.35 eV, and L = 7 nm. All these numbers apply to
either (111) or (100) oriented silicon substrates. The first term in Eq. (6.37) s, of course,
the Deal-Grove model. The second term represents an additional oxidation mechanism
that is important for the first few tens of nm but which decreases exponentially with a
decay length of about 7 nm. With this addition to the Deal-Grove model, the predictions
of this model also match the data well over the whole thickness range. In Figure 6-24.
for example, Eq. (6.37) provides an xo versus ¢ curve that matches the Han and Helms
and Reisman and colleagues models. There are thus several ways of modeling the dry
O; thin regime. Process simulation programs like SUPREM IV have generally imple-
mented Eq. (6.37) rather than the alternatives given by Egs. (6.31) and (6.32) because
models for many other oxidation effects have also been tied to the basic Deal-Grove
formulation as we will see later.

Many physical mechanisms have been suggested for the thin regime. Deal and Grove
proposed O3 coupled diffusion with holes as was discussed above. Other suggestions
have included considering the role of thermionic emission of electrons from the silicon
into the SiOz [6.19], micropores or channels in the oxide which allow parallel oxidant
transport when the oxide is thin [6.20], parallel O and O reactions at the Si/SiO; inter-
face [6.15], blocking layers near the S¥/SiO: interface which form as the oxide grows Fmd
slow down the rate for thicker layers [6.21], and a silicon surface layer which provides
additional sites for the oxidation reaction in its initial phases [6.18]. None of these
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and none of them has gained wide-

mechanisms has been shown to be clearly correct L
cal expressions that can be used to

spread acceptance. We are left with several empirt _ :
model the thin regime kinetics, but with no completely satisfactory PhySlCal explana-
tion. Additional work in the future may help to clarify some of these issues.

6.5.4 Dependence of Growth Kinetics on Pressure

The linear parabolic model predicts that the oxide growth rate should be directly pro-
portional to oxidant pressure. Eq. (6.13) shows this. If Henry’s law holds and the con-
centration of oxidant just inside the oxide at the gas/SiO; interface C' is proportional to
Pg, then both B and B/A are proportional to Pg from Eqs. (6.23) and (6.24). The oxide
growth rate should therefore be proportional to Pe.

Experimental measurements have shown that in HoO oxidations this prediction is
correct. Pressures below atmospheric [6.6] and well above atmospheric [6.22] have been
investigated. These results suggest that the assumptions made in the linear parabolic
model are correct for H:O oxidation. However, the situation is a little less clear for dry
0, oxidation. A considerable body of data has consistently shown that in order to model
dry Oz results with a linear parabolic equation, B < P and B/A o P" where 0.5 <n <1
This pressure dependence is inconsistent with the linear parabolic model. One can only
conclude that the linear parabolic model must be incomplete. ‘Within the context of that
model, we can infer that since B « P, then C" « P from Eq. (6.20).If B/A is not linearly
proportional to P, then from Eq. (6.21), ks must depend on P in a nonlinear fashion.

There have been a number of attempts to modify the Deal-Grove model to account
for these experimental results. Ghez and van der Meulen (Section 6.5.2) attempted to
extend the linear parabolic model to include both O and O reacting at the Si/SiO: in-
terface. This model can explain the observed pressure dependence because an O-based
reaction would vary as P* and an O; reaction would vary as P, A mixed reaction
could give any value between these two limits. However, this model contains many pa-
rameters and it has not been fit to a wide range of oxidation data. As a result, it cannot
easily be used today to model the complete range of O, growth kinetics. More recently,
Hu [6.23] attempted to treat the parallel O/O; interface reaction in terms of 2
chemisorption model. cher attempts to account for the pressure dependence of B/A
hﬁ\: depl:irted more rad}gally ["ro-m tl}e Deal-Grove. model. These attempts have almost
all been ased on a modified Si/SiO: interface reaction. None of these models hizs found
widespread acceptance.

Lacking a widely accepted first principles model to explain the pressure dependence

of O, growth kinetics, the best we can do today t -
A ay to model th fects 1S 1O S ly use
the Deal-Grove model with the following corrections: ese effects Is to SinpY

B B\! )

A- (Z) P B=(B)YP for H,0 (6.38)
B B\i

A~ (Z) P' B=(B)P forO, (639)
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where n = 0.7-0.8. The i superscripts refer to the respective values at 1 Atm. A similar
P8 pressure dependence has been noted in the thin regime (< 20 nm). This may be in-
cluded in Eq. (6.37) by making C « P°%. The decay length L in that equation does not
seem to have any significant pressure dependence.

Figures 6-25 and 6-26 illustrate the effects of these pressure models on oxidation ki-
netics, using the Deal-Grove model and Egs. (6.38) and (6.39), without the added thin
oxide model. Note that for pressures below 1 atmosphere, the actual oxide thickness is
increased by the sublinear pressure dependence of B/A, while the reverse is true for
pressures above 1 atmosphere. Process simulators like SUPREM 1V generally imple-
ment equations like (6.38) and (6.39) to model these effects.

6.5.5 Dependence of Growth Kinetics on Crystal Orientation

As we saw in Chapter 3, historically two principal crystal orientations have been used
in manufacturing ICs. (111) crystals were used in the 1960s almost exclusively. However,
as it became clear that the electrical properties of the Si/SiO; interface were superior on
the (100) crystal surface, a gradual shift to that orientation began, with the result that
(100) wafers are almost exclusively used today. Oxidation studies which have investi-
gated orientation effects have usually concentrated on these two types of crystals and
it has been shown many times that oxidation growth rates are faster on (111) surfaces
than they are on (100) surfaces. In recent years, it has become important to understand
orientation effects on oxidation more generally because many structures now use
etched trenches and other shaped silicon regions as part of their structure.

Even before the development of the linear parabolic model, it had been observed
that crystal orientation affected oxidation rate. Ligenza in 1961 [6.24] suggested that the

Ex. 2008-053




m Chapter 6 Thermal Oxidation and the SU/Si0z Interface

Oxide Thickness — microns

1.5

1.25 |

0.75 |-

05 |

Figure 626 Oxidation al 10 atmospheres in dry

- 0; using the Deal-Grove model. The solid lines corre-
1100°C el spond to B o< P and B/A = P. The dashed lines corre-
"/ spondtoBOtPandB/A o« P8,
/”
’/
’/
”
’/
d
e IOOO»C -
< -
e "‘,
/’ ””
g -
// ‘,’

// ’—/‘/
’ z- 900°C

/’ —

- -
e -

/34 _—_____,

et 800°C
== _——r-—--l———.l-——-l———l-_——l———|

Time — hours

effect might be caused by differences in the surface density of silicon atoms on the var-
ious crystal faces. He argued that since silicon atoms are required for the oxidation
process, crystal planes that have higher densities of atoms should oxidize faster. He fur-
ther argued that it was not simply the number of silicon atoms cm ™2 that was important,
but also the number of bonds since it is necessary for Si-Si bonds to be broken for the
oxidation to proceed.

Ligenza calculated the number of “available” bonds cm ™2 on the various silicon sur-
faces and concluded that oxidation rates in HzO should be in the order uy > (100).
This is in fact what is observed experimentally in both H,O and dry Oz. For most oxida-
tion conditions of interest in silicon technology, these two orientations represent the up-
per and lower bounds for oxidation rates. For very thin oxides grown at very low
pressures in dry Oz, there is some evidence that the (110) rate becomes fastest (6.25]. This
also appears to be the case at very high pressures and low temperatures in H:O [6.24)

‘We can 'mcorporate these effects in the linear parabolic model in the following way-
EXCept perhaps in the region very near the Si/SiO: interface, the oxide that grows on sil-
icon 1s amorphous; that is, it does not incorporate any information about (t’he underly-
ing sﬂxcqn crystal slructqre. Because of this, the parabolic rate constant B should not be
9r1entat19n dsapendenl‘ since B represents oxidant diffusion through the SiO:. 1f the 0X°
1de' structure is unrelated to the underlying substrate, there should be no crystal orien-
tation effect on B. This is in fact what is found experimentally when kinetic data are
analyzed in the context of the linear parabolic model and the rate constants 8 and B/A
are extracted. B{A, on the o'thfer hand, should be orientation dependent because it in-
volves the reaction at the Si/SiO: interface. This reaction surely involves Si atoms and

so should be affected by the number of avai i
: _ ilable react it hus incorporal®
orientation effects as follows: fonsites. We can thus fncorp®

e e e
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] Figure 6~27 Example of an oxidation simuiation in-
(110) Sidewall volving orientation effects using the ATHENA simulator
[6.12]. The top and bottom surfaces of the etched trench
are (100) surfaces. The trench sidewall is a (110) sur-

SiO. Ly
192 face. The oxidation was 30 min at 900°C in H,0.

(100) Bottom

04 0.2 0 0.2 04

Microns

(g)m - 1'68(5) 100 (6.40)

All other orientations are normally in between these two extremes and B values are the
same for all orientations. The (110) B/A value is often taken as 1.45 times the (100) rate
although the amount of data available is not sufficient to be certain of this value.

An example of a simulation showing orientation effects is shown in Figure 6-27. A
silicon trench is first etched 2 pm deep and then oxidized. Note the thicker oxide along
the (110) sidewall surface compared to the (100) wafer surface and trench bottom. Ac-
tually the most interesting part of tlis simulation is at the trench corner, shown on the
right, where 2D effects dominate. We will discuss these issues in Section 6.5.7.

Finally, it may be interesting to speculate about why the orientation effect apparently
changes for very thin oxides grown at low O, partial pressures and also for high pres-
sure steam oxides grown at low temperatures. These two conditions represent the two
extremes of oxide growth rates, one extremely slow and the other very fast. In the for-
mer case, we have already seen that the growth kinetics are different for thin oxides
grown in dry O». Since the mechanism is apparently different in this regime, it is perhaps
not too surprising that other effects such as the orientation dependence also change. In
the case of high-pressure steam oxides, Ligenza observed the (100) surface to oxidize
faster than the (111) surface at 800°C and below. These experiments were done at pres-
sures up to 150 atm so the growth rates were extremely high. We will see in Section 6.5.7
on 2D growth kinetics that relaxation of grown-in stresses in SiO: layers takes place
through viscoelastic flow of the oxide layer. In essence the glass flows as it is grown to
relieve the stresses due to volume differences between the oxide and the silicon from
which it is grown. At low temperatures this relaxation is more difficult because the ox-
ide cannot flow as easily. It is also more difficult if the oxide is growing very rapidly be-
cause there is less time for the oxide to relax before new layers grow. It may be the case
in Ligenza’s experiments, then, that very high stresses built up in the growing oxides.
This may be the origin of the unusual orientation effects that Ligenza observed. The
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stresses that build up and the oxide flow to relieve those stresses might well be qepen-
dent on the substrate crystal orientation. Perhaps future work will resolve these issues.

6.5.6 Mixed Ambient Growth Kinetics

Situations are sometimes encountered in silicon technology in wbich mixed ambients
are used during an oxidation process. The most common example 1s a mixture of H,O
and O,. This occurs when Hz and Oz aré reacted to form H,O in modern pyrogenic sys-
tems. An excess of Oz is always present in order to ensure that there is no excess Hz at
the furnace exhaust. The resultis a mixture of H.O (about 95% typically) and O (about
5%) in the furnace. In other cases, small concentrations of HCl are sometimes added to
O, oxidants because this has been found to help reduce oxide defect densities and to re-
duce contamination levels. The HCl likely helps because it reacts in the furnace to pro-
duce Cl; and H20O according to the reaction

4HCl + 0, ¢ 2H,0 + 2CL, (641)

and the Cl, readily reacts with trace metals and other contaminants in the furnace to
produce volatile chlorides as byproducts. In some cases, other Cl sources are used such
as trichloroethane that is a liquid, but the reaction that takes place is similar.
Modeling of mixed ambients can be approached in a straightforward manner, ifitis
assumed each of the oxidants acts independently. The Han and Helms model we dis-
cussed for oxidation kinetics allows for independent parallel processes [6.15, 6.16].

dx, B, B,
= +
dt 2xp+ A, 2yt A,

(6.32)

Choosing B, and A: to correspond to one of the oxidants (H.O for example) and B2 and
A, to correspond to the other oxidant (O for example) allows calculation of the ré-
sulting oxide thickness. Note that each B and B/A value must be corrected for the ap-
propriate partial pressure of the corresponding oxidant, using the relationships
described in Section 6.5.4.

This simple approach works well in some cases and poorly in others, presumably be-
cause the assumption'of independence is better in some cases than in others. H,0/0:
mixtures can be described by Eq. (6.32) to first order [6.26] although there is some ev-
idence that the H2O and O reactions at the oxidizing interface are not completely in-
dependent (the B/A values seem to be somewhat different than those suosested by the
above approach). H;O/HCl mixtures can be described by Eq. (6.32) beca;Ze the HClin
Fh1§ case seems to only dilute the H>O and plays no role in t.he .oxidation process. This
is likely because the H>O and HCl do not react significantly in the furnace. As a result,
only one term in Eq. (6.32) is needed, with rate constants correspondin to H:0 at the
appropriate partial pressure [6.27]. O¥HCI mixtures are not Vriaell deicrihe[i by E¢
(6.32). Clear interactions between the oxidant species occur in this case. The Cl 26"
ated by Eq. (6.41) is known to be incorporated into the growing SiO: ﬁﬁn (mostl:! near
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mlelfface). B and B/A values extracted from growth Kinetic data monotoni-
se w1.th HCl percentage, but not in a well understood manner. Process mod-
ams like SUPREM IV generally resort to empirical look-up tables to model
esses. The rate constants are simply expressed as

B [B\i ;
i (Z)a and B =(B)y (6.42)

where 8 and y are functions of the HCI concentration in the furnace ambient and are
determined empirically. Other mixed ambient reactions could be dealt with in a similar

empirical manner, although the principal ones that have been investigated experimen-
tally are those described above,

6.5.7 2D Si0: Growth Kinetics

Ithas been known for many years that shaped silicon structures oxidize differently than
simple flat surfaces. This was not of much technological importance until about 1980
when structures became small enough that 2D and even 3D effects began to be notice-
able. We saw a simple example of this in Figure 6—4, which illustrated LOCOS process-
ing, and the 2D growth of oxide layers under the edges of SisNs layers. Even when they
were first observed, the origin of these effects was correctly believed to be the volume
expansion that 8$iO; undergoes when it grows. We saw previously that SiO; grows up-
ward above the silicon surface as it forms, and that the volume expansion involved is
more than 2:1. It is perhaps easy to visualize that oxidation occurring in a confined cor-
ner in which the volume expansion is more difficult might be different from oxidation
on a flat surface.

A quantitative understanding of the physical mechanisms responsible for these ef-
fects came only recently from an elegant set of experiments done by Kao and col-
leagues [6.28, 6.29]. In those experiments, a number of shaped silicon structures were
prepared by anisotropic dry etching of silicon wafers. The structures were then oxidized
under a variety of conditions and the resulting oxide thicknesses measured using SEM
techniques. The data produced oxide thickness as a function of the radius of curvature
of the structure being oxidized. Figures 6-28 to 6-30 illustrate the experimental struc-
ture and some of the results.

Several interesting observations can be made from the results of Kao et al. The first
is that the retardation is a very significant effect in sharp corners—a factor of two in 0x-
ide thickness for nominally 500-nm oxides. Second, the retardation is much more pro-
nounced for low-temperature oxidations than it is for high temperatures. In fact there
is virtually no corner effect for oxidations done at 1200°C. Finally, interior (concave)
corners show a more pronounced effect than do exterior (convex) corners although
both are significantly retarded compared to flat surfaces.

Several physical mechanisms are important in understanding these results.

1. Crystal orientation: Shaped surfaces involve many surface orientations. As we saw in
Section 6.5.5, orientation affects oxidation rate in the thin oxide or linear regime.
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o Figure 6-28 Ex erimental procedure used in the 2D
Eiched Si Ring oxgiaﬁon cxperimgnts of Kao [6.28, 6.29]. Silicon
wafers were plasma etched to produce a variety of

shaped structures including the cylinder illustrated in

Si Substrate (a). (b) shows & cross section and top view of the cylin-
der. In (c) the structure has been oxidized and then

couted with a CVD layer of polysilicon. In (d), the struc-

. wre has been lapped down so that a top view shows the

Top Views oxide thickness on the sides of the cylinder.

Side Views

()]

This effect can be n}edeled in a straightforward manner through Eq.(6.40), although
values for the multiplicative constant on B/A for all orientations are needed.
2.2D Oxxdlant Diffusion: In corner regions and other shaped structures, oxidant trans-
po.rct1 tq the S¥/SiO; mterfac'e is 3'12D or perhaps even 3D transport problen. Since the
gxx e hs ar'tmi)rphous, the diffusion coefficients of O or H;O should not be direction
ependent, but numerical techniques are i iffusi
den ' A generally required t J fusion
equation in multiple dimensions. y required to solve the i
3. Stress du cpansion: Oxi
Sue rgssei vtg \:;)lum;h expansion: Oxide layers formed on silicon are under significant
oxidgtion Steb&l‘,. dls stress is due to the volume expansion that takes place during
oxidat quir:io olt 1.e ifference in thermal expansion coefficients of Si and Si0; which
g 3 nal stress when the wafers are cooled from the oxidation temperature
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Figure 6-29 Typical experimental result from Kao [6.28, 6.2.9.]A The drawing on the right
labels the structure shown experimentally on the left. The oxide is thinner on both concave and
convex corners than it is on flat regions. Reprinted with permission from IEEE.

back to room temperature. On shaped silicon surfaces, these stresses can be much
larger than they would be on a flat surface simply because the volume expansion is di-
mensionally confined on shaped structures. Such stresses could in principle affect both
oxidant transport through the SiO; and the interface reaction at the Si/SiO, interface.

‘To model these stress effects, Kao et al. suggested the following modifications to the
parameters usually used in the linear parabolic model.

kg(stress) = ksexp( - U]'C’ZR)exp( - U};—‘;f) (6.43)
D(stress) = Dexp( - (P;%)l) (6.44)
C*(stress) = C*exp( - (P])(#l) (6.45)

where ks is the normal interface reaction rate, o, is the stress normal to the growing in-
terface, o, is the stress tangential to the growing interface, D is the normal oxidant dif-
fusivity (at 1 Atm), C"is the normal oxidant solubility used in Egs. (6.23) and (§.24) and
P is the hydrostatic pressure in the growing oxide. Va, V7, Vp, and Vs are considered to
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Figure 6-30 Typical experimental data after Kao (6.28, 6.29]. The
oxide thickness is plotted versus the radius of curvature of the structure
being oxidized. For each temperafure, about 500 nm of oxide was grown
on 2 flat surface (1/¢ = 0). These results are for H:0 oxidations. Simi-
lar results were found for 0. Note the retardation of the oxidation for
sharp corners (more than a factor of 2 in some cases).

be stress-dependent activation volumes and should be regarded as fitting parameters.
They are used in the SUPREM 1V implementation of this model.

The final oxide parameter that is needed to calculate growth on shaped surfaces i
the oxide viscosity. SO is a glass and can relax some of the stresses that build up dur-
ing oxidation by viscoelastic flow. In fact, the stresses that can build up during oxidation
are so large, that the oxide viscosity itself needs to be modeled as a function of stress. A

relationship of the following form has been found to produce good agreement with ex-
periment [6.30, 6.31]

_OsVe/2kT
sinh(oV/2kT)
where.n(ﬂ is Fhe stress-free, temperature-dependent oxide viscosity, oy is the shear
stress in the oxide, and V¢ is again a fitting parameter.

Much of the interest in recent years in extending oxidation models has been driven
by the need to accurately model advanced isolation processes LOCbS polytbuffel'ed
LOCOS, shallow trench structures, and the like all involve ther.ma] oxida;tion of shaped
structures. As a result, volume expansion during oxidation, stress-dependent oxidation

n(stress) = n(7) (6.46)
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g?(r);r:r?:;so?gﬂ) ?;i(ti;i;ﬂvl'xlscosity have all _ta_xken on firs_t-ordz_ar importance: Beyond the

. ( 21tselt, however, many of the modern isolation structures involve other
materials like poly;1hcon and Si3N.. Thus the viscoelastic properties of these materials
have also become important.

'_I‘he nonlinear viscous nature of oxide films at high temperatures has been parame-
te{xzec'i by Ra_fferty [6.31] as described in Eq. (6.46). Subsequent work determined that
thin mtpde fllms are viscous at high temperatures, with the viscosity being dependent
on the film stoichiometry [6.32]. Similar work with polysilicon thin films has shown that
more complex viscosity behavior can be assigned to polysilicon, possibly dependent on
the grain size in the film.

Since the shape of the growing oxide changes with time, ks(stress), D(stress), and
m(stress) all change with time during an oxidation. As a result, numerical simulation is
required to implement these models. This has been done in SUPREM IV which can suc-
cessfully predict time-dependent oxide shapes and the stress levels present in both the
oxide and the underlying silicon [6.31]. Typical parameters for the SUPREM IV stress-
dependent oxidation model are shown in Table 6-4 for wet oxidations [6.30—6.32]. A
number of these parameters are fitting parameters (Vz, Vp, Vs, and Vcin particular) and
the values should not be regarded as having significant physical meaning. The fact that
Vs = 0 implies that C” is not highly stress dependent.

An example of the impact of including stress dependent parameters during an oxi-
dation simulation is shown in Figure 6-31. The simulation on the left did not include any
stress dependence whereas on the right the types of models for viscosity and stress de-
pendence discussed above were included. Notice that the bird’s beak extends much fur-
ther under the SisN,; mask on the left. Without stress effects, the oxidation rate is not
retarded under the masking nitride.

There is a very important implication of the results described in this section. It is
quite common in silicon processes to use multiple oxidations during device fabrication.
Suppose, for example, that we grow an oxide at 900°C in one step and then further ox-
idize the silicon in a later step at 1000°C. At the end of the 900°C oxidation, certain
stress levels will exist in the SiO-. If we then heat the wafer to 1000°C, the stress levels
cannot immediately take on the values that would be observed in steady state for a
1000°C oxidation. These stresses would in general be lower because the oxide can flow
more easily at high temperatures to relieve them. However, this will take some time,

Table 6-4  Typical parameter values in SUPREM IV stress dependent oxidation model
Parameter Value (Wet Oxidation)

Vi 00125 nm?

Vo 0.0065 nm*

Vs 0

Ve 0.3 nm* @ 850°C

0.72 nm’* @ 1050°C

Vr 0

n(T)—SiO= 3.13 X 10" exp(2.19 eV/KT) poise
n(T)—SisNa 477 % 10" exp(1.12 ¢V/KT) poise
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Figure 6=31 Example of an oxidation simulation showing the effects of including
stress effects in oxidation using the ATHENA simulator [6.12]. A 20-nm SiO; pad oxide
is first grown and a 150-nm SiNs layer is then deposited. The nitride is then etched on
the left side of each structure. A 90-minute 1000°C H:0 oxidation was then performed.
In the simulation on the left, no stress-dependent parameters were included in the sim-
ulation. Stress-dependent parameters were included in the simulation on the right.

and so we should expect a transient at the beginning of the 1000°C oxidation when the
oxidation rate constants will not have the values we normally expect for that tempera-
ture. These kinds of transients have in fact been observed experimentally and the dom-
inant effect appears to be on B [6.33]. That is, the grown-in stress levels in the oxide
change the density of the oxide from that normally expected at the second oxidation
temperature; the diffusivity of the oxidant is therefore affected until the oxide relaxes
to its “normal” state for the second oxidation. If the first oxidation is at a high temper
ature and the second at a lower temperature, the second oxide will initially grow faster
than expected because the stress levels will be lower than expected at the lower tem-
perature. If the first oxidation is at a lower temperature and the second at a higher tem-
perature, the rate in the second oxidation will be initially slower than expcctz\d. These
kinds of effects are only beginning to be modeled today in process simulati'on programs.
In essence they imply that wafer history has an effect on the process parameters ob-
served in a given process step.
One of-the current trends ?n the semiconductor industry is toward the use of single-
e s oo ecipment These systems rapidly ranp W
. AR peratures, typically in a few seconds, using [
heating. Memory effects like those described in the last paragraph will be c,\'ncerbatt‘-d
by such systems because there will be essentially no time during the temperature ramp
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for the oxic.le properties to reach the values characteristic of the processing tempera-
ture. If rapid thermal processing is combined with oxidation, the effective oxidation
rates may be quite different than expected and will certainly depend on wafer history.
'Thls-lS a largely unstudied area that may be increasingly important in the future.

' ‘Fmally, two interesting recent results have shown that it is possible to oxidize shaped
§111c011 structures and grow uniform oxide layers on them. This can be done if a means
is found to relieve the stresses that build up during the oxidation and hence to eliminate
Fh? §tress effects on oxidation rate coefficients. It is, of course, possible to do this by ox-
1d1zmg at very high temperatures since around 1200°C, the oxide can flow easily enough
tq relieve the stresses. However, such high temperatures are generally not compatible
with small geometry devices. Two other ways to achieve essentially the same result in-
volve doing the oxidation in an O»/NF; mixture [6.34], or utilizing a corona discharge
above the wafer during the oxidation [6.35). The physical reasons why these processes
apparently relieve the stresses in the growing oxide are not understood at present.

6.5.8 Advanced Point Defect Based Models for Oxidation

The models that we have described to this point have been primarily aimed at explain-
ing the growth kinetics of oxide layers. If that were all that we were required to explain,
then the set of models we have considered to this point would be fairly complete. How-
ever, there are other experimental results that these models cannot explain, most of
which have to do with interactions between oxidation and other process steps like dif-
fusion. One of the earliest indications that more was actually going on during oxidation
than the effects we have considered to this point were observations more than 20 years
ago that surface oxidations changed the rate of diffusion of dopants in the underlying
silicon substrate. This phenomenon is now known as Oxidation Enhanced Diffusion
(OED) in cases in which dopant diffusion rates are increased by surface oxidation, or
Oxidation Retarded Diffusion (ORD) in cases in which diffusion is slowed down by
surface oxidation. We will consider these cases in more detail in Chapter 7. However, we
will introduce here some additional ideas about oxidation that will be needed to explain
OED, ORD, and other related effects.

All of the oxidation mechanisms we have considered to this point are purely local
phenomena. That is, they help to explain why oxides grow at the rates they do, but they
offer no suggestions as to why surface oxidation should, for example, perturb dopant
diffusion rates tens of microns away from the surface. Clearly some nonlocal phenom-
enon must be involved. Current thinking regarding such effects centers on the interface
reaction itself (B/A or ks in the Deal-Grove model). We have seen that there is a very
large volume expansion that occurs during oxidation. This volume expansion results in
very large compressive stresses in the oxide layer and tensile stresses in the silicon in the
near surface region. Dobson was among the first to suggest that there might be mecha-
nisms at the atomic level available to the oxidizing interface to help relieve these
stresses [6.36]. These mechanisms in essence provide some of the “volume” that is
needed for the oxide to grow. Figure 6-32 illustrates these ideas. At a microscopic level,
Si-Si bonds are broken at the Si/SiO: interface, O atoms are inserted between the Si
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Oxide Silicon
Figure 6-32 Point-defect reactions taking place at the Si/Si0: in-
terface during oxidation. Oxidation reactions (*) can consume V or
generate ] in order to provide the volume needed for the reaction to take
place.

atoms, and Si-O bonds are formed. The volume expansion requirement comes from the
room needed for the O atoms.

There are two major types of point defects present in crystalline materials like Si—
Vacancies (V) or missing Si atoms and Interstitials (I) or excess silicon atoms. We in-
troduced a number of basic ideas about these defects in Chapter 3 where we saw that
they can exist in both neutral and charged states and that their concentrations generally
increase exponentially with temperature. Volume for the oxidation reaction can be pro-
vided at the Si/SiO interface either by consuming vacancies or by generating intersti-
tials. These are the two reactions illustrated in Figure 6-32. We can represent these
reactions in the same way we modeled the formation of SiO: precipitates in Chapter 3
(Figure 3-25):

(1 + 2v)Si + 20, + 2BV > SiO, + 2vI + stress (6.47)

The reaction forming SiO: consumes vacancies and generates interstitials because
the vac.ancies provide some of the volume needed for the oxidation to proceed. as can
.removmg Si atoms as 1.y is the number of I that contribute to the process per Q atom
]?ining the SiO,, and B is a similar fraction for V. A stress term is also included on the
right-hand side because experimentally we know that the point defects do not provide
all the necessary volume.

The generation of I is thought to explain the interactions between oxidation and
other processes like dittusion (i.e., OED and ORD) because the I which are generated
can diffuse far away from the Si/SiO: interface and change the diffusivity of dopants
which interact .with 1. We will discuss this further in Chapter 7. The consumiwtion of Vas
a path to provide the volume required for the oxidation sho‘u]d be favored whenever
tl.n.are are lgrge numbers of V present. This is believed to be the case in heavily doped
silicon regions (as we saw in Chapter 3) and this reaction has been used to exb.iain why

oxidation proceeds at a much higher rate on heavi ;
. eavily d »s {han it does of
lightly doped substrates. We will discuss this mo;e fg'lly‘;l;esdezlllil;sntrgt;; than i
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It is quite clear that the mechanisms proposed in Eq. (6.47) do not provide all the
volume required at the oxidizing interface. The fact that grown oxides are under very
high compressive stresses is clear evidence for this. In fact, estimates of the number of
I which diffuse into the substrate during oxidation, suggest that less than 1 in 10° Si
atoms does this. The rest are consumed by the oxidation process and end up in the SiO»
layer. In fact, the number of / actually generated by the oxidation process may be much
larger than 1 in 10° of the silicon atoms oxidized. Most of them may end up diffusing
into the SiO; layer where they are oxidized. Nonetheless, the effects that the few point
defects that do diffuse into the substrate have on process phenomena in the underlying
silicon are quite remarkable.

The coupling between oxidation kinetics and other process phenomena is usually
modeled today using reaction diffusion equations and a conceptual framework like that
shown in Figure 6-33 [6.37]. An oxidizing interface is characterized by generation and re-
combination rates for point defects. The balance between G and R determines whether
there is a net flux of point defects into or away from the surface. In the case of oxidation,
the net result is a flux of interstitials away from the surface and into the bulk. These in-
terstitials interact in the silicon bulk with dopant atoms, producing dopant diffusivities
that are proportional to the local concentration of point defects (Chapter 7). This mod-
eling approach has been quite successful in recent years, but it depends on experimen-
tally determined values for G, R, point-defect diffusivities, bulk recombination rates, and
many other parameters. The connection to oxidation kinetics is through G and R. For ex-
ample, in SUPREM 1V, G and R for an oxidizing Si/SiO; interface are modeled as

(o)

P
—

N

N
N

Recombination

JE——
=

- It
Bulk RecOmbination # «stess———
|

Inert
DiffusionT OED

Flgllleb-330enerahze }epresenlmion of point-defect generation (G), recoplbimnion (R, {(g,
and K») and diffusion processes in silicon. In this example, local oxidation (right side) generates in-
terstitials that diffuse away from the SI/Si0; interface, locally enhancing the downward diffusion of the
epilayer (OED).
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G=0%eN (6.48)
dx/ dt\ Ko
R= KmunKmt(—Bg//X4) + Kinerl (649)

where O is the fraction of oxidized silicon atoms that are injected into the substrate as
interstitials, dx,/dt is the oxidation velocity, N is the number of silicon atoms per unit vol-
ume, Kinert is the recombination velocity at an inert Si/SiO: interface, and Kt accounts
for the increased recombination rate at an oxidizing interface. Note that © is not the
same as v in Eq. (6.47),since © represents only the I which are injected into the silicon.
All of the K values and O are experimentally determined. Other surfaces, such as
Si/SizN, interfaces are modeled with similar expressions but with different parameter
values. This modeling approach should be regarded as phenomenological at present be-
cause there is no generally accepted underlying physical model.

Models have been proposed to try to explain G and R on a more fundamental level.
Hu suggested a regrowth model in which kink sites at the interface act as sites for in-
terstitial recombination [6.38]. Dunham suggested a three-flux model including gener-
ation, surface regrowth and segregation of interstitials into the Si02 [6.39]. However all
of these models must be regarded as speculative at the present time.

Figure 6-34 shows an example of the simulation of these OED effects. The structure
is similar to the conceptual drawing in Figure 6-33. After a uniform boron implant, the

Microns

-2 -1 0

Microns

Figure 6-34 Cxample of the simutation of the OE

. $ e OED effect us

simutator [6.12]. A uniform 3 X 10" cm™% 15-keV lmpcla:;: l\r\llismee}:f“:f]N ﬁ
lhroug,h a pad oxide, followed by depasition of u nitrlde masking Iayerpon 3 le‘f
half of the structure. A 60-min 1,0 oxidation at 850°C prodnced the d i l
sion on the right slde. ceper dift-
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right half of the structure is oxidi

o the stru X zed. The [ injected by the oxidizing interface enhance
1e boron diffusivity, producing a deeper junction on the right side. Note the two-
dimensional effects associated with the 7 diffusion away from the surface. The OED ef-
fect extends almost a micron under the nitride mask.

6.5.9 Substrate Doping Effects

It has be_en known for many years that highly doped substrates oxidize more rapidly
than do l1g}1tly doped wafers. The effect is particularly important at lower temperatures
and for thinner oxides. Under these conditions, the difference in oxidation rates be-
tv.veen heavily doped and lightly doped regions can be three to four times [6.40]. The
difference is more pronounced for N* regions than for P* regions and is more pro-
nounced for low-temperature compared to high-temperature oxidations. Analysis has
indicated that the mechanism associated with the faster oxidation is occurring at the
Si/S8i0; interface. In other words, B/A and not B is affected in the Deal-Grove model.
This is perhaps not too surprising because N-type dopants tend to segregate into the sil-
icon during oxidation. As a result, the dopant concentrations in the growing SiO, layer
are usually fairly small, even if the substrate is heavily doped. As aresult, the properties
of the grown SiO; layer are to first order independent of the substrate doping. There-
fore, B, which is primarily determined by the diffusion process of the oxidant through
the SiO;, should not be greatly affected.

While a number of possible physical mechanisms might explain the effect of high
doping on B/A, the most widely accepted model relies on the V mechanism illustrated
in the top portion of Figure 6-32. The basic idea is as follows. Oxidation requires volume
expansion. This volume can be provided by consuming V at the growing Si/SiO; inter-
face. We saw in Chapter 3 that the total number of V is much higher in extrinsic, highly
doped regions than in intrinsic, lightly doped material. Physically, this is because va-
cancies can exist in a number of charge states (V°, V*, V- and V=) and the charged va-
cancies have discrete energy levels in the silicon bandgap. As the Fermi level Er moves
away from the middle of the bandgap in extrinsic material, it crosses over the V- or V=
levels in N* material or the V* level in P* material, causing large increases in the
charged vacancy populations. In Chapter 3 we expressed these ideas mathematically
and found that we could calculate the numbers of vacancies present in the crystal at any
given temperature and doping level.

If these vacancies are now able to provide sites for the oxidation reaction, then it
should be the case that [6.40]

B
A R, + KC» (6.50)
where R represents all mechanisms other than the vacancy driven process and C"T is
the total vacancy population in all charge states present in the material at the oxidation
temperature. Given a temperature and a doping level (i.e., Er), we can calculate Cyr us-
ing the equations developed in Chapter 3.

Ex. 2008-067




m Chapter 6 Thermal Oxidation and the $i/5i0: Interface

Eq. (6.50) is usually rewritten in the following form for convenience:
B (BY 5 11 eV)(g,i _ 1))
e (Z) (1 +2.62 x 10 exp( kT )\Cyr (6.51)

Cy is the total vacancy concentration in intrinsic material at the oxidation temper
i

ature. The 2.62 X 103exp( - V) factor is an empirically determined parameter

that presumably physically represents something to do with the effectiveness of the
vacancy reaction compared to other components in B/A. This expression has been
quite successful in modeling the oxidation of highly doped regions and is implemented
in SUPREM 1V.

Several points should be made with regard to this model. The first is that since it is based
on V populations and these depend only on T and Er, it makes no difference if the N re-
gions are formed with arsenic or phosphorus. The same electrically active surface concen-
tration should produce the same Er and hence the same B/A. Second, the relevant
concentration that should be used in calculating Er and hence Cyr i the surface concen-
tration since that is where the oxidation reaction is taking place.

Segregation and pileup effects may increase this concentration above bulk values.
We introduced the idea of segregation in Chapter 3 in connection with crystal growth.
In that case we were concerned with the distribution of an impurity across the solid/lig-
uid interface of the growing crystal. In the oxidation process, we have a Si/Si0- interface
where dopant segregation also occurs. N-type dopants tend to segregate into the silicon
whereas boron prefers to be in the SiO2. As a result, the surface concentration for N-
type dopants will tend to build up as the oxidation proceeds, and it will tend to decrease
during oxidation for P type. Because of this, the B/A values calculated from Eq. (6.51)
will change with time during the oxidation. The oxidation rate will therefore change
with time. Recent experiments that carefully measured the dopant profiles near the sur-
face clearly showed the time dependence of the oxidation rate and its correlation with
the dopant pileup process [6.41]. A significant fraction of the dopant in the piled up
layer at the surfacg may not be electrically active and hence, according to the Cir
model, would not affect the oxidation rate. }

The .model al§o predicts that P* substrates should not show nearly as large an in-
crease in OxidathI"l rate as d9 N* regions, because as we saw in Chabter 3, there are
ever ot canis prsetn* glons o g dping el arecs i

perims ) ype dopants like boron tend to segregate into the gro%"
ing oxnde.layeF, rather than staying in the silicon substrate, high boron concentrations in
the growing 8iO:» can result. There are indications that thi‘s may change tl : structure of
the oxide layer sufficiently to observe changes in oxidant diffus}f c't a?ﬁc 1:1 Ik( hese films
As a result, the parabolic rate constant B may be slightly diffe ivity 1 r?u:, 1‘ nli " than
it would be at the same temperature if the oxide were i o i (larger o ’ ed
or N* region. This eff; ; eing grown on a lightly dop

Othergm e ect has not been characterized well enough to model.

Some are b(z)is:ds 011«11\’;]: ?:;:aptr}?:tolsl?dht?j explain the doping dependence of oxidatio®
gh dopant concentrations at the S¥/SiO: interfa
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could change the Si-Si bond energy and hence affect B/A. Others are based on the idea
thal; the structure of the Si/SiO, interface region is changed by the high dopant concen-
tra.tlox}, again resulting in a change in B/4 in the Deal-Grove model [6.42, 6.43]. At this
point in time, none of these models has been sufficiently quantified to use them in oxi-
dation simulators so Eq. (6.50) is the model normally used.

An example of a simulation involving heavily doped oxidation is shown in Figure
6.—35‘ On the left side, a low temperature oxidation (800°C) was simulated whereas a
higher temperature (1000°C) was simulated in the right side. In each case, the right side
of the structure is heavily doped and the left side is lightly doped. The heavily doped re-
gion grows aboul five times as much oxide as the lightly doped control at 800°C, com-
pared to only about twice as much at 1000°C. The transition region between the lightly
doped and heavily doped areas in each simulation can only be properly modeled using

2D diffusion and 2D oxidation models and requires a numerical simulator such as
SUPREM 1V used in this example.

6.5.10 Polysilicon Oxidation

Microns

Figure L A
pla?u was performed on the right half of the structure. An oxidation was then performed for 30 min in H;0 21 800°C (left) and for 5

min In H;0 a1 1000°C (right). The contours correspond to the diffused doping profiles. The solid lines at the top of the structure de-
fine the grown Si0; layers.

It is not uncommon in silicon technology for there to be thin films of other materials lo-
cally on the wafer surface when an oxidation takes place. The most common examples
are thin films of polysilicon, SisNs, and various silicides. We saw several examples of
these kinds of processes in Chapter 2. In the next three sections, we briefly consider the
effect of oxidation on these thin film materials.

Phosphorus Doped }
Reg

Microns Microns

6-350x1dnuonofheawlg doped regjons using the ATHENA slmulator [6.12]. A5 X 10" cm™? 20-keV phosphorus im-

Ex. 2008-069




m Chapter 6 Thermal Oxidation and the Si/SI0; Interface

To first order, the same set of models described above for' single-crystal silicon can
also be used for polysilicon. This is, in fact, the strategy used in most process modeling
programs. However, this approach is not always completely satisfactory for two funda-
mental reasons. First, polysilicon is polycrystalline material. Second, polysilicon films
are thin- or finite-volume structures. )

The fact that polysilicon materials are polycrystalline means that a variety of crystal
orientations may be present in various grains. The grain structure associated with the
polysilicon layers is a strong function of deposition conditions and subsequent heat
treatments. In general, deposition at lower temperatures results in smaller grain sizes. In
fact depositions below about 600°C tend to produce amorphous rather than polycrys-
talline films. Annealing at high temperatures generally causes the grains to grow and the
number of grains to be reduced. The dominant crystal orientation is often (110). An ex-
cellent reference on polysilicon. its properties and applications is [6.44].

There are several implications of the polycrystalline nature of these films for oxida-
tion kinetics. The most obvious is simply that B/A will vary from grain to grain and per-
haps with time if the poly grain structure changes during the oxidation. We discussed
orientation effects in Section 6.5.5 and saw there that B/A can change by up to 70% de-
pending on the orientation. (110) surfaces oxidize at a rate intermediate between (111)
and (100) (the two extremes) and often what is done to model polysilicon oxidation is
to simply use an average B/A value characteristic of the (110) orientation. For relatively
thin oxides, where B/A is important, we should expect to see variations in oxide thick-
ness across a polysilicon surface because of the varying grain orientations. For thicker
oxides, these differences tend to disappear because as we saw in Section 6.5.5, the par-
abolic rate constant B is not a function of the underlying crystal structure.

Most polysilicon thin films used in silicon technology are heavily doped because they
are usually used as local interconnects, gate electrodes in MOS devices, or for bipolar
gmitter regions. In these situations, modeling any oxidation that takes place will have to
mcl_ude doping effects. This becomes a complicated problem because of the polycrys-
talline nature of the film, and because of its finite volume. Dopants diffuse very rapidly
in poly§111con fl}ms, because they tend to migrate along grain boundaries and then into
the grains. (‘}ralr} boundary diffusion is a very rapid process (at least 10* times faster
than bulk diffusion). As a result, dopant profiles tend to be uniform in polysilicon thin

films after .a very short time at high temperatures. To first order the dopant chemical
concentration is simply given by '

_ ImplantDose

[Dopant]ep = o—
h PolyThickness

(6.52)

whe'n the poly is doped by ion implantation. However, the electrically active concen”
tration may be' much lower than this because some of the dopin 'ltoylm segregate 10
grain boundaries where they are not electrically active and beca%ls(e soﬂm ;;f the free
carriers are alsglrappesj at grain boundarjes. The net result is that n or p and hence E#
?éz:}; E: :lulte ciltfe.:rent from the yalues one would normally find in Singlg-;rvsml silicon

ame doping concentration. The result of these effects is that applying models

like Eq. (6.51) is often not straightforward i ili
1n polysil - - cibhle --.bU[
the correct n or p value must be used to findpEpyaSIlulicl?Zﬁf:lelSCo flem possible 10 40°¢
v,
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Ma]l;l;/eoffllt]l}lges g;lltlrgsea(l)f polysiilicon_ thin films also has some interesting implications.
lustrated in pros 3_220 ISIpp ly tfo silicon on m;glator (SOI‘) structures such as that il-
ing Si0; 1 g —26. Most o l;:n, the polysﬂ'u‘jon la.yer is deposited on an underly-

2 layer. .Durmg an oxidation, the polysilicon is consumed and the layer will
therefore get Fhm.ner. Most N-type dopants prefer to stay in silicon or polysilicon rather
than Segregating into growing SiO, layers. This implies that the chemical and probably
e!ectrxcal'ly active dopant concentrations will increase during the oxidation. In fact, very
‘hlgh doping levels may be reached since poly layers are usually quite heavily doped to
improve their conductivity. The electrically active dopant concentrations may easily
reach maximum solubility levels and in extreme cases, new phases like SiP may be
formed. Such phases may result in unusual process problems. For example, SiP is solu-
ble in HF which may be used later as an oxide etch. If the SiP dissolves, “holes” may be
left in the polysilicon layer resulting in yield problems. Finally, there are some processes
in which the polysilicon layer is fully oxidized. Usually this is done locally as part of a
LOCOS type process. Modeling of such process steps is challenging because extreme
conditions of dopant concentrations and other effects may be encountered as the poly
gets very thin toward the end of the oxidation process. If the polysilicon layer is de-
posited on an underlying silicon layer (as in a bipolar emitter region, for example), the
process physics will be quite different because there is no blocking oxide layer below
the poly in that case.

A number of studies of polysilicon oxidation have been done as a function of tem-
perature, poly doping level, and so forth. To first order, these experiments can be ex-
plained by the single-crystal models we described earlier and this is the approach
normally taken in simulators like SUPREM IV. However, the effects of grain bound-
aries and the poly finite volume can result in greatly different oxide growth kinetics
than those found on single crystal substrates under some conditions. At this point in
time, no general-purpose models have been developed, beyond those we have de-
scribed, to account for these effects.

Figure 6-36 shows an example of a simulation involving polysilicon oxidation using
ATHENA. The silicon substrate is (100) orientation and hence has a slower oxidation
rate than the poly (both are undoped in this example). The poly is mostly consumed by
the oxidation. Notice also the encroachment of the growing oxide under the poly be-
cause of 2D oxidation.

6.5.11 SizNs Growth and Oxidation Kinetics
We have seen several examples in earlier chapters of the use of thin deposite.d Si:qN‘;
films in silicon technology. By far the most common use is as a m‘ask agaix}s't oxidation
in LOCOS type processes. In this application, we are interested-m the ab'lllty of CVD
SisN4 to withstand oxidizing environments for reasonably long times at high tempera-
tures. The use of SizN, in this way is illustrated in Figure 6-37. The process forms a sur-
face layer of SiO2 on the nitride.
Conceptually, the following reactions may take place

Si;N, + 30, - 38i0, + 2N, (6.53)
Si,N, + 6H,0 - 3Si0, + 6H, + 2N, (6.54)
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Figure 6=36 Example of an oxidation simulation involving polysilicon using
the ATHENA simulator [6.12]. The initial structure (left) has a polysilicon layer
on Si0z on silicon. The left half of the structure is etched to expose the 8i sub-
strate, A 60-min H.0 oxidation at 1000°C is simulated on the right,

H,0 or Oy H,0 0r 0,

SisN,

1810,

“White NH3
Ribbon"

Silicon

Figure 6-37 10COS process illustrating local oxidation of sl
: 3 sili . - .
and “white ribbon” formation due to oxidation of the SiyN;, con, oxide formation on the S, surface.
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Si,N, + 6H,0 - 38i0, + 4NH, (6.55)

From a practical point of view, we are usually most interested in the latter two reactions
beca_use LOCOS type processes attempt to grow fairly thick field oxides and this usu-
a.lly- 1mp11e§ an H:O oxidation. Physically, the oxidation process should be somewhat
similar to silicon oxidation. The H;O must diffuse through the growing SiO; layer and
then react at the SiO»/SizN; interface to form new oxide layers. If this is how the oxide
grows, then we might expect a linear parabolic growth law similar to the Deal-Grove
model for silicon oxidation. However, the process is apparently not that simple because
more complex growth kinetics have been reported [6.45, 6.46]. It has been suggested
that ‘thc_e reaction byproducts (N2 or NHs) have an effect on the oxidation, either by
modifying the interface reaction, or by changing the diffusion process of the indiffusing
oxidant as they diffuse out through the oxide.

Lacking a clear physical model, empirical relationships have been developed to al-
low prediction of SisNy oxidation kinetics, One such relationship suitable for HO oxi-
dations is as follows [6.46]:

Axy =11 X 107exp(— 19V

= )t‘”P (6.56)

where Axyis the thickness of the nitride consumed in nm, t is the oxidation time in min,
and P is the H,O oxidant pressure in Atm. The oxidation process involves a volume ex-
pansion just as silicon oxidation does; the resulting oxide thickness is about 1.6 Axx. A
typical SisN, film of 80 nm would therefore be completely consumed by a 1050°C oxi-
dation in about 16.6 hours,

In dry O oxidations, it has been suggested that the reaction that takes place is actu-
ally more complicated than Eq. (6.53) would suggest [6.47]. The oxidation may actually
take place in two steps with a layer of 8izN2O forming on the SisNj surface and then a
layer of SiO; forming on top of the Si;N-O. In any case, the oxidation rate is much
slower than in an H,O ambient and the SiO: grown on SisNu during O: oxidations can
normally be neglected.

One of the subtleties of LOCOS type processes is also illustrated in Figure 6-37.H.O
diffusing through the growing SiO: layer can also react with the underside of the SisNs
layer, generating NH; as a byproduct of the oxidation process. [See Eq. (6.55).] It is
found experimentally that the NH; can then diffuse to the Si/SiO: interface and react
there to form a thermally grown SisNy layer. This is sometimes called the “white ribbon”
effect or the Kooi effect after the person who first explained the process. The “white rib-
bon” name came about because of the characteristic appearance in a microscope of the
Si;Nq layer as a ribbon around the edge of device active regions (just under the edge c?f
the top deposited SiaN4 layer). This grown SizN. layer can sometimes cause problems if
it is not removed in later processing because it can slow down or stop later oxidations
locally where it is present. Fortunately it is easily removed by chemical etching in hot
H:PO, or by oxidizing it after the top SisNy layer is removed.

The white ribbon effect is a specific example of the fact that it is possible to thermally
grow thin Si;Ny layers directly on silicon by exposing the silicon to N; or NH; at high
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temperature. This process step is rarely used in VLSI structures because the 'thickness
of SisNs that can be grown is limited. However the process does have .poter}tlal for fu-
ture thin dielectrics in MOS structures and it is of interest as a te(fhmque in studying
dopant diffusion as we will see in Chapter 7,80 we w.ill briefly co_ngder it here.

Most attempts to thermally grow Si;N4 layers directly on sﬂlc‘:on have used NH;
rather than N; because the growth rates are substantially faster. This may be a result of
the hydrogen byproduct of the NHs reaction which may react with trace amounts of O,
in the ambient to prevent competing oxidation processes from taking place although
this is speculation at this point. At temperatures below about 900°C, oxidation is ther-
modynamically tavored. Films of SiaNs grown in NH; are usually between 2.5 and 7.5
nm thick. The chemical reaction is believed to be

38i + 4NH, — Si;N, + 6H, (6.57)

The films appear to grow very rapidly to about half their final thickness and then
grow slowly to a final thickness that depends primarily on temperature. The growth ki-
netics are not fully understood but are generally thought to occur via a surface reaction
limited process at the Si/SisNs interface at first (the fast part of the growth), followed by
a slower diffusion limited growth phase. This sounds very much like the Deal-Grove
model for oxidation. However, kinetic data for the nitridation process has generally
been fit with either a logarithmic or a power law expression. One example is the fol-
lowing empirical growth law [6.48]:

xy=af (6.58)
0.24 eV)
kT

038 eV
kT

where a= 92exp( - (6.59)

) and b=0.018exp(

ais in nm and ¢ is in min. The thermally grown Si;N, layers reach thicknesses of 2.5-0
nm in several hours of growth at temperatures of 950-1200°C. A number of recent stud-
ies have shown that these growth rates and final thicknesses can be substantially en-
hanCE.id by gr(_)Wing the Si;N4 layers in an N> or NH; plasma. Such plasmas create highly
reactive species, both neutral and ionized, and may also create electric fields to help
drive transport processes. It has been possible to grow SisN, layers 10-30 nm thick with
these processes. The growth kinetics have not been modeled as yet.

Commercially available process simulators generally have not yet implemented
models for Si3'N4 oxidation or for the nitridation of silicon. In many applications jtisnot
a bad approy'umation to assume that SisN, is not oxidized at all in an O» or H,O ambi-
ent and this is by default what simulators like SUPREM IV currently do -

6.5.12 Silicide Oxidation

?:f;nt]:::g in thel.lat'e 1?705, it became apparent that the resistivity of polysilicon would
gies p;lyZEESIn llr:lilt:;:iorl; 01?1 tfh ; s‘peed of ICs. In virtually all modern MOS technolo”
nec{s. When it is used as aon : tor the gate electrodes and for short-distance intercol
e harving the inte f"_ erconnect, the RC delays associated with charging an
ging the interconnect lines can become appreciable if the line resistance is 10
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l;llagol':tl’gz)s}lshcon resistivities cannot be m_a<'ie much lower t.han about 400 pflcm (or
00/sq. f<?r a 0.4 pm thick film). This is unacceptable in many applications. As a
re§ult-, silicides lllfe TiSiz and WS, began to be investigated by 1980. We will discuss the
prmc_:lpal properties of these films in Chapter 11 when we deal specifically with contacts
and 1nterconnect§. However, in many cases, silicides are deposited on top of polysilicon
to reduct? the resistance of poly lines and the composite structure is sometimes ther-
mally oxidized. We did not use thermal oxidation of silicides in the process flow in
Chapter 2 (a deposited oxide layer was used on the TiSi; instead—see Figure 2-38).

. The structure most commonly encountered when silicides are oxidized is shown in
Figure 6-38. The silicide/poly part of the structure forms the gate electrode; the lower
8i0; layer is the gate dielectric and the upper oxide is grown or deposited to insulate
the silicide from other metal layers that may be deposited above it. Silicides are gener-
ally not used directly on gate oxides because there may be adhesion problems, oxida-
tion problems, gate oxide reliability problems, or simply undesired work functions in the
MOS structure.

When such composite structures are thermally oxidized in O or Hz0, a layer of S10,
is normally found to grow on the upper surface of the silicide. In principle, either SiO;
or the metal oxide MOx could grow. Thermodynamic calculations [6.49] suggest that the
MOk is actually favored on Hf, Zr, and perhaps Ti silicides and the difference between
the heats of formation of MOy and SiO; are small on many of the other silicides. Some
uncertainty exists in these calculations, but they do suggest that kinetics must play an
important role in the system choosing to form SiO, rather than MOy in most cases. MOy
is found to be the preferred oxide on HfSi, and on TiSi, at temperatures below 900°C.
With these few exceptions, SiO; appears to grow in all other cases. By kinetics playing
an important role, we mean that Si atoms must react more rapidly with the oxidant than
do the metal atoms, even though both reactions may be possible thermodynamically.

The oxidation process appears to proceed in a manner very similar to silicon oxida-
tion. O, or H,O diffuse through the SiO: layer to the SiOx/silicide interface where a re-
action similar to that which occurs in silicon oxidation takes place. The silicon atoms
needed to form the SiO; can be provided either by diffusion upward from the poly, or
by M-Si bonds being broken. In the later case, the metal atoms would then diffuse down-
ward to form a new layer of silicide at the silicide/poly interface. In both cases, the sili-
cide layer is conserved. Both possibilities are observed in practice. CrSiz, CoSia, NiSia,

Figure 6-38 Oxidation of a polycide (sili-
cide on poly) structure. M is the metal used to
form the silicide.

$10,/MO;

Silicide Poly SiO, Silicon
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PdSi, and PtSi all appear to grow oxides primarily. by dissoci.a'ti'on <_)f the silicide fmd dif-
fusion of the metal to the silicide/poly interface where new s_lhctde is formed. TiSiz, WSis,
TaSiz, and perhaps others form oxides by the diffusion of Si atoms from the pgly layer.
In all cases, the growth Kinetics are well described by the familiar linear parabolic model

xo=Xi Yo~ % (6.22)
B BJA

B is found to be exactly the same for silicide oxidations as it is for silicon oxidation.
This should not be too surprising because the process is the same in the two cases—ox-
idant diffusion through SiO». B/A values extracted from silicide oxidation data are all
significantly larger than the values found for silicon oxidation (typically 10-20 times
larger) [6.50]. Apparently the processes contributing to B/A in the silicide structure,
metal or silicon diffusion, M-Si or Si -Si bond breaking, and so on, are much faster than
the corresponding processes in silicon oxidation. In practice, this means that the oxide
growth is often simply parabolic (B/A — ),

Difficulties can be encountered in oxidizing silicide structures like that shown in Fig-
ure 6-38. For example, if a barrier layer such as a thin native oxide exists between the
poly and silicide layers (due to improper cleaning between poly and silicide depositions
for example), the reaction at that interface may be slowed down significantly. This can
result in voids forming at the polyssilicide interface, apparently because the Si needed
to form the growing SiO: can be obtained only from localized regions where pinholes
exist in the blocking layer. In TiSk in which the metal oxide forms at low temperatures,
it is important to ensure that the oxidizing ambient is not turned on until the wafers
have reached high temperature in the furnace. There have also been reports of oxida-
tion difficulties in O, ambients although these are not uniformly observed. Most data in
the literature are for H;O oxidations. Finally, there are also many reports of problems
with gate oxide integrity if the polysilicon layer under the silicide shrinks to below
about 2,00 nm duripg the oxidation. The poly is consumed during the process, so this
const;amt may limltlthe mz?ximum thickness of oxide that can be reliably grown. Com-
mergally available sm.1ulat10n tools have generally implemented models for silicide de-
position and for reactions betyveen refractory metals and silicon to form silicides (se€
Chapter 11),'but haye not yet implemented oxidation models for silicides, probably be-
cause deposited oxides are commonly used in silicide processes.

6.5.13 Si/Si0: Interface Charges

Towarq the beginning of this chapter, we discussed the four basic kinds of charges that
are typically found at semiconductor/insulator interfaces, Ficure 6-6 Summa.—;zgs these
charges. Of the four gharges illustrated, only two (Qyand Q,-S will be discussed ‘in detail
here. Mobile charges in dielectric layers (Q,,), have been largely eliminated }rom silicon
tecl'lnology becz}use of careful attention to cleanliness during manufacturing. They 0¢
casionally are still a problem, but such situations are rare andisu;llv &uicklv tglimil;zlted
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PY d‘1scov'ering the source of the contamination (chemicals, handling etc.) and eliminat-
{ng lt'. Oxide trapped charge (Q.) is of concern in applications in which the device struc-
ture is e?(posed to ionizing radiation either during manufacturing or during later use of
the IC (in space applications, for example). It is also of concern in devices which pass
current through oxides as part of normal device operation (EPROM:s, for example), and
more ger'leral.ly in very small MOS devices because of hot carrier effects which can in-
ject carriers into the gate dielectric. However little quantitative modeling of Q. has
been' d.on'e to this point. Experiments have determined ways of growing oxides in order
to minimize susceptibility to Qa, largely through proper anneals and choice of growth
temperature and ambient. Qsp measurements have also become common for charac-
terizing thin gate insulators. Much of this work on Q. is, however, empirical at present.
Much more work has been aimed at understanding and predicting Or and O and we
will focus on that work here.

Virtually all of the experimental techniques that are available to investigate interface
charges are electrical in nature. The problem is easily visualized in connection with the
TEM photo in Figure 3-15. Normal densities of Qyand Q: are around 10°-10'> cm™ or
about 1 charge for every 10°-10% silicon atoms at the interface. Physical techniques such
as TEM are simply not sensitive enough to “find” such charges. It is quite literally like
“looking for a needle in a haystack.” Electrical methods, such as the CV technique de-
scribed earlier, do have the required sensitivity and are commonly used to measure Or
and QO Such electrical measurements are also the quantities directly of interest from
the point of view of devices. However, it is usually not straightforward to relate the elec-
trical results to a physical, atomic-level model.

Many attempts have been made to relate the Si/SiO: interface charges to specific
atomic level structures. Figure 6-39 illustrates some of these ideas, although the ideas
represented by this figure should be regarded as speculative. Most workers today agree
that the interface is almost atomically abrupt. If there is a transition region between the
two materials, it is not more than one or two atomic distances thick. The bulk of the ox-
ide consists mainly of rings of SiOy tetrahedra (see Figure 6-5), each with six silicon
atoms in the ring. In the near interface region rings with smaller numbers of tetrahedra
may be present. Many of the models for interface charges associate them with incom-
pletely oxidized silicon atoms, often designated as =Si- for trivalently bonded silicon
atoms. The - is meant to represent a dangling or unsatisfied bond. Both Qrand Qi have
been modeled in this way, although there are clear experimental differences between
the two and so there must be some structural difference between the two charges.

The principal electrical difference between Oy and Qj is that Qy is a fixed positive
charge which does not change during normal device operation, while Q; is in commu-
nication with the silicon surface and can trap holes or electrons to become positively or
negatively charged depending on where the Fermi level is at the surface. One explana-
tion for this that has been suggested is that the =Si- corresponding to Qy are located
physically further away from the interface and thus are unable to trap car?iers. An'o.ther
explanation is that the energy levels corresponding to Qy are located outside the silicon
bandgap whereas those associated with Qy are inside the bandgap. Thus Qx states can
be charged and discharged as E; moves around in the bandgap. Other explanations
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Amorphous
SiOz
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Figure 6~39 Conceptual atomic level picture of the S¥/Si0; interface showing possible
surnctural origins of Orand Or. Oy corresponds to the excess Si* atom; Oy ls shown as an in-
completely bonded Si atom near the interface, passivated in this example with an H bond. The
larger circles correspond to §i atoms; the smaller circles to O atoms.

have suggested that the charges are due to stretched or distorted bonds at the interface.
that is stress at the interface caused by the size mismatch between Si and SiOa, and that
different bonding arrangements account for the different charge types and the different
energy levels in the bandgap found for Q; states. There does appear to be a correlation
between the roughness of the Si/SiO; interface and the resulting charge densities (the
rougher the interface, the higher Qrand Q). In addition, there is nearly always a strong
correlation between the values of QOrand Qy that result from a given pfocess,.again sug-
gesting a common origin [6.51]. Many other models have also been suggested, but none
has been shown to be conclusively correct. .

Whatever the physical origins of Qrand Qu, much is known about how they vary with
process conditions. One of the earliest sets of such experimental data was présented by
Deal in the form of the “Qytriangle” shown in Figure 6-40 [6.52]. The experiments be-
hind this data were done by oxidizing a wafer in a furnace (or am;ealino it in Ar) at the
indicated temperature, and then pulling the wafer from the furnace fai:;lv rapidly (few
seconds) to “freeze in” the O corresponding to that condition. Each curve u.ppéars Y
represent equilibrium values for that ambient and that temper.au;re. That is. 1\ the ar-

rows on the figure illustrate, any point on a i
. . ny curve can be r i  changing
the ambient and temperature in the furnace [6.53] cached simply oY
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Figure 6~40 Variation of fixed oxide charge Or
with oxidation temperature and ambient [6.52],
The arrows indicate that changes in temperature or
ambient result in equilibrium values of O after 2
transient time that depends on the temperature.
Values shown are for (111) silicon; (100) values
are about 2 factor of 3 lower.

Wet O or H,O

i

600

!
800 1000 1200

Temperature °C

In genera.l, if such a change is made, a transient time will be required toreach the new
(on value.‘Thls time is longer at lower temperatures. These transients and the final value
of Qrachieved after a high temperature Ar anneal can be empirically described by [6.53]

o) - (0(0) - 2 exe( ~ 1) + 0, (660)
where T=541 X% 10"mexp<2'4’3;\/) min

0.36 eV

Q. =524 X lOgexp( )cm"2 for (111)

Q=522 % 10"'exp(0'6k9;\])cm"2 for (100)
Qris the fixed oxide charge density per cm’ and Oy is the final or equilibrium value in
Ar for any process temperature (the bottom curve in Figure 6-40). In almost all cases
of practical interest, it is desired to minimize Qy and so a final high temperature Ar an-
neal is used toward the end of a device fabrication sequence. The time required to reach
Qp. is only a few minutes at 1000°C, but many hours at 700°C. N> was the most common
anneal ambient until recently because it is less expensive than Ar. However, as control
of Oy has become more important in modern device structures, it has been found that
Ar is a better choice. The reason is that Qr has been found to increase with time in Nz
after the transient described by the above equations is complete. That is, Qs reduces to
Q. and then begins to increase again in N2. The reason likely is that Si/N, reactions can
take place at the Si/SiOz interface whereas such reactions do not take place in Ar. The
anneal conditions are thus less critical in terms of time and temperature if Ar is used.
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ted out that Figure 6-40 indicates that Q. is essentially inde-

i it Idb i
Finally, it should be poin riangle” has been presented

pendent of temperature. This is historically ‘how the“‘Q; gle” na
[6.51]. More recent data on which Eq. (6.60) 18 based, indicate that Q. is actually smaller
at higher temperatures [6.53]. ) . _
We mentioned above that the interface states or trap$s (Qir) can interact with carriers
during normal device operation, by capturing OT releasil}g holes and electrongThis dis-
tinguishes Qi from Qy. Another very important distinction betWt_:en the two is that the
Q. states can be passivated through hydrogen annealing at falrl_y low temperatures
(300-500°C) whereas Oy is unaffected by such an anneal. By passivated we mean that
once the Q; traps are bonded with H atoms, they are no longer electrically active and
no longer trap carriers. The interface state conceptually illustrated in Figure 6-39 is
shown passivated with a bonded H atom. The mechanism of passivation is believed to
simply be hydrogen diffusion through the SiOz layer to the S¥/SiO» interface and reac-
tion there to form Si-H bonds. Since the process takes place readily at temperatures
metal layers can tolerate, this step is normally done at the very end of the chip fabrica-
tion process. If it is done earlier, the Si-H bonds may break at the higher temperatures
used for diffusions, implant anneals, and so on, and the hydrogen may then outdiffuse.
Because of the importance of this passivation process, it has been carefully studied
over many years in order to understand not only the origins of the interface states
themselves, but also how the passivation works. Most of the atomic level models forin-
terface states are based on excess silicon or incompletely bonded silicon atoms with the
trivalent silicon defect =Si+ we discussed above being a leading candidate. The anneal-
ing or passivation process is usually modeled with molecular hydrogen diffusion to the
Si/SiO, interface followed by hydrogen dissociation to form atomic hydrogen and then
chemical bonding between the =Si- defect and H. This is often expressed simply as

H,2H followedby = Si- + He =SiH (6.61)

Both reactions are reversible. The annealing process itself has been shown to follow a
power law dependence on time, of the following form [6.54].

— Qit(o)
Q= (1 + Ko

121 eV o
T sec”! and 7 = 0.55 for (100) substrates.

(6.62)

where K=84 X 10”exp( -

S (')I;he fj;lal annegled value is below 10" cm™? at all normal anneal temperatures (350~
ﬁ Q). [imes on the order of 39 minutes are required to reach this minimum at 350°C:
; Ortfrftlm(isﬁ;e ad;:quat[eGast I]ngher temperatures. The kinetics appear to be a little dif-
erent for surfaces [6.54]. A number of detail i e be 0-
posed to account for these kinetics [6.54-6.56] lled physical models have becr .
Several additional points should be made r cardi
CH eett , . egarding ;. Usually the diffusion proces®
of I:Iz getling from the ambient to the Si/SiO; interface islneg]ectgd :; the .;;Ckﬁing ki-
netics. This is nearly always a reasonable thing to do because ( )

Ex. 2008-080




L ModelsandSimulalion 357

0.58 eV
kT

D,=72x 10“5exp( - ) cm?sec™! (6.63)
which implies quite short time delays for diffusion through normal oxide layers. The fact
that _Qn annealing Kinetics are generally independent of oxide thickness further sub-
stantiates this argument. However, many modern IC technologies use polysilicon gates
and H» may have to go under the edges of such films and then diffuse laterally under
them. In large area structures such as MOS capacitors, this can involve significant dif-
fu51qn times [6.56]. Polysilicon gates have the advantage, however, of preventing outd-
iffusion of Hz, so that the annealing process is more tolerant of high-temperature
exposure than are bare oxide surfaces or Al covered structures.

Al covered oxides actually do not need an external source of Hz because of the reaction

Al + OH - "AlO0" + H (6.64)

which occurs at the Al/SiO» interface. It is believed that cleaning steps prior to Al de-
position leave trace amounts of water on the oxide surface, which accounts for the pres-
ence of the OH in the above reaction. This process is sometimes called the “Alneal”
reaction. The oxide is denoted “AlO” rather than Al;O; because the composition is not
known and likely changes during the annealing process. Finally, it is also possible to im-
plant H ions through the oxide to the vicinity of the Si/SiO, interface. This process can
provide the H needed for the Q: annealing, although the process is not very common
since other techniques using annealing furnaces are simpler.

In summary, modern silicon technologies use a combination of a high temperature
Ar (or N;) anneal at a temperature on the order of 900-1000°C as the last high-
temperature step to reduce Qy to a minimum value. In addition, a lower temperature
400-500°C anneal, usually in “Forming Gas” (10% H: in Na), is used to minimize Q.
The combination of these two process steps reduces both types of charges to about 10
cm 2 (or lower) on (100) surfaces with slightly larger values on (111) surfaces. These
values are low enough that they do not have a significant effect on most devices.

Commercially available process simulation programs generally do not contain mod-
els to predict Si/SiO: interface charges. Since these charges can have significant effects
on device electrical performance, device simulators often allow the user to input Qyand
Qx values that are then used in calculating I-V characteristics.

6.5.14 Complete Oxidation Module Simulation

Many modern device structures involve complex geometries and many process ste_ps
The only real way to simulate such processes is with a computer simulation code ll!ce
SUPREM 1V, It is important to note, however, that many of the models we have dis-
cussed in the previous sections were developed largely in isolation of each other. For ex-
ample, a researcher studying thin oxide growth kinetics might propose a new growth law
based on experimental measurements But such models are very often developed based
on simple experimental structures, perhaps planar oxidations in this example. %en
such a new model is implemented in a program like SUPREM, it may well be applied
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Microns

Microns

e

to nonplanar structures or at temperatures outside the range of the or'igin.al eXPeri'ments
that led to the model development. New models are also often applied in suuatl(?m in
which many physical effects are occurring simultaneously. For example, the new thin ox-
:de model in this example might be applied to a very heavily doped substrate and as a
result, dopants might segregate into the oxide during growth, perhaps changing the
growth kinetics in ways that were unanticipated by the researcher doing the moqel de-
velopment. Because of all these issues, complete process simulators often provide the
most comprehensive test of new models. Figures 6-41 and 6-42 show two examples.

Figure 641 shows a simple example of the simulation of a typical isolation process.
In this case, the silicon is etched prior to the field oxide growth, so that the final oxide
surface is at roughly the same Jevel as the original silicon surface. This produces the
well-known “bird’s head” shape in the simulation because of lateral oxidation under the
masking nitride. Figure 6-41 illustrates one of the powerful features of modern simula-
tors—the ability to “observe” things that are not easily observable experimentally. In
this case the time evolution of the structure is shown.

Figure 6-42 shows an example of a more complex isolation process. In this case two
nitride depositions (of different thickness) are needed to form the initial structure,
along with a silicon etch to form a recessed field oxide. The second (thinner) nitride
masks the sidewall of the etched silicon, minimizing oxidation in the active device re-
gion under the thicker nitride. In the final structure on the top right of the figure, this
thin nitride “flap” has lifted up to control the stresses developed during the oxidation.
This simulation invoked many of the stress-dependent models that we described earlier

Figure 6-41 Simulation of a recessed LOCOS isola-
tion structure using the ATHENA simulator [6.12]. The
initial structure (top left) is formed by depositing #
$i0,/SisN; structure followed by etching of this stack on
the left side. The silicon is then etched to forma recessed
oxide and the siructure is oxidized for 90 minat 1000°C
in 1,0. The time evolution of the birds head shape dur-
ing the oxidation is shown in the simulations.

Microns
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Figure 6~42 Simulation of an advanced isola-
tion structure (the SWAMI process originally de-
veloped by Hewlett-Packard), using the ATHENA
simulator [6.12]. The structure prior to oxidation
is on the top left. This structure is formed by de-
positing an oxide followed by a thick SisN, layer,
both of which are etched away on the left side. A
silicon etch on the left side is then followed by a
second oxide and nitride deposition. These layers
are then etched away on the far-left side, leaving
the thin Si0»/SisNs stack covering the sidewall of
the silicon. A 450-min H.0 oxidation at 1000°C is
then performed which results in the structure on
the top right. An experimental structure fabricated
with a similar process flow is shown on the bottom
right. The stress levels in the SiQ; are shown at the
end of the oxidation on the bottom left.

Microns

Microns

-1 0 1
Microns

in this chapter. Note that there is reasonable agreement with the experimental structure
also shown in the figure. This example again also illustrates one of the unique capabili-
ties of simulators. The calculated stress levels in the SiO; are shown in the lower-left
portion of the figure. Information like this is often useful in understanding whether a
particular process will create defects in the underlying substrate. The stress contours
themselves are usually not observable experimentally at all. About all that can be done
experimentally is to observe at the end of the process whether or not defects were cre-
ated in the substrate. Simulation thus provides a powerful design tool in understanding
processes and their effects.

6.6 Limits and Future Trends in Technologies and Models

Oxidation is certain to remain an integral part of silicon technology. However, as device
structures shrink in size, some changes may occur in how the process is used. There will
certainly be more use made of lower-temperature processes in order to control impurity
diffusion. Oxides grow more slowly at low temperatures. There are two basic approaches
to obtaining relatively thick SiO; layers at lower temperatures. The first is to use high
pressures during the oxidation, a strategy that is already finding some use in manufac-
turing. Systems that operate at 10-25 atmospheres are commercially available and are
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sometimes used, particularly for LOCQOS processes 'm' wh%ch thick qud_es are required.
The second option is to use deposited SiO2 films. We will discuss deposition in Chapter 9
but relatively simple CVD or LPCVD processes can be used to deposit th-101.< S1Q3 layers.
Such processes are increasingly being used. The ideal properties of the S/SiO, interface
can be preserved with deposited oxides either by first growing a thin thermal oxide and
then depositing SiOz on top of it, or by annealing the deposneq oxide after d.eposmon.
(Such anneals often consist of a short thermal oxidation step Whlch. grows a thin thermal
oxide underneath the deposited oxide, again producing a virtually ideal interface.)

A second trend that is likely for the future, is the use of “composite” dielectric lay-
ers. The SIA NTRS (Table 6-1) calls for extraordinarily thin gate dielectrics in future
technology generations. It s unlikely that pure SiOz films will be able to meet all the re-
quirements of this roadmap. Very thin layers of SiOz conduct excessive currents (due to
tunneling) and they are not adequate masks against dopant penetration from polysili-
con gates. Boron diffusion through these thin SiO: layers is a particular problem. It
would also be desirable to have a gate dielectric with a higher dielectric constant than
SiO, in order to improve the electrical characteristics of MOS transistors or toincrease
charge storage in DRAM cells.

For these reasons, there has been a considerable amount of work in recent years on
composite oxynitride dielectrics. These films were first commonly prepared by exposing
thermally grown SiO: films to an NH; ambient. This results in a dielectric film which is
generically called an oxynitride, often labeled as SiOWNy, but which usually varies in com-
position throughout the film. For relatively short NHs exposures, chemical profiling
through the resulting composite dielectrics has shown that nitrogen rich regions aré
formed both at the Si/SiO: interface and at the top SiOyambient interface. These two
“pitride” layers seal the intervening SiO; layer and can trap hydrogen in the SiO:. Be-
cause this trapped hydrogen can cause instability problems in the devices, more recent
work has focused on using N2O or NO ambients to create the oxynitride. These ambients
do not contain hydrogen. Alternatively, processes that strip off the top “pitride” region
and allf)w the trapped hydrogen to escape, have also been explored. Finally, nitrogen im-
plants into the substrate and subsequent oxidation have also been investigated.

The benefits of the_oxlymt.ride dielectric arise because of the stronger Si-N bonds that
are formed near the S/SiO; interface. This oxynitride interface can result in more rugged
gate dielectrics because the stronger Si-N bonds are more resistant to breaking during
b cre stesing O e ko mor eitan b doant pentai

SiO2 (= 7.5 \;ersus ?%9) i?\r/;iTel:’)i drll‘iatl ?ZtnCdCOIlstant O'f SisNu s significantly highe" tha‘n
they are composite ) t s, th ynitrides do not achieve valu.es as high as 7.3 because

y are composite matenia’s, \ey usually do improve upon SiO-. For all these reasons.

oxynitirides are likely to find increased use in the future as gate dielectrics.
_ 2D and even 3D ef.fec':ts will become increasingly important in small structures. These
include not only predicting the shapes of oxides grown on non - str S 1s0
P . planar structures,buta

accurate prediction of the stresses generated in the oxide and i i bstrate:
Control of oxide thicknesses at the atomicle i e th.e s |_(‘ion < jcs. The
Si-Si bond distances in Si mic level will be required for thin dielectrics. Th
_ S in i02 are a fraction of a nm; this is a signific: -entage of the

total thickness of films that will be grown in the f A 1gni1 }cdnt p}erucn ag ’
plications. Finally, statistical issue ¢ future for gate dielectrics and o[her?P
> al issues may also become important. For example, an oxide
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charge 'dens-ity of 10" cm~? corresponds to one charge in an area of about 0.1 x 0.1 .
As Qev1c.e sizes approach these dimensions, we may find variations from one device to
another in the number of such charges that are contained in the device active area.

6.7 Summary of Key Ideas

Ther.n!al oxidation has been a cornerstone of silicon technology since its inception. In
fact it is really the ability to easily grow SiO; layers that distinguishes silicon technology
from ?ll other semiconductors. 8i0; layers adhere well to silicon, are relatively chemi-
cally inert, mask dopant diffusion, block ion implantations, and are easily patterned.
However the real strength of SiO: lies in the almost perfect electrical interface it makes
with silicon. Electrical charges are reproducible and small and the interface is almost
atomically abrupt. These features allow junctions to be almost ideally passivated at sil-
icon surfaces and they allow a variety of device structures that critically depend on sur-
face properties to be easily built in silicon (MOS structures in particular). Even devices
which are not primarily surface controlled such as bipolar transistors, do not have their
electrical characteristics degraded by parasitic surface effects. No other semiconduc-
tor/insulator interface has all these desirable properties.

Since SiO; is such an important part of silicon technology, the growth kinetics of
these layers on silicon have been carefully studied over many years. The basic growth
mechanism is oxidant transport through the SiO, layer to the Si/SiO: interface where a
simple chemical reaction produces the new layers of oxide. The growth generally fol-
lows a simple linear parabolic law. This basic model of oxidation has been extended in
recent years to handle many situations for which the original formulation falls short.
These include heavily doped substrates, mixed ambients, 2D effects and thin oxides. The
same basic ideas have been applied to other materials like polysilicon and silicides
which are common in silicon technology and which are often oxidized. We have not
dealt in this chapter in detail with the interaction of oxidation with other process steps
such as diffusion. Oxidation enhanced or retarded diffusion and impurity redistribution
and segregation during oxidation are important effects. We will discuss them in more
detail in Chapter 7 after we describe the basic ideas of dopant diffusion. Finally, many
of the models and physical mechanisms described in this chapter have been imple-
mented in process simulators. These simulators today are capable of accurately pre-
dicting the oxidation processes in modern VLSI structures. As new understanding
develops, particularly with respect to very small structures, new models are incorpo-
rated in these simulators so that their capability is constantly improving,
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6.9 Problems

6.1

6.2.

6.3.

A spherically shaped piece of silicon is cut and polished from a Czochralski
single-crystal ingot and oxidized in a thermal oxidation furnace. Upon pulling the
silicon sphere from the furnace, the color is observed to vary significantly over
the surface. Why? ’

Using Egs. (6.1) aqd ~(6.2), explain why oxides thinner than about 50 nm do not
have any ch‘aractenstlc‘color associated with them. You do not need to do any cal-
culations. Simply explain the physical reason for the lack of color in thin oxides.

An experimental Metal Insulator Semiconductor (MIS) (I = insulator) structur®
is fabncgted by d‘epos'ltmg $13N4 (silicon nitride) on a silicon substrate. The nitride
is deposited by directing a jet of silane and ammonia at the surface:

3SiH, + 4NH; - SiyN, + 12H,
A metal electrode is deposited and a CV plot is made as shown below. A repre-

sentative CV plot is also shown for an i i . ;
: . identical structure ex nermally
grown SiO: as the insulator. ucture except with thelm
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SisNy N SisN,

Si0,

6.4.

6.5.

Explain the lateral shift in the CV curve of the SisN..

Construct a HF CV plot for a P-type silicon sample, analogous to Figure 6-9, Ex-
plain your plot based on the behavior of holes and electrons in the semiconductor
in a similar manner to the discussion in the text for Figure 6-9.

A MOS structure is fabricated to make CV measurements as shown below. The CV

plot shows the result if the P~ diffusion is not present. Sketch the expected shape
of the CV plot with the P* diffusion. Explain.

f=1MHz

\%
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6.6.

6.7.
6.8.

6.9.

6.10.

6.11.

6.12.

6.13.

6.14.

6.15.

In a small MOS device, there may be a statistical variation in 1A/-r.due to dif_ferences
in Qr from one device to another. In a 0.13-pm technology minimum device (gate
oxide area = 0.1 pm X 0.1 wm) with a 2.5-nm gate oxide, what_would the differ-
ence in threshold voltage be for devices with 0 or 1 fixed charge 1n the gate oxide?

Why is steam oxidation more rapid than dry Oz oxidation?

Under what conditions is the {hermal growth rate of SiO: linearly proportional to
time?

According to the Deal-Grove model, oxidation kinetics start out linear and be-
come parabolic as the oxidation proceeds. Calculate the oxide thickness at which
this transition takes place and plot this versus oxidation temperature.

Does the oxide thickness at which there is a transition from linear to parabolic rates
change if we perform an oxidation at a pressure of 20 Atm rather than at 1 Atm.

A MOS device requires a gate oxide of 10 nm + 0.5 nm. Assume the growth is
done at 900°C in dry Oa. Neglect any effect of the anomalous initial growth. De-
rive a simple expression which gives the sensitivity of the oxide thickness to
growth temperature (dx/dt). Evaluate this expression to see how well controlled
the furnace T must be in order to obtain 10 nm * 0.5 nm at 900°C.

A silicon wafer is covered by an SiO film 0.3 pm thick.
a. What is the time required to increase the thickness by 0.5 wm by oxidation in
H:0 at 1200°C?

b. Repeat for oxidation in dry O: at 1200°C.

Suppose an oxidation process is used in which (100) wafers are oxidized in Oz for
three hours at 1100°C, followed by two hours in H>O at 900°C, followed by two
hours in O at 1200°C. Use Figures 6-19 and 620 in the text to estimate the re-
sulting final oxide thickness. Explain how you use these figures to calculate there-
sults of a multi-step oxidation like this.

Wl_lat i's the approximate oxide thickness (use charts) after a 100-minute dry O
oxidation followed by a 35-minute H.O oxidation at 900°C?

The structure shown below is formed by oxidizing a silicon wafer (x» = 200 nm)
and then using standard masking and etching techniques to remove ihe SiO. in the
center region. An N* doping step is then used to produce the structure shown. The
structure is next placed in an oxidation furnace and oxidized at 900°C i]l H.0.The
oxide will grow faster over the N* region than it will over the lightly dopéd su
str:clte, Assume that B/A is enhanced by 4X over the N* region :Nill— the growing
oxide over the N* region ever catch up in thickness to the otgher 'oxide'? It so.when
and at what thickness? Use the Deal-Grove model for the oxidation Kinetics
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6.16. A 1-pm wide trench is etched in a <100> silicon wafer, so that the sides of the

6.17.

trench are <110> planes. An angled implant is performed. doping the sidewall
N * and th_ergby enhancing the linear rate constant by a factor of 4. The structure
is then oxidized in steam at 1100°C. At what time during the oxidation will the

groove be filled with SiO,? Assume the appropriate oxidation coefficient scale as
[(111:110:100) = (1.68:1.2:1.0) ].

< 100>
Sidewall

< 100>
Substrate

A uniform oxide layer of 0.4-p.m thickness is selectively etched to expose the sil-
icon surface in some locations on a waler surface. A second oxidation at 1000°C

in H,O grows 0.2 um on the bare silicon. ‘ 3
a. Sketch a cross section of the SiO: in all locations on the wafer and the position

of the Si/SiO: interface. .
b. Would your picture be the same if the second oxidation grew the 0.2 pm at a
different temperature? Explain.
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6.18.

6.19.

6.20.

6.21.

Silicon On Insulator or SOI is a new substrate material that i‘s being CQHSiqered
for future integrated circuits. The structure. shown below, consists of a thin Sm??le‘
crystal silicon layer on an insulating (SiOz) substrate. The silicon bglow the SiQ,
provides mechanical support for the structure. One of t.he reasons this type of ma-
terial is being considered is because junctions can be dlffuse‘d corppletely tprough
the thin silicon layer to the underlying SiOs. This reducgs Jupctlop capac1.tances
and produces faster circuits. Isolation is also easy to acl%lev.e in thAlS material, be-
cause the thin Si layer can be completely oxidized, resulting in flevwes completely
surrounded by SiO». A LOCOS process is used to locally oxidize through the sil-
icon as shown on the right below. Assuming the LOCOS oxidation is done in H.Q
at 1000°C, how long will it take to oxidize through the 0.3-um silicon layer? Cal-
culate a numerical answer using the Deal-Grove model.

0.3 pm

Silicon device layer

Si0,

(100) Silicon Substrate (100) Silicon Substrate

Starting Material After LOCOS Islation

As MOS devices are scaled to smaller dimensions, gate oxides must be reduced

in thickness.

a. As the gate oxide thickness decreases, do MOS devices become more or less
sensitive to sodium contamination? Explain.

b. Asthe gate oxide thickness decreases, what must be done to the substrate dop-
ing (or alternatively the channel Vry implant, to maintain the same Vra?

A S?Oz layer is thermally grown at 1000°C using a 10-20-30 min dry-wet-dry 0¥
idation cycle. Upon pulling the (100) wafer from the furnace, the oxide color is 0b-

served to be tan. s this right? If not, suggest what might have gone wrong in the
experiment. N

In the sirpulation example in Fig. 6.35, the difference in oxidation rate between
the heavily doped and lightly doped regions is much more pronounced at 1oV
temperalur‘es (the 800°C example) than at high temperatures (the 1000°C exam-
ple). Explain physically why this is the Case using the mechanisms in the Deal

Grove model and the behavior i 1 d
of point de g s verst®
temperature P fect (V) concentration
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The structure shown below is implanted with oxygen using a 1 X 10'® cm~2 im-
plant at 200 ke V. This places the implanted oxygen in a profile centered at 0.35
pm (Rp = 0.35 um) below the surface. The left-hand side is masked from the im-
plant. Fo!lowing the implant, a high-temperature anneal is performed which
forms stoichiometric SiO; in a buried layer on the right side. Calculate the struc-
tural dimensions on the right side following this anneal (oxide thickness, distance
from .the Surface, and all other important dimensions). You can assume the silicon
atomic density is 5 X 10® atoms cm~?, and the Si lattice planes are 0.25 nm apart.
State any other assumptions you make.

NN

L O implant

6.22.

6.23. As part of an IC process flow, a CVD SiO; layer 1.0-pm thick is deposited on a
<100> silicon substrate. This structure is then oxidized at 900°C for 60 minutes in
an H,O ambient. What is the final SiO; thickness after this oxidation? Calculate
an answer. Do not use the oxidation charts in the text.
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PRSI

9.1 Introduction

The CMOS process flow in Chapter 2 contained many layers above the silicon sub-
strate. These layers include dielectrics, semiconductors, and metals. In most cases these
!ayers must be deposited which implies that there are typically many deposition steps
in an IC process. In this chapter we describe the different techniques used to deposit
these thin films. In Chapter 10 the techniques used to etch thin films are discussed.

We begin with several issues related to thin films and their deposition. These issues
are important when evaluating deposited films and choosing deposition methods. The
first issue is the “quality” of the deposited film. By quality we mean composition, conta-
mination levels, defect density, and mechanical and electrical properties. The composi-
tion of tilms may vary depending on the deposition conditions and it is usually important
to achieve a specific composition. This is especially important when a range of composi-
tions is possible, such as with TiN films which can be Ti or N rich, or with alloys of met-
als like AUCu. Generally there needs to be a low level of contaminants, such as unwanted
metals, water, oxygen, or halogens. There should also be a minimum of pin holes or other
structural defects. These often result from particle contamination on the surface and are
a common problem in thin film deposition (recall Figure 4-1). There should also be a
minimum of stress in the films, and the films should be mechanically stable during sub-
sequent processing. Finally, good adhesion to underlying films is important.

A second issue is that of uniform thickness across a wafer, from wafer to wafer, and
as the film crosses nonplanar topography. Figure 9-1 shows a metal layer deposited over
nonplanar topography in which there is a step in the underlying oxide. In Figure 9-1(b)
the film thickness decreases as it crosses a step, which can lead to high electrical resis-
tance in metal lines and a greater chance of mechanical cracking and failure. Coverage
on the side of a step in topography is called step coverage. It is often defined quantita-
tively as the minimum thickness deposited on the side of a step divided by the thickness
deposited on the top horizontal surface. Conformal step coverage, or conformal cover-
age, refers to uniform film thickness on both horizontal and vertical surfaces, or a step
coverage of one.

A related issue is that of filling spaces between or within topographical structures.
This includes filling a via or contact hole with metal, as illustrated in Figure 9-2(a), and
filling spaces or gaps in shallow trench isolation structures or between metal lines with
an oxide (often called gap filling), as illustrated in Figure 9-2(b).In this figure ipcgm—
plete filling is shown, leading to a void in the dielectric betwee.:n the.hnes A void in a
metal layer can lead to high-contact or -sheet resistance, and in a dielectric layer can

509
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I
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Metal ngmgq-lamp coverage of metal over nlonplzlnur topogra-
phy. (a) shows conformid step coverage, with constnt thick.
ness on horizontal and vertical surfaces. (b) shows poor step

coverage.

(a)

(b)

Metal \
y f-
bt

©

Mewl N_”

(@)

Figure in film filling issues. (a) shows good metal filling of a via or contact hole in a di-
electric layer, (b) shows silicon dioxide dielectric fiiling the space between metal lines, with poor
filling leading to void formation. (c) shows poor filling of the bottom of a via hole with a barrier or
contact melal.

result in cracking problems. In addition, a void may trap processing chemicals or mois-
ture, leading to reliability problems. Even if complete filling of a space is no1 needed,
good coverage or filling at the bottom of a space is often required. An example of this
is the case of depositing contact and barrier layers, in which good filling of the bottom
of contact or via holes is important. Figure 9-2(c) shows poor bottom coverage of a
deep contact hole. The sides may also need adequate coverage of an adhesion layer.
An important parameter that can affect filling and bottom coverage is the Aspect
Ratio (AR) of a fcature, defined as the ratio of the height of a feature to its width;

heigh {
AR = 1e.1g t of feature _h ©.0)
width of feature

The fef.aturc could be a metal line, for eXample, or a space, such as a gap between two
metal lines or a contact hole, as illustrated in Figure 9-2(b) and (€). A deep. narrow con-
tact hole would have a large aspect ratio and would be harder to fill.

Two exampies of poor filling and coverage are shown in Figure 9-3. Figure 9-3@)
shows poor step coverage of a TIW/AITIW metal stack layer over au oxide step. Fig-
ure 9-3(b) S!IOVYS voids in an oxide layer for narrow spaces between metal lines. We
I’Vl]:isee that in filling or depositing in very deep contacts or vias, conditions that would
cf)?lla[;sggfii::p COvetage may actually hinder adequate filling of the boltom of the
. e\:ive 53“; In the CMOS process flow in Chapter 2 that as more interconnect levels are

sed. another property that is desired for thin films is a smooth and flat top surface, as op"
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Paar Step Coverage

P
0.5 micron L micron

Figure 9-3 SEM images of coverage and filling problems. (a) shows poor step coverage
of a TIW/AV/TIW metal stack layer, deposited by sputter deposition, over an oxide step. (b)
shows voids in a Chemical Vapor Deposition (CVD) oxide layer for narrow spaces between
metal lines. Photos courtesy of VLSI Technology, Inc.

posed to one that just follows the underlying topography. Figure 9-3(b) shows a relatively
flat, planarized top surface of the oxide over the metal lines. While planarized topogra-
phy can be achieved by postdeposition processing using etching or polishing techniques,
we will also see how certain deposition techniques can also help attain this feature.

9.2 Historical Development and Basic Concepts

Methods of thin film deposition are usually separated into two main categories: Chem-
ical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD). In each case the
silicon wafer is placed in a deposition chamber, and the constituents of the film are de-
livered through the gas phase to the surface of the substrate where they form the film.
In the case of CVD, reactant gases are introduced into the deposition chamber, and
chemical reactions between the reactant gases on the substrate surface are used to pro-
duce the film. In the case of PVD, physical methods are used to produce the constituent
atoms which pass through a low-pressure gas phase and then condense on the substrate.
The methods used to produce the atom flux in PVD include (1) heating a solid or
molten source until it vaporizes, called “gvaporation,” and (2) bombarding a solid
source with energetic ions formed in a plasma, called “sputter deposition.” PVD is
sometimes called “vacuum deposition” since very low-pressure environments are re-
quired for the transport of the gaseous species from the source to the film surface. (As
we will see, low-pressure CVD is commonly used, but not at nearly as low pressures as
in PVD.) CVD has historically been used in the integrated circuit industry mainly for
silicon and dielectric deposition, primarily due to its good quality films and good glfap
coverage. PVD has been used historically for m(_etal depo§ition, mostly due to its ability
to deposit a variety of metals and alloys not easily deposited by CVD.

Ex. 2008-096




m Chapter 9 Thin Film Deposition

A third category for thi

n film deposition is the‘lechmque of coating a wafer with 5
liquid film that forms a solid film when heated. Spm—Oni](_}lassei (lSOG§) are Cfaﬂ_\ples
of this. This method, which is used for [opog.raphy smoothing or (i) anarization, \\.nu be
discussed in Chapter 11. A fourth category includes electrolytic deposition technigueg
These have historicaily been used for printed circuit board fabrication but have fecenly
been extended to the deposition of Cu interconnect layers.

9.2.1 Chemical Vapor Deposition (CVD)
In CVD, gases are introduced into the deposition chamber that react and form the de.
sired film on the surface of the substrate. The silicon substrate will usually have other
films deposited and patterned on it which then form a complc.x topography on which the
new film must be deposited. Either a single gas is used that will decompose when heated
to supply the necessary component or components for the film, or multiple gases are useq
which will react to produce the film. In either case, the film-producing reaction should
take place on the surface of the substrate as opposed to in the gas stream. Gas stream re.
actions can create particulates that form above the wafer which can drop down onto the
surface and cause the films to have pinholes or low density. Sometimes appropriate re-
actants are not available in gaseous form, in which case a liquid source may be used. A
carrier gas such as hydrogen is bubbled through the liquid source and carries the source
vapor to the reaction chamber. Nitrogen or argon may be used as a diluent or carrier gas
The simplest CVD process uses an atmospheric deposition chamber, and no plasma-
enhanced processes are used. This is appropriately called Atmospheric Pressure Chem-
ical Vapor Deposition, or APCVD. The configuration shown in Figure 9-4(a) is 2
common type that has been used for APCVD, especially for epitaxial silicon deposition,
but several other systems in a variety of configurations suck as barrel-shaped chambers
have been used. The walls of the chamber in this case are not heated—a so-called “cold-
wall” reactor. The wafers are heated by using a graphite susceptor which is heated by
RF induction. This minimizes deposition on the reactor walis since only the susceptor
and »\.rz.xfers are hot. APCVD has been used for many films, especially epiaxial silicon
and.slllcon'dloxide—both undoped and doped with boron and phosphorus. However.
the increasing use of Low-Pressure CVD, or LPCVD, and Plasma-Enhanced CVD,0f
PECVD, for reasons to be discussed in the following sections, has made the use of
APCVD reactors much less common today.
sta: l‘(ge‘éfz g:(hf:) ;}rlxgvl,; thg low-pressure CVD configuration. In this case the walersare
complished fsir;g resistieve ;poil_tlonlls p et amed at a reduced B, e M:
actor), which heats u thceta ‘b“g e e(;nents Wff'lppeld a'round !hc. tube (a ‘_‘hc_xt—\vall t:e
oxidation system dESCI'lI?bEd . UC h: a[!é Gez]erythlr{g inside. This is very similar '[(L ot
this type of system. pter 6. Very uniform temperatures can be obtain

. There are other types of CVD
idea of supplying gaseous chemic
energy is usually thermal energy,
ergy needed by using a plasma 1o
icals to stimulate the de position,

configurations and techniques, but all are based on e
al sources and energy (o the surface of the wafers. T
but one can greatly reduce the amount of thermal &0
Provide for energetic ions and very reactive free radk

/
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Figure 9-4 Chemical Vapor Deposition (CVD) systems. (2) is an atmospheric cold-wall sys-
tem used for deposition of epitaxial silicon. (b) is 2 low-pressure hot-wall sysiem used for de-
position of polycryslal]jne and amorphous films, such as polysilicon and silicon dioxide,
respectively.

9.2.1.1 Atmospheric Pressure Chemical Vapor Deposition (APCVD)
Although APCVD systems are not used as commonly today, we will begin with an
APCVD system to describe some of the basic concepts of CVD. The steps involved in
a CVD process, schematically illustrated in Figure 9-5,are

1. Transport of reactants by forced convection to the deposition region.
2. Transport of reactants by diffusion from the main gas stream through the boundary
layer to the wafer surface.
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Gas Stream
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Flgure9-5§tepmol»cd in 2 CYD process. Numbered steps are explained in text.

3. Adsorption of reactants on the wafer surface.

4. Surface processes, including chemical decomposition or reaction, surface migration
to attachment sites (such as atomic-level ledges and kinks), site incorporation, and
other surface reactions.

5. Desorption of byproducts from the surface.

6. Transport of byproducts by diffusion through the boundary layer and back to the
main gas stream,

7. Transport of byproducts by forced convection away from the deposition region.

A process not explicitly shown is that of desorption or “reemission.” often just called
“emission,” of the reacting species before any reaction can occur. This is related to the
sticking probability or coefficient, which will be discussed in more detail later, This
process becomes important in coverage and filling issues, particularly in low pressure sys-
tems, since the desorbed species may deposit elsewhere such as on the sidewall of 3

trench or contact hole. In CYD  processes

the emission and redeposition process may oc-

cur quite readily, corresponding to a low

sticking coefficient and can Icad to better cov-

erage. Surface migration or diffusion can also occur on a more long-range scale on nonflat

topographies, duc to surface curvature and surface energy reduclion considerations for

example. This can affect cover
position. In the analysis here

age and filling in a similar manner to reemission and rede-
we ar¢ mainly concerned with deposition kinetics of thin

films for relatively large-scale depositi

ons an relatively flat surfaces. Local topography

and coverage issues will be examined later focusing on low pressure CVD and PVD sys

tems. We will also not consider g
diary vapor-phase species.

as-phase reactions, which sometimes produce interme-

’ Afl;ll l‘reatrr}entl of the kinetics of CVD thin film deposition, or growth, would involve
all of the steps in Figure 9--5, However, steps 2-5 are usually the most important as far &

geiielrll]mmng the ov§rall growth rate and thus we consjder only those processes here. Step
2 le;nasg lfsﬂ“Siﬂ..r. Of_{ﬁac,lammhrough%he boundary layer. To simplify matters. ¥
group steps 3-5 and classify them together as surface reactions. In our simple Lreatme®!
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Boundary .
Layer — Figure 9=6 Wafer surface region in CVD process showing concentrations
and fluxes of reactant species.

Silicon

we qf)nsider‘t;tlg_ fluxes for the two important processes (mass transfer and surface reac-
tions) afid equate_them under steady-state conditions. The treatment is very similar to
that used for oxidation kinetics in Chapter 6 and for photoresist development in Chap-
ter 5. Figure 9-6 shows the surface region of the depositing films, with the appropriate
concentrations and fluxes in the gas-phase boundary layer and at the wafer surface.
The flux of reactant species from the gas phase to the wafer surface through the

boundary layer, F; (in molecules cm~2sec™ "), can be described by
Fy=hg(Cg — Cs) (92)

difference in concentration of the reactant species (in mole-

The (Cg — Cs) term is the differel
cules cm~?) between the main gas flow and the wafer surface, and Ag is the mass trans-

fer coefficient (in cm sec")._ This flux represents the gas-phase diffusion through the
stagnant boundary layer that forms between a flowing gas and a solid object. F is the
flux of reactant consumed by the reaction at the surface. Assuming first-order reaction

kinetics. this can be written as

F, = kCg ©3)

where ks is the chemical surface reaction rate (in cm sec™") and Csiis the concentration
of the reacting species at the surface (in molecules cm~?). All of the processes involved
with the surface chemical reactions and surface diffusion that occur during the actual
film formation, steps 3-5 above, are lumped into this one parameter. This is very simi-
lar to the strategy used in the Deal-Grove oxidation model. [Recall Eq. (6.17).]
Assuming steady-state deposition conditions, these two processes that act in series
must be equal to each other, and the overall process will proceed at the rate of the

slower process. Thus

F=F=F, 9.4)

and equating Eqgs. (9.2) and (9.3) leads to
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k)~ .
CS= CG 1+ h(; (9‘))
The growth rate of the film is now given by
F_ _khg Co
YINTksthg N ©8)

where v is the deposi[ion rate or VCIOCin in cm sec” l, and IY is the m’x’mber!of atoms in-
corporated per unit volume in the film, or its density, in cm ™ (5 X 10* em~* for the case
of Si deposition). ) . L
We now define Y to be the mole fraction of the incorporating species in the gas phase;
Cs

Y= a 0.7

where Cris the concentration of all molecules in the gas phase. One example is the case
of epitaxial Si deposition by the reaction of SiCls and hydrogen:

SiClygy + 2Hyy ¢ Sigy + 4HCly, ©38)

Here the incorporating species is Si, Cg is the number of molecules of SiCly per cm in
the gas phase and Cr would correspond to the total number of SiCL; and H; molecules
(plus any other species) per cm? in the gas phase. Y is also equal to the partial pressure
of the incorporating species, Po. divided by the total pressure in the system such that

YEQQ_ Fg Pg

~ta . Pe 99)
Cr Pryq Pg+Pg+...

where Pg is the partial pressure of SiCl, and P corresponds to the partial pressure of

2. The partial pressures of any other gas species present, such as N: or Ar used as car-
rier or dilutant gases and any byproduct gases, would also have to be added to the total
pressure term. The equation for the deposition velocity is now

U Cry (9.10)

Example Calculate the deposition rate for a CYD system in which
he = 1.0 cm sec™!
ks = 10 cm sec™!
Partial pressure of incorporating species =
Total pressure = Py = | atm = 760 torr

Ps = 1torr
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Total concentration in gas phase = Cr = 1 x 10" cm™>
Density of depositing film = N = 5 x 102 ¢cm™>

Answer By Eq. (9.10):

kg Cy 1 C
Tk + hg NY=(l+ 1)WTY
he ks
. 1 1x10%em™3 1
( 1 1 )5 X 102 cm™? 760
1.0cmsec™! 10 cmsec™?

=24 x 1077 cm sec™! = 0.14 ym min !

From Eq. (9.10) one sees that the deposition velocity is determined by the smaller of
ks or hg,leading to two limiting cases. If ks << hg, then

C
v ﬁkSY (9.11)

This is the surface reaction controlled case. The mass transfer through the gas bound-
ary layer is relatively fast, while the surface reaction is sluggish. From Eq. (9.5) one sees
that the surface concentration, Cs, approaches Cg. If g << ks, then

Cr
N

VE

heY (9.12)

This is the mass transfer, or gas-phase diffusion, controlled case. Here the surface reac-
tion is quite fast compared to the mass transfer process. Cs approaches zero because the
reactant species are used up at the surface as soon as they arrive. In the above example,
he << ksand so that system is operating in the mass transfer controlled regime.
These two limiting cases are analogous to the oxidation cases in Figure 6-15.The
analysis in Chapter 6 showed how thermal oxidation leads to two kinetic regimes, one
described by a linear rate constant (interface reaction limited or controlled) and the
other described by a parabolic rate constant (solid-state diffusion limited). In the
case of CVD deposition, there are also two limiting cases: one reaction controlled
and one diffusion controlled. But the growth rate in both regimes is linear with time.
That is, both regimes have constant growth velocities, and neither is parabolic. This is
because the reaction always oceurs at the growing surface, and the diffusion-related
process is mass transport through a gas region of constant thickness, not a growir}g
solid region as in the oxidation process. The two CVD regimes are thereforg n0.t dif-
ferentiated by different growth laws. However, the two processes dominate in differ-

ent temperature regimes.
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Growth Velocity

(log scale)

Flgure9—7 Arrhenius plot of growth velocity (o,: df'Posiu‘on
rate) vs. /7 for CVD process. The net grawth velocity is the re-
sull of the surface reaction und gas-phase muss transfer
processes acting In series so that the slower of the two dorpi-

nates at any lCmpCl‘Ill\ll‘(.‘.

S Agterm with kg = &, exp (-E/kT

Mass Transfer Reuction
Controlled ’ Mixed Controlled

T

The temperature dependence of the surface reaction controlled case is Arrhenius just
as in the oxidation case. On the other hand, the mass transfer coefficient, A, is rather in-
sensitive to temperature. Figure 9-7 plots the growth velocity versus reciprocal tempera-
ture. The ks and ic components are plotted separately showing their different temperature
dependencies. When the two components are combined so that the smaller of the two
components dominates (two processes acting in series), as described by Eq. (9.10), the re-
sulting growth velocity behaves as shown in the figure. In practice, the cross-over temper-
ature (where the two processes are equal) and the temperature ranges for the different
regimes depend on a variety of factors, such as the specific gases used. the reaction acti-
vation energy, wafer configuration, the flow conditions in the reactor, and the pressure.

This basic model for CVD deposition has important implications for deposition con-
ditions and equipment configuration. When the deposition occurs in the mass transfer
controlled regime (higher temperatures), the deposition rate is relatively constant with
temperature. However because it is limited by mass transfer of species through the gas-
phase boundary layer, the flow of the gas over the wafers and transport of the reactants
to the wafer surfaces are very important and can place major restrictions on the con-
tiguration of the equipment and the placement of the wafers, For example, the wafers
must usually be placed face up and edge to edge in the chamber (s in Figure 9—(a)]to
ensure that equal gas flows reach each wafer surface and that equal deposition ratesart
ach.leved. By contrast, when the deposition occurs in the surface reaction controfled
regime (lower temperatures), the process s very sensitive to temperature, However. the
lrfmss Iranshter through the bou.ndary layer is not as important, leading to fewer restric-
flOI:lf o»nft ¢ gas floyv and wafer plf\cemem, For example, the wafers may be stackcfi

ace-to-face [as 1n Figure 9-4(b)] without much of a penalty in wafer-to-wafer depost

tion uniformity.

pherc presre Al o e aPeimental data fo the deposiion of sfon at sk

reaction limited regimes shaer oAurc;:s C‘Xhlblf sm.ular types of l')el’l%l\tll-\r. wnl?'aurlon)

limited regimes showing: little te B eratrus behavior, and mass transfer (or d'tfusl{thc

curves in the reaction limited coperature depend?nce_ For all sources. the slopes 0/
regimes are approximately the saine, with an activatiot
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energy of about 1.6 V. This suggests that the rate limiting surface reaction process is the
same for each of the different sources and may be related to the desorption of hydro-
gen atoms from the Si surface. The choice of source gas does affect the overall growth
velocity. The growth is fastest for a silane (SiH) source and slowest for a silicon tetra-
chloride (SiCL) source. The growth rate in the mass transfer limited regime is found to
be approximately inversely proportional to the square root of the source gas molecular
weight. There is also a substrate orientation effect on the growth kinetics. As expected,
this is only important at lower temperatures where the surface reaction dominates. The
(111) Si surface has a lower growth rate, presumably due to the fewer kink or attach-
ment sites available for atom incorporation.

Epitaxial Si deposition has traditionally been done.at higher temperatures o ensure
that all the Si atoms being deposited are incorporated into lattice sites in order to ob-

tain a smgle-crystal thin film. This means that epitaxial Siin these systems is deposited
Th the mass transfer regime where gas-phase processes are important. On the other
hand, polysilicon is usually deposited at lower temperatures and in the surface reaction

P ’

regime. Here the gas-phase processes are not important (so that stacking of wafers is
possible), but the deposition is very temperature sensitive.
Earlier we assumed that the flux of reactant from the main gas flow to the wafer sur-

face could be described simply by
Fy=hg(Ce — Cs) (92)

where hg is a constant. But gas flow in deposition chambers is more Fomplicateq than
this, and it is worthwhile to take a little deeper look at it. We start W.lth the configura-
tion of Figure 9—4(a) where the wafers lie flat on a suSC.eptor. The simplest model as-
sumes that a completely stagnant boundary layer 3s exists next to the s.urface of Fhe
wafer. This means that for some distance, away from the surface, the gas is not moving
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Flgure9-9Bnundary i;)";;\vlociﬁes ulong susceptor. 3y is the thickness of the boundary layer.
The boundary layer increases with distance in the direction of the gas flow from Newton's second las.
(after {9.2].)

at all. Beyond 85, the gas is well mixed and moving at a constant velocity, U, parallel to
the substrate surface. Figure 9-9 illustrates this and also the fact that 8sincreases in
thickness along the susceptor. The transfer of gas across the boundary layer is assumed
to occur via diffusion.

According to Fick’s first law, the flux across the boundary layer at steady state is

aC D
Fi= —Dgo==28
S

(co— ) 13
where Dg is the diffusion coefficient of the reacting species across the boundary layer
in the gas phase, and C¢ and Cs are defined in Figure 9-6. From Eq. (9.2) we see that fig
corresponds to

he =20 014)

If D¢ and 8sare constant, then g is constant. But s is generally not constant with po-
sition in the chamber.

Right next o the wafer surface, the gas velocity is zero, and the velocity changes from
zero to U within the boundary region. The boundary layer is caused b;v the frictional
force of the gas stream on the stationary susceptor and wafers. If the gas velocity right
n.exl to the wafer surface were not zero, an infinitely large frictional force would exist
right at the surface which would bring the velocity to zero there. Using Newton's S¢¢
ond law (F = ma), where Fis the friction force, one can determine the position of the
boundary layer as a function of x to be [9.2] '

85(x) = (pEU) v ©13)
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where p is the gas density, p. is the gas viscosity,

. . and U'is the bulk i
Since 8increases along t ulk gas velocity as before.

efficient, o, dooreases al(l)llf lf;;llgtlh of the susceptor, then the effective mass transfer co-
fore if the (ieposition A gt debength of the susceptor according to Eq. (9.14). There-
deposition tats would 4 mited by mass transfer through the boundary layer, then the
In addition. souree cheasle going from the front of the susceptor to the back.
ing gases are szsume dga;1 epletion occurs down the lepgth-of the susceptor. As react-
L d, their concentrations decrease with distance along the susceptor.
Since the grov_vth rate is proportional to the partial pressure of the reacting species, the
growth rate will decrease going downstream. While the growth rate decrease due to the
Increasing boundary layer is important only in the mass transfer regime, this decrease
due to reactant depletion occurs in both the mass transfer and surface reaction con-
trolled regimes. This is because Y is important in both regimes [Egs. (9.11) and (9.12)].
. To compensate for both the boundary-layer variation and depletion effects, a change
in reactor geometry is needed. The wafer susceptor is tilted, as shown in Figure 9-10. This
decreases the cross sectjonal area.of the chamber along the susceptor, which causes the
gas velocity to increase. This in turn causes the boundary layer to decrease along the sus-
ceptor. This increases the growth rate downstream, compensating for the friction-induced
boundary-layer increase as well as the depletion effects. A way to compensate for the de-
pletion effect when operating in the surface reaction limited regime is to impose a 5-25°
temperature gradient along the tube or chamber, increasing from front to back. This is of-
ten done in LPCVD tubes, which normally operate in the surface reaction limited regime
and where depletion is the main problem. For SiO: deposition by APCVD, commonly
done in the mass transfer limited regime, a different gas flow configuration has been used
to help overcome both boundary layer nonuniformities and depletion effects. The wafers
still are placed side by side, facing up, but the gas is injected straight down from above.
In addition the wafers can be moved horizontally on a conveyor belt. This helps ensure
that uniform fluxes of reactant gases are delivered to each wafer.
As we have seen, chemical vapor deposition can be used to deposit compounds, such
as SiO; and SisNs, as well as elements. However alloys, such as Al(2% Cu), are-much
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Figure hebuqceplor in a horizontal epitaxial reactor is tilted so that the Fross—secﬁonal
area of the chamber is decreased, increasing the gas velocity along the susceptor. This compensates
for both the boundary layer and depletion effects.
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more difficult. The problem is usually that gegaig@gqclions are rﬁgytréd for each con-

stituent (Al and Cu in our example) and it is often difficult to avoid unwanted reactions
“between'the différent reactant species, or precursors. In addition it can be hard to con-
trol the exaci composition of the alloy, because unh.ke c.ompoundé where llmx_ted com.
positions result (very close to 2:1 oxygen-to-silicon in SIQ?. for example), a wide range
of alloy compositions are possible. Physical vapor deposition methods are usually bet.
ter suited for alloy deposition. . »

Thin films deposited by CVD may be doped duriug the deposition process. This js
common for oxides, polysilicon, and epitaxial silicon. A | gra'_s_egug‘sourcc ot}he desired
dopant is mixed with the other source gases. often along with hydrogen which acis as 5
¢artfer-gas and a diluent. Common dopant source gases are arsine (AsHs), phosphine
(PHa), and diborane (B:Hs). The same steps occur in the Il’lCOI'pOI'?lIOI'l of the dopants as
occur in the thin film deposition, including mass transport and surface reactions. The sur-
face reactions include (1) dissociation of the hydride gas, (2) lattice site incorporation,_
and (3) burying of dopants atoms by the other atoms in the film. It is believed that these
are the Tale limiling steps for doping of Si during epitaxial growth, and not the mass
transport through the boundary layer. Models have been developed to predict the dop-
ing concentration in the film as a function of gas partial pressures, temperature. flow rate,
and so on. However the models have not been very successful since many factors, espe-
cially in regard to the reactor geometry, are not well characterized and not adequately in-
corporated into the models. In general, for low growth rates the dopant concentration in
the growing film C is proportional to the dopant gas-phase concentration (which equals
the partial pressure of the dopant species, P;) at the reactor input. For higher growth
rates, C is inversely proportional to v, the deposition velocity.

C o P, for low growth rates (9.16a)

P
Cx -, for high growth rates (9.16b)

In pracl_ice, the relationship between dopant concentration in a deposited film and the
dcposi.tlon conditions is determined experimentally for each particular reactor.
Ummcnt.lonal doping of deposited layers can also occur. This is especially common
when depositing a lightly doped epitaxial Si film on a highly doped Si substrate—a com
mon oceurrence in CMOS technology (Figure 2-20). One way unintentional doping can
occur is lh_rough normal solid-state diffusion. During the deposition process, dopants
tr.om thc.: highly doped substrate can diffuse into the newly deposited, lightly doped re-
gion. This Is ghcn termed outdiffusion, A large concentration gradient exists and at nor
mal deposmt'm temperatures (800-1100°C), significant diffusion can occur. Another
Wway unintentional doping can occur is when dopant atoms get added to the gas stream
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Figure 9-.1 1 Autodoping processes in an epitaxial reactor. lilustrated are evaporation from 1, the
wafer frontside; 2, the wafer backside or edges; 3, other wafers; and 4, the susceptor.

. Figure 9-11 illustrates these processes. The autodoping effects add to the outdiffu-
sion problem, often making the doping profile in the deposited layer quite complicated.
The outdiffusion can be modeled with standard diffusion models. Since the growth of
the layer is usually faster than the diffusion from the surface (that is, vt >> V/Dt), one
can assume this is just diffusion from a doped region into a semi-infinite medium. This
; de(s;;iéa)ed by a simple error-function profile, as discussed in Chapter 7 and given by

q. (7.26):

Clxt) = g [erfc 5 \}E] (9.17)

Here x = 0 at the substrate/epitaxial layer interface, and x is positive in the epitaxial layer.
Autodoping from the frontside can usually be modeled with the empirical expression

. X
Camoduping: CS exp( - Z) (918)

Here Cs' is the effective substrate surface concentration and L is an experimentally de-
termined parameter, or diffusion length. This decrease in dopant concentration toward
the surface arises from the fact that as the film grows in thickness, the dopant must dif-
fuse through more and more film, and less dopant enters the gas phase. Autodoping
from the backside, edges, or other sources usually results in a relatively constant level
in the deposited film since the source of dopant does not diminish as quickly but is at a
much lower level.

Figure 9-12 illustrates these effects in a Si epilayer. The top part of the curve, closest
to the substrate, is due to outdiffusion, as described to first order by Eq. (9.17). (In fact,
a concentration-dependent diffusivity would model the diffusion profile better than a
simple error function.). The next segment, the nearly straight line on the plot, is from
frontside autodoping, described by Eq. (9.18). The background portion is due to back-
side autodoping, and the concentration level is constant. These effects can significantly

modify desired doping profiles in epitaxial layers.
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-X
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x (Distance into epilayer from interface, in microns)

Figure 9-12 Dopant profile in a $i epilayer due 10 outdiffusion and autodoping. (After
[9.31.)

Example Caiculate the dopant concentration due to outdiffusion and autodoping in an
otherwise undoped epilayer at 0.2 um from the substrate/epilayer interface (x = 0.2
wm). The deposition time is 1 hour with a deposition rate of 1 wm hour ~'. The substrate
doping, C(wafer),is 1 X 10® cm™? Cs"is 1 x 10™ em™ Lis 0.25 pm, Dis6 X 107 o’
sec™!,and the backside doping concentration, C(backside), is 1 x 10'¥cm ™.

Answer Thc- dopant concentration profile looks like Figure 9-12, with the
concgglrghon at caf:h depth equal to the sum of the contributions from the
ouldnffusan. frontside autodoping and backside autodoping, For the outdiffusion
term, we first check vz versus V/y:

vt =(1 X 10"%¢m hro')(1hr) =1 x 107*cm

Dr=V(6 x 10" S em?sec™ (3600 sec) = 4.6 x 107 cm

Since vr>> VD¢ wi -
¢ + WE can assume the diffusion ; S . j-infinite
medium at all times: iffusion is occurring into a semi
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C
o Clyt) = = erfe —5— . ad -
(x.,0) 2[erfc > \/E} + Cq exp( - Z) + C(backside)

The e .
- V(;iu:ldlfflil(smn and aut9dop1ng occur throughout the deposition, so t = 3600 sec.
sh to know the doping concentration at x = 0.2 pm, so

€(02 micron, 3600 sec) = X 10 em [ 02 X 10" *cm ]
2 L 2V(6 x 10~ "> cm? sec ~*)(3600 sec)
+1X 1018 th‘?' exp( — 0.20 p'm) +1X 10l5 cm”
0.25 um

=0.5 X 10" cm™*[erfc(2.15)] + 1 X 10¥ cm ™ - 0.45 + 1 X 10" cm™
=12 X 10" + 4.5 x 10 + 1 x 10 cm ™3
=46 X 10" cm™3

The major contribution at this depth is from the frontside autodoping.

9.2.1.2 Low-Pressure Chemical Vapor Deposition (LPCVD)

We saw that when operating CVD reactors in the mass transfer limited regime, one has
to ensure that equal fluxes of reactant gases must reach every location in order to
achieve uniform depositions across the wafers. This generally implies placing the wafers
side by side as in Figure 9-4(a). Otherwise the variability in the boundary layer thick-
ness and transport through that layer would result in nonuniform depositions. Operat-
ing in the surface reaction limited regime where transport is not important would avoid
these problems and allow stacking the wafers as in Figure 9-4(b). This generally pro-
vides higher throughput. This can be achieved by going to a lower deposition tempera-
ture (Figure 9-7). However as the temperature is lowered, the deposition rate can
decrease significantly. In addition the film quality may suffer.

Lowering the total pressure of the gas stream increases the diffusion and extends the
reaction controlled regime to higher temperatures. First recall that the CVD film de-

position rate is given by

ko Cry

= (9.10)
ks + hg N

1%

where ks is the surface reaction coefficient and Ag is the mass transfer coefficient. ‘The
smaller of the two terms dominates and controls the overall deposition process. Diffu-

sion through the boundary layer is given by
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hg="28 (9.14)

the diffusivity of the reacting species through the boundary layer and 8yis the

where Dg is : i 1
boundary layer thickness. The key new point is that Dy is inversely proportional to P,
Do (0.19)

P total ’

since the diffusivity is inversely proportional to the nurpbcr of collisions that the gas
species experience. So decreasing the total pressure, which also means decreasing the
total concentration of gases in the gas stream but not necessarily fiecreasing the cop-
centrations or partial pressures of the reactant gases, causes Dg to increase.

Decreasing Pi from 1 atm (760 torr) to 1 torr, a typical LPCVD pressure, increases
Dg by 760 times. Decreasing Piw also increases the boundary layer thickness, 5s, but not
proportionally. Reducing the pressure to 1 torr only increases 3sby 3 to 10 times. The
net effect on hg is that it increases by about 100 times. In the earlier APCVD numeri-
cal example, if /i were increased by 100 times, with everything kept the same, the de-
position rate would increase to 1.4 pm min~' and system operation switches (o the
surface reaction controlied regime (probiem 9.6).

Since h¢ is much larger at the lower pressure, mass transport through the boundary
layer becomes much less important compared to the surface reactions. Figure 9-13 il-
lustrates this. Now that the deposition velocity is not limited by the mass transfer of re-
actants through the gas-phase boundary layer, the wafers can be placed much closer
together without affecting the deposition uniformity nearly as much. The configuration

Growth Velocity
(log seale)

S
Mass Transfer Surface Reaction
Controlled Controlled
ur
Figure 9-13 Growth velocity vs, 1/7for APCYD (760 wrr) and

LPCVI_) _(l torr) sysiems. The lower total pressure (with P; and ¢
remaining ﬁfced) shifts the b curve upward, extending the surface
reaction regime to higher temperatures,
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- : 57

it?ggg;rxevriguﬁiﬁursz—‘li(sb) is c;ypical for LPCVD reactors. The wafers are stacked
0.25-2.0 torr range I;)e g s nee ed to reduce qnd control the pressure, usually in the
900°C. Since theso s step sition temperatures in LPCVD systems range from 300-
must be controlled tY t rrllls are fpfrated 1n.t}'1e sur.taoe reaction regime, temperature
Depletion of ypically to * 1°C, but this is ea51l}f achieved 1n.hot-walled furnaces.

pletion of reactant gas can still be a problem, as discussed earlier, so a 5-25°C tem-
i):ratt}lre gradient (higher temperature downstream) is often used. This speeds up the

action rate tgward the back of the tube to compensate for the depletion. An alternate

method to avoid t}_le depletion problem is to use a distributed feed setup in which the
reactant gases are injected at regular intervals down the tube.

There are additional advantages to using a low-pressure system. With the lower pres-
sure and mu?h faster diffusion out through the boundary layer to the main gas stream,
less autod_oplr}g occurs. In additjon, little or no carrier or dilutant gas is needed and gas
consgmptlon 1s much lower. Also, at lower pressures there are usually fewer gas-phase
reactions and hence fewer particulates form that can deposit on the wafers. There is of
course a limit to how much the pressure can be lowered. At some point the reactant gas
concentration, Cg, or pressure, Pg, would have to be lowered to reduce the total gas
pressure, which would then decrease the deposition rate.

It should be pointed out that even though we describe operating in the surface reac-
tion limited regime at low pressures to achieve uniform deposition, the transport of the
depositing material through the gas phase can still be important, especially on a local
level near the surface. It is true that the diffusional flow through a boundary layer is no
longer the limiting step. One might assume that under such conditions there would al-
ways be enough species available to react and deposit at each position along the sur-
face, resulting in perfectly conformal coverage for local topographical features.
However, at these low pressures virtually no gas-phase collisions occur in the near-
surface region within the topographical features. Therefore line-of-sight transport oc-
curs over this distance, as opposed to more randomly directed diffusional transport that
occurs within the surface features at atmospheric pressure. As a result, shadowing can
occur where the flux from the gas phase is impeded locally by surface topography fea-
tures. This shadowing can directly affect step coverage and filling. Reemission processes
may not always occur readily enough (or equivalently, the sticking coefficient low
enough) or surface diffusion fast enough to allow for constant flux to reach each point
on the surface from the gas phase. Thus nonconformal profiles can still result, as we
shall see. These issues will be even more important for PVD systems—not only do they
operate at very low pressures, but the depos_ition processes are usually assumed to oc-
cur with very little surface diffusion or reemission.

9.2.1.3 Plasma-Enhanced Chemical Vapor Deposition (PECVD)
Sometimes there are restrictions on the temperature that the substrate can be expo_sed
to when depositing a film. The most obvious example is wl_len depom‘tmg a silicon diox-
ide or silicon nitride film when an aluminum metal level is already in place. The melt-
ing point of Alis 660°C, and any subsequent pIOCeSSiI:lg temperature must be less than
about 450°C. APCVD or LPCVD films can be deposited at these lower temperatures,
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w because ks decreases exponentially witp

but the deposition rate is usually quite 10 ; <
temperature. In addition the film quality can be poor, with the films being rather porous

and susceptibie to moisture absorption. Good film 'qualit)'l is especially important for
multilevel metallization schemes where deposited dielectric layers are used to provide
electrical and physical barriers between metal interconne?t‘layers. C(')nfor'mal and void.
free films are also important, Therefore a dielectric deposition techr'nque is needed that
provides reasonable deposition rates, good film quality. conformality, and low deposi-
tion temperatures. .

A method developed for these needs is Plasma-Enhanced‘Chemlcal Vapor Deposi-
tion, or PECVD. In addition to using a thermal source to provide the energy needed for
the chemical reactions to occur during the deposition, a plasma source is used. Plasmag
are highly ionized gases and will be discussed in more detail later in Sectior} 9.222.By
supplying additional energy from the plasma to the reactant gases, the reactions needed
for deposition can occur at temperatures much lower than those needed when only
thermal energy is provided. In fact, room temperature depositions are even possible
with this method. Usually, though, PECVD depositions of dielectrics are done in the
200-350°C range. In addition to allowing the depositions to occur at lower substrate
temperatures, PECVD also allows more easily altering the film's properties (composi-
tion, density, stress, etc.) and the tailoring of those properties for particular applications.
This is due mainly to the more nonequilibrium nature of the deposition process com-
pared to the nonplasma CVD methods. However, this can also lead to undesirable com-
positions or properties in the films, such as the incorporation of byproducts or gas
molecules into the film.

A typical equipment configuration for PECVD is shown in Figure 9-14. This is sim-
ilar to the parallel plate plasma etching equipment to be described in Chapter 10. In
plasma etching, the energetic species created in the plasma are used to etch materials on

RF power input

~———4— Electrode

-— 1 Wafers
*———f— Electrode
Heater

Gas inler
(SiHy, O3)

Gas outlet, pump

I

D equipiment configuration,

Figure 9-14 Typical

Ex. 2008-113




Historical Development and Basic Concepts m

:Ez E’lir‘rfl‘:r(-nliliglai?la-:nhanced deposition, the energetic species are used to help form
be supplied topthe WafCTS- 'I}'llle wafers are placed on the lower plate electrode. Heat can
h e oza ers ft rough a he.aFer ben@th th(? el_ectrode, The reactant gases,
slow discharge, or lysgen or the d.eposmon of silicon dioxide, are fed through inlets. A
; oy ge, or plasma, is sust_zun.ed between the lower and upper electrodes. This is
ormed by applying a high electric field, often at 13.56 MHz, to a low pressure gas (be-
tween 5‘0 mtorr and 5 torr), creating ions and free electrons. The plasma is sustained
when high-energy electrons strike and ionize atoms and molecules.

. In the plasmfn, interactions with the high-energy electrons cause the reactant gases to
dissociate and ionize into a variety of species. These include ionized and excited mole-
cules (or atoms), neutral molecules and neutral and jonized fragments of broken-up
molecules, including free radicals. Free radicals are electrically neutral species that have
incomplete bonding; that is, they have unpaired electrons, Examples are SiO, SiHs, and
F (the first two are important in plasma deposition and the last one in plasma etching).
These species are extremely reactive, and with other species are absorbed onto the wafer
surface, migrate, interact, rearrange, and chemically recombine to form the film. In addi-
tion, ion and electron bombardment from the plasma onto the wafer surface can occur.
As we will see later in the description of RF sputtering systems, a potential difference
will exist between the plasma and the wafer surface in RF plasma systems, with the wafer
surface electrically negative with respect to the plasma. This will accelerate positive ions
to the wafer surface. Even some of the high-energy electrons can escape the plasma to
strike the wafers. This bombardment of ions and electrons transfers even more energy to
the species on the surface, breaking chemical bonds for example, and further enhances
the different surface processes and reactions. The net result from the plasma-induced
fragmentation, free radical generation, and ion bombardment is that the surface
processes and deposition can occur at much lower temperatures than in nonplasma sys-
tems. The byproducts of the deposition reactions are desorbed and exhausted through
the outlet ports.

The reactions and processes that occur in a PECVD system are numerous and com-
plicated and not easy to predict or model. The complexity and nonequilibrium nature
of the reactions can lead to nonstoichiometric compositions of the films (Si- or O-rich
$i0, for example), as well as the incorporation of byproducts into the films. Incorpo-
ration of Ha, Os, or Nz is common and can result in outgassing, peeling, or cracking of
the film during subsequent processing. Film density and stress may also vary, depending
on the conditions of the deposition.

PECVD depositions can result in fairly good coverage and filling of non-planar
topography in some cases (such as TEOS SiO: depositions), better than what might be
expected at these low temperatures and often similar to higher temperature depositions
in non-plasma systems. This has often been attributed in the past to long-range surface
diffusion, enhanced by the more energetic species and by jon bombardment. However,
as we will discuss later, for oxide deposition this may be instead due to muliple near-
surface emission and redeposition events occurring, characterized by a low. effectije
sticking coefficient for the neutral species even at low temperatures, along w1th the di-
rectional ion component of the deposition to help in filling spaces [9.4,9.5]. While stan-

dard PECVD depositions may be adequate for covering and filling larger dimension
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structures, for smaller dimensions and high
other methods are required.

er aspect ratio spaces (greater than abou 1)

9.2.1.4 High-Density Plasma Chemical Vapor Deposition (HDPCVD) . .
A newly developed version of PECVD utilizes a very h'lgh—denm'ly plasma and a sepy.
rate RF bias applied on the substrate. Called HDP (ng!kD(ensxty !’lasma) CVD, this
technique combines PECVD deposition with bias .splftlermg lo'qbtaln very good filling
of narrow gaps. It is used primarily for silicon d1.0x1de bdePOS“lO"S' The high-density
plasma can be generated by a variety of sources, mcludllng ]'Eleclron‘Cyclolron Reso-
nance (ECR) and Inductively Coupled Plasma (ICP). This high-density plasma results
in a dense CVD sjlicon dioxide film at low temperatures, typically 150°C down toroom
temperature, and with a very low chamber pressure in the 1-10 mtorr range. In fact,
there is usually no intentional heating in these CVD systems. The ion bombardment
supplies enough energy to raise the substrate temperature and cooling of the wafers is
often required to keep the temperature below 400°C.

With a separate RF bias applied on the substrate in HDP systems, the angular de-
pendence of ion sputtering is exploited. Sputtering—the knocking off of atoms froma
solid by incident ions when the solid is electrically biased—occurs preferentially on
sloped surfaces rather than on vertical or horizontal surfaces. This simuitaneous sput-
tering of the film during its deposition can result in planarized and void-free films. This
is the same idea behind the bias sputtering deposition method. Bias-sputter deposition
and angle-dependent sputtering will be more fully explained in the next section. The
strong directed ion component of the HDP deposition process aiso helps in the filling
of holes, and the ion bombardment helps make the film denser.

9.2.2 Physical Vapor Deposition (PVD)

Rather than relying on chemical reactions to produce the reacting species and to form
the film as in chemical vapor deposition, physical vapor deposition methods use mainly
physical processes to deposit the films. PVD techniques are generally more versatile
than CVD methods, allowing for the deposition of aimost any material. The constituent
species, individual atoms or molecules, are produced by either evaporation of a solid or
molten source, or by using energetic gaseous ions in a plasma to knock off. or sputter.
the atoms from a source “target.” These atoms or molecules then travel though a vac:
uum or a very 10\»“/ pressure gas phase, impinge on the wafers, and condense on the sur
face to form the film. Very few, if any, chemical reactions occur. An exception to this i
In reactive sputtering, in which a species is sputtered in the presence of a reactive g8
(such as N;) and a compound is formed and deposited. But in general. physicd
processes dominate in PVD, )

of atoms usually occ actlons oceur very rapidiy and very little rgarra.ngemf !

S Yy occurs on the wafer surface. As a result, thickness uniformity. sh

owing by surface topography, and ste . i PV
ae covera, s . csues in
depositions, ’ p ge can be very important issues
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9.2.2.1 Evaporation

Both PVD techniques, evaporation and sputter deposition, have a long history. Both
have been used for over 100 years to coat objects with metal thin films [9.6]. Today

sPutteriqg is. the dominant PVD technique, but evaporation is still used for some spe-
cial applications,

A sch(;matic of a simple evaporator is shown in Figure 9-15. In this process the source
material is heated in a vacuum chamber which has initially been pumped down to less
than 10~* torr. Evaporated atoms from the source condense on the surfaces of the
wafers. The heater can be of the resistance type, using a tungsten filament which heats
up when current passes through it. More popular for microelectronics use is an e-beam
heater, in which a high-energy electron beam is focused onto the source material in a cru-

cible using magnetic fields. e-beam heaters can achieve higher temperatures so that a
wider range of materials can be evaporated. in addition, the process is cleaner since no
inetal filaments are used. (Recall 6ur disctission in Chapters 1 and 4 regarding alkali ions
as sources of electrical instability in early MOS devices. One source of these contami-
nants was found to be Al evaporation systems where sodium and potassium were used in
the production of the tungsten filaments.) In addition, since only the top of the source in
e-beam systems is usually melted, no contamination from the crucible occurs As a result,
purer films are deposited with e-beam evaporation systems. A downside of e-beam sys-
tems is that X-rays can be emitted when an e-beam strikes Al These X-rays can create
trapped charges in gate oxides. Annealing of the film is required to remove this damage.

Wafer Holder

Wafers

Atomic
Flux

Source Material

&: Heater (Resistance
Vacuum or e-beam)
Vacuum [ - Exhaust

System r_‘

Figure 9-15 Schematic diagram of evaporation equipnent.
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Since the evaporated atoms are transported lh:‘O}lgh a high-vacuum atmosphere,
very little gas-phase scattering occurs. Therefore, unlike CVD systems, the mean free
path is very long and the atoms travel in essentially §lra1ghl lines all Fhe way from the
source to the surface of the wafers. This is illustrated in Figure 9'—15. Sl}'lce [l}e source js
small, we can first consider it as a point source. For }mxform °f 1sol‘roplc emission froy
a point source, that is, an equal evaporation rate in every dqucnon..lhe contours of
equal flux (atoms per area per time) would be circular in two dimensions or spherica|
in three dimensions. -

For a point source one can derive an expression for the depf)smon rate or growth ve-
locity, v, of a film deposited on a flat surface as a function of dllslance alor‘lg the surface,
For this we use the coordinate system of Figure 9-16. We are interested in the amount
of material striking a small area on the surtace, A, per unit tim'e. But first we consider
the flux being emitted from the source. If Rewp is the evaporation rate from the point
source (in either atoms or grams per second), r is the dislfmce from the source to the
spot on the surface, and A is the projected area of Ak facing the source, then the flux
F{ that strikes A/ is simply

R,
= —S¥ap ol
=3 (920

Here Q) is the solid angle over which the source emits e vaporated material. For a source
emitting in all directions (in three dimensions) this would equal 41, For a source emit-
ting only upward, this would equal 2.

Eq. (9.20) describes the flux emitting outward from a point source and it is indepen-
dent of emission angle 0; for any radius . Since the deposition rate on A depends on
the component of the incoming flux that is normal to the surface Ax, we must then mul-

’ Ap

Waler Holder \ III ‘Wafer Holder : L

Small Planar
Surface Source

(b)

Figure 9-16 Geometries of flux and depositi
source, and (b), 2 small planar surface source,

on of small areas on a flat wafer holder for (a), a point
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tiply this by cos8. Here 6, is the angle between the surface normal and the direction of
the source to a spot on the surface, as indicated in the figure. We designate the normal
component of the incoming flux with respect to Ax to be Fi. This corresponds to the
amount of material deposited per time per unit surface area. This leads to

Rcv p

F.= Q)z cosB,

9.21)

Another way to look at this is that for a larger angle, the material that is coming
through the cone to strike the area A,” must be deposited over a larger surface area Ay,
and. the amount striking A, per unit area is thereby decreased (by cos8). Thus the de-
position rate on a surface area will decrease as the area is tilted from an orientation fac-
ing the source.

The (‘ieposition rate or velocity, v,on area A is then just the flux F; as expressed by Eq.
(9.21) divided by the density of the material being deposited, V, so that for a point source:

Revap

Ve QN2

cos,, 9.22)
Eq. (9.22) can be converted to a plot of the relative or normalized deposition rate ver-
sus €/h, as is done in Figure 9-17, where ¢ is the distance from the center of the wafer
holder and 4 is the length of the surface normal. Note that cos6x = //r and that * = ¢*
+ K. The thickest deposit is at £ = 0 and leads to v, (v at ¢ = 0) being equal to
Reap/SUNK2. The nonuniform deposition is obvious. As ¢ increases, not only does r
increase, but also the cos term decreases.

Evaporation is usually modeled better as a small surface area source rather than a
point source. Evaporation from a small surface area behaves similarly to effusion of gas
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out a small opening from a container. as in Kn}ldsen c<‘:ll [9.7].Thbe :)}nward or emit-
ted flux is not uniform in all directions as with an ideal point source du hIS gore ‘dlI'C(.:[cd
and dependent on the projected area of the small source area toward the flux direction,
Thus the emitted flux is largest in the direction perpendicular to the source surfa‘ce and
less to the sides. The orientation of the 2D surface source tc? the area belpg deposited on
is defined by the angle 6;, as shown in Figure 9—16'(b). which mapy be ‘dlfferem frorp. Or.
As 8;becomes larger, the projected area of the surtaf:e squrce.A, .facing !hF deposition
area, becomes smaller and there is less flux in that direction. Hence the epmted flux for
any distance r is greatest in the direction normal to the source, 6; = 0. falling off as a co-
sine function toward either side. This is different than the cost factor above us‘ed to cal-
culate the deposition rate on a flat surface and instead desCl:leS how aAcerLam lypc of
source is seen to emit material differently in different directions, following a cosine re-
lation. This emission behavior from a small planar source is known as t‘he cosine distri-
bution law for evaporation from a planar source, or ideal cosine emission.

An extra 2cose; factor due to this cosine emission now comes into the expressions for the
emitted flux [Eq. (9.20)), the normal component of the incoming ‘ﬂux striking A, [Eq.
(921)], and the depasition rate [Eq. (9.22)]. (The factor of 2 normalizes the total evapora-
tion rate with the cosé; term.)The deposition rate. v, for a small surface area source becomes

R
v =—28 c0g0; + c0sH, (9.23)

eVi
wNr*

Eq. (9.23) is valid for any small area emitting material, with ideal cosine emission be-
havior, to any other small area in any relative orientation to each other. with r the dis-
tance between them and the angles as defined above.

While it may not be intuitively obvious that this Knudsen-cell-like behavior. result-
ing in cosine emission behavior, should apply to evaporation from a small surface, it has
been verified experimentally by Knudsen himself [9.8] and others for many materials.
(In radiation theory, this type of emission is called “diffuse” emission or more specifi-
cally “perfectly diffuse” emission from a surface, and very similar equatjons express the
radiation behavior from a blackbody [9.9].) Cosine emission behavior not only de-
scribes source emission in most evaporation systems, but also describes the reemission
of deposited material from a surface area in many cases, as we will discuss later. The
contours of equal flux for an evaporation system with a small planar source would not
be hemispherical as in the point-source case in Figure 9-15 but would tall off more
quickly from the center of the wafer holder to each side,

‘ We can now plot the deposition rate versus /4 curve for a small surface source in
Figure 9-17, as we did for a point source. We do this for the special case when the small
surface source is parallel to the wafer holder. In this particular situation with the surface
source [acmg ll}e \‘vafer holder,‘e. equals 6, The deposition curve for the planar surface
decreasing as € gets lnsgor. a5 ui Y above it. Not only is r increasing and the cosbs tern

stg »as with the point source, but due to the cos8, emission from
the planar source, even more deposition occurs upward

To achieve thickness uniformity over m ‘

i any wafers for eithe ¢ of source. the
wafers obviously cannot be placed on a flat ither type o

holder. Instead, spherical or hemisphericd!
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holders are used, with the wafers all facing inward toward the center. For a point source
at the center of the sphere, 8; and r will be constant giving a uniform deposition rate
over th.e .whole wafer holder. (Across each individual wafer, 8, and r will vary some-
what, giving less than uniform across each wafer, but from wafer to wafer the deposition
will be uniform.) It can be shown (problem 9.8) that to obtain uniform deposition
a.round a sphere for a small surface source, the source itself should be placed on the in-
51d§: surface of the sphere holding the wafers, rather than the sphere’s center. Figure 9-
18 illustrates these configurations. Since most evaporation sources act more like small
sprface sources than point sources, it is common practice to place the source at the in-
side surface of a spherical wafer holder in an evaporation system.

Deviati(.)ns from ideal point-source or small-area surface source emissions can occur
and sometimes even more directed and narrower emission distributions are observed.
For small planar surface sources, the flux and deposition rate expressions can be de-
scribed with a cos"6; term rather than a cos6; term to take this nonideal behavior into ac-
count. Values of n greater than 1 correspond to angular distributions of evaporant flux
from the source being narrower than from ideal sources. This is conceptually illustrated
in Figure 9-19 for a planar source, where a value of n = 1 leads to ideal cosine emission

Location of source which
behaves like an ideal point
source

Location of source which
behaves like an ideal small
area surface source

Figure 9-18 Positions of wafers and sources to achieve unifornt
deposition in evaporation system on all the wafers. Most evaporation
sources behave more like a small area surface source and are in

that configuration.
(a) Uniform (isotropic) (b) ldeal cosine emission (c) Non-ideal, more
enlission from a from a small planar anisotropic emission from a
point source surface source. small planar surface source.
(n=1incos"® (n>1incos"@
distribution) distribution)

Figure. 919 Emitted fuxes for point sources and small surface areas sources.
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behavior in the emitted angle distribut

anisotropic behavior. . .
) This r?onideal behavior may be due to crucible geometry, the ratio of melt depth 15

the melt surface area,and other factors. In addition, a large density of evaporated atoms
right above the source sometimes causes the gas ppgse to act more like a viscous
medium rather than the prcfcrred near-vacuum condition. (In the latter case, molecy-
lar flow, or free molecular flow, is said to occur, with virtually no gasphase collisions or
interactions.) This viscous behavior near the source al§0 causes nonideal, nonuniform
behavior. To counter these problems another solution is employe:d. Not or}ly are hemi-
spherical wafer holders used, but they are rotated. And not on]y‘ls the entire planetary
fixture rotated about the vertical axis, but each group of wafers is also rotated about a
second axis. This use of rotating planetaries helps compensate for nonideal deposition
behavior and results in more uniform deposition.

The source evaporation rate, Rewp, is found to be proportional to the equilibrium
vapor pressure (P.) of the source material at the evaporation temperature. From
Langmuir-Knudsen theory, the evaporation rate in g sec™!is estimated to be

jon, and a value of n > 1 leads to even more

Ryp =583 X 10-2,4,(%')”2 P, (924)
where A, is the area of the source in cm?, m is the gram-molecular mass, T is the tem-
perature in Kelvin, and the vapor pressure, P.,is in torr. The vapor pressure of the ma-
terial is a very strong function of temperature, and Figure 9-20 shows the vapor
pressure of several metals commonly evaporated. A partial vapor pressure of the ele-
ment of about 1-10 mtorr or more is required to achieve reasonable deposition rates
(on the order of 0.1-1 wm per minute), and one can see that a temperature of about
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Figure 9-20 Vapor pressure as a fu
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1100°C is needed for the evaporation of aluminum. This means that the aluminum is
evaporated from the liquid phase. Tungsten must be heated to a much higher tempera-
ture of about 3100°C, where it evaporates or “sublimes” from the solid phase.

Because the vapor pressures of different elements vary so much, evaporating alloys
PTESCHtS‘ a special challenge. Alloying one element with another is common in micro-
eleC‘tI'OI‘llCS to achieve the desired thin film properties. Alloys of Al with small amounts
of Si and Cu for interconnects are examples. as we will see in Chapter 11. But with dif-
ferent vapor pressures at a given temperature (the vapor pressure of Cu is about 5 times
lower than that of Al at 1100°C, while that of Si is 10* times lower!), the evaporation
rates will be different, and the deposited film will have a different composition than the
source. When evaporating films from a single, multicomponent source, the differences
in evaporation rates of the constituent elements must be taken into account, and the
sources must be enriched in the element with the lower evaporation rate. But the source
itself will change in composition as one element evaporates faster than the other (called
fractionation). This will in turn change the composition of the deposited film, resulting
in a deposited film with a composition that varies throughout the thickness of the film.
This problem is very similar to the dopant segregation problem during Czochralski crys-
tal growth that we considered in Chapter 3.

The most common solution to this problem is two or more separate e-beams used on
separate sources, each containing just one of the elements in the alloy. The e-beam en-
ergies, and hence the source temperatures, can be different so that the evaporation rates
can be controlled to give the desired deposited film composition. Differences in evap-
oration rates and changing source compositions are not a problem here. But spatial
compositional uniformity when using dual sources is a problem, and it is difficult to ob-
tain constant compositions across the wafer and across the wafer holder.

Compounds, such as SiO», are just as hard, if not harder, to evaporate as alloys. The
composition of the vapor phase is usually not the same as the source compound, and
chemical reactions and molecular changes often occur as the material is evaporated and
deposited. Sputter deposition generally does a much better job in depositing composi-
tionally uniform films of both alloys and compounds, This is partly because the sputter
rates of elements are usually much closer to each other than their vapor pressures are.

There are advantages in using evaporation to deposit thin films for microelectronics
applications. First, there is little damage caused to the wafer, since the wafers are not
subjected to energetic particles. Second, the deposited films are usually very pure.lBe-
cause the deposition is done in a high vacuum, there are no residual gases or particles
to get incorporated in the film. .

However, there are also disadvantages to this method which have all but eliminated
its use from mainstream silicon fabrication. First, metals with low vapor pressures, SI:lch
as W, and films of alloys or compounds with precisely controlled comp05iti9n are diffi-
cult to evaporate, as discussed above. Second, there is no in situ precleaning method
available as there is for sputter deposition. The third problem with evaporation has to
do with step coverage. Because of the very low chamber pressure whlch‘makes the
mean free path of the gaseous species very large, the evaporated depo§1t10n species
travel essentially in straight lines from the source to the waf;cr surfaces. This and the 1'.act
that the source is small means that the atoms arrive at a limited range of angles, leading
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to poor step coverage. Rotating lhilplzmelary and wafers does help to widen the range
i es. but shadowing still occurs: e
. Zrtg;aés\:ﬁlage als; depcndsgon another property ©f _charatl:lerls‘lllc of }thel deposition
species, the sticking coefficient. This can t‘Je even .more 1m1?0r_anl ! mt? tk f lr_lc-of-sngl_n
issucs in regards Lo step coverage and {illing abl!lly."l—he sticking coefficient is the ratio
of the number of species that actually stay of “suck" on the surface relfative to the num.
ber of incident species. We define the sticking coef.hclfinl Se, or more accurately the ef-
fective sticking probability, specifically in terms of 1nc3denl and reacting fluxes, where a
deposition species that has “reacted™ on the surface Is one that properly deposits and
stays there:
S,: = Fn:m:!r.d (925)
Fincid::m
The idea of a sticking cocfficient is important for step coverage since the deposition
species that donot stick or react are desorbed and may deposit elsewhere—on the side-
wall of a stop, a trench, or 2 contact hole, for example. This is iltustrated in Figure 9-2L.
Therefore, deposition processes with a sticking coefficient close to one, in which the
species react and stick locally where they first hit without desorbing. will tend to have
poorer step coverage and filling ability. Those with a sticking coefficient much less than
one, in which the species bounce around before they stick and deposit. such as is gen-
erally the case in CVD depositions. will have better step coverage and better filling. In
evaporation systems and other PVD methods, the sticking coefficient of the depositing
species is usually very close to one, meaning that they deposit where they hit and there
is little or no redepositing of desorbed species to other regions. Surface diffusion is also
very slow at low temperatures. In addition, there is no resputtering of material in evap-
oration systems, as can be in the case in plasma CVD or sputter deposition systems
where there is significant ion bombardment. As we will see in more detail later, depo-
sition fluxes that have narrow arrival angle distributions and high sticking coefficicnts
with little or no resputtering or diffusion lead to very poor step coverage. Deposition
will occur primarily on horizontal surfaces, not on the sides of features. Heating the sub-
strate during the evaporation process increases the surface diffusion and allows for

Se=1

Se<l

(a) (®)

Figure 9=21 In (a) the depositing species have a high sticking coefficient (close to 1) so th:

they are deposited where they st strike. In (b) the d "

: de eposiling species have a ow stickd ef-
ficient ( _\< 1) so thit many are itted and d " ’l :ng s'pec‘:e(:nhs:‘f - sud(fn‘g Cmf.
on the sidewalls, i ¢ opography; such s
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some coverage on sidewalls. But heating can also affect the film composition and mi-
crostructure.

For all these reasons—difficulty in depositing alloys, compounds, and high-vapor
pressure elements, lack of an in situ preclean, and poor step coverage—evaporation is
rarely‘used today for standard silicon microelectronics technology. CVD and sputter
deposition, described next, are now used instead. Nevertheless, we will make extensive

use Qf the basic concepts of emission distribution laws and deposition rates developed
in this section.

9.2.2.2 Sputter Deposition

Because the vacuum requirements for sputter deposition are less severe than for evap-
oration (in the 1-100 mtorr range for sputtering compared to <10~° torr for evapora-
tion), sputter deposition was the preferred method in a variety of technologies prior to
the microelectronics age. However, because the higher pressures in sputtering systems
allowed significant contamination, evaporation was generally preferred in the early
years of silicon microelectronics technology. But with the availability of ultrahigh purity
source gases and the use of an initial low-pressure pumpdown, gas incorporation in
sputtered films was found to be greatly reduced and contamination became much less
of a problem with sputtered films. Because of the problems with evaporation discussed
above, as well as the inability to develop manufacturable CVD methods for some ma-
terials, sputter deposition is commonly used today in semiconductor technology.

-V(DC)

Electrode/Target
I (Carhode)

L Argon Plasma
(Glow Discharge)

L— Wafers
— Elccirode (Anode)

™~ Heater

Spuitering Gas Inle) Vacuumn

Figure9-22Schemancdxagrun of DC-powered sputter deposition equipment.
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RF or AC method, a little later.

e The siructure and voltage distribution of the plasma in a DC system are shown in
igure 9-23, qut of the space between the electrodes is made up of the argon plasma.
ca}led the negative glow due to photon emission from excited Ar atoms. The voltage is
fa}rly constant throughout this region since it has a fairly low resistance. Near the neg-
aFwe electrode, where there is an excess of positive ions and a shortage of electrons, as
discussed below, there exists a space charge region that does not glow. This is called ei-
ther the cathode dark space, the Crookes dark space, or the cathode sheath and is on the
order of 0.1 to 10 mm thick. It is across this space charge region that most of the volt-
age drop in the system occurs. Because of the low density of electrons in the cathode
sh.eath, few collisions between Ar atoms and electrons occur and that region is dark.
'ngh.t next to the negative electrode is the thin cathode glow region; the light produced
in this case is due to the interaction between the incoming ions and the cathode mate-
rial. In this region incoming argon ions and sputtered target ions are neutralized and
secondary electrons created by the ion bombardment are accelerated away from the
cathode. These electrons then pass through the cathode sheath and collide with the Ar
atoms in the negative glow region, ionizing some of them and sustaining the plasma.

While the electrons are accelerated in one direction across the high electric field in
the cathode dark space, the positive argon ions are accelerated in the opposite direc-
tion, from the negative glow region to the target. They strike the target surface and sput-
ter off the source atoms, which can then transport to the wafers and form the film.

Additional glow regions and dark spaces can form closer to the anode, such as the
Faraday dark space, the positive column region, and the anode sheath [9.11]. But these
are not useful in the sputter deposition process, and all but the anode sheath are elimi-
nated or minimized by having the positive electrode close to the negative glow, result-
ing in the plasma structure and voltage distribution shown in Figure 9-23.

One interesting feature is that the plasma potential, V}, is positive with respect to the
anode (on the order of 10V), as shown in Figure 9-23. In fact, the plasma potential will
be positive with respect to any surface within the plasma, with positive space charge re-
gions, or sheaths, formed next to each surface. This is primarily due to the fact that both
jons and electrons from the plasma will randomly strike the surface and escape the
plasma. But the electrons with their lighter mass and higher mobility will strike the sur-
face more often, causing an imbalance in the ion and electron currents. An electric field
develops that opposes this imbalance by opposing the electron flow, raising the voltage
(by V). Therefore the potential of the plasma will be positive with respect to both the
anode and cathode, with a positive space charge region of excess ions and a shortage of
electrons forming a sheath at both the anode and the cathode. With the applied nega-
tive voltage at the cathode, the voltage distribution shown in Figure 9-23 results, with a
net DC current passing through the circuit. In the region near the cathode, this current
is predominantly carried by the positive ion flux (which is also responsible for the sput-
tering). The large voltage drop there accelerates the secondary electrons from the cath-
ode across the sheath and sustains the plasma. In the region near the anode an equal
current flows, but is mostly carried by the electrons. Because of the exponential
Maxwell-Boltzmann distribution of the electron energy, only a small perturbation of the
zero-current plasma potential is needed to supply the net DC current gt the anode. Be-
cause of the potential drop from the plasma to the anode, some sputtering of the anode
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4 Important processes in sputter deposition.

can oceur, but very little compared to that at the cathode.

Several of the important processes that occur during sputter deposition aré illus-
trated in Figure 9-24. At the top left, an Ar ion from the negative glow accelerates
across the dark space and sputters off an Al atom from the target. (A minimum enerzy.
on the order of 10-20 eV, is needed to sputter an atom, and the sputter yield increases
with ion energy.) This Al atom travels through the dark space and negative glow and
lands on the wafer surface. If the argon atom is neutralized during gas phase collisions.
it can retain enough kinetic energy to also travel to the wafer surface and become in-
corporated in the growing film. The Al alom now on the wafer surface may stay ab-
sorbed and become part of the growing flm there. It may also surface migrate ot diffuse
10 another location. Finally, it can leave the surface by either desorbing on its 0¥1
(though this does not occur very often compared to CVD systems, as w¢ will discust
later), or by being resputtered by another atom hitting the surface. The Al atom cou
then be redeposited at another location.

In the upper right, an Ar ion strikes the target, and a secondary electron is emitted:
The secon‘d'ary.eleclron can accelerate across the dark space and strike another arg'ou
atom, exciting it or lonizing it, and sustaining the plasma. The electron can also foniZé
an impurity atom, oxygen in this case, which can then be accelerated acros$ the dark
space and travel toward the wafer surface. Finally, all the species moving roward the
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;’:ﬁ,feelr s;lrface dcan be embedded in the _wafer surface. Even a significant number of pos-
pendZmlarlfiz Silonlshczm bfe made: to strlkg the wafer surface with. high energies by inde-
the sectigns 29 rllf e wafer surlace.relf'xtlve to the Plasma, as will be described later in

as sputtering and ionized sputtering. Or the atoms or ions can strike
the atoms on thg wafer surface, imparting energy to them and enhancing their move-
ments and reactions, and even heating the wafer surface. Thus physical reactions and
processes. rather then chemical, dominate in PVD.

In evaporation, the deposition rate was seen to depend on the source material vapor
pressure. In sputter deposition, it is the source, or target, sputtering rate that is impor-
Fant.The‘plasma gas ion strikes the target and physically dislodges the target atom. This
is a physical, rather than a chemical, process, and is often explained using billiard ball
models. Sputtering occurs when the incoming ion transfers enough energy to the target
surface to break the bonds holding the target atom in place. This depends on the energy
and mass of the ions, and the target material.

The sputter yields for argon sputtering of different target materials do not vary very
much for the different target materials compared to the wide range of vapor pressures
important in evaporation. Typically this yield, defined as the number of atoms or mole-
cules ejected from the target per incident ion, is in the range of 0.1 to 3. It does depend
on the energy of the incoming ion, determined mainly by the voltage across the sheath,
and on the direction of incidence of the ions. An ion coming in at a low, glancing angle
will not be as successful at dislodging an atom, with the ion itself being reflected off the
surface. At the other extreme, ions arriving normal to the surface will push a surface
atom further into the target but not necessarily sputter it off. The sputter yield peaks at
some angle less than 90°. The angles that the sputtered atoms leave the surface of the
targets are usually found to be diffusely distributed, with an ideal cosine-emitted angle
distribution, or close to it, from each position on the target. This means that the sput-
tered atoms are ejected from each location on the target in a broad range of directions.

The targets used in sputter deposition come in a variety of shapes and sizes. Multiple
targets may also be used in these systems for cosputtering of alloys and compounds or
for multilayer depositions, where Ti and Al layers may be deposited one after the other
in the chamber without breaking vacuum. Achieving good thickness uniformity in the
different types of systems is accomplished in different ways: having the target larger
than the wafer or wafer holder; having the wafers pass by or spin in front of a long rec-
tangular target; or by using the cylindrical wafer holder around an oblong target (simi-
lar to having a spherical holder in front of a point source in evaporation.)

Having a large area target also means that the arrival angles of the atoms at the wafer
surface are more widely distributed which generally improves step coverage. Having the
wafers rotate or pass by a target is somewhat similar to having a large target in thi_s re-
gard and also helps increase the range of arrival angles in the directiog ot" thg rotation.

Let us first discuss how we describe or quantify the “arrival angle distribution.” Here
we are interested in the flux, as a function of arrival angle. arriving at any small area on
the wafer surface. In Figure 9-25 on the left we show fluxes arriving at the surfa.ce from
all angles with equal magnitude; that is, the number of partic]es or atoms, per time an_d
per area normal to the flux direction, is equal fqr a!l incoming directions. We Fall this
isotropic arrival. We could describe this arrival distribution as being constant since the
flux relative to the flux direction is constant, similar to the way we characterized the
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Figure 9-25 Disiribution of arrival fluxes for (a) uniform or isotroplc arrival dis@
bution; and (b) directed or anisosropic arrival distribution. Arrival angle distribution
(cos"0) is defined by arrival flux relative to unit surface area, This flux is equal 1o the nor-
rral componens of incoming flux, relative to the vertieal direction fora Itorizontal surface.

emission angle distribution. However, we are going to define the arrival angle distribu-
tion a little differently. We are ultimately interested in the deposition on a surfacc area.
so we are concerned with the flux in terms of particles per time per area on the surface,
or per unit surface area. This is just the incoming flux, which1is constant for isotropicar-
rival, multiplied by the cosine of the arrival angle 8, where 8 is the angle between the in-
coming flux and the normal direction to the surface. Just as in our treatment of a flux
striking and depositing on a flat surface in an evaporation system, the deposition rate
depends on the normal component, of the cosine of the angle, of the incoming fluxto
tlhat surface. Using the cosine function in the arrival angle distribution also allows usto
easily describe both isotropic and anisotropic arrival distributions. (This convention
may be a little confusing since in our description of the emitted angle distribution for
evaporation sources and emission. which uses a different convention, a «cosine distrib-
ution” from a small area is not uniform or isotropic as we describe it but is directed to-
ward the surface normal. But to be consistent with normal terminology for emission. as
well as with that used to describe arrival angle distributions in our def)osilion and etch
modeling using the SPEEDIE simulator, we will use these two conventions.)

We thus describe the arrival angle distribution in terms of cos8. or the nosmal com-
ponent of ﬂlxe_ i_ncoming flux. For isotropic incoming {luxes, the arrival angle distribution
by lh}s definition is therefore described as cosf, with a maximum at & = 0" and de-
creasing as the angle gets larger. eventually going to 0at8 = 90°. Another way tolook
?itcﬁl:fr ld}:zrt g)il(') ;st:r;plyi::lar;;:allﬁlhc ;ll‘(;ll;ls lhfxl strike the qnil surf_ace alrea from a pa r;
the flux direction. As B-infreas Olltl,g ¢ projected area of the umt surface area facts
strike the unit surfa;e area anzsih eﬂpm]edeq area gets smaller. Therefore fewer a“?mf
per unit surface area) decr;:ases. Ueltiux rellatlve to the suyface avea (the atoms pernm:
90°, since the flux 1s parallel to the sﬁfixlee% o alewns sk th surfacs ateh WSS

For incoming fluxes that are not i o . . . ard
the surface [of shown in part ((; ;lg[ :;ol;"oplc, but amisotropic and more directed low‘llr !
of n larger than 1 describe - igurel.a C(.)Sue distribution can be uscde v_a v

8 escribes a more directed or anisotropic i ing {lux distributio™
pic incoming (lux distr!
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F.lgure 9=26 Flux lines of atoms from small area and extended sources. In (a) the flux
lines from 2 point or small area source are shown, with a wide emitted angle distribution but
4 narrow arrival angle distribution. In (b) the flux lines from an extended source are shown.
A wider arrival angle distribution is seen with the extended source.

We now return to illustrating the idea that a larger source region, or target area in the
case of sputtering, results in a wider arrival angle distribution. In Figure 9-26(a), the flux
lines of atoms from either an ideal small area surface source or an ideal point source are
shown, in either case emitting in a rather wide angular distribution. While the atoms are
emitted from the small source with a wide angular distribution, the distribution of an-
gles arriving at each point or small area on the wafer is very small. This tight or narrow
distribution can be described by an arrival distribution of cos” 8 with n much greater
than 1. Obviously a wide emission or departure distribution of angles does not neces-
sarily mean a wide arrival distribution of angles.

In Figure 9-26(b) an extended source is used, such as a larger target. At each posi-
tion on the wafer, atoms arrive at a range of angles, as determined by the geometry of
the system, and not just from a narrow range of angles. Here # in the cos"8 arrival dis-
tribution would be closer to 1, meaning less anisotropic and more isotropic. This can
cause more uniform step coverage on steps in the wafer topography, and would also im-
prove thickness uniformity across the substrate.

As we described earlier, the arrival angle distribution for evaporation systems can be
made wider by rotating the wafer holder around two axes, effectively making the source
wider, and the step coverage can be improved. But there are other reasons that step
coverage is usually still better in sputtering systems. Because of the higher pressure in
sputtering systems, the atoms experience more gas-phase collisions in sputtering
systems. One can estimate the average number of collisions by calculating the mean fre_e
path, A, of a particle in a gas. From kinetic theory, the mean free path of a gas particle is

kT
= —— 9.26
A V2rd*P (926)
where k = 1.36 X 1072 cm® atm K™}, T'is the temperature in K, d is the collision diam-
eter of the molecule in cm (approximately 4 X 10~¥cm, or about 0.4 nm, for 1nqst nol-
ecules of interest), and P is the pressure in atm. In a typical sputtering system with P =
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5 mtorr, this results in a mean frec path on the order of 1 cm. which is a little less than

+ physical path length the de osiling atoms follow. )
the physical pal & €S, 1115 number of collisions experienced between the source

For evaporation syst 0 the sou
s i . the average number of collisions

s virtually zero. while in sputtering systems ! S
e o o ds to make the arrival angle disti.

experienced is on the order of one Lo a few. This ten lisions

bution somesvhat wider. (Increasing the pressure or nl{mbcr of collisions too much 1o
widen the distribution can result in poor film properties. Par”}' due (0 less energetic
species, and contamination problems.) Also, the number of resputtered atoms on the
wafer surface is higher for sputtering due o the bo{nbardmenl of energetic particles,
This effectively increases the arrival angle distribution even more. l.*“or these reysons.
step coverage in sput tering systems is usually better thar! in evaporation systems. But it
‘s still usually much worse than in CVD depositions, which generally have an Isotropic
arrival angle distribution and lower sticking coefficients, as we will dlsguss later. In some
cases, though, we actually want to narrow the arrival distribution—tor example when
filling a deep via with metal in a PVD system. We will see how that can be achicved
when we discuss collimated and jonized sputtering systems.

Because the sputtering yields of different elements are much more similar to each
other than their vapor pressures are, the deposition of alloys and compounds should be
much more controllable using sputtering rather than evaporation. But there is another
reason why the compositions of sputter deposited films are more controllable and uni-
form., Because sputtering occurs just from the top surface of the target and little mix-
ing from the layers below takes place, a steady-state condition soon develops where
the atoms are sputtered off at relative rates equal to the target composition. even when
the sputtering rate of each type of atom is different. Initially the elcment with the
higher sputtering rate does preferentially sputter off more from the surface. This leaves
the top surface enriched, relative to the bulk of the target, with the element with the
lower sputtering rate. But now more of the element with the lower sputtering rate is
sputtered since the surface region is enriched with that element. A steady state is
achieved where the elements leave the surface in a ratio that is the same as the bulk
target composition—the difference in sputtering rates is exactly compensated for by
the difference in the surface concentration.

The overall t~argel composition thus remains at its original composilion.wilh no de-
pletion or fracllonat.i(.m, s'mc(_i the two elements are being sputtered offin proportionto
2(1:1 rzze;?;ie?ﬂ?f?:n' Tl;:s does not work for eva.poreEtion‘ Sinee the evaporation
mixing between the w:l[:g aer:l gr lrll(ear' molien. the diffusion (.)T atoms 15 "'9“' rast.and
the required enrichéd Sl(lrf'\c: ulk wipes out any concentfauon gradxcqls. I‘hercit_lri-
the tomperature of the tar 2 .concenlrallon cannot be maintained. But 1n spulleflm 3

; .. get is much lower—near room temperature—and little difft
sion and mixing occur.
e
alloys and compounds may be s uatrll St;lr:enmes they are sputtered as molecules BO
(as opposed to the use of gne “cpo eres 1£Qm two different targets. calied cosputterit
by simultaneously usin mposite larget'): For example, WSz can be Sp,.l.nmre

y g a tungsten target and a silicon target. But it is often difticult 10
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control the 'sl'oichiometry. and composite targets are more commonly used. Even then
the composition may vary.

l'{eac‘tlve Sputtgr Deposition  Another way in which compounds can be sputter de-
pos:lted is by reactive sputter deposition. Here a reactive gasisintroduced into the sput-
tering chamber in addition to the Ar plasma, and the compound is formed by the
elerpents of that gas combining with the sputtered material. For example, TiN can be de-
posited by sputtering Ti in the presence of nitrogen. The plasma can furnish energy to
t}!e N: to allow it to dissociate into atomic nitrogen, which then can easily react with the
'.Tl.'I‘he reaction usually occurs either on the wafer surface or on the target itself, and not
in the plasma. In the case of TiQ- reactive sputtering, it is found that the oxygen reacts
with the Ti on the surface of the Ti target to form the oxide there, and then it is sput-
tered onto the wafer surface. Controlling the stoichiometry of reactively sputtered films
is sometimes difficult and this method is not used very often—sputtering from com-
pound targets is more common. Sometimes a reactive gas such as O, or N is used in
conjunction with sputtering from a compound target. This could ensure that the com-
position of a gaseous constituent is maintained in a sputtered film, or it could be used
to improve the properties of a film. Sputtering TiW in the presence of oxygen or nitro-
gen has been found to improve the barrier properties of these films, as discussed in
Chapter 11.

RF Sputter Deposition DC sputter deposition is not suitable for insulator deposi-
tion. When applying the necessary DC voltage to the insulating target to sustain a
plasma, difficulties arise. With a negative DC voltage applied. positive argon ions from
the plasma strike the negatively charged insulator and positive charge would accumu-
late. The negative surface voltage would become less than that required to sustain the
glow discharge, and the plasma would shut down. The time required for this to occur is
only about 1-10 psee.

The solution is to use a high-frequency alternating voltage instead of DC. 13.56 MHz
is commonly used. RF voltages can be coupled capacitively through the insulating tar-
get to the plasma, so that conducting electrodes are not necessary, and the positive
charge buildup is neutralized by electron bombardment over each cycle. The RF fre-
quency is chosen to be high enough so that a continuous plasma discharge is main-
tained, that is, higher than the effective RC time constant of the system. The difference
in mass and hence mobility between the electrons and ions allows for virtually contin-
uous sputtering of the target throughout both half cycles of the RF voltage. The elec-
trons have a high enough mobility to keep up with the changing electric field, but the
heavier argon ions do not. During the first few complete cycles more electrons than ions
are collected at each electrode, and this negative charge buildup on the electrodes is
maintained during subsequent cycles. As a result, both electrodes maintain a self-bias-
ing steady-state (DC) potential that is negative with respect to the plasma voltage, Ve
The value of V, is set by the requirement that the DC current is zero. A positive V, aids
the transport of the slower positive ions and slows down the negative electrons. The spa-
tial distribution of the voltage that develops is shown in Figure 9-27, with the solid
curve for the symmetric RF case (that is, with equal area electrodes). This is similar to
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Electrode

{Target) Elecirade

l Eguat Area Electrades

/ Unequal Area Electrodes
(smaller eleetrode al teft)

Figule '9=27 Steady-stite voltage distribution in RE pow-
cred spuliering systems. The water sits on the right elecirode.

the DC-powered case where electron depletion regions form and the plasma self-biases.
However, V, is generally larger and the net voitage drop at both electrodes would be
equal in the symmetric RF powered case. The heavy ions. while they cannot travel
across the sheath at the frequency of the RF signal, do respond to the average DCpo-
tential that develops across the sheath and strike the negatively biased target.

The induced negative biasing of the target due to the RF powering means that con-
tinuous sputtering of the target occurs throughout the RF cycle, But it also means that
this occurs at both clectrodes. The wafers will be sputtered at the same rate as the tar-
get since the voitage drops would be the same at both electrodes for a symmetric 5ys°
tem. It would thus be very difficult to deposit any material this way. However, because
the RF current must be continuous throughout the system. the voltage drops. V,and V.
across the dark space next to the two electrodes are related to the respective clectrode
areas, A and Az, by [9.12]

Vl Az m
v =\a .27
V?. (A1> (9 )

The smaller electrode requires a higher RF current density to maintain the same total
current as the larger electrode. As a result, the fields must be higher at the smalier elec
trode. Simple theory gives m = 4, but experimentaily the exponent is found to be be-
tween 1 and 2, perhaps due to voltage saturation and sheath collision issues, but the
f}?ed ;‘s the samne. By making the area of the target electrode smaller than the areaof
meu?é cirh:'egégsoc;he(; oltage drop at the target clectrode will be much greater that
voltage distribution [e. » in the asymmetric case would also be smaller. The resulting
voltage distributior or unequal electrodes is also shown in Figure 9-27.and closely I

at for the DC sputter deposition case (Figure 9-23 shown earlict). The voit
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Figure 9-28 Schematic diagram of RF-powered sputier deposition system.

age drop from the plasma to the larger electrode is typically tens of volts while the volt-
age drop to the smaller electrode is scveral hundreds or even a thousand volts. There-
fore almost all the sputtering will occur at the target electrode, as is desired.

Not only can the target electrode be made relatively small. but the wafer electrode
can also be connected to the chamber walls (which would also be grounded), thus mak-
ing the effective area of that electrode even larger. For typical RF-frequency power sup-
plies (e.g.,13.56 MHz), an impedance matching network is also required. A typical setup
for RF sputter deposition is shown in Figure 9-28.

In addition to allowing sputtering of nonconducting material, there are two other ad-
vantages of using RF powered systems. In RF plasmas, electrons gain energy directly
from the oscillating RF fields because of low-loss elastic collisions with neutral atoms.
Thus the plasma can in fact be sustained without the need for secondary electrons from
the walls and electrodes. In addition, the efficiency of ionization is increased by these
oscillating electrons, allowing for operation at somewhat lower pressures.

Bias Sputtering: Sputter Etching and Bias-Sputter Deposition Sometimes sputter-
ing of the wafer is desirable. One application would be for precleaning the wafer before
the actual deposition, or “sputter etching.” Another application is in “bias sputtering,”
where deposition and sputtering of the wafer are done simultaneously. A negative bias
relative to the plasma is applied to the wafer electrode, which is now electrically isolated
from the chamber walls. Positive Ar ions from the plasma will now be accelerated to the
wafers on the substrate carrier and sputter off atoms. The energy of the ions (and hence
the sputtering yield) can be controlled by controlling the substrate bias. Usually an RF
bias is used since the wafers often have insulating films on them, while the target is
given either a DC or RF bias. The target bias is in the range of —700 to —2000 V, while
the substrate bias is on the order of —50to —300V [9.6].
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In sputter etching or clcaning. no deposition is allowTle‘O [(-i)sculrh?sns::c wafcrtby us-
ing a shutter to block spultered material from the ta.rge -Durin g s p.Z.l con rolled
thickness of surface material is sputtered off the wa ler: removing any COIlldmma'ms or
nalive oxides. A film can then be sputter deposited lmfned'lalely ﬂﬁcr\v“d_rd without
breaking the vacuum. inhibiting recontamination or reoxidation. Redeposition of con-
{aminants due to sputlering of chamber walls and (_nther parts of the jwafer can occur
during sputter etching and may be a concern. Charging damage can aiso be a problem,

In bias-sputter deposition, or sometimes just “bias sputtenng, sputter etching of the
wafer and deposition on the wafer (by sputtering th'e'targel) are allowed to occur con-
currently. Conditions are chosen so that more deposition oc.curs than elcf{lpg, Butbyal-
lowing some sputtering of the wafer surface to occur during the deposition, both the
topography aud the properties of the deposited film can be al.Lered."The most common
application i Si0;. called “bias-sputtered quartz” when deposited Elus way. By applying
bias to the substrate, sharp edges of the SiO; due to the underlying structure are re-
duced during the sputter deposition. This allows for a more planarized film as wellas for
better tilling between metal lines. The common reason given for these results is that the
sputtering of the wafer is a function of the geometry of the surface features, with
pointed and sloped features being sputtered, and removed, more easily than horizontal
or vertical surfaces. Not only does this help planarize the film. but the overhang that can
develop when depositing into a trench or hole is preferentially sputtered away, allow-
ing for better filling of the hole. as illustrated in Figure 9-29. Another factor may be that
the resputtered atoms allow for some redeposition on sidewalls. We will demonstrate
these idcas with simulations of high-density plasma CVD and ionized PVD depositions
which make use of these same phenomena later in this chapter. Another technique for
filling spaces based on these same ideas is to do the deposition, usually by PECVD,and
sputter etching sequentially. as opposed to simultaneously. This can be done in acluster
tool with separate chambers for each process. The wafer is physically moved back and
forth between the two.

Because of the energetic ions bombarding the film surface during bias-sputter depo-
sition, the properties of the films being deposited can also be altered by changing the
st_xbstrate bias. These properties include resistivity, residual stress, density. etch rate,and
dielectric constant. SiO: that is deposited by regular sputtering (no substratc bias) is very
porous_and unsuitable for use in microelectronics, while SiO: that is deposited using bias
sputtering is much denser and has been used for intermetal dielectric applications.

lons -
Figure 9-29 llustration of angle-dependent sputiering which re-

moves nonplanar features in bias-sputter deposition. liere the angled
§urr:xous of»llze overltang are preferentially sputtered by the directed
ions, allowing for better Glling of the hole.

7——}— Sputtered

Away M
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quever. this method for depositing SiO> also has shortcomings. First. because of the
cgmblr}ed deposition and etching of the wafer, the net deposition rate is low. Also, the
SiO: will deposit on the chamber walls and other metal surfaces in the chamber and can
flake off and cause contamination and particulate problems. For these reasons bias
sputtering is not commonly used today. A method which combines bias sputtering with
CVI? deposition methods, the High-Density Plasma (HDP) CVD method described
earlier, has recently been developed and does not suffer from these problems.

. \Magnetron Sputter Deposition 1n both conventional DC and RF sputtering, the ef-
ficiency of ionization from energetic collisions between the electrons and gas atoms is
rather low. Most electrons lose their energy in non-ionizing collisions or are collected by
the anode, and only a small percentage of them take part in ionization processes with
the Ar atoms. In RF plasmas electrons gain energy directly from the oscillating RF
fields, increasing the ionization efficiency somewhat. But the overall ionization effi-
ciency is still fairly low. As a result, the deposition rates are usually rather low. Few Ar
atoms are converted to positive ions and few positive ions strike the target.

In the technique known as magnetron sputtering, magnets are used to increase the
percentage of electrons that take part in ionization events, and the ionization efficiency
is increased significantly. A magnetic field is applied at right angles to the electric field,
usually by placing large rectangular magnets behind the target. This traps the electrons
near the target surface, and causes them to move in a spiral motion until they collide
with an Ar atom. The ionization and sputtering efficiencies are increased significantly,
and deposition rates of up to one wm per minute can be achieved—about 10 to 100
times faster than without the magnetron configuration. Unintentional wafer heating is
also significantly reduced, since the dense plasma is confined to near the target and the
jon loss to the wafers is less. In addition. a lower Ar pressure can be utilized since the
ionization efficiency is so much larger. This can lead to better film quality since less ar-
gon will be incorporated in the film. Magnetron sputtering can be done in either DC or
RF modes, but the former is more common. At these higher ion currents, cooling of the
target can be a problem for RF systems which have insulating targets.

Collimated Sputter Deposition and lonized Sputter Deposition A small range of
arrival angles during deposition can cause nonuniform, or poor, step coverage over a
step in topography. However, sometimes a small range of arrival angles is desirable. If
material is required to be deposited into of a deep contact or via, as when filling it with
Afor depositing Ti/TiN contact and barrier layers, a large arrival angle distribution can
cause problems. As illustrated in Figure 9-30(a), a relatively large arrival angle distrib-
ution, when little surface diffusion or reemission occurs, can result in little deposition at
the bottom of a hole due to shadowing effects. In addition, overhang formation can oc-
cur at the top corners of a deep hole, enhancing the shadowing effect. All this leads to
poor coverage at the bottom of the hole or incomplete filling.

One way to improve this is by having a narrow range of arrival angles, with most of
the depositing atoms arriving at the wafer perpendicular to the surface. Evaporation
from a stationary small source would result in a narrow range of arrival angles com-
pared to sputtering due to geomelric arguments (Figure 9-26), as well as due to the
fewer gas-phase collisions, but sputtering is preferred due to its ability to deposit uni-
form alloys and compounds and its in situ sputter etch capability. While standard sput-
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A L

Figure 9-30 arrival angle distribution of depositing
species on filling of trenches or holes in a PVD system. In (a) a rel-
atively wide arrival angle distribution leads to poor bottom filling
or coverage, while in (b) a narrower arrival angle distribution
leads to better bottom filling. The higher the aspect ratio of the fea-
ture, the natrower the arrival angle distribution must be for ade-
quate bottom coverage.

collimated sputtering and ionized Sputtering.

ter deposition equipment may adequately cover the bottoms of holes with low aspect
ratios (less than 1 or $0),its arrival angle distribution is too large for holes with high as-
pect ratios. Using a smaller Sputtering target would result in a narrower arrival angle
distribution at the wafer, with a single angle coming from
case. But that angle would vary across the wafer. This would result in uneven asymmet-

a point source in the extreme

tained as illustrated in Figure 9-30(b). Two methods to do this have been developed:

In collimated sputtering, a plate of circular or hexagonal holes, or cells, is placed be-
tween the target and the wafer, The height to width aspect ratio of these cells can range

wafer. Those at more oblique angles will strike the walls of the collimator, depositing
there. ‘The collimator thus acts as physical filter to low-angle sputtered atoms, A prob-
lem with this method js that a significant percentage of the sputtered atoms are filtered
o}xl‘, up to 95 percent, and never make it (o the wafers. Thus the deposition rate is sig-
mficanl.ly reduced and the collimator must be cleaned regularly. As a result, collimated
sputtering is rarely used for completely filling contacts or vias where a lot of material
needs to be deposited but i more suited for contact and barrier metal deposition where
_the amounts of materia] deposited are much less. It does do a fairly good job of cover-
ing lhe‘bouoms of contacts and vias with eontact and barrier metals. Some sidewall cov-
€rage, important for via liners, is also obtained from the flux that is slightly off-normal.
but the sidewail fiim is often less dense. In addition, uniformit

Y across a wafer or from
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wafer to wafer may be affected by shadowing by the collimator.

Another type of sputtering is called “long throw collimation,” or “long throw sput-
tering.” No collimation plate is actually used. Instead, a limited size target, about the
size of the wafer in a single-wafer system. is used and the distance between the target
and wafer is increased (up to about 30 cm compared to about 5 cm in more standard
sys.tems), decreasing the distribution of arrival angles at the wafers. In effect the sput-
tering chamber acts as one collimator cell, with the high-angle atoms not reaching the
wafer .b.ut striking the chamber wall instead. However, as the spacing is increased, the
deposition rate, the target utilization, and the uniformity all decrease; in addition, the
ghance of gas-phase collision and scattering increases. Low pressures are usually uti-
ll.zed in these systems to minimize gas-phase collisions. Because of the limited target
size and target-to-wafer spacing, asymmetric depositions in trenches and vias can occur
at the edges of wafers in these systems [9.13].

In ionized sputtering a narrow arrival angle distribution, perpendicular to the sur-
face, is obtained as in collimated sputtering. However, most of the sputtered material
reaches the wafers, giving it a significant advantage over collimated sputtering. In this
technique, the sputtered atoms—mostly neutral as they leave the target—are ionized as
they travel between the target and the wafers. An inductively coupled RF antenna is
placed around the plasma region which ionizes the sputtered atoms through collisions
with electrons in the plasma, as illustrated in Figure 9-31. Fifty to eighty-five percent of
the atoms are ionized. The ionized atoms, Al* or Ti*, for example, will be accelerated
and directed across the wafer sheath, striking the wafers in a nearly perpendicular di-
rection. A DC or RF bias is usually applied to the wafer holder, similar to bias sputter-
ing. This will further accelerate these ions to the wafer surface, resulting in a highly
directional flux. In addition, the energy of the incoming ions (both Ar and the deposited
element) can be tightly controlled, and the deposition behavior and film properties can

DC Target Bias

I 5 Al Target

Al —

@ AlteT @  Inductively
Coupled RF
‘ Antenna

RF Substrate Bias

Figlll'e9-3'lﬂclmm‘mc diagram ol ionized sputter deposition system (or ionized PYD),
showing atomic flux lines. (After [9.15].)
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be altered, just as in bias sputtering. The highly directional ionized atoms anq angle-de-
pendent sputtering can result in very good coverage at tl'!e bottom of dc{cp vias or con-
tacts. However, the sidewall coverage may be poor. By increasing lh.e ton energy, the
resputtering and redeposition of the atonis can be increased. TCSUlllr?g in better sidewall
coverage [9.14], often still thinner than the bottom, but at least continuous. Bevelling of
the top corners due to angle-dependant sputtering may also occur. . y

Ionized PVD (IPVD) is also referred to as “jonized metal plasma™ (IMP) qeposllxon.
It is also sometimes called “high density plasma sputtering,” analogous to high density
plasma CVD, because of the higher density plasma produced )v_hicl\ ionizc_s.[l\e metal
atoms. With the high density plasma produced, much more efficient dcpqsnlan occurs
compared to bias-sputtering or collimated sputtering, and IPVD is beginning to be
more commonly used in chip production. The main problems with ionized PVD have to
do with uniformity and manufacturing issues. The ionizing coils are usually located in-
side the chamber, and not remotely as in HDP CVD and etching systems. (Othenwise
metal deposited on the chamber windows would block the signal from a remote RF
source.) Having the coils inside the chamber leads to deposition on the coils and other
associated problems. Another type of IPVD system utilizes a hollow cathode mag-
netron source rather than RF coils.

High-Temperature or Hot-Sputter Deposition Another method used to fill spaces
during deposition as well as to improve overall coverage is high-temperature, or hot-,
sputtering. This will be discussed further in Chapter 11 since it is most often used for Al
deposition. The basic idea is to heat the substrate to 450°C or higher during deposition.
usually by a wafer backside gas heating system. Surface diffusion is signilicantly in-
creased so that filling in spaces, smoothing edges, and planarization are accomplished.
all driven by surface energy reduction. This can be considered as in situ reflow. Usually
a thin “cold™ deposition is done first with the substrate at room temperature, which
serves as a nucleation-wetting layer. CVD deposition of Al may also be used [or this.
This is then followed by the hot-PVD deposition. High-temperature sputter deposition
is still in the development stage. One of the main drawbacks is the relatively high tem-
perature required. Excessive reaction between the hot Al and the liner can occur. The
high temperature can also adversely affect other materials and layers already present
on the wafer at this stage in the process. ’ -

Even more recently developed is high-pressure sputter deposition. In this method,
(ialled the aluminum extrusion fill, or the “ForceFill™ [9.16] technique, the aluminum i
!‘nrsl sputter deposited, which covers and seals the holes. Then the chamber is pressur-
ized withargon o up to 700 atmospheres while the wafer is heated to about 400°C. This
:E;c;:is (:f,fls:,mr:l,l:] to cofmpletely fill any hole' and does so quite ellectively. AAp}.)lying
o 1%1 ; .gl pre s1u're after the de.po.sxtlon minimizes any argon incorporation tn the

Um. The high temperature and specialized equipment are drawbacks to this technique.

9.3 Manufacturing Methods

Ft[::,e -dl,m:wEud-lypeS of-equipmer,? used for the deposition of thin films in microelec:
t cri‘lf:3 were iscussed in the previous section. In this section the techniques used 102y
0 deposit specilic thin lihms will be brietly described. Table 9—] provides i summary:
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Toble 9~1  Common deposition methods for thin films in integrated circuit fabrication

Thin Film Equipment Typical Reactions Comments

Epitaxial silicon ~APCVD,LPCVD SiHy— Si + 2H: 1000-1250°C.

SiCls + 2H: —» Si + 4HCl  Reduce pressure for lower-
Also SiHCly, SiH:Clz temperature deposition.

Polysilicon LPCVD Same as cpitaxial Si 575-650°C.

Grain structure depends on
deposition conditions and
doping.

SizNg LPCVD,PECVD 3SiHs + NHi— 650-800°C for oxidation

SizNy + 12H: mask.
200-400°C (PECVD)
for passivation.

SiO: LPCVD, PECVD, SiHy + 02 — SiO; + 2H: 200-800°C.
HDPCVD.APCVD Si(OC:Hs)a (+0s) 200-500°C (LTO)—may

— Si0z + byproducts require high T anneal.
25-400°C (TEOS-ozone,
PECVD.HDPCVD).

Al Magnetron sputter 25-300°C (standard

deposition deposition).
440-550°C (hot Al for
in situ reflow).
CVD difficult for alloys
(AL-Cu-Si).

Ti and Ti-W Magnetron sputter CVD difficult.
deposition (standard, Nitrogen can be added to
ionized, or collimated) Ti-W to stuff grain

boundaries.

W LPCVD 2WF; + 3SiHs — 250-500°C.

2W + 3SiF; + 6H: Blanket deposition with
WFe + 3H> > W + 6HF two-step process using both
reactions is common.

TiSiz Sputter and surface Ti(sputtered) + Sputter/reaction gives
reaction Si(exposed) — TiSiz self-aligned silicide.
Cosputtering or CVD

TiN Reactive sputter Ti + N; (in plasma) > TiN  Organometallic source
deposition possible for MOCVD

deposition.
CVD 6TiCly + 8NH; — TiN can also be formed in
6TiN + 24HCl + N2 TiSiz process.

Cu Electroplating, Cut + 2" > Cu Electroplating is most

electroless. sputtering.
CVD

common method today.
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9.3.1 Epitaxial Silicon Deposition o '
“Epitaxy™is from the Greek for “arranges upon.” prt§§1a1 silicon is silicon l“hal is de-
posited on top of single-crystal material (usually the silicon subslral_e) aqd arranges
upon™ and takes the crystalline form of the substrate. I_f no undcr}ymg single-crystal
silicon is present, or if the deposition conditions are no.t rlg_hl‘ then .ellher an}orp.hous or
polycrystalline silicon will result. An example of an epitaxial layer is shown in Figure 2-
20 in the CMOS process in Chapter 2. o ] .

Epitaxial silicon is deposited by CVD by either decomposing silane via the reaction

SiH, - Si + 2H, (928)

or by the reaction of a silicon chloride compound with hydrogen. Silicon tetrachloride,
SiCl,. is often used, and the overall reaction is

SiCl, + 2H, — Si + 4HCl (9.29)

Two other chlorides. StHCL; and SiH:Clz. are also sometimes used as the source
species, with similar reactions. Eq. (9.29) is the overall, or net, reaction for the tetra-
chloride source. Actually many intermediate and competing reactions occur, and the
process is quite complex. The silicon chloride species are all liquids at room tempera-
ture and are delivered to the chamber using hydrogen as a carrier gas. Using silicon
chlorides rather than silane as sources of silicon is beneficial in that chlorine removes
metal contaminates from the deposited silicon film.

Cold-walled CVD systems have traditionally been used for epitaxial silicon, eitherin
the lorizontal tube configuration shown earlier in Figure 9-4(a). or in a “pancake™ con-
figuration, with a round vertical wafer holder with source gases coming from above. Sys-
tems using quartz halogen radiant heating are also used. In each of these systems the
wafers are placed side by side (end-to-end) to ensure uniform depositions.

For conventional epitaxial growth, relatively high deposition temperatures of 1000~
1250°C are used, the lower temperature for silane and the higher for SiCls. These high
temperatures are used so that single-crystal layers are readily obtained. High tempera-
tures are required to desorb any native oxide on the surface which would inhibit single-
crystal growth. At temperatures over 1000°C at | atmosphere, thin silicon dioxide films
that may form during the deposition become unstable and vaporize. Also at the higher
temperatures the surface reactions for deposition are enhanced, especially the surface
migration to kink sites and rearrangement of the atoms. allowing for single-crystal
g.row1h. It is important that the atoms on the surface have time to ablmch at the proper
sites before too many more aloms arrive. If the deposition rate is too fast relative to the
surface processes, polycrysla_llinc material results. Because of the hi gh temperatures and
o Tt resime. Thenefore oimees umaeyemsusually occus i he s FE
from being stack d 1 ckness uniformity requirements preclude the Wil .

g stacked close together. Recently lower temperature systems have been &€

veloped, as .wxll be described later in this section.
sorS:\I\:l‘;;?lrl::Siezl :Féé::;ilsi?%?)sl;l(i;] is done cither at atmospheriv pressure. Dld:
200 1orr, but still above normal LPCVD pressii
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which are in the 0.5-2 torr range. Reducing the pressure gives better control over
switching on and off dopant source flows and reduces autodoping so that more abrupt
doping profiles may be obtained. This works well for arsenic and phosphorus, but not as
well for boron. Decreasing the pressure too much may cause the deposition rate to be
quite low, by perhaps limiting the reactant species, especially for the chlorine-based
sources. In earlier years when most epitaxial deposition was done using these conven-
tional systems, the epitaxial layers were up to 20 wm thick and higher deposition rates
were required.

A clean surface is critical to obtaining epitaxial growth. If contaminants or native ox-
ide films are present, single-crystal growth will not occur. Wafers must be carefully
cleaned prior to loading into the system. In addition, after the wafers are loaded into the
deposition chamber, they may be subjected to an in situ HCl gas clean. This will etch the
top surface of the silicon and remove any contaminates or native oxide.

Doping of epitaxial Si films can be done during the deposition by introducing ap-
propriate gas sources of the dopants into the chamber along with the silicon source
gases, as discussed earlier in the section on APCVD. Common dopant source gases are
arsine (AsHj3), phosphine (PHs), and diborane (B;Hg). Unintentional doping due to dif-
fusion and autodoping can be a problem, as discussed earlier. Reducing the pressure
and increasing the temperature seem to reduce the problem for arsenic and phospho-
rus, while increasing the pressure and reducing the temperatures work better for boron.
Using antimony instead of arsenic or phosphorus helps due to antimony’s low vapor
pressure compared to arsenic and low diffusivity compared to phosphorus.

Selective deposition of epitaxial silicon is sometimes desired. Selective deposition
means that the silicon deposits on exposed regions of silicon, but not on other films,
such as silicon dioxide. Under non-selective conditions, epitaxial silicon would be de-
posited over the exposed silicon, and amorphous or polycrystalline silicon would be de-
posited over the other regions. But by using the right conditions, one can actually
achieve selective deposition. Conditions are chosen to reduce the nucleation and
growth rate on the less-favored nonsilicon regions and to enhance the surface migration
of the silicon atoms. Chlorides in the source gas tend to inhibit nucleation on the oxide
by Cl etching of Si and by increasing the surface migration of Si atoms. Therefore using
SiCls, SiHCs, or SiH:Cl: increases the selectivity over using SiHa. HCl gas is often added
to improve selectivity. Reducing the pressure also helps.

Recently the need for low-temperature epitaxial growth of Si has greatly in-
creased. In advanced process technologies, minimizing the thermal processing that
the wafer is exposed Lo is crucial in order to decrease dopant diffusion, control abrupt
interfaces and junctions, and reduce damage to device structures. Reducing the
growth temperature from 1000°C or higher to temperatures in the 500-900°C range
is of great benefit in these regards. Recently techniques have been developed to pro-
vide good quality epitaxial silicon films at low temperatures. The key to this is to pro-
vide an ultraclean environment so that oxides and other contaminants that would
inhibit single-crystal growth are not present on the wafer surface. This can be
achieved by using high-vacuum compatible CVD systems, ultrapure gases, and utiliz-
ing low pressures. A good predeposition clean is critical, and the wafers can also be
initially heated to high temperatures in vacuum or Hz in the chamber prior to the de-
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position temperatures and pressures

position to desorb any native oxide. The low deposition ! s ur
usually place the deposition in the surface reaction limited regime. The deposition

rates in these systems may be lower than in conventional epilzuxial systems, bu.t the
layers that are grown today are generally much thinner l_han in older lcchnologl.es.

Another technique for low-temperature Si epitaxy is MoleCula_r Beam ‘prlaxy
(MBE). Used for many ycars to produce 111-V epilayers, this n{glllod is now being used
more frequently for Si and SiGe films. In this technique, the s_lhcon and dopant atoms
arc evaporated under ultrahigh vacuum conditions onto lh§ Si subsl_rale. Low-temper-
ature epitaxial deposition, in the 500-800°C range, is obtainable, with ultraabrupt in-
terfaces and doping profiles.

9.3.2 Polycrystalline Silicon Deposition

Polycrystalline silicon, unlike epitaxial silicon, can be deposited on arbitrary substrates
and does not need exposed silicon underneath. It is used for the gate electrode in
CMOS technology and for local interconnects and resistors. Its good thermal stability.
good interface to silicon dioxide, good conformality, and ease of deposition and pro-
cessing have made it a mainstay of silicon microelectronics technology. Polycrystalline
silicon. as its name implies, is made up of regions or “grains™ of crystallinc material, but
with each grain oriented differcntly from the neighboring grain. Separating each grain
from the next one is a region called, appropriately. the grain boundary. Polycrystalline
structures, grains, and grain boundaries will be discussed in detail in Chapter 11.

Polycrystalline silicon, or polysilicon, can be sputter deposited: however, CVD de-
position is the usual method today. This is mainly due to two reasons, one historical and
one technological. As we described above, epitaxial silicon must be deposited at rela-
tively high temperatures in order for single-crystal material to be obtained. The low
temperatures of sputtering (room temperature up to a maximum of about 400°C) pre-
clude its use in depositing cpitaxial film. Once CVD methods were developed for epi.
it was a simple matter to use this method for polysilicon. where the conditions are much
%ess restrictive. The other reason that CVD is used for polysilicon rather than sputter-
ing is duc to step coverage issues. In actual devices and circuits, polysilicon must often
be degos_ited across steep topography. (See Figure 2-25 for example.) Good step cov-
erage is important, and as we have mentioned many times, CVD usually gives better
step coverage than sputtering. The conformality of LPCVD polysilicm{ is extremely
googl. Witl:l asticking coefficient of 0.001 or less.

_S1lar}e 1s most ofler} used for polysilicon deposition, following the decompositionTe-
action in Eq. (9.28). Silane is used rather than the silicon chlorides because better cov-
crage over arporphou§ materials such as SiO; is obtained. This may be related (©
e s bl e s of e e o e e e
on the oxide, What i; bcllergfor sZ:el ctl? nunl?allon‘ e gl‘f)Wth on the suhcop_and woflh
icon over oxide layers, and vice ve)c welepxtax_y_xs what is worse for depositing pt’{y.*lz
usually used for polysilicon de osi(;;cs)a. n:d‘dlllon_ mOderal.el:\' low 1cm1101':xlurL:5 \‘mj
peratures than with the chloridpc r»-dc:li‘ an “s-l,lan.e deComposm.on oceurs at lower fcn:_
monly nitrogen or hydrogen How;vcr c;ns ) dllutam. or earrier gas s usel. | lh'wnf

: - using hydrogen increases the reverse reaction®
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Eq. (9.28). and can decrease the deposition rate at lower temperatures. This decrease in
the surface reaction shifts the deposition rate versus 1/7 curve to the left compared to
when nitrogen or no carrier gas is used. as shown in Figure 9-8 [9.17].

In order to achieve good throughput with uniform films. LPCVD systems with
stacked wafers are used for polysilicon. Such a system was shown schematically in Fig-
ure 9—4(b). The deposition pressure is generally in the 0.2 to 1 torr range. A dilutant or
carrier gas may or may not be used with the silane. By using a low pressure at the rela-
tively low deposition temperatures described below, one ensures that the deposition oc-
curs in the surface reaction limited regime while maintaining adequate deposition rates.
The use of low pressure has been seen to greatly improve the uniformity of polysilicon
depositions in closely stacked wafer systems at these moderate temperatures. Using
lower pressure also results in fewer gas-phase reactions and less gas usage.

The deposition temperature for polysilicon films is moderately low, usually in the 575
to 650°C range. One reason for these low temperatures is to minimize the thermal bud-
get of the wafer, reducing dopant diffusion and material degradation. Also, fewer gas
phase reactions occur at the lower temperatures, leading to smoother and better ad-
hering films, and silane depletion is less at lower temperatures. Another reason is that
small grains are usually desired for polysilicon films. This is because films with finer
grains are easier to mask and etch to give smooth and uniform edges. Deposition of
polysilicon at higher temperatures usually results in larger grained films. For tempera-
tures less than 575°C or so, the deposition rate is too low.

The deposition rate depends on the temperature, the silane partial pressure, and the
presence of hydrogen or doping gases. At 620°C with a partial pressure of silane (with
nitrogen carrier gas) of 0.5 torr, the deposition rate is about 15 nm per minute. Accord-
ing to our simple model for deposition, the deposition rate should be a linear function
of the silane partial pressure, as given in Eq. (9.10). But the deposition rate for polysil-
icon has been found to be a sublinear function of the silane partial pressure, saturating
as the silane is increased. This may be due to the desorption of hydrogen from the sur-
face, which could be the limiting step in the deposition mechanism.

The as-deposited grain structure depends on these same factors: the temperature, the
silane partial pressure, and the presence of other gases or species [9.17, 9.18]. Usually
the polysilicon film is columnar in structure, meaning that most grains span the entire
height of the film, with the grains quite tall and narrow in some cases. The average size
at the top of the grains is often a little larger than at the bottom. Figure 9-32 shows sev-
eral TEM cross-section images of deposited polysilicon films with the grain structure
evident [9.19]. Polycrystalline films often exhibit a certain crystallographic texture.
Crystallographic texture means that while the in-plane orientation of the columnar
grains is more or less random, there is a preferred orientation of the grains in the verti-
cal direction or out-of-plane orientation. For example in <110> textured films, which
are common for typical polysilicon deposition conditions, most of the grains would have
their <110> orientation pointing upward, or close to it. (And a more textured film
means that a higher percent of the grains are at, or close to, a single orientation.) These
orientations are a function of the deposition conditions, particularly deposition tem-
perature and partial pressure of silane. If the deposition temperature is below 570-
600°C, depending on the silane partial pressure, the as-deposited film will not be
polycrystalline, but amorphous. Annealing the film at 600-1 000°C will convert the struc-
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a) Undoped

b) Doped

©) Undoped
and heat-
treated

d) Doped
and heat-
treated

ctions of CVD polyerystalline films deposited w1 625°C: () as-de-
posited, undoped film, showing the thin grains in & columnar structure; (b) as-deposited phospho-
rus-doped film, showing much larger grain size; ©) annealed (1000°C), vadoped film, showing linle
grain growth as compared to (a); (d) anncaled (1000°C), phosphorus-doped flm, showing evi-
dence of grain growth as compired to (b). Reprinted with permission of the Electrochemical Soci-
ety [9.19).

ture to polycrystalline material.

‘The average diameter of the columnar grains, the grain size, also depends on the dc
position conditions and can range from 0.01 to 0.4 wm. with a typical size of about 0.05-
0.1 wm for undoped polysilicon deposited at 625°C. Higher deposition temperatures
generally result in larger grain sizes. as do thicker film depositions. High doping with
phosphorus or arscnic (greater than about 3 X 10™ em~* for P and greater than about
1 X 10" em ™" for As) can greatly increase the grain size of as»dcpositcd films, as showd
in Figure 9-32. During any subsequent high-temperature annealing, the average graf
size will increase only slightly for as-deposited undoped polvcrysl:—ullhinc sgilicon when air
nealed at 1000°C (more grain growth occurs at higher (cmp;-:rzllurcs above 1200°C). For
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as-deposited amorphous silicon, the crystalline grains will nucleate and grow much
more, even exceeding the size of the grains of annealed polycrystalline films. They also
end up being somewhat less columnar, with some grains nucleating and growing above
and below cach other. The final size in either case will depend on deposition and anneal
temperatures, anneal time, dopants, impurities, and film thickness. For example, phos-
phorus and arsenic doping will significantly increase the grain growth, while boron does
not. This may be related to the increased vacancy concentrations with n-doping {9.20].
Grain growth and the dependence on film thickness will be discussed in more detail in
Chapter 11.

Polysilicon can be doped either n type or p type. This can be done either during the
deposition or afterward by implantation or diffusion. Doping during deposition is done
by adding dopant source gases, such as those used for epitaxial growth, into the cham-
ber along with the silane. However, the addition of arsine (AsH;) or phosphine (PHz)
greatly decreases the deposition rates, by competing for sites perhaps, as well as creates
thickness variations in the films. For these reasons, n-type doping of polysilicon is usu-
ally done after the deposition by implantation or diffusion. Diborane (B;Hs) on the
other hand, increases the deposition rate slightly and therefore can be used to dope the
film during the deposition. As and P dopant atoms in polysilicon tend to segregate to
the grain boundary regions. Here they are electrically inactive, so that only the dopants
that remain in the grain interiors contribute to the doping of the film. B does not appear
to segregate to grain boundaries. In addition, the grain boundaries can trap carriers re-
gardless of the dopant, also reducing the net doping. The carrier mobility is also de-
creased by the grain boundaries. As a result, polysilicon must be doped at higher than
normal concentrations in order to achieve desired doping and resistivity levels. Figure
9-33 extends the resistivity data we discussed in Chapter 1 (Figure 1-18) to the polysil-
icon case and shows the resistivity of annealed films as a function of phosphorus dop-
ing concentration. One can see that the resistivity for polycrystalline material is higher
than single-crystal silicon for the same total doping level. This difference gets smaller at
higher doping concentrations, presumably because the finite number of traps at the
grain boundaries get saturated above some critical concentration (about 1 X 10" cm™>
here). One sees that for samples deposited at 580°C (indicated by the LP-580 label, for
LPCVD deposition at 580°C), the critical doping concentration is less. This is consistent
with a larger grain size for annealed amorphous films, as discussed above. Larger grains
means less grain boundary area and thus fewer segregated dopant atoms and fewer car-
rier traps.

9.3.3 Silicon Nitride Deposition

Silicon nitride, SizN., films are used primarily for two purposes. One is for a mask
against oxidation. In earlier chapters we saw how Local Oxidation of Silicon (LOCOS)
occurs using silicon nitride as a mask against oxidation (Figure 2-5). The diffusion of
oxygen through the film is very slow, preventing the underlying silicon from being oxi-
dized. The other main use of silicon nitride is as a final passivation layer on chips. Sili-
con nitride is a very good barrier against water and sodjum diffusion (unlike silicon
dioxide) and it can be deposited conformally, making it an excellent final passivation
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Figure 9-33 Resistivity of led phosphorus-implanted sili-
con films as a function of phosphorus concemration. LP refers 10
LPGVD deposition, AP refers lo APCVD deposition, and the numbers
in the labels refer to the deposition temperature. (After [9.21}.)

layer for silicon microelectronics. It is generally not used in direct contact with silicon
because of its relatively poor interface properties, especially with regard to fixed or in-
terface trapped charges, and its high stress.

The two uses of silicon nitride require different deposition techniques as dictated by
the allowable deposition temperatures. The masking nitride film is deposited relatively
early in the fabrication process, and the temperature can be high. However, the passi-
vating nitride is deposited after the metallization is in place, and theretore the deposi-
tion and processing temperature is limited to 450°C.

Masking silicon nitride films for LOCOS processes are deposited by CVD in the
650-800°C range. Low-pressure CVD is frequently used for good uniformity and high

wafer throughput. The source gasses arc ammonia and either dichlorosilane or silane.
following the reactions

38it1,Cl, + 4NH, — Si;N, + 6HCl + 6H, (9-30)
or 38iH, + 4NH, > Si,N, + 12H, (9.31)
To ensure the proper stoichiometry of the film, an excess of ammonia is uscd often by
as much as 20-to-1 over the chloride or silane. Nitrogen can also be used in place of the

ammonia. Significant amounts of hydrogen, up to § atomic percent. arc fucorporated

into these films, bonded to both the silicon and nitrogen. This can affect the him prop”
erties, such as density and etch rate.

Silicon nitride films used for final passivation films must be deposited at temperd
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tures of 450°C or below, as mentioned above. Because of this, PECVD is the common
technique employed here. Silane and ammonia are used. following Eqg. (9.31), since
silane works better at the lower temperatures than do the chlorides. Typical PECVD ni-
tride deposition temperatures range from 200 to 400°C. The film that is deposited at
these low temperatures using PECVD is often not stoichiometric SisN, and s often re-
ferred to as just SiN or SiyNy. In fact, even more hydrogen than in the high-temperature
LPCVD films is incorporated, up to 25 atomic percent, and the film is often designated
by SixNyHz. Oxygen can also be present in the film. The deposition rate and the film
properties are very dependent on the deposition conditions, including the RF power
and frequency, the gas flow, and the chamber pressure. The various film properties, such
as composition, stress, dielectric constant, thermal expansion coefficient, and density,
can be optimized, or at least traded off between each other, by varying the various de-
position conditions.

To reduce the Si/SiO; interface trapped charge density in the active devices, an an-
neal is done in a hydrogen ambient near the end of the fabrication process. Because a
nitride film is a barrier to hydrogen diffusion, the hydrogen anneal must be done prior
to the deposition of the passivation nitride film.

9.3.4 Silicon Dioxide Deposition

Deposited films of silicon dioxide are utilized throughout silicon microelectronic struc-
tures as described in the CMOS process flow in Chapter 2 (see, for example, Figures 2—
29 and 2-38). They are used for dielectric layers to electrically separate conducting
regions as well as for masks against implantation and diffusion. The requirements for
the films will be discussed in more detail in Chapter 11, but obtaining films of good
quality in terms of density, purity, and thermal stability, as well as good step coverage
and filling properties are of major concern.

Most oxide films today are deposited at relatively low temperatures, from 200°C to
500°C using CVD techniques. Sputtered oxide films have worse coverage and more par-
ticulates (mostly due to flaking off of the metal chamber walls) than CVD oxides. At-
mospheric systems have been used for many years, but today LPCVD and PECVD
systems have become more commonly used.

Silane and oxygen are common source gases for CVD sjlicon dioxide deposition, fol-
lowing the net reaction

SiH, + O, — Si0, + 2H, (9.32)

Oxidants other than O, are sometimes used, such as N;O, NO, and CO,. When non-
plasma, silane-based deposition of SiO: is done at temperatures less than 500°C, it is
commonly referred to as Low-Temperature Oxide, or “LTO,” deposition.

Other sources of silicon are also used. One such source is tetraethooxysilane—
Si(OC:Hs)s—or “TEOS.” It can form silicon dioxide by decomposing via the reaction

Si(OC,H;), — SiO, + byproducts (9.33)

(O is often added as an extra oxidizer to reduce the carbon content in the film.) This
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deposition occurs at higher temperatures. in the 650-800°C range. but b(.:cause of the
low sticking coefficient of TEOS compared to silane, more conformal f.wlms are pro-
duced. The deposition temperature can be lowered to below 400°C by either utilizing

plasma enhanced deposition, or by including ozone. Oz, in the chamber:

Si(OC,Hy), + O, — SiO, + byproducts (9.34)

Because at low pressures (<150 torr) the deposition using TEOS and Oais limited by
0O, and gives worse film properties. a so-called Sub-Atmospheric CVD (SACVD) sys-
tem has becn developed for doped premetal films and undoped intermetal films {9.22.
9.23]. The deposition pressure in this system is at higher pressures (200400 torr) and
the deposition temperature is 300-550°C. Oxide films with good gap fill and reflow abil-
ity can be obtained with this system.

The major drawbacks to using TEOS are that it is a more difficult source to use (it is
an organometallic liquid). the relatively high levels of carbon in the deposited film (from
the TEOS itself), and the more porous films that are sometimes formed. But TEOS is
still commonly used due to the conformality of the films it produces.

Silicon dioxide films deposited using LPCVD or APCVD at low temperatures (less
than 500°C) can be nonstoichiometric and are often porous. They can also exhibit in-
adequate step coverage or filling. The films that are deposited before aluminum is on
the wafer are usually annealed at high temperatures after their deposition. This densi-
fics the films, as well as allowing them to flow, or “reflow,” in order to achieve better fill-
ing and step coverage, as discussed in Chapter 11. This is done at temperatures of
1000-1100°C for undoped films, and as low as 800°C for doped (with B and/or P) films.

For films that are deposited after aluminum is already on the wafer, other measures
must be taken. No high temperature densification anneal can be done, so the films must
be of adequate quality and have good coverage “as-deposited.” TEOS with ozone and
plasma enhanced CVD TEQS are commonly used. While PECVD TEOS gives dense
films and fairly good coverage and filling at low temperatures, the films usually contain
a lot of hydrogen or nitrogen, up to 10 atomic percent, which can affect their properties.
TEQS/O: films muy be more conformal and have better filling ability, but are also much
more porous and can absorb moisture.

Another method of silicon dioxide deposition. bias sputtering, has been developed to
improve filling and planarizing. But because of its low dcposition rate and a high den-
sity of particulates, this method is not commonly used today. A relatively new technique
galle.d Hi.gthensily Plasina (HDP) CVD, which combines PECVD with bias sputter-
ing, is being used for low-teinperature deposition (150°C down to room temperature)-
Figure 9-34 shows F:xamples of SiO: deposited by HDPCVD, displaying excellent filling
and goqd planarizing p_roperlies. In this method, both silanc-and TEOS-based
cheDmelslor:iatsecéarxll!)e us:lzfi. gzlving good quality films in high aspect ratio structures.
more reflow at lower tem Cle‘ t les? and t_:nhange Na gettering, while the boron ulIOWf
done by using hydrides forpth:s?lfxenbé iis‘:lsl”nl;e d~lscussed " ‘Chapler - D‘Opmg Cﬂg(gg
case in APCVD, LPCVD and PECVIS coiﬁggi"izr;?x:elalhc compounds for (he'T
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9.3.5 Al Deposition

Metal

0.5 micron

0.5 micron

Figure 9-34 SEM images of High-Density Plasma (HDP) CVD deposited SiO;, showing
good planarizing and excellent filling properties. Photos courtesy of VLSI Technology, Inc.

Aluminum is used as the main interconnect material in silicon microelectronics. As ex-
plained in Chapter 11, pure Al is usually not used, but an alloy of Al with 0.5-1 wt. per-
cent Cu (to reduce hillocking, voiding, and electromigration) and sometimes with about
1 wt. percent Si (to prevent spiking and other interactions). The technique almost al-
ways used is DC magnetron sputter deposition. CVD techniques are not currently used
for Al (but are being investigated) because of the problems with CVD of metal alloys,
and Al is almost always used as an alloy. These problems include unwanted reactions
between the precursors for the various metals, carbon contamination, rough films, low
deposition rate, and inefficient use of the Al precursor which can result in a very costly
deposition. Sputter deposition does not have these problems. Magnetron sputtering is
used primarily due to its high deposition rate of up to one pm per minute for Al

The argon pressure and the presence of impurities can affect the deposition and
properties of the film. While a higher pressure of argon will increase the number of col-
lisions of the Al atoms in the gas phase, decreasing the mean free path and improving
the step coverage, a higher pressure of argon also means that more Ar will be incorpo-
rated in the Al film, up to 1 atomic percent. This can have deleterious effects on the film
properties, including liigher electrical resistivity, more stress, and smaller grain size (the
argon acting as nucleation sites for the grains). Therefore lower pressures are usually
desired. The presence of other gas species also affects the deposition and film proper-
ties. Oxygen, nitrogen, hydrogen, and water vapor may all be present in small amounts
in the deposition chamber or on the wafer surface. These can all be incorporated into
the film, having the same effects on the film properties: higher electrical resistivity, more
stress, and smaller grain size. It is important to minimize the amount of these impurities
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in the deposition chamber. This is done by pumping down the chamber to very low pres-
sures before the argon is introduced (to less than 1 X 107% torr in some cases), by us-
ing ultrapure argon, and by heating the wafers and wafer holders before the deposition
occurs to desorb any moisture.

1t is common to heat the wafers to 150-300°C during Al sputter deposition. mainly 10
improve step coverage by increasing the surface mobility. Heating the substrates to even
higher temperatures, up to 450-550°C. is called high-temperature or hot sputter deposi-
tion. or just “hot Al”. The surface diffusion (and possibly bulk viscous flow) increases sig-
nificantly, allowing for filling of deep contact and via holes.

There has been quite an interest recently in CVD Al This is because of the tech-
nique’s inherently better step coverage and excellent filling ability. There has been some
limited success at depositing an Al-Cu alloy by using different Al and Cu organometal-
lic precursors [9.24]. However, a more common approach involves depositing a film of
pure Al by CVD, then doping it with Cu afterward. Al itself can be deposited by CVD
using metal-organic sources, such as tri-isobutyl-Al (TIBA), or dimethylaluminumhy-
dride (DMAH). The presence of Al-H bonds in the latter precursor results in less car-
bon incorporation in the Al film. To alloy or dope the film with Cu, one method is to
sputter a layer of Cu, or Al-Cu alloy, on top of or below the CVD Al layer. Then a 250-
400°C anneal is done in which the Cu diffuses into the pure Al layer. producing a uni-
form layer of Al-Cu. However, controlling this process can be difficult.

).3.6 Ti and Ti-W Deposition

Titanium is often used as an underlayer for contacts, vias, and interconnects because of
its good adhesion to other materials, its ability to reduce native oxides, and its good elec-
wrical contacting properties (as discussed in Chapter 11). 1t is usually deposited by sput-
tering, either using standard magnetron sputtering, or by using collimated or ionized
sputtering for good coverage in contact or via bottoms. CVD of Ti is difficuli because
the precursors are so thermodynamically unstable. Impurities incorporated into the film
from the precursors can also be a problem.

Ti-W alloys have been used as barrier metals in contacts and as underlayers and anti-
reflective layers in interconnects, as also discussed in Chapter 11. However. TiN is more
c'ommonly used today for these purposes due it its better thin film and barrier proper-
ties anc} will be discussed separately later. Ti-W films are deposited using magnetron
sputtering, usually from a single target. The most common target is 10 wt. percem Ti (30
atomic percent) and 90 wt. percent W (70 atomic percent). Nitrogen is commonly added
to the c_hamber and is incorporated into the polycrystalline film, plugging or “siuffiﬂ‘a’v“
the grain boundaries. This reduces atomic diffusion along these high ditfusion paths and
improves the ﬁ'lm‘.s barrier performance. Film properties, such as resistivity, stress, com-
Fos:mon. and barrier performance. depend mainly on four deposition conditivns: sput-
ering pressure, power, temperature, and Ar/N; ratio. [9.25] The films can be rather

brittle. leading to cracking on the wafer and to flaking off of deposition clamber walls
onto tlie wafers,
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Thngs'ten is commonly used as a contact or via metal. called “tungsten plugs,” or in some
cases is used as a first-level metal interconnect. (See, for example, Figure 2-41 in Chap-
ter2.) It is' usually deposited by CVD, due to its very good filling ability and conformal
coverage, in a hot-wall, low-pressure system. Temperatures range from 250-500°C. and
total pressures are in the 0.1-to 2-torr range. .

Tur!gsten can be deposited either selectively or as a blanket deposition. In selective
deposition, W is only deposited where Si is exposed,such as in contact holes, and not on
the surrounding SiO,. In this process, the exposed Si is used to reduce the W source gas
WF, depositing W only in those regions. ’

Much more commonly used is blanket tungsten deposition. Here tungsten is de-
posited everywhere, both in the contact or via holes, and over the dielectric. (CMP
shown in Figure 2-42 or an etchback process described in Chapter 11 can then be used
toremove all the tungsten except in the contact or via holes.) Tungsten can be deposited
by either the hydrogen reduction reaction

WF, + 3H, » W + 6HF (9.35)

or the silane reduction reaction
2WF, + 3SiH, — 2W + 3SiF, + 6H, (9.36)

A two-step process utilizing both these reactions can also be used, as will be described
in Chapter 11.

Tungsten films deposited by CVD have significant amounts of fluorine incorporated
in them as a result of the WFg source, often 1 atomic percent or more. This increases
their resistivity over bulk values by 1.5 to 2 times. The grain size is usually less than 0.2
pm | yet the films are rather rough. This is due to random crystal faceting. This makes
the films harder to etch evenly and can also lead to problems in the dielectric overlay-
ers. Overall, good filling of contacts and vias with decent film properties can be
achieved, and the use of tungsten plugs in current microelectronics is widespread.

9.3.8 TiSi; and WSi; Deposition

Titanium silicide, TiSiz, and tungsten silicide, WSiz, are common silicides used today in
Si microelectronics. Other common silicides include CoSiz, TaSiz2, MoSi, NiSi, and PtSi.
We will focus on TiSi> and WSi, here, but many of the same deposition methods and
ideas can apply to the other silicides as well. As we saw in the CMOS example in Chap-
ter 2 and as we will discuss in much more detail in Chapter 11, silicides are used in
CMOS technology extensively to reduce sheet resistance of polysilicon lines and n* re-
gions. (See Figure 2-36.) They are often part of contact structures, either be_causp they
are already on top of the gates,sources, and drains or because they are deposited in con-
tact holes. Silicides can also be used as local interconnects themselves.
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The formation of silicides can be done in two general ways: by direct deposition of
the silicide; or by deposition of the metal on top of Si followed by the reaction between
the metal and Si to form the silicide. The direct deposition method can be accomplished
in several ways: (1) sputtering from a composite target, (2) cosputtering from two tar-
gets of the metal and Si, (3) co-evaporation of the metal and Si,and (4) CVD.

The reaction method is more common today than the direct deposition method. (See
Figures 2-35 to 2-37.) Here the metal, Ti for example, is deposited by sputtering on the
exposed gate and/or source drain regions, all of which are silicon. The wafer is annealed
and the silicide forming reaction occurs wherever the silicon and metal are in contact,
that is, on the gate and source/drain regions. The unreacted metal is then selectively
etched away, This method produces self-aligned silicide structures on the gate and/or
source drains. This is often called the “salicide™ technique, for “self-aligned silicide.” and
will be discussed more in Chapter 11. Another reaction method deposits the metal and
then amorphous Si, both usually by sputtering, then patterns and selectively etches the
amorphous Si. The wafer is then annealed so that the metal and amorphous Si react to
form the silicide. and the unreacted metal is selectively etched off. This nonself-aligned
method produces local interconnects independent of either gate or source/drain re-
gions. For either type of reaction method, it is imperative to have the equipment (both
sputtering chamber and annealing chamber) and the wafer surfaces free of oxygen. wa-
ter, and native oxides. Their presence can result in films that are high resistivity. have un-
even thickness and rough surfaces, and have poor adhesion properties.

WSi; has historically been used in a “polycide” structure. Here the silicide is blanket
deposited over a blanket polysilicon layer, and both polysilicon and silicide are masked
and etched at the same time to produce a low-resistivity gate structure. Both sputtered
and CVD deposition of the WSiz have been used. Sputtering from a composite (WSi:)
target has been used, but CVD has the advantage of better step coverage, lower stress,
and better adhesion. (WFs and SiH, are used in the CVD reaction, but a high SiH:WF.
ratio is used so that WStz is deposited instead of W.) However the trend today is to use
the self-aligned silicides (namely TiSiz or perhaps CoSi-) instead and form the silicide
on the gate and source/drain regions all at once.

9.3.9 TiN Deposition

TiN fillms are used as barrier layers in contacts, and as underlayers and antireflective
layers in ir}tercormects. as discussed in Chapter 11. They have mostly replaced Ti-W i
thesp applications due to their better barrier and film qualities. TiN films are otten de-
posited or formed on top of Ti films, which have better contact and adhesion properties
to the films underneath.

_ TiNis c-ommonly sputtered using the reactive sputtering technique. As discussed ear-
lier, reactive sputtering involves sputtering a metal in the presence of a reactive gas.
_sm:h_ as nitrogen or oxygen, to form the metal oxide or nitride. In this case, nitrogen g3
Is mixed with the argon gas while T is being sputtered. The plasma breaks up the N:
molecules into atomic nitrogen, which then react with the Ti to form the compound
both on the target and on the wafer surface. The properties vary significanly with the
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itrogen flow or partial pressure, the total pres-
ate temperature, and the substrate bias, if one is
presence of oxygen, increase the film® istivi
they alsci enhance the barrier properties by saturat)i,r%g the graineblcl)flrf\l(lir:risersefll'f\t;véz
posited film is typically fine grained, columnar, and with <111> orientation .although
<100> orientation can be achieved under certain deposition conditions [9.25,].The mi-
crostructure and orientation also depend on the film underneath. For example, the crys-
tallographic orientation or texture often follows that of the Ti film that is c,ommonly
uqderneath TiN films. TiN is a very hard metal, and the films can be highly stressed and
brittle, like Ti-W. TiN is often sputter deposited when the TiN is part of the Al inter-
connect stack. Step coverage and filling are not usually issues here. Generally it is bet-
ter to deposit the whole stack by one technique without leaving the deposition chamber
to avoid surface oxidation and contamination. Ionized PVD of TiN can be used when
TiN is utilized as a liner/barrier in vias.

To improve the step coverage and filling ability of TiN films, CVD methods for depo-
sition of these films have gained a lot of interest recently [9.26]. Titanium tetrachloride,
TiCly, can be reacted with ammonia, NHs, to form the films at 400=700°C via the reaction

deposition conditions, which include then
sure, the sputtering power, the substr
applied. While excess nitrogen, or the

6TiCl, + 8NH; — 6TiN + 24HCI + N, (9.37)

In general, the higher the deposition temperature, the better the film properties. As the
temperature increases, the resistivity of the films decreases, the film density increases,
and the chlorine content in the films decreases. Chlorine incorporation can be signifi-
cant, 0.5-5%, which can lead to corrosion problems in Al interconnects. CVD processes
using Metal-Organic (MOCVD) precursors instead of ammonia have also been devel-
oped. These include tetrakis-dimethyamino titanjum (TDMAT) and tetrakis-di-
ethyamino titanium (TDEAT). TiN films can be deposited with these sources at lower
temperatures and with no Cl contamination. However, the films typically have carbon
and oxygen incorporation, lower density, particulates, and not as good step coverage or
filling ability. Methods to improve these properties, including postdeposition annealing
treatments, or plasma treatments, are being developed. PECVD methods using ammo-
nia are also being developed.

Another method to deposit TiN films is by first sputtering Ti on the wafers and then
annealing them in a nitrogen or ammonia ambient above 600°C [9.25]. This was t_he
process used in the CMOS technology described in Chapter 2. The _’H.film reacts _w1th
the nitrogen to form the TiN film. The reaction is limited by the diftu519n of the nitro-
gen through the forming TiN film, and the formation rate exhibits a c.h.ffusmn-hmlted
square root of time dependence, as expected. The reaction is very S(?nSlt1Ve to the pres-
ence of oxygen, which can actually stop the reaction. The anneal is pf_ter} done in an
RTA system in which the heating time and exposure to oxygen are mlm{mzed.Thxs ni-
tridation method is often done in conjunction with silicide formation (Figure 2—?,6), as
discussed in more detail in Chapter 11. Here the anneal done to react the deposited Ti
with the underlying Si is performed in a nitrogen ambient. While TiSi: forms on the bot-
tom of the Ti, TIN forms on top.
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9.3.10 Cu Deposition ‘
As we will discuss in Chapter 11, manufacturing processes that use copper instead of
ently been developed. Cu has a lower elec.

Al as a global interconnect metal have rec ' beer ! |
trical resistivity than Aland has better electromigration re.smtance. However. there are
several processing and process integration issues concermng the use of Cu. One prob-

lem with Cu is that it is difficult to plasma etch dlfe to thc; low volatility of; the etch
byproducts. Therefore a process that does not require etching, such as sclethve depo-
sition, would be attractive. However, by using the damascene process, W_hlch was de-
scribed in the CMOS technology in Chapter 2, the deposition and patterning of Cu can
be accomplished by doing a blanket deposition in an etched-out d}cleclrnc layer. fol-
lowed by Chemical-Mechanical Polishing (CMP). In this manner, nclthe.r etching or se-
lective deposition is required. The damascene process will be described further in
Chapter 11.

Copper can be deposited by PVD methods. including both sputter deposition and
evaporation. However, the step coverage for these is quite poor and filling small vias is
difficult. A high-temperature reflow step can be done, but that raises the thermal bud-
get of the process.

CVD processes for Cu deposition are being developed to give better step coverage
and filling properties. Like Al CVD processes, metal-organic sources are commonly
used. One such source is 2Cu(hfac)L, where (hfac) is hexafluoroacetylacetoneate andL
is a neutral ligand weakly bonded to the Cu. One ligand is vinyltrimethylsilane. Both
blanket and selective depositions can be done depending on the ligands and deposition
conditions. However, it is difficult to simultaneously achieve low resistivity. good step
coverage and via filling, and a high deposition rate with these methods [9.27].

An alternative deposition method that has been developed for Cu is electrolytic

plating. This can be done with the use of external electrodes and applied current. Ap-
plying an external voltage is generally referred to as electroplating, Deposition without
an applied field is called electroless deposition. Both processes are used commonly in
printed <':ircuit board manufacturing, and work is being done to apply these processes
to Oﬂ*‘Chlp‘ interconnect fabrication, While the electroless method has received a lot of
attentl?n in recent years, mostly due to its selective deposition capabilities. the elec-
lroplahr}g m‘ethod has become the current method of choice for Cu depositionin nte-
grated circuits,
o lecopling b afrs e mouned on v nd s o O
immersed into the solulio:ir:‘ v rilmen' anOdff, made of platinum, for example. o
current drives the Cu jons iowac:d Z:ﬁz l‘i:fppllgd between the two elect odes ﬂmf l‘f
cording to the electrochemical reaction er. forming metallic Cu on the surface®

Cu®* + 2 — Cu (9_38)

gié:;“c;i‘::c{ﬂg’:;. ggmm:nlly C: as well, is deposited first over the wafer so that elec&
made to the surface of the wafer and s e ronlate
i : so that Cu is electroplt
cc);/:rbtehz ce]?lwe (;vafer surface. Th{s can be done by sputtering or CVD. Excellent illing
ieved with electroplating of Cu, Filling of gaps is enhanced by using wlevels
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ing” agen'ts or additives in the solution. These chemicals inhibit the deposition. The
preferentially adsorb on the top surfaces of the topography rather than on the b'otton};
of.trenches or vias due to diffusion limitations. The top surfaces and corners then re-
ceive less deposition than the bottoms of trenches or vias, resulting in excellent filling
ablhty._ Low resistivity and high deposition rate can also be achieved with electroplating,
and this method is becoming the most common method to deposit Cu for interconnectsj

The electroless deposition technique involves the formation of thin metallic films
from electrolytic solution without the use of external electrodes and without applying
an e)fternal current. Simultaneous oxidation-reduction reactions between two half-
reactions occur to deposit the film from solution. By this method, both blanket and se-
lectiYe Cu films of good quality, low resistivity, and good filling properties can be
f)btalned. In a typical process, the solution contains formaldehyde (HCOH) as a reduc-
ing agent,and CuEDTA as the oxidizing agent and source of Cu.The two half-reactions
with their redox potentials are

2HCOH + 40H™ — 2HCOO™ + 2H,0 + H, + 2e~ V = 0.32 (pH = 0.12) (9.39)

[CuUEDTAJ?" + 2e” — Cu + EDTA*” V= - 026 (9.40)
The net potential is positive so that the combined reaction is thermodynamically favorable:
[CuEDTAJ?~ + 2HCOH + 40H™ — Cu + 2HCOO™ + 2H,0 + H, + EDTA*"  (9.41)

Therefore by placing the wafer in a very basic solution containing Cu-EDTA and
formaldyde, copper will be deposited from the solution. Complexing and surfactant
agents are also commonly added to the solution.

In order for the copper to be deposited on the wafer surface, thin seeding layers are
required in the electroless process, as in the electroplating process. Here the seed layer
is needed to catalyze the electroless process. These are often Pd, Au, or Cu layers, de-
posited by CVD, sputtering, or evaporation. For selective electroless deposition, the
seed layers should only be in the locations where the Cu deposition is desired. This can
be done by selectively depositing the seed layer material itself, doing very directional
PVD deposition with subsequent etchback or CMP, or using lift-off techniques {9.28].
For nonselective Cu deposition, the seed layer is deposited everywhere followed by the
Cu electroless deposition. A problem with the electroless method has to do with cont-
amination. The seed layer materials, Pd, Au, or Cu, can all act as deep-level traps in the
underlying Si. Of more concern are the alkali ions needed for the highly basic solution.
The hydroxide ion, OH’, is commonly produced from sodium or potassium hydroxide.
Sodium and potassium ions can drift in SiO; and alter the electrical properties of the
active devices as we saw in Chapter 4. Tetra-methyl-ammonium-hydroxide
(N(C:2H5)sOH), or TMAH, is often used instead of sodium or potassium hydroyfide.
However, the complex solution and reactions involved with the electroless tecf}mque
compared to the electroplating method and the slower deposition rate, along with the
trend toward blanket deposition of Cu in conjunction with the damascene process, have
made the electroless process less attractive than the electroplating method for Cu de-

position in IC technology.
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9.4 Measurement Methods

ted films can be measured either during the deposition (in
situ) or after the deposition is complete. The latter case i? much more common. Prop-
erties such as thickness, composition. impurity concentration,step coverage. and stress,
which often depend on the underlying layers and topography. are usually measured on
the films after the deposition is complete. outside the deposition chambt?r. The mea-
surement of these properties is discussed in the measureme.m mclho.d~s sechofl of (;l]ap-
ter 11 for films used in back-end technology. These films include silicon oxide, silicon
nitride, silicide, and metal films, but the techniques are also used for other dielectric and
interconnect materials, such as polysilicon, as well. In this section we will briefly de-
scribe some in situ measurement techniques.

The measurement of properties during the deposition is not very common today dur-
ing IC fabrication and is mostly limited to film thickness and deposition rate measure-
ments or to research applications. But as the technology progresses and more control is
needed over film properties, there is much more interest in having automatic feedback
during depositior. This requires in situ measurement of the film properties so that the
deposition conditions can be adjusted as the deposition proceeds, The two most com-
mon methods of in situ measurement techniques are ellipsometery and the quartz-
crystal microbalance.

Ellipsometry was discussed in Chapter 6 and can measure the thicknesses, and hence
the deposition rates, of thin films on a reflective substrate. This technique is based on
the change of polarization that occurs when a polarized light beam is retlected by a film.
When data for multiple wavelengths are acquired, the technique is known as spectro-
scopic cllipsometry. This provides better measurement when multiple layers are present
on the wafer. Ellipsometers are well suited for in situ deposition measurements. This is
because the cllipsometer can be placed outside a chamber, using a window to allow the
measurement. Even if the window becomes coated with the deposition material or
byproducts, the measurement can still be done since the technique relies on relative in-
tensities of light, and not on an absolute intensity which can change with time.The tech-
nique is only useful for transparent thin films,

The otlle( common in situ measurement technique, QCM (Quartz-Crystal Mi-
f:robalance), is based on the fact that the oscillating frequency of a crystal deipends on
n's.mass. A quar}z crystal,sandwiched between two electrodes, is mounted in the depo-
sition chamber in the same area as the wafers. As the film material is deposited onthe
wafers and the cryslalz the mass of the crystal increases. This changes the oscillating fre-
?eurif;‘i‘)’cgi:l?f :;}:i{:‘l in ;1 \vell~.unsierstood manner, which is monitored through an €x-
change in m:;ss whicfl':l (i:s Tl:cg:'z l‘nrfl“,e(rliucdncy . deﬁcrm}ned:'rhis is then ConVc.rted}o‘ﬂ
sensitive that ilvis often used toL;liber o to a change in thickness. This technique ® so

ate other, less common., techniques. such as atomi©

emission and atomic absorption methods, This it
: me N : = deposition
o thod can be applied to the depos

The properties of the deposi
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While one important goal in thin film deposition is to obtain films with the desirable
physical and chemical properties, an equally important goal is to achieve proper cover-
age and filling of the film over the underlying topography. This becomes even more crit-
ical as lateral dimensions decrease and aspect ratios get larger.

' In this section we will focus on the modeling of thin film deposition as it relates to
film coverage and filling over nonplanar topography. In the first part of the section we
will utilize SPEEDIE [9.29], a 2D simulator developed at Stanford University.
SPEEDIE uses physically based models for deposition and etching. Many other simu-
latipn tools have been developed for deposition and etching in integrated circuit fabri-
cation, such as EVOLVE at Arizona State University, SAMPLE at the University of
California, Berkeley, SIMBAD at the University of Alberta, and SHADE at IBM.
Many of these are also physically based and contain many of the same basic mecha-
nisms and models as in SPEEDIE. We will use SPEEDIE’s simulation capability to pre-
dict the thickness and shape, in two dimensions, of deposited thin films as a function of
various deposition conditions and configurations, These simulations will be used to il-
lustrate many of the concepts discussed earlier in this chapter. Later in this section we
will describe simulations using some commercially available simulation tools.

9.5.1 Models for Deposition Simulations

Figure 9-35 shows a generalized deposition picture of both CVD and PVD techniques.
PVD systems use sputtering or heating of a source, whereas CVD systems use gas flow
introduction of chemical precursors to provide the reactant species for deposition. The
surface processes may also be different. Nevertheless, the steps are in general terms the
same and can be modeled with the same components. Only the values used for the spe-
cific terms of the model will vary depending on the deposition technique and condi-
tions. This is in fact a good way to analyze and compare the different deposition
techniques. By starting with the same basic components and equations, and modeling
the different techniques by varying the different parameters, one can more clearly see
the similarities and differences between them.

In Figure 9-35 we focus on the wafer surface and the gas phase adjacent to the
wafer surface. In the figure we see the direct flux of species, both neutrals and ions, ar-
riving from the gas phase. The deposition species. Al in this case, can be either neutral
or ionic. The ions, both Al* and Ar* in the figure, can also sputter atoms which have
been deposited on the surface. In addition the ions, by their surface bombardment, can
enhance the deposition rate of the neutral species. We also see in the figure species be-
ing desorbed, or “emitted.” We see atoms being resputtered by ions. Both emitted and
resputtered species can then be redeposited elsewhere, as shown at the bottom of the
trench, and are called indirect fluxes. We also see another type of indirect flux: atoms
moving due to surface diffusion. The indirect fluxes are all surface. or near-surface,
processes.
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. Figure 9-35 Generalized surface region processes in
o Dim[ Fu. fons both CVD and PVD deposition systems used in simutation
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A gas-phase boundary layer is not considered in this formulation since the gas pres-
sure for most deposition systems is low enough so that diffusion through a boundary
layer is not important. Because the mean free path in these systeins is large comparcd
to the feature sizes of the topography, free molecular flow (i.e.. collisionless, nondiffu-
sive flow) is assumed as the transport mechanism near the surface. (Ditfusional flow
through a boundary layer near the surface is important in APCVD systems, and
SPEEDIE has a separate model for that. With many gas-phasc collisions oceurring
within the topographical features in that case, good coverage and filling can result for
processes that are reaction limited, such as with TEQS/O; $iO: [9.5].)

9.5.1.1 Models in Physically Based Simulators Such as SPEEDIE

In physically based topography models such as SPEEDIE all the phenomena depicted
in Figure 9~35 should be taken into account. In SPEEDIE the net flux at each posilion
on the surface is calculated based on all the fluxes arriving at and leaving that spot. ei-
ther from the gas phase—the direct flux—or from other points on the surtace—the in-
direct fluxes. The surface is then moved in the perpendicular direction according to the
net flux, normal to the surface, at each point as the film grows. The net flux al each point
i, Fiai, can be expressed as lhe sum of the fluxes thal are positive (due to atoms arriving
at each point), minus each negative flux (due to atoms leaving each point):

L. Y i i
Fm:l = Fdirccl(nﬁulrul\;) + Fldirect(ions) + F‘rcdcp + F:h(f,m

— F - Fi i 42
Femnmd Fspuuereu - F‘uiff,om ("H')

The fluxes are all in units of
1n units of atoms (or molecules) em~2 sec -,
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The dz_r?cr fluxes, Fuicect(newatsy and Fuirearions), are the fluxes of the different species at
tel?a:livz?:;t;ﬁ?f;z; f(r)niz)ll :are;) i'I(')hn that surface }hat arrive without any interaction with
and inclade botk neputfal phy. These arnye directly frot'f1 the gas‘phase above the wafer

> both n and ionic species. In calculating the direct fluxes, one has to
k'now the distribution of arrival angles of the incoming species relative to the orienta-
tion of 'the surface at that point. Then the distribution can be integrated over all angles
to obtain the total direct flux, normal to the surface, at each point.

. Tl.lere are two ways of modeling the direct fluxes. One is to start with the angular
distribution of fluxes as the species depart from the target or gas source, or the emit-
ted angle djstribution at each source point. Then by taking into account the gas-phase
collisions and the geometric configuration of the chamber (distance from target to
source, etc.), as well as the surface topography, one can determine the distribution of
angles of the precursor arriving at each point on the wafer surface. This is similar in a
qualitative way to Figure 9-30 which illustrates deposition from different size sources.
But including the gas-phase reactions and the various equipment geometries can get
quite complicated. Techniques such as Monte Carlo methods are often used for this
and are available in various deposition simulators, but even so, fitting parameters are
usually needed.

A simpler way to account for the incoming flux is to just assume some distribution
function of fluxes as a function of angle just above the surface of the wafer. Thisisil-
lustrated in Figure 9-36. If the fluxes were coming in equally at all angles, that is
isotropic arrival fluxes, then one would assume a constant flux for all angles in the
distribution at each position in that plane. However, as we discussed earlier, we de-
fine the arrival distribution in terms of the normal component of the incoming flux
relative to a unit atea on a surface. In this case the surface is a horizontal plane just
above the wafer surface. By simple geometry, the normal component would be pro-
portional to the cosine of the vertical angle. We would therefore express this

Gas Phase

NI

distribution at a plane
/ just above surface

Figure9-36 Simplified way of considering incoming flux dismbufion, A dislri‘bu-
tion of fluxes arriving from the gas phase, with a cos”® distribution, is assumed in 2
plane just above the wafer surface. From that plane to the surface features below, no
gas-phase collisions occur, just line-of-sight molecular flow.
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Relative Flux

where 8 is relative to the vertical direction. T

i i ival as a cos@ distribution, !
isotropic arrival as a co e o then be generalized (o the

account for nonisotropic distributions as well.
form.

Fdirccl(e) = F* cos"d (9.43)

f the flux coming in at angle 8, F* is the fluxat
| direction. as was indicated in Figure 9-25.By
adjusting  from 1 to large numbers, one can obtain isolr'opic to very aniso'lro'pic <‘jis|ri‘
butions of arrival angles, as shown in Figure 9-37. With n = 1, the distribution is
isotropic, with fluxes comning from above at all directions equally. Higher pressure, more
collisions in the gas phase. and shorter mean free path would lead to a more isotropic
arrival distribution. A larger source and shorter source-to-wafer distance also give more
isotropic arrival. For n > 1.a tighter distribution of arrival angles would occur. as shown
in the graph in Figure 9-37. This means that the fluxes arriving are more directed inthe
vertical direction. Lower pressure, fewer collisions in the gas phase, and a longer mean
free path would lead to a more anisotropic arrival distribution, as would a smaller
source and a longer source-to-wafer distance. For ionic species in biased systems (bias
sputtering. ionized sputter deposition, HDPCVD). the n values would be quite high
since the jons are accelerated and directed toward the surface by the imposed electric
field. In practice, the value of n for the various species is first approximated according
to the type of species (ionic or neutral, for example) and type of deposition system, as
we will discuss later. The exact value of n for the various species is then often deter-
mined by fitting simulations to experimental proliles in calibration structures.

One must also specify the maximum, unobstructed flux of each species to normahze
the flux distribution. This is the integrated [lux of Eq. (9.43) over all directions above
the surl’a‘ce and corresponds to deposition on an unobstructed flat surlace.

Knowing the magnitude and distribution of luxes coming from the gas phase, oné
must ‘lhen take into account the local surface topography. This includes the relative orl-
entation of the surface at each position i on the wafer surface, as well as any shadowing

Here Fiiea is the normal component o
§ = 0° and 0 is the anglc from the vertical

T fllgl.l re 9-37 Distribution of arrival angles s func-

tion of ungle to vertical divection, 6, for three values of
2. The relative flux is (Fana/ Y, Where Fyp is the nor-
‘ll‘l'.l.l comtponent of flux ardving at point # at angle .
- l!xc = 1 curve corresponds Lo isotropic arrival, with
2;;,;:11:5 valties of # representing more vertculy direced
ATV, ’

Fireer = F cos™®

1
60 v0
Angle wlegrees)
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; | : ; ' : ; ' \_. Figure 9-38 Illusiration of viewing angle concept.
A point, 7, inside a trench would only see fluxes arriv-

! - ing wlthm a limited range of angles due to geometrical
: L considerations and shadowing.
i e
s
View e
Angle 7
//
-
s
//
Point i

effects from the topographical features. For example, the position may be on the side-
wall of a step or trench and receive little flux from directly above with more coming in
at an angle. Or the position may be at the bottom or side of a trench and see a limited
amount of direct flux coming in since the fluxes outside the line of sight will be blocked
or shadowed. Figure 9-38 illustrates this. One must take into account the line of sight,
the “view angle,” from the reference plane in the gas phase just above the surface to
each position on the surface. (In fact, each small area on the reference plane can be as-
sumed to be an emission source to the topography below, equivalent to a downward
pointing Knudsen cell, for these calculations.) Assuming collisionless, line-of-sight
transport in this region, all this geometry and shadowing can be taken into account and
the total direct flux can be calculated at each position on the wafer surface for each
species.

The indirect fluxes include the processes that occur on the surface, or near the surface
of the wafer during deposition. Surface diffusion, emission, sputtering, and redeposition
are all indirect fluxes.

The surface diffusion fluxes, Fuiin and Faiou, aTe driven by differences in the curva-
ture in the surface. Here we are not concerned with the short-range diffusion of atoms
to attachment sites as part of the surface reaction process, but rather the longer-range
diffusion in order to reduce surface energy. The net diffusion flux (Faigner = Faittin —
Fitrou) at each point is calculated by

D, *K

Fdiff.nel = _k—;-’YxQU F (944)
Dy is the surface diffusivity of the material, ys is the per area surface energy, Q is the
atomic volume of the atom or molecule, vis the number of atoms per unit area, or the
surface density, K is the curvature, and s is the unit length along the surface tpe atom or
molecule travels. In Chapter 11 in the section on reflow modeling we derive the‘ ex-
pression for the surface flux and the normallvelocuy of a surface due to surface dlffu-
sion. Here we are interested in the flux relative to the sur‘face norm:all direction, wh}ch
is the velocity in that direction times the density. To get this, we multiply the expression
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for the normal velocity due to surface diffusion of Chapter lé E‘;'ﬁl‘ﬂ)' by the den-
sity, which is the same as dividing by Q. anq we ‘end up _W“h q- (. - )- i

Because of curvature-induced surface diffusion dl.}l:mg deposition, filling in of cor-
ners is enhanced and smoother and conformal depositions can rcsult: as we ‘_‘”" sec in
the simulations. Because atoms can diffuse along the surfaces to areasin less direct view
of the source, better step coverage can be obtained. .Surface dxff'uslon also helps with
filling vias and trenches and can lead to more planarized depositions as Well..Fasl sur-
face diffusion is often used to explain, and model, conformal coverage in particular de-
position cases. However, as we will see, emission and redeposition can model the same
effects and may be more physically correct in some cases.

The flux due to emission of species from the surtace, Fenined, OCCUTS because not all de-
position species or precursors stay, or stick, where they land. A finite number, usually as-
sumed to be a constant fraction of the incident species, will be emitted or desorbed from
the surface without properly reacting or depositing there. The emitted flux at each point
i is thus

Ficmilh:d: (l - Sc)Fl'mcidenl (945)
where Fi_, . includes both direct and indirect deposition fluxes incident at iand S is
the sticking coefficient.

The sticking cocfficient here is defined as the ratio of the flux of species that prop-
erly react and stay on the surface to the flux of incident deposition spccies:

Sc = Fwacled (946)
Fincidenl

This is really an effective sticking coefficient or probability, since factors such as site
availability, reaction competition and completion, and surface recombination are im-
plicitly included in it. It is also sometimes referred to as the reactive sticking coefficient.
and is often empirically determined from deposition profiles. The sticking coefficient
depends on the type of deposition system, the chemistry, and material bcin‘g deposited.
I} can also depend on substrate temperature. The temperature dependence is ofteit dil-
fxcu!t to predict because of all the processes that may be involved. A lower value is scen
at higher temperatures in some cases. such as in the case of LPCVD S$iO: {9.30]. In other
cases, such as with CVD W deposition, a lower value is somctimes seen at lower depo-
sition temperatures. In more advanced models S, m
here.

The fraction that does not sta

ay not be a constant, as is assuined

, y at a particular position and is emitted is therelore
'(3;12;1) ]l-‘;t(,é ot fr;)asg.lfn fdn:llllzt?lm is thus subtracted in the total flux equation (Eq:
away from the surface in g port 1;3 e;ntted Species are emitted in a range ol dire?ngns
distribution, independent opf th cely diffuse angular disuibution. with a cosine cmissio?
modeled as’a el ol Ot [e incident angle [9.31,9.32]. Thus the emission process
ted angle dislributi(?n oo thr adc-e s?urc‘e at.eacl\ position with n2 = | in the cos"d-e1
implicitly assumes lhe;l th e.‘ lsmbut.lon is centered around the surface normal. ThiS

€re 15 appreciable residence time on the surface so that the
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species lose their memory of their incident angle. It is also generally assumed that only
the neutral species can be emitted from the surface. For ionic species the sticking coef-
ficient is thus taken to be onc, except when ion reflection effects are considered.

_ Those emitted species can then be deposited on other surfaces of the structure, lead-
ing to the redeposited (emitted) flux, Fregepemivedy, t€Tm. So for each point i, there is a flux
coming from each of the other points, termed £. It is again assumed that the number of
gas-phase collisions near the surface area is negligible, so that the emitted species travel
in straight lines to other points on the surface. Knowing the emitted flux distribution
from each point k [Eq. (9.45) for k and a cosine distribution] and the geometrical rela-
tionship to point 7, the flux emitted from each point & to point i can be determined. This
is similar to what we did earlier in Section 9.2.2.1 when we calculated the flux and de-
position rate onto a surface from a planar evaporation source. Of course, only those
points that are in line of sight to point i are included. The redeposited flux at point i due
to emission from point & is thus:

F:‘fdep(emiucd) = g(k * F:miued = g,k * (1 - S4.) * Flﬁcid&:n\ (947)

Here g* is the geometrical factor that accounts for the distance and orientation between
points i and k, similar to Eq. (9.23) where we derived the expression for deposition on
a surface from a planar source. Then all the emitted fluxes from each of the points k to
i are summed up and contribute 10 Fredep(emited)-

We mentioned earlier that fast surface diffusion of deposited species is often used to
explain good step coverage. However, the emission and redeposition process can result
in the same effect. If the sticking coefficient is less than one, species landing on surfaces
can be emitted and deposited elsewhere. including vertical surfaces (recall Figure 9-21).
The diffuse emission behavior means that surfaces in all orientations can get material de-
posited on them. The lower the sticking coefficient, the more conformal step coverage
becomes. Whether this redistribution of material and better coverage occur by the emis-
sion/redeposition process or the surface diffusion process is sometimes hard to distin-
guish although this has been done in some studies [9.32, 9.33, 9.34]. Using a clever
overhang test structure, these experiments concluded that the emission-redeposition
process, and not surface diffusion, was dominant for LPCVD and PECVD deposition of
SiO.. Thus a lower sticking coefficient, and not faster surface diffusion, is the appropri-
ate model, at least in the specific cases studicd. For other materials or techniques, surface
diffusion may be important. For example, for sputter deposited Al. the sticking coeffi-
cient is found to be one [9.33], which implies no emission/redeposition, but surface dif-
fusion at high temperatures is significant. In our simulations later we will show how both
the sticking coefficient and surface diffusivity affect the degree of coverage.

The sputiered flux, Fipuuere, term is from the atoms that are sputtered off the wafer
surface. This is a momentum-transfer process in which incoming particles knock and dis-
place surface atoms from the surface of the wafer. This is due mainly to accelerated ions,
both argon and jonized deposition atoms, coming directly from the gas phase. These ions
can achieve energies of several hundred eV. The flux term at each point i due to sput-
tering (a negative term since atoms are being taken away from the surface) is therefore

F =Y= ( ‘:rgun + F&irccl(iuns)) =Y F:uns (9‘48)

sputtered
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Normalized Sputtering Yield, Y

w

N

Y is the sputtering yield and is defined as t_‘he m‘lio of atoms t;a_t ar? sp:{tlered‘or
knocked off the surface to the number of inc_:lder}t ions or alows, isa fu[r;lc ion of l‘he
target material (the wafer surface material. in th}s‘caSC) and the mass of the {ncoming
ion. However, we assume here for simplicity thatitis the same fof argon and olher10f1&
It is also a function of ion energy and the incident angle, 8. at point 1, with a normal in-
cidence being 0°. Ions coming in at low angles are rgﬂcfcted fror.n the surfac? and do not
transfer significant energy to the surface atoms, while ions coming perpendicular to the
surface knock surface atoms further into the film and not off. The maximum sputtering
yield occurs usually between 40 and 70°. o .

A typical sputtering yield distribution can be seen in Figure 9—'39. ".I'he specific charac-
teristics of the curve, such as the maximum yield and angle for which it occurs, could vary
for different materials and equipment conditions. Also shown is the normalized etch rate
due to sputtering, which equals the product of the sputter yield and cos6. The latter term is
due to the fact that it is the component of the flux normal to the surface that determines
the etch or deposition rate on a surface, as we have described. The sputter etch rate alsohas
a maximum at some angle between 40 and 70°. This angular dependence on sputtering
yield and sputter etch rate is often utilized to achieve more planar surfaces during deposi-
tion. The sloped surfaces (with incident angles less than 90°) sputter off faster than hori-
zontal or vertical surfaces (with incident angles near 0 or 90°), leading to more planar
surfaces.

The emitted angle distribution of the sputtered atoms has been modeled with dif-
ferent types of distributions [9.35]. The sputtered atoms often exhibit an ideal, diffuse
angular distribution, being sputtered away at many angles centered around the surface
normal, like desorbed or emitted species discussed above. This is illustrated in Figure 9-
40(a). The distribution may in fact be more sideways, described by an “under-cosine™
distribution (where n is less than 1 in a cos"§ distribution), shown in Figure 9-40(b). In
some cases though they can exhibit a specular distribution, being sputtered at just a few
angles near an angle opposite that of the incident angle. In this case the angular distri-
bution of the sputtered atoms is described by a cos*d distribution, with a very large

Figure 9-39 Typical example of sputtering yickl
and sputier etch rate s functions of incident angle, with
respect 10 surface normal.
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Incident Flux Sputtered Flux

Distribution
(a) Cosine pz =hl) emission or (b) Under cosine (n < 1) (¢) Specular reflection, with
TEﬂeClld‘{l‘}f( pﬁ;feclly reflection n>> 1 in cosine distribution,
iffuse

cenlered opposile the
incident angle

Figure 9-40 Different emitted angle distributions for sputtered atoms.

value of . and the distribution of sputtered atoms is centered opposite the incident an-
gle. This is illustrated in Figure 9-40(c). Generally distributions like Figure 9-40(a) or
(c) are used in simulations. The first type is common when the incident ion energy is
high and there are collisions and interactions deeper in the sputtered layer, while the
latter type is more common when the incident ion energy is lower and single surface
collisions dominate. Also, amorphous materials like SiO; tend to sputter off with the
first type of distribution.

As was the case with desorbed or emitted species, sputtered atoms can be rede-
posited elsewhere on the surface. The method to calculate this redeposited (sputtered)
flux and the equations used are analogous to the redeposition due to emission. At each
point i the redeposited flux coming from each other point k is determined:

ik _ ok k — ok g . e
F!rcde;v(spul) - gl * Fspulxered - g”\ #Y*® F{'\ons (949)

Again, g* is a geometrical factor that accounts for the distance and orientation between
points i and k, as well as for the angular distribution of sputtered atoms from k. Only
those points, k. that are in line of sight of i would contribute.

In addition to sputtering off atoms from the surface, ions striking the surface can
also enhance the deposition rate. lon bombardment can transfer energy to the species
on the surface and enhance the different surface processes and reactions. One way to
model this is by adding an ion-induced deposition rate enhancement term to the to-
tal flux expression (rather than trying to modify the other terms). This term is of the
form of

FI

ion~induced

=K;* Flo., (9.50)

where K; is the ion-induced deposition enhancement factor and is usually a fitting factor.
Remember that Fions includes all ions, both nonprecursor ions, such as Ar*, and any ion-
ized precursor species (Al* or Ti*. for example). Non-ionized precursor species are still
needed for this ion-enhanced process, but they are not a limiting factor in this process so
only the jon flux is included in this term. The competition between ion sputtering and
ion-enhanced deposition can be very important in obtaining the final topography.
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9.5.1.2 Models for Different Types of Deposition Systems

include all the terms in Eq. (9.42) and calculate the
face. The deposition rate, or the movement of the
surface, at each point is then calculated by dividing the tola'l flux by ll.'na fl!m densily..For
ease of use and computation, one could simplily the .nelltlux equation t?r lhe.varlous
types of deposition methods (LPCVD, standard P\{D.lomzef:l PVD,cte.), including only
the important terms for each technique. This is in fact what is dor.xc in SPEEDIE. Rela-
tive rate constants (K’s) are often included in front of some of the flux terms which
makes it easier to adjust the parameters when multiple processes are occurring. By ex-
amining the expressions that SPEEDIE uses for each type of deposition. one can gain
a better understanding of the different deposition techniques.

First we consider LPCVD deposition. Figure 9-41 shows an LPCVD system and the
relevant fluxes needed to model this type of deposition. In this case we have the direct
flux of neutral species, as well as the desorbed or emitted flux and redeposition of these
neutral species. There is no flux of ionic species in this system, and no sputtering or re-
deposition of sputtered species. In addition, long-range surface diffusion is usually not
important, as discussed carlier.

Eq. (9.42) becomes

To simulate deposition, one should
total net flux at cach point i on the sur

Fr‘u:l = Fliirctl(nculrals) + F::drp[cmill::d) - inmilled (951)
Substituting in Eqs. (9.45) and (9.47) for the emitted and redeposited fluxes leads to

2 I 2l i {
Fou= Fdirccl(nculrnls) + Fr’udep(emiuad) - (] - S(')(Fc[hrecl(ueulmls) + F:ede)\(cmmc\l))

=Sp*(F£' ( \+F£| (emitt q) (952)

= Sc * (Ff.lircel(ncnlmls) + gik * (1 - St.) #* Fk)

Dircct Flux.,

Neutrals
Standup Walkrs O

Furnace - with resistance heaters

Desorbed
(Emiued)
Flux

Redeposited Fluxes

Figure 9-41 L0VD system and relovunt flnxes nieeded 1o model this type of deytosition
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ThlS. must be solved for all points / simultaneously and consistently—emitted flux from
one point affects the redeposition flux at another, which in turn affects the flux at the first
point, and so on. In the deposition rate equation, the direct neutral and redeposited flux
terr§1§ (Flirectineutrats) + Fleaepemied)) are combined into one term, and called the local de-
position flux, F 4. The net deposition rate at each point is just the net flux, Fi., divided
by the film density, V. So for LPCVD, the deposition rate equation is given as

(‘Fd

rate =

(9.53)

T.'he other important parameter would be the value of n in the cos"§ distribution for
the incoming (direct) species.

Example Calculate the deposition rate using the expression for LPCVD deposition for
SiO; on a flat surface with no topography. S. is equal to 0.3, the maximum,
unobstructed flux is equal to 3 X 10" molecules cm~?sec™ ', and the density of the
deposited oxide film is 2.27 gm cm~*.

Answer We are interested in this case in the deposition rate on a flat surface.
Therefore there is no shadowing, no redeposited flux, and each surface position is
in a horizontal orientation. Thus F; is just equal everywhere to the maximum,
unobstructed flux. The deposition rate for LPCVD in SPEEDIE is given by Eq.
(9.53). The density of SiO; in terms of molecules cm ™ is

Avogadro's number
# of gms per mole for S10,
_5 . 6.02 X 10% molecules/mole
60 gms/mole

=2.3 X 10 molecules cm~*

density(Si0,) =N =227gmem > *

=227 gmem

Therefore the deposition rate on the flat, unobstructed surface is

SF, 03#3 X 10" molecules cm*sec”’
rate ="y % 2.3 X 102 molecules cm >

=39 x 10" cm sec™! = 0.023 pm min '

For deposition on nonflat or obstructed surface locations, on sidewalls of treqche§,
for example, the local deposition rate can be less than this. The same expression 15
used but the local flux, Fu, can be less at these locations. Figure 9-46 to be discussed
later illustrates LPCVD simulation on more complex topography.
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O Direct Flux, lons
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Flgure9-42 PECVDawcm and relevant fluxes needed 10 model this type of deposition.

For PECVD deposition there is an ion flux onto the wafer which can accelerate the
deposition process. Figure 9-42 shows a PECVD system and the relevant fluxes needed
to model this type of deposition. As in LPCVD there is a direct flux of neutral species
and the emission and redeposition of those species. Also shown is the direct flux of ions,
accelerated across the plasma sheath toward the wafer, which can enhance the deposi-
tion, The ion energy in this type of system is assumed low enough that sputtering is not
significant and direct deposition of ions is also not appreciable, Again surface diffusion
is not considered important.

Thus the ion-induced enhancement term, Eq. (9.50), is included in the rate equation,
which becomes

N

Ksand K; are relative rate constants for the non-ion-enhanced component and the ion-
f:nham?ed component, respectively. F; is the net local jon flux, or Fin as given above. N
is .the film density. Surface diffusion is not explicitly modeled k,lere' however a low value
of S, c:cm have a similar effect, as discussed earlier, and has been ’uscd in SPEEDIE in
moc.lelmg PECVD oxide deposition [9.4,9.5,9.34, 9.36]. Both the non-ion-enhanced and
the ion-enhanced terms are important in PECVD depositions [9.5, 9.36]

For standard PV D, the same fluxes and terms are used as for‘[:P.C_‘Vl.) Figure 943
shows a PVD system, a standard DC sputtering system in this case. and.1h§ relevant
fluxes needed to model PVD deposition. The rate €quation is thus ,

rate =

(9.54)
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Direct Flux.
Neutrals
- Ve Elovinde/Target O
\Carhodey
»
Argoen plasma

Redeposited Fluxes

Figure 9=43 PVD (sputer deposition) system and relevant fluxes needed to model this type of deposition.
The specific stem illustrated here is 2 DC sputtering system.

_SE, .
rate = — (9-55)

However. different values for the sticking coefficient and the arrival angle distribution
would be used for PVD versus CVD methods, as discussed below. There is no significant
ion bombardment onto the wafer surface for standard sputter deposition systems, either
DC or RF based. as described earlier. This model would also be applicable to collimated
and long throw sputter deposition systems. but a narrower arrival angle distribution
would be used than for standard sputtering systems. In addition, evaporation can be
modeled by this model.

For high-temperature PVD. the relevant fluxes are the same as those illustrated in
Figure 9-43. except that we now add the surface diffusion flux term, Eq. (9.44). to the
rate equation for standard PVD. giving

rate = (9.56)

For ionized PVD. there are several fluxes in addition to those in the standard PVD
model. Figure 9-44 shows an ionized sputtering system and the relevant fluxes. Ir} ad-
dition to the direct flux of neutral species, there is a significant flux of ionized species—
heth ionized Ar atoms and ionized precursor species (Al™ or Ti”, for example). These
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O Direct Flux. lons

Direct Flux.
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* Al Target
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Flux

i Redeposited Fluxes

RF Substrate Bias

hgureq-dlllomuzd PVD\‘Hlem and relevant Quxes needed 1o modet this type of deposition.

ionized species can be deposited as well as sputter surface atoms on the wafer. There-
fore, for ionized PVD, several terms are added to the rate equation for PVD deposition:
the term due to direct flux of precursor ions, Féiraions; the ion-induced enhancement
term [Eq. (9.50)]; and the sputtering and redeposition terms [Egs. (9.48) and (9.49)]. The
direct deposition of precursor ions and the ion-induced enhancement terms are com-
bined into one term, equal simply to F, the total ion flux. This is donc in SPEEDIE
partly because SPEEDIE does not currently distinguish between Ar jons and ionized
precursor species.

This leads to the expression given for the rate to be

rate =

(SeFa) + Fi — (KpYF) + (KuaFo)
(957
N

Here Fu is lh.e flux given by Eq. (9.49) for redeposition of sputtered material. Ksp and
Km? are relative rate_ constants, used mostly as fitting parameters. A term for reflected
Al jons may 313? be important for coverage issues and may be added in futurc models
(A model for bias sputtering would be similar to this, but the ions would be mostly At

and not the deposited species.)
Similarly, for high-density plasm'a (HDP) CVD the sputtering and redeposition terms
are added to the PECVD case, without any non-ion direct term. Figure 9—5 shows @

HDP CVD system and the relevant fluxes ] ; 0 s eives the
following expression for the rate: used to model this deposition. This gives ¢

rate = M’M (9.38)
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:igllre 9-45 HDPCVD system (with a microwave ECR source) and relevant fluxes needed to model this type of
eposition.

similar to that for ionized PVD. The ion flux would be quite high in these systems, about
1 x 10" cm™2 The non-ion (neutral) direct term is not included here because its flux is
often too low at these low pressures to be important on its own, that is, when not en-
hanced by the ions. (However, more recent SPEEDIE models include other terms such
as the neutral flux as secondary effects.) There could also be direct deposition of ionized
precursor species; this is included in the ion-enhanced term for simplicity.

9.5.1.3 Comparing CVD and PVD and Typical Parameter Values

Before presenting some simulation results, we first want to make some general com-
ments regarding some of the values used for CVD and PVD models. This will be done
in terms of the standard models for low-pressure systems, that is, most CVD and PVD
systems used today. The discussion will center around the parameter values summarized
in Table 9-2.

In CVD deposition systems, the arrival angle distribution for neutral species is ba-
sically isotropic, while for PVD systems the arriving flux of neutrals is often more
anisotropic and directed. This is due to the different types of sources and the differ-
ent pressures.

In CVD systems the source gas fills the whole chamber and arrives at the wafers
from many directions. This is partly due to injection systems and cages that may be used.
as well as gas-phase reactions that may occur. More importantly, the precursor species
in the gas phase in CVD systems undergo significantly more collisions than in PVD de-
positions before the species strike the wafers. This is due to the much higher gas pres-
sure in CVD systems, even for low-pressure CVD systems, compared to PVD systems
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—
Table 9~2  Typical values of modeling parameters for various PVD and (VD depositions
Sc
n
(exponent in cosine arrival (sticking coefficicnt)
angle distribution)

Sputter deposition _

standard ~1.0-4 ._i

ionized or collimated $-80
Evaporation 3-80 ~1
LPCVD silicon dioxide

silane 1 0.2-04

TEOS 1 0.05-0.1
LPCVD tungsten 1 0.01 or less
LPCVD polysilicon 1 0.001 or less

(HDPCVD systems with its very low gas pressure being the notable exception). More
collisions result in a shorter mean free path and a wider arrival angle distribution. Asa
result, the arrival angle distribution can be assumed to be isotropic in most CVD sys-
tems, This means a value of 1 in the cos"® arrival angle distribution given by Eq. (9.43)
for the direct flux of deposition species, as shown in Table 9-2. (Higher valucs for 1
would be used for the ionic species in plasma CVD systems, where the ions are accel-
erated and directed toward the wafer surface.)

For PVD depositions, the depositing material comes off a remotely located and finite
area source or target, and due to geometrical considerations often arrives at the wafers
in a more directed manner. In addition, fewer collisions occur during the transport, as
mentioned above, because of the much lower pressured used—usually in the 1- to 10-
mtorr range for sputtering and even lower for evaporation, as compared to 0251020
torr for LPCVD. As a result of all this, the arrival angle distribution for PVD depost
tions can be less isotropic and the atoms arriving at the wafer surface can therefore be
more directed. For standard sputter PVD the value of 11 in the cos"§ arrival distribution
will often be greater than 1, representing a more directed distribution arriving from
abovc"l."hc exact value will depend on the systen: geometry (e.g., target size, target-to-
wafer distance, rotation of substrate), the operating conditions (;:.g., pressure) and the
it e, o ses e fom vy e o] il e
and smaller targel-lo-wélfer disl:nt:rzts ; 'v? 9-2}; Jth higher prssures, larger (Arget S

For ionized species (most of the dcpgc:siltrilrg, l ,c lo-w_e.r " va}ucs. . me
of them i a plasma CVD system) as sell g species in 1'0m.zed PYD systems and sor X
the specie - s neutral species in collimated PVD systems

pecies are very directed. The n value can be from about 8 to 80 or even higher.de-

pending on t-he systemn and the plasma conditions. ToreEE
CVD ystemathe sicking sostmoneraly diffrent for CVID and PVD sysems b
one, as shown in Table 9-2 To used in modeling are almost always less than
. 2. Typical values would be .05 TE ased CVDof
Si0s, and somewhat higher—up to about 0 <L t00.1 for FEOS—bgsgd S
would apply to the neutral component ; 4—for silane-based CVD. Similar valu§.=
ponent in PECVD systems. The value for CVD W ('
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hydrogen reduction) and polysilicon is even lower, 0.01 or less. Surface reactions are im-
portant for CVD depositions. The species can desorb before the reacti ired fo
deposition can take place. Another prec i etions required for
sent at that spot at that time, [ precursor 1‘t‘afilﬂ.u'ed for Fhe reaction may not be pre-
other speci P 4 1me. In addition, competing reactions and site occupation by
prige pecies an byprO(:lqcts can occur. These all contribute to the effective sticking co-
e tl)cgmt for (_:VD depositions being low. The species not reacted and deposited are des-
orbed, or emitted,and are usually assumed to have a diffuse emitted angle distribution
as opposed to a specular emission. )

For conventional PVD, where physical processes dominate, the atoms generally at-
t?ch and then stay attached, without desorbing. No surface reactions occur other than
simple c9ndensat10n.The sticking coefficient is therefore usually assumed to equal 1,0r
close to it, for PVD depositions. (One exception to this may be PVD of Ta, which see‘ms
to have a somewhat lower sticking coefficient.) For the jonized species in either PVD
or CVD systems, the sticking coefficient is often assumed to equal one.

In PVD and CVD systems where large fluxes of jons are present, such as in ionized
I?VD and high-density plasma CVD, sputtering of deposited material can occur. This,
like desorption, leads to redeposition of species elsewhere. The angular distribution for
sputte.red atoms is usually assumed to be perfectly diffuse, with »n equal to 1, but is
sometimes assumed to be specular. For example, sputtered Al is often modeled with
specular redeposition with # equal to 2 or more for a cosine distribution that is directed
away from the incident angle. HDPCVD deposition is dominated by the highly direc-
tional ion flux and actually acts more like PVD deposition rather than other CVD sys-
tems in regards to the sticking coefficient (which is effectively equal to one since no
neutral species are considered) and arrival angle distribution. It is its angle-dependent
sputtering and redeposition action as well as its very directed ion deposition, at the very
low pressures, that give HDPCVD its good filling and planarization abilities.

We did not discuss models for evaporation deposition. However, by using a very di-
rected angular arrival distribution (1 equal to 15 or higher in the cos"8 distribution) for
a stationary substrate or a less directed distribution for a rotated substrate, and using a
sticking coefficient equal to one, one could simulate the evaporation deposition
processes using the equations given above for conventional PVD.

Based on these generalizations we can now understand why CVD depositions usually
give more conformal coverage than PVD depositions in these low pressure systems. An
isotropic arrival distribution may lead to better step coverage. More importantly, a lower
sticking coefficient, allowing more desorption and redeposition occurrences, leads to bet-
ter step coverage, and a lower sticking coefficient is usually more important than the ar-
rival angle in obtaining good coverage. Whatever the arrival angle distribution, a low
sticking coefficient can lead to good coverage (even in a deep hole) since the deposition
species, wherever they land, will bounce around and deposit on all sides of a structure.
Thus CVD generally gives much more conformal coverage than PVD. )

Having said that CVD techniques generally deposit films with better step coverage, 1t
should be reiterated that a low sticking coeffecient and good step coverage are not al-
ways required. This is the case in applications like covering the bottorn.s of Qeep, narrow
contact or via holes with materials like Ti or filling narrow spaces with SiO;or metal.
While a low sticking coefficient can greatly help in filling or lining holes, such as with
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CVD W or TiN, there is another approach. The idea behind collima.lcd and ion.ized PVD
techniques, and even in HDPCVD with its strong jon component, 1s to c.ieposu malf:nal
from the gas phase in a very vertical direction. In this case a narrow arrival angle distgi.
istribution associated with good step coverage.and a low

bution is desired, not a wide di . oand
sticking coefficient is not required. Step coverage per se may not be great. but the bot-

toms of vias will be covered. In additian, good filling of holes or gaps can be achieved by
the use of directed ions and sputtering action—filling up l"he holes from lhg bottom and
sputtering away any overhang that may develop. In addition, the resputtering may help
with sidewall covering. Directed ions and sputtering are the keys to iomized PVD and
HDPCVD. Of course, CVD techniques with very low sticking coefficients are also good
at covering the bottoms of deep vias and filling holes and gaps. But viable QD tech-
niques have not been developed for some materials, and these other techniques have
been shown to do a good job at achieving bottom coverage and gap filling.

9.5.2 Simulations of Deposition Using a Physically Based Simulator, SPEEDIE

We now describe a series of deposition simulations using the SPEEDIE simulator and
the equations and ideas presented above. These simulations will be used to demonstrate
and further explain some of the concepts covered earlier in this chapter. The main fo-
cus will be on issues of film coverage and filling the underlying topography.

The first example is a simple simulation of LPCVD deposition of SiO: following Eq.
(9.53). We will use parameter values in some cases that may not be realistic for LPCVD
deposition but are more appropriate for PVD deposition. We do this to illustrate some
of the important concepts of the models.

The initial topography is a wide trench—3 jum wide and 1 pm deep—in underlying Si
(Figure 9-46). 0.5-um-thick SiO; layer is deposited over this topography. A cos"8 distn-
bution for the arrival angle distribution [Eq. (9.43)] is used. with n = I in the first sim-
ulation. This corresponds to a uniform or isotropic distribution of arrival angles. that is.
n_lolecules coming from all directions equally. This would be the case when ;nany colli-
sions occur in the gas phase so that the mean free path is very short and the direction of
molecules becom'e's randomized. As we mentioned above, an n value of 1 is used for
most CVD d_eposmons. The gllmer important parameter is the sticking coefficient. S, and
a ve}lx_m of 1 is used here. This means that there is no reemission or redeposition of de-
positing species once they strike the surface. This is unrealistic for mast CV processes.
as discussed earlier, but we will use it here for illustratiy
lower values for S..

The irent cotowr nes of the sepeupe o of (1 Simple LECVD il
which makes the deposition process ear;fAaned -Sloz represent different time ! mcn{n
reduced on the si X ier to follow. It is apparent that the thickness i
rival anel c;le §1deyvall? a{ld.comers by about 50% or more, even for an isotropic ar-
al angle distribution. This is because the species are arriving from onc side only 0

e . P >

gid;:.:ég (a_ 901 maNimum view fmglc on the side versus 180° an top). Alsu the sidewall
position 15 sloped inward, which could cause problems for the depositiun of Subs”

quent layers. § le depositiun OfF

e purposes. Later we will use
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Figure 9-46 SPEEDIE simulations for LPGVD deposition of Si0; with S, = 1 (which is more typical
of PVD than LPCVD) and varying values of , the arrival angle distribution factor: (a) n = 1; (b) n = 3;
(c) 7 = 10. Worse step coverage results as » increases (the arrival angle distribution narrows).

The next simulation, shown in Figure 9-46(b) is the same as the previous one, except
that the angular distribution of arrival atoms is changed. The value of 12 used in the cos"0
distribution is 3 here, compared to 1 in the previous simulation. This means that the arrival
angle distribution is narrower, with more material coming in closer to the vertical direc-
tion. This might be the case when the gas pressure is lower and fewer gas-phase collisions
oceur, resulting in a longer mean free path. There is even less material deposited on the
side walls and corners, as expected. Figure 9-46(c) shows a similar simulation, except with
n = 10. (Again, this would be unrealistic for CVD processes, but is still illustrative since the
same basic model is used for PVD where 1 can vary greatly—from close to 1 to very large
values.) Here the sidewalls receive much less deposition. If the material deposited were a
metal conductor, one can see that a narrow arrival distribution could cause problems with
conduction of the interconnect line when it travels over steep topography. From these first
three simulations we demonstrate the importance of the arrival angle distribution.

In the next example a narrower trench is utilized in the underlying layer (Figure 9-
47). This corresponds to a higher aspect ratio (about 1.25 in this example compared o
about 0.33 in the previous one). The same model (LPCVD) and parameters are used as
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Figure 9-47 SPEEDIE simulations for LICVD deposition of $i0: with
S. = 1 (again, more 1ypical of PVD 1han CVD) and varying values of », the
arrival ungle diswibution factor, bin for a narrower wench: (2) 2 = 1; (b)
1 = 10. Less deposition on sidewalls again results a5 # Increases (the ar-
rival angle distribution narrows), but better boitom filling is achieved due
10 more vertically direcied deposition and less overhanging and shadow-
ing at top cormers.

in the previous simulations. Figure 9-47(a) shows the simulation results for the case of
n = 1, a wide arrival distribution. Here the sidewalls and bottom of the trench have
much less SiO: deposited on them as compared to Figure 9-46(a), which also had n =
1. Clearly geometry and shadowing effects came into play here. Those molecules arriv-
ing at large angles to the vertical cannot reach the inside of the trench. Instead they are
blocked by the top corners of the trench. Another way to look at it is in terms of the
view angle: For locations near the top of the trench the view angle is much larger than
for points at the bottom, and more deposition occurs at the top corner and less at the
botlf)m, This becotnes even worse as the corners build up due to further deposition.
leading to large overhangs. Eventually the top part will seal off, leaving a void in the
trench."ﬂmis angular-dependent blocking effect is called shadowing, for obvious reasons.
In Figure 9—47§b) the value of 1t is changed to 10. With the more directed incoming
molecules. there is less deposition on the top part of the sidewalls. However. there is
much more deposition on the bottom of the trench compared to when i = 1 [Figure 9-
47(a)]. This is because there are more molecules coming vertically into the lrencl; which
are not Plocked by the top corners or overhangs. Eventually the whole trench could be
filled without the development of overhangs or voids.
rec\r};’l?sz?: nlraonr:; ;l;zsec; zzirir;glii gﬁeii :fnc sticking coeffi-cient ‘is _unily. zmq lhcrqforc n?
very important. Thi ) 3 :gcomelry and‘h‘ne-ol-sxght considerations ar¢
Ty tmportal is would be the case for PVD depositions, where the sticking coefti
cients are usually assumed to be close to one. ’ ) )
WE: now Fhange the value of the sticking coefficient. S,
ous simulations it was set to I. Next we set i1 ld 0.1 T1~' .
the deposition species stay at each arrival CThe re
deposiled elsewhere.

to see its eftect. ln the prevt
) neans that only one-tenih of
In fact, cach redenasioo The rest are reemitted and can b€

redeposited species also has a sticking coefticien!
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Figure 9-48 SPEEDIE simulations for LPCVD deposition of Si0: in
a narrow Irench with the same isotropic arrival angle distribution (n =
1) but with different values of the sticking coefficient; (a) S. = 0.1, and
(b) S = 0.01. Lowering the sticking coeffictent from 110 0.1 results in
much more conformal coverage. (a) has model paramelers typical of
CVD Si0; depositions, while (b) is typical of CVD W depositions.

of 0.1, so the effect is compounded. The net result is that the species bounce around a
lot within the topographical features, giving much improved coverage.

Figure 9-48(a) shows the results for S. = 0.1 and n = 1.In this case, these would be
realistic parameters for LPCVD SiOz. Comparing this with Figure 9-47(a), we see that
much more uniform deposition occurs, with much more material deposited on both the
sidewalls and the bottom. In fact better overall coverage occurs here than in any of the
previous simulations (where S. was set to one in all of them and » was varied), indicat-
ing that the sticking coefficient has a larger impact on the profile than the arrival angle
distribution. Lowering the sticking coefficient improves both the step or sidewall cov-
erage and the filling ability, and a low sticking coefficient can compensate for orienta-
tion and shadowing effects to a very large degree. Figure 9-48(b) shows the simulation
results for an even lower value of S. = 0.01, such as would be typical of W or polysili-
con depositions, again with n = 1. Even more uniform coverage and better filling result.

Figure 9-49 shows the results of some SPEEDIE simulations in which the angle of
the sidewall is varied. For all three simulations shown, a sticking coefficient of 0.2 and
an n value of 1 are used. One can see that better filling is obtained as the slope is
changed from completely vertical (90°) to slightly sloped. Contact and via holes are of-
ten sloped slightly to enhance filling. Sloping a step also helps sidewall step coverage.

While the above series of simulations utilized the LPCVD model in SPEEDIE, the
same results and trends would occur with the standard PVD model since the same equa-
tions are used. Only the values used for the sticking coefficient and the arrival angle
distribution would be different. As discussed earlier, CVD processes have sticking coef-
ficients in the 0.001 to 0.3 range and an n value of 1. PVD processes generally have stick-
ing coefficients close to 1, while 7 is often greater than 1. The above simulations help
illustrate the difference between CVD and PVD by varying those parameter values.

Ex. 2008-178




m Chapter 9 Thin Fili Deposition

Figure 9-49 Resuls of SPEEDIE LPOVD simuions
it which the sidewall angle is changed. Decreasing the
angle from 90 10 80°C greatly improves the trench flling.
(After 19371

3 %
a5

*

=

We next compare Ihe methods of LPCVD and HDPCVDj In the lz‘u(cr case there is
a strong ion component that nol only leads 10 good filling of holes (since the effective
1 value ol the species would be high) but also causes angle-dependent spultering of the
surface. This causes sloped surlaces to etch away faster than flat surfaces, which can lead
to more planar surfaces when depositing material over nonplanar underlying topogra-
phy. We shall now demonstrate this with SPEEDIE simulations, We first show a simu-
lation using the LPCVD model. The initial topography is a small, flat rectangle on a flat
surface, such as would be the case tor a polysilicon or metal interconnect line on a [Tat
underlayer (Figure 9-30). We now deposit LPCVD SiO: on top. A cosine arrival distri-
bution with n = 1 is used, and a sticking coefficient of 0.1 is specified. typical for
1.PCVD SiO; using TEOS. The simulated results are shown in Figure 9-50(a). One sees
the very conformal coverage due to the isotropic arrival and, more imporiantly, the low
sticking coetficient [compare this to Figure 9-46(a), which has isotropic arrivat but S, =
1]. Conformal coverage is good for obtaining a uniform thickness everywhere, but bad
for planarizing the structure.

Next we simulate the same situation, but with the HDP model and Lypical parame-
ters [or that method. A very large and very directed ion flux with a high #t value in the
arrival angle distribution is used. typical for HDP systems. Sputtering and 1‘edcposilion
of material occut, with a maxinium sputtering yield at 62° relative Lo the surface. This
causes sloped surfaces, such as at corners, to be sputtered faster than vertical or hori-
zonta} s.urfaccs. The simulation results are shown in Figure 9-50(b). One sees the char-
acteristic pyramid shape that starts to form due to these effects, which then gets reduced
to a small h}nnp on the surface. The final lopography is more planar ll;aln the final
topography in thfs standard LPCVD case. For wider features in the topography. wider
Egddtca;:::;l;;)ér?gixgﬂllsjlll?[tags;v&;:l(li lyormbz:n‘d avlhicker l»IDl? oxide layer would hm‘fe‘ to
techniques, such as CMP, 'p‘g | E”) 0 - “Cl“.eved'. For t‘hls reason, olllFr planarizing

. are often used in conjunction with HDP depositions Lo com-

pletely plz_m-anze the topography over all the leatures,

o o

ety L D st il spacs o avid e formto of vk
First in Fioure 9-50 el . -dre d_e.mOf\stratcd in the next two snnul;ltl_on&
earlier in ‘% , 9_5‘;) _W",Show LP( VD deposition in a trench. similar to that described
Eactor e (l“)- he sticking coofficient is still 0.1 and the angular distribution
-but the maximum deposition flux is increased a little more to try to fil
th‘e space. One sees that a void is formed in th o il s )
sticking coeflicient. While low stickin
the shadowing ellccts are siill

! the narrow trench, even with a laitly small
cKing coetlicients of CVD processes help with [illing:
mmportant and voids can still lorm for high-aspect
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Figure 9-50 SPEEDIE simulations comparing LPCVD and HDPCVD depositions. ()
LPCVD deposition of $i0; over rectangular line. (b) HDPCVD deposition, with directed ionic
flux and angle-dependent sputtering, over rectangular line showing much more planar
topography. (c) LPCVD deposition in trench, showing void formation. (d) HDPCVD deposi-
tion in trench, showing much better filling,

ratio structures. The use of standard PECVD oxide deposition can help with the filling
of gaps and spaces. With its directional ion component [Eq. (9.54)] which can be ap-
proximately equal in magnitude to the purely chemical component for oxide deposition
[9.34], a little better filling of the gap occurs as compared to LPCVD deposition. But a
void still results for this aspect ratio gap (though slightly higher up in the gap) and gets
worse as the aspect ratio increases (see Figure 9-3). Using TEOS/O:; films or the
dep/etch/dep method can also improve the filling.

In Figure 9-50(d) we show how HDP deposition completely fills the gap, doing the
same simulation with the trench structure but with the HDP model. No voids are
formed. This is due to a combination of the highly directed ion flux component of de-
position and the angle-dependent sputtering action. The deposition is very directed, and
any overhang that does develop on the top corners is sputtered away, preventing any
shadowing due to an overhang. Redeposition of sputtered material also helps with cov-
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erage and preventing voids. This is obviously c or 1t
row spaces with dielectric material. Simulations show that void-free depositions can re-

sult even for aspect ratios of 3:1 and higher [9.4]. Actual SEM images of HDP
deposition of S$iO; were shown earlier in Figure 9-34 illustrating the filling and pla-
narizing abilities of HDP deposition. N

We next describe some PVD simulations. The standard PVD deposition SPEEDIE
model uses Eq. (9.55). This is identical lo that used for LP(;VD, but usually diffel“cnl val-
ues for the sticking coefficient and the arrival angle distribution are u§ed. as discussed
carlier. In the first simulation we deposit Al onto a very narrow S10- via structure with
an aspect ratio of about 3, indicative of more advanced lechnology. We use parameter val-
ues more typical of PVD (sputter deposition) here. For S.. we use 1. For the arrival angle
distribution, we assume a cos"8 distribution with n = 4 (at the high end for standard sput-
ter depositions), giving a more directed incoming flux than LPCVD systems. In this case,
we specify that the hole is a via (a cylinder) rather than a trench, as was the case in the
LPCVD simulations shown earlier. SPEEDIE calculates slightly different nonnalized di-
rect fluxes because of this, and a via is generally harder to fill than a trench. The simula-
tion results are shown in Figure 9-51(a). Very little Al is deposited inside the narrow via.
Even though the flux is somewhat more directed than in LPCVD systems, the shadow-
ing effect and the absence of any reemission (or resputtering) and redepositing of mate-
rial allow very little material to be deposited in and on the bottom of such high-aspect
ratio vias.

We next simulate ionized PVD, or IPVD, of Al.We assume that 80% of the Al atoms
being deposited are ionized. For the un-ionized atoms, we assume a cos"8 distribution
with n = 4. But for the ionized Al, we use a cos”8 distribution with 2 equal to 80. Eq.
(9:57) i used for the local deposition rate, similar to the HDPCVD case [Eq. (9.58)]. We
use typical parameter values for PVD, such as a sticking coefficient of 1. The same sput-
tering yield dependence is used as was used in the HDPCVD simulation. that is. with a

a very attractive technique for filling nar-
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igu 1L simulations for sputtering (PVD) and fonized sputtering (1PVD) deposition

of AL, (a)l conventional PYD deposition with §; = | and 7 =4, (b)
atoms being fonized (with near vertical arrival angles) and angle-dep.
much better Blfing of narrow via. (c) IPVD with no respuliering,

IPVD deposition with 80% of Al
endent sputieing yield, showing
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?;::::eusl?r (s,ﬁ:irzagnﬁdg ;tv 6I§°._'I'he simulation .is show_n in Figure 9-51(b). T\\'zo dif-
filled rauch mons tz;lr D simulation are ev'ld.ent. First, the bottom of the via gets
tical) fon anele gt e stany fard PVD case. Th1§ 1s‘due to the_ VETy narrow (and ver-
I gle distribution and is the reason why ionized PVD is an attractive alterna-
tive to standard PVD for some applications, such as for Ti or TiN deposition in today’s
fieep contacts and vias. The second difference is the sloped sides at the top corners. This
1s due to the resputtering action, which not only bevels the corners but also redeposits
material elsewhere. Resputtering from the bottom also occurs.

To see the effect of the resputtering and redeposition, another simulation is done.
Everything is the same as in the first IPVD case except that the sputtering is turned off.
The results are shown in Figure 9-51(c). With the very directed Al ion flux, a good
amount of Al gets deposited down into the hole. But without the sputtering, the top cor-
ners are no longer sloped. The shadowing from the top corners and the lack of redepo-
sition result in virtually no coverage on the sides of the via. Coverage on the side of a
via or trench is often important, for example when depositing a TiN liner in a via, and
the sputtering and redeposition action in IPVD is seen to help with this, especially at
higher ion energies [9.14, 9.35].

In the final SPEEDIE simulations, High-Temperature PVD (or HTPVD) of Alin a
trench is simulated. Eq. (9.56) is used in the HTPVD model. This includes the flux term
that is due to surface diffusion driven by surface energy reduction, causing reflow dur-
ing the deposition. For comparison we first show a standard PVD deposition into a
trench, equivalent to setting the surface diffusivity in the HTPVD model to zero, in Fig-
ure 9-52(a). Next we do a HTPVD deposition with the deposition temperature speci-
fied to be 400°C, which determines the surface diffusion coefficient. The surface
diffusivity and energy are taken from [9.38). The resulting SPEEDIE simulated profile
is shown in Figure 9-52(b).
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i 52 SPEEDIE simulations for High- Temperature PVD (HTPVD). (a) Standard PVD _de-
::)!sli::: \Zthi‘?: 1, 7 = 4, for comparison, showing poor filling. (b) HTPVD with Surf:lCe. diffusion
at 2 deposition temperature of 400°C. Better filling is seen with the HTl"VD. (c) 1{1‘1’VD again Il:a]ut at 3
higher deposition temperature of 550°C, showing even more reflow during deposition thatt in (b}, an
even better filling and a smoother topography.
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One can see that with the surface diffusion, much better filling of the hole and bet-
ter step or sidewall coverage occur. Next we raise tl?e deposition temperature ew?n
more to 550°C, resulting in a higher surface diffusivity, and the results.are. shown in
Figure 9-52(c). The hole is completely filled, and rpuch better plananzano‘n of the
metal layer results. One can see from these simulapons tl?e ad\{aptgges OF high-tem-
perature PVD deposition. More simulations involving surface diffusion dnve'n‘ reﬂ0)\'
will be presented in Chapter 11, In that case, reflow of the metal after deposition will

be simulated.

9.5.3 Other Deposition Simulations

We now describe some simulations done with a commercially available simulation tool.
Here we use Silvaco’s ATHENA simulator (using the ELITE topography tool) to sim-
ulate deposition of CVD SiO: and sputtered Al. While most of Silvaco’s front-end sim-
ulation models for diffusion, oxidation, and so forth, are directly based on SUPREM 1V
models. the deposition and etch models used here and in the next chapter from
ATHENA (many based on models originally in the SAMPLE simulator {9.39]) are
more empirical in nature than SPEEDIE’s models, and more user friendly. For exam-
ple, instead of the user specifying the various fluxes, the user specifies the deposition
rate and various parameters to obtain the shape and type of deposition profile.

First the ATHENA CVD deposition model is illustrated. Here the deposition rate,
time, and step coverage are the input parameters. In the first simulation where we de-
posit oxide into a trench, the step coverage parameter is designated to be 1. This means
that the same thickness is deposited everywhere. The resulting profile is shown in Fig-
ure 9-53(a). Next the step coverage is set to 0.2 instead of 1. The deposition rate. R, for
the CVD model is given by:

R =dep.rate((1 — step.cov)cosd + step.cov) (9.59)

where 8 is the.angle between the surface segment and the horizontal. For a step.cov lerm
less than 1, this results in the full deposition rate on horizontal surfaces (wherc 8 = 0),

2

Microns

Microns

Microns

Microns

@ (b)

::gfurzj ﬁ?:-53 .Sil\'aco‘s ATHENA {9.40] topography simulation of $i0, cyp deposition in a
4 for different values of the siep coverage parameter, step.cov, selected by the user: (a) s
coverage pirameler = 1 (b) step coverage parameler = 0.2, e st
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but less deposition on nonhorizontal surfaces. The result for the step coverage parame-
ter equaling 0.2 is shown in Figure 9-53(b), exhibiting nonconformal coverage. Similar
trends in step coverage using SPEEDIE were obtained by varying the value of the
sticking coefficient in Figures 9—47(b) and 9-48(b).

The next example simulates the deposition of sputtered or evaporated Al using one
of the Silvaco PVD models, the hemispheric deposition model. Here the incoming ma-
terial flux arrives within a range of directions, coming from an extended, but limited,
source such as in a planar sputtering system. The two angles designated by the user are
the limits within which the flux is uniformly distributed. In this first case, the flux arrives
at angles from 10 to — 10 degrees from the normal to the substrate. The growth rate at
each point is calculated after [9.41] by

R = C(cosw; — cosw,)i + C(sinw, — sinw,); (9.60)

where C is the deposition rate of an unshadowed surface normal to the flux direction,
w3 and «» are the upper and lower bounds of angles, and i and j are the unit vectors in
the x and y directions, respectively. Figure 9-54(a) shows the simulation for such a de-
position. One can see the directed deposition with most of the film being deposited on
the horizontal surfaces. This is different from the ATHENA CVD model with a low
step coverage value shown in the previous example in that now shadowing, overhangs,
and cusping are observed on the corners. Figure 9-54(b) shows the result when the up-
per and lower angles are 45 and — 45 degrees. More uniform deposition is observed,
with more film deposited on the sidewalls, and less on the bottom of the trench. This
model is similar to the SPEEDIE PVD mode! in which the distribution of arrival an-
gles is controlled by the n term in the cos"® distribution. However, unlike the
SPEEDIE model, the sticking coefficient cannot be specified. The upper and lower
bounds of angles used will depend on machine specifications, such as source and wafer
geometry and characteristics, and operating pressure.

With this model one could also simulate asymmetric depositions such as might occur
at the edge of a wafer in an evaporation system with a small source or in a sputtering

]

©  microns

0 microns 3 0 microns 3

(a) (b

Figure 9-54 Silvaco's ATHENA [9.40] topography simulation of Al PVD deposition in a wide
trench using the hemisphere model for different ranges of arrival angles: (a) the arrival angles are
from — 10to + 10° (b) the arrival angles are from — 45 to + 45°. The wider angle range results
in better step coverage, similar to @ low » value in SPEEDIE's arrival angle distribution function.
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©  microns

Flgurs?iSSdﬂcos ATHENA {9.40] lopqgmphy simulation of Al
PVD deposition in a wide Irench using the Iueml_sphere ryf)dell for asym-
metric arrival angles: — 25 10 +45°. Asymmelric d}éposmon is seen,lus
inight be the case for the right side edge of a wafer in a PVD system with
a small source or target.

microns 3

system with a relatively small target, such as in a long-throw collimation system. In that
case the absolute value of the two angles in the hemispheric deposition model could be
different. Figure 9-55 shows an ATHENA simulation in which the upper angle is 45°
and the lower angle is —25°. Asymmetric deposition is clearly seen in the profile.

The advantages of these models are their ease of use, as well as the ease of calibrat-
ing them. For a certain piece of deposition equipment, a given material to be deposited.
and specific deposition conditions, one matches the profiles of some test structures to
the simulations by varying the model parameters. One can then build up a library of de-
position equipment, materials, and normal deposition conditions to use in simulations.
Model parameter libraries of various commonly used pieces of deposition and etch
equipment with model parameters for various films and normal operating conditions
are often included with these simulators [9.40]. One can easily use these models to op-
timize the deposition process without worrying about all the details of the process.

The advantage of the SPEEDIE-type models is that they are more physically correct
and the parameters are more closely linked to actual processes and mechanisms. One
inputs the actual flux information in terms of flux rate, type, angular distribution. In ad-
dition one specifies physical properties such as sticking coefficients, surface diffusivities,
sputtering and reemission coefficients, and the like. The models then calculate the com-
bined effects of the various processes and phenomena in a 2D/3D structure. Obviously,
these types of models are more apt to be valid for conditions outside those for which
ﬁ'le)' are calibrated and tested. It should be noted that Silvaco and other commercial
simulation ool vendors such as Avant! [9.42] also now offer other deposition and etch
models which are less empirical and more physically based, such as those using Monte
Carlo calculations, Avan:xt_!, for example, in their commercially available TAURUS-
:‘:?l:noogiAPHY”delemOn and etch simulator, offers botl the simpler, more empiri-

€ls as well as models and algorithms similar to those in SPEEDIE involving
actual direct and indirect flux calculations. Silvaco has developed such models as well
specie chemieal soassoms e " depositon processesthl ok nto accou e
bardment enhances the depositi systems and the mechanisms for how ion bont

; eposition rate in plasma systems (see [9.43] to see this how all
this has recently been done for HDPCVD of Si0s, which id hase reac
tions and 96 surface reactions!). These, or parts f I conmciers 167 gas-p ms\:‘ ~Or-
porated into physically based simulator: g C tinese models, are sometiines iC0

s to make them even more complete.
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cAreI::ij I:)r fsroebclf?;hat ?rﬁcefss developers fgc.:e as the technology advances is the ever-in-
only ge% mgre di?f il(?jlf Tt'h e l\?r;tRures Depositing into sr.na.ller, deeper holes and spaces will
lines, the spaces betwalen ::h : S roadmap [_9.44] projects that the aspect ratios of metal
) e lines, and the via and contacts holes will all continue to in-
crease over the next generations. (This is primarily due to the metal thicknesses not
shrinking as fast as the lateral dimensions.) This means that the spaces and holes will get
smaller_ al_ld relatively deeper. We saw in this chapter how good coverage and filling are
more difficult as the aspect ratio increases. High-density plasma deposition systems have
proven successful in filling spaces between metal lines with oxide, and continued use and
devel_opment of these types of systems are likely. New processes such as dual damascene
described in Chapter 11, could place less importance on filling spaces with dielectrics in
the future. Most metal films are still being deposited by sputtering techniques. The trend
has been to try to use CVD because better filling and conformal step coverage are often
achieved by CVD. However there are still problems with CVD deposition of metals
which must be solved. These include contamination (impurities, such as carbon, from the
precursors mostly) and difficulty with alloys (Al with Cu, for example). A PECVD
process for Ti using TiCls for filling small holes has recently been announced by one of the
equipment manufacturers. New sputter techniques such as ionized, collimated, and hot-
sputter depositions have been developed for metal deposition in high aspect ratio fea-
tures. Future processes may use electroplating and spin-on methods for metals and
dielectrics respectively. A potentially new type of deposition involves layer by layer ad-
sorption and reaction of reactant species on the surface, utilizing sequentially pulsed pre-
cursors and self-limiting reactions for example. Commonly called Atomic Layer
Deposition, or ALD, this can result in extremely conformal coverage of very thin layers.
A trend in deposition equipment is the use of cluster tools. Here various deposition
(and etch) steps are performed sequentially with the wafers passed automatically from
one process chamber to another, without breaking vacuum. As a result multiple depo-
sition and etch steps can be done without exposing the wafers to the atmosphere be-
tween steps. This minimizes exposure of the wafers to ambient particulate
contamination and surface oxidation. It also minimizes wafer handling as well as in-
creases throughput. Both PVD and CVD chambers can be connected sequentially, as
well as plasma etch chambers. Most of these tools are single-wafer. as opposed to bat.ch,
systems. More control over each water is possible, but the deposition rates must be high
since each wafer must be processed individually. Depositing films on one wafer at a
time does give a little more flexibility in choosing deposition conditions. For example.
one can operate in the mass transfer regime in CVD deposition since gas-phase mass
transfer is easier to control in a single wafer system. o
In regards to modeling and simulation, we have been mostly concernfzd in this chap-
ter with topology. That is, we discussed models and simulations that predwF tht_a shape of
the deposited films over nonplanar underlying topography—o_ver steps or in vias fo_r ex-
ample. These have been useful in explaining some of the basw_concepls of depOS.ltlml»
and the different types of equipment. However, there are other important properties of
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the deposited films, such as grain structure, comgosilion,density. fn.echanical properties,
and stress. It is important to model these physical and coﬂ}POSl“O“ﬂl properties asa
function of deposition technique and conditions, as these Wil affect the film behavior
and performance during subsequent processing and operation. .

There have been deposition models and simulators developed for physical and com-.
positional properties. An example is the SINIBAD/GROEILMS' 19.45, ?.46] group that
simulate as-deposited film structure. in SIMBAD, t\vo-dnmenSlqnal discs raEher than
atoms or moleculesare used in simulaling deposition, with each disc representing about
1000 atoms. In these Monte Carlo simulations, regions of dense, closely packed discs
form and evolve into a columnar grain structure—the grains separated by the less dense
grain boundaries. The exact structure depends on the amount of surface diffusion and
flux shadowing, consistent with Thorton’s zone model for microstructure evolution
[9.47]. (For a good discussion of zone models for microstructure, see [9.48].) GRO-
FILMS extends this modeling to include other processes that can occur during deposi-
tion such as wetting. reflow, grain boundary grooving, and crystal facetting. Many of
these processes will be discussed in Chapter 1. Deposition simulators that include mod-
eling the physical structure and composition of thin filnis will be increasingly important
in the future.

Making the models more physically correct by including the chemistry and physics of
specific deposition systems is important. The use of atomic-level models and simulators
could also greatly help in developing more physically correct models. Simulations using
Monte Carlo or Molecular Dynamics (MD) calculations, based on atomic-level, first
principles models, have already revealed new insights into the deposition processes, as
they have in oxidation, diffusion, and implantation modeling. The goal is to make these
simulations more efficient and scalable to realistic dimensions and number of atoms. In
addition they need to be linked to higher-level, continuum-type simulation tools to
make their results more easily accessible.

9.7 Summary of Key Ideas

In this chapter we have examined how thin films are deposited as part of the fabrication
of uuggrated circuits. Important issues in thin film deposition include the physical and
cherpxcal properties of the film, and coverage of nonplanar underlying topO‘;I'ZlPh)'- in-
cludxqg srgp coverage and the filling of holes or spaces. Coverage and fillingbissucs are
cspegally important with the ever-decreasing lateral feature sizes, as well as with the in-
creasing use of multilayer film structures, '

S, transfer through the bound 4 is alim-
te ow : ary layer is notalin
2;nrgezt:l%rand the surface reactions becqme rate limiting, allowing for fewer constraints
o reactor rgt:jometry;jHlowevrfr, shadow'mg by surface topographical feanires must still

ed to model coverage and fill profjles, In PVD, the processes are physically.
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rather than chemically, based. Arrival angle distribution of the source material at the
waler surface is important. There are fewer gas-phase collisions between the source and
the wafer and virtually no reactions on the surface, so the species can arrive more verti-
cal to the wafer from the source and stick where they hit without desorbing and rede-
positing. Shadowing by topographical features can be very important in PVD depositions.
Many different types of both CVD and PVD systems have evolved and are still being
used for different applications and different types of films. Other deposition techniques
include spin-on techniques for dielectrics and electrolytic deposition of metals.

Most simulation of thin film deposition is based on topography modeling, that is, pre-
dicting the shape of the deposited film over nonplanar topography. SPEEDIE is one such
topography simulator for both CVD and PVD. Both direct and indirect fluxes of neutral
and ionic species are used to model the deposition process in low pressure systems. The
direct fluxes are modeled by the arrival angle distribution. Indirect fluxes are due to sur-
face or near-surface processes, such as surface diffusion or reemission and resputtering of
surface species with subsequent deposition elsewhere. The sticking coefficient is used to
model the reemission process. CVD processes, used mostly for dielectrics, in general have
alow sticking coefficient and isotropic arrival angle distribution, leading to good step cov-
erage. A low sticking coefficient also leads to better filling of holes. PVD processes, used
more for metals, have a high sticking coefficient. A narrower arrival angle distribution,
more characteristic of PVD processes leads to worse coverage over a step but can result
in better filling of the bottoms of holes. Concurrent sputtering and redeposition of mate-
rial along with the directed deposition of ionized species can lead to good gap or hole fill-
ing of relatively high aspect ratio features in either PVD or CVD systems, such as in
ionized sputtering or HDPCVD. Simulations show the importance of different compo-
nents and different parameters, especially in terms of arrival angle, sticking coefficient, an-
gle-dependent sputtering, and coverage and filling issues.
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9.9

Problems

9.1. What would you expect would happen to the threshold voltage of a MOS transis-
tor if the gate oxide were deposited using SiHi + 20: — SiO; + 2H,O rather than
thermally grown?
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9.2.

9.3.

9.4.

9.6.

What are Lhe two commonly observed rate limiting steps in silicon cpil‘alxial growth?
Under what conditions do they normally dominate the overall deposition rate?

In an epitaxial deposition, under mass ransfer limited Condilions,nis_ it more im-
portant Lo control the reactor temperature or the source gas composition in the gas
stream to obtain reproducible results? Why?

In a reactor used for epitaxial growth, the wafers are normally placed flat on the
susceptor, and epi grows on the top side only. If the same reac tor were used Lo ox-
idize wafers, by introducing Oz rather than SiHa (or another Si gas source), SiO»
would grow on both sides of the wafer. Explain why SiO: grows on both sides and
epi grows only on the Llop side.

. For CVD deposition of a film, it is found thal the mass transfer coefficient fig = 10

cm sec-! and the surface reaction rate coefficient ks = 1 % 107 exp(—1.9 eVIKT)
cm sec~". For a deposition at 900°C, which CVD system would you recommend us-
ing: (a) a cold-walled, graphite susceptor type: or (b) a hot-walled, stacked wafer
type? Explain your answer.

Calculate the deposition rate for an LPCVD system with the same parameter val-
ues given in the example following Eq. (9.10), but at a reduced Lotal pressure so
thal k¢ is increased by 100 times. Assume that the partial pressure of Lhe incorpo-
rating species, Pc, remains the same, and Crdecreases by the same factor as the to-
1al pressure.

9.7a. Plot the deposition rate (on a log scale) versus 1/T (Kelvin), for 600-1200°C. for

9.8.

9.9.

a CVD system with the following parameter values:

he = 0.5 cmsec™’

ks = 4 % 10°exp(— 1.45eV/kT) cm sec™!

Partial pressure of incorporating species = 1 torr
Total pressure = 1 atm

CAN = 1/10,000

Identify the reaction and mass transfer limited regimes.

b. Redo the proble{ﬂ when the total pressure is decreased to 1 torr, so that k¢ in-
creases by 100 times. Assume that the partial pressure of the incorporming

SECCXBS remains the same, and Cr decreases by the same factor as the total pres:
sure.

:h;)w Llf‘lal‘plamng the source in an evaporation system at the inside surface ofa
phere facing the center, with the wafers also at the inside surface ol the sphere fac-

ing the center, leads to uniform depositi
i position wafer : et anar
surface source. to water, assuming u small pla

Calcu siti for : .
wl1icl1l ?:lg%od%po_m:g? rate for a small planar surface evaporation sourc in
' +8i = 45°, the evaporation rate is | X 10°* gm sec "', the distane
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607

from the source to the wafer is 5 cm, and the densit

posited equal 5 om cm-? y of the material being de-

9.10. The new deposition engineer installed the company’s new evaporation system.

Hoplr}g to get uniform depositions on all the wafers mounted on the inside of the
spherical wafer holder, he installed the evaporation source crucible at the center
of the sphere. If the evaporation source behaves like an ideal small-area planar
source, what will be the deposition rate as a function of 8, as defined below? (Let
the evaporation rate equal 3 X 107 gm sec™’, radtus r, equal 10 cm, and the den-
sity of the material being deposited equal 10 gm cm=~?.) Sketch a plot of d versus
8 for 8 from —90° to +90°, and specify the deposition rate at a point directly fac-
ing the planar source (at 8 = 0°) and at § = 90°. Will uniform depositions resutt?

. Calculate the mean free path of a particle in the gas phase of a deposition system

Wafer

g~ o

Source

and estimate the number of collisions it experiences in traveling from the source
to the substrate in each of the cases below. Assume that in each case the molecu-
lar collisional diameter is 0.4 nm, the source-to-substrate distance is 5 cm, and that
the number of collisions is approximately equal to the source-to-substrate dis-
tance divided by the mean free path.

a. An evaporation system in which the pressure is 10~7 torr and the tempera-
ture is 25°C.

b. A sputter deposition system in which the pressure is 3 mtorr and the temper-
ature is 25°C.

c. AnLPCVD system in which the pressure is 1 torr and the temperature is 600°C.
d. An APCVD system in which the pressure is 1 atm and the temperature is 600°C.

. a. Using schematic diagrams, show qualitatively how changing the gas pressure

in a standard PVD system (using an appropriate S, value for this type of sys-
tem) can affect the deposition profile when depositing a material on a nar-
row trench structure.

b. In a similar fashion, show how changing the sticking coefficient affects the de-
position profile when depositing a material on topography with a step.
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9.13.

9.15.

9.16.

How does the ability to fill the bottom of a narrow trench using sputter deposition
change as the target is moved further away from the wafer? Neglect any gas phase
collision cffects.

. Explain how asymmetric depositions can occur on a wafer in a sputler deposition

syslem. Asymmetric deposition means that thicker deposition occurs on one side
of a feature (a step or side of a trench, for example) than the other. Also suggest
a way lo decrease Lthe asymmetry. Use schematic diagrams 1n your explanations.

What value of » in the arrival angle distribution is desired for good slep coverage
over a step in topography? For good bottom filling of a via? Explain with
schematic diagrams. What value of Sc, the sticking coefficient, do you want in each
case? Explain with diagrams.

We have seen how conformal coverage in low pressure systems results from alow
sticking coefficient. which causes multiple reemission and redeposilion processes
within the feature topography. Describe how in atmospheric CVD systems. gas
phase collisions by the reactants within the topograhical features can lead to good
coverage and filling.

Ex. 2008-193






