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1.2 Integrated Circuits and the Planar Process—
Key Inventions That Made It All Possible

The devices which are used in today’s integrated circuits, primarily MOS and bipolar
transistors, were invented long before the technologies were available to manufacture
them in high volume. Many of the basic properties of semiconductors such as rectifi-
cation and photoconductivity were discovered before 1900 although they were not
understood at that time. Simple devices based on these properties were available in
the form of selenium rectifiers and photodetectors by the mid 1930s. It was also dur-
ing this time period when the physical principles underlying the behavior of
metal/semiconductor contacts began to be understood, particularly through the work
of Schottky and Mott.

The behavior of semiconductor surfaces plays a key role in all modern devices. Lian-
drat first proposed in 1935 that the conductivity of a surface region in a semiconductor
could be modulated by the application of a perpendicular electric field. This “field ef-
fect” concept led to many studies of semiconductor surfaces over the next three decades.

The Second World War interrupted much of the basic work on semiconductors that
was ongoing at the time, particularly at Bell Telephone Laboratories where an effort
was underway to find a solid-state device for switching telephone signals. Shortly after
the end of the war, this effort resumed, and it was not long until a major breakthrough
was made with the demonstration of the point contact transistor in December 1947
(Figure 1-4). This and subsequent work, which resulted in the invention of the bipolar
transistor, resuited in the Nobel Prize in physics for John Bardeen, Walter Brattain, and
William Shockley in 1956. An interesting historical account of many of these events can
be found in [1.6].

Figure 1-4 The point contact transistor invented at Bell Telephone Laboratories in 1947 by Bardeen, Brattain, and Shockley. Reprinted with permis-
sion of Lucent Technologies, Bell Labs Innovations.
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In the 1950s, interest in semiconductor surfaces was renewed when it became appar-
ent that reliability problems associated with the new transistor structures were related
to surface effects. In a classic experiment in 1953, Brattain and Bardeen found that the
surface properties of semiconductors could be controlled by exposing them to oxygen,
water, or ozone ambients. Many experiments over the next few years led to the first
high-quality SiO; layers grown on Si substrates around 1960. At about this same time,
the stable properties of SiO; layers on Si began to be understood theoretically.

Although the first point contact transistors in 1947 were built in polycrystalline ger-
manium, within a year or two after that the device was also demonstrated in silicon and
in single-crystal material. These two changes would also have a major impact on future
integrated circuits. Single crystals provide uniform and reproducible device character-
istics and thus provide the ability to integrate millions of identical components side by
side on a chip. Silicon provides a controllable, stable, and reproducible surface passiva-
tion layer (SiO;) which has made possible modern IC technology. Much of the credit for
developing single crystal source material (Si and Ge) belongs to Gordon Teal of Bell
Labs. Chapter 3 describes these developments in more detail.

By the mid 1950s, both grown junction and alloy junction bipolar transistors were
commercially available. Ge was still the dominant material used at this time. Figures 1-5
and 1-6 illustrate the methods used to fabricate these devices. In the grown junction
process, a single crystal of silicon or germanium was grown which contained a thin re-
gion (P type in Figure 1-5) of opposite doping to the main part of the crystal. Sawing re-
moved most of the upper and lower N-type material, leaving a thin wafer with an NPN
structure. Further sawing of this wafer resulted in a number of individual transistor
structures to which leads were attached to provide external connections. In silicon-
based devices, it was common to use Al wires to connect to the middle base (P) region
since Al forms an ohmic (conducting) contact to P-type material and a rectifying

(

p I

Figure 1-5 Grown junction transistor technology of the 1950s.
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Figure 1=6 Alloy junction technology of the 1950s.

(Schottky) contact to lightly doped N regions. As a result it was not critical that the mid-
dle connection be placed exactly on the P region. In Ge based structures of this type,
PNP type devices were usually made, with Au contacts to the middle N region.

The alloy junction technology illustrated in Figure 1-6 was even simpler. A metal
such as indium was placed on the semiconductor (usually Ge). The structure was then
heated, melting the In and allowing it to dissolve into the Ge. Indium is a P-type dopant
so P regions were formed creating a PNP structure along with contacts to the P regions.

While such devices were very useful components, the technologies used to build
them were not extendible to multitransistor integrated circuits. Exposed junctions were
present on the semiconductor surface and no means to interconnect multiple devices
was provided. New inventions were needed to overcome these problems.

Part of the solution was provided by the invention of gas phase diffusion processes,
again at Bell Laboratories. That led to the commercial availability of diffused mesa
bipolar transistors by 1957. Figure 1-7 illustrates this device structure. Beginning with
an N-type crystal, the wafer was exposed in a high temperature furnace to a gaseous
source of a P-type dopant such as boron. The boron diffused into the crystal by solid-
state diffusion, resulting in the P-type layer. The process was then repeated with an N-
type source, producing the final NPN structure. After contacts were alloyed to the
surface N and P regions, a Si etch created the mesa structure to localize the N and P re-
gions on the surface. This double diffused process had the great advantage that multi-
ple devices could be produced from a single substrate and multiple substrates (wafers)
could be produced from one grown crystal. However, all of the processes described to
this point still had the great disadvantage that exposed junctions were present on the
wafer surface or at the wafer edges.

The next breakthrough came with the invention of the planar process, illustrated in
Figure 1-8, by Jean Hoerni of Fairchild Semiconductor. This process relied on the gas
phase diffusion of dopants to produce N- and P-type regions, but also on the ability of
SiO, to mask these diffusions. This was a major advance and it was largely responsible
for the switch from Ge to Si. Silicon is unique among semiconductor materials in its
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Figure 1~8 The planar process invented by Jean Hoerni of Fairchild
in the late 1950s.

ability to be oxidized to produce a stable insulating coating. SiO; has many properties
that make it almost an ideal surface layer for semiconductor devices. We will discuss ox-
idation and SiO; in much more detail in Chapter 6, but one of those properties is the
ability to mask most of the common dopants that are used in semiconductor fabrica-
tion. In other words, most dopants like As, B, and P have much smaller rates of diffusion
in SiO; than they do in silicon. The planar process makes use of this property by using
SiO; to selectively block the dopants from diffusing into the silicon substrate. This pro-
duces junctions that terminate under an SiO; surface and which as a result are passi-
vated. (We will define passivation more carefully in Chapter 6, but we basically mean by
this term that the junction electrical properties are not significantly degraded at the sur-
face, compared to their bulk properties.)
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Figure 1-9 Basic photolithography process. The IC pattern is transferred from 4 mask to the
silicon by printing it on the wafer using a light sensitive resist material.

A second essential part of the planar process, illustrated in Figure 1-9, is the ability
to pattern the SiO;. This is normally accomplished by a process called photolithography
that we will discuss in detail in Chapter 5. The essence of this process involves the use
of a light sensitive resist (or “film”), which is deposited onto the SiO, surface. The resist
is then exposed through a mask and developed to produce a pattern in the resist. Dur-
ing the developing, the resist washes away in the regions where diffusions are desired.
The resist is then used as a mask to selectively etch the SiO, layer.

One final key invention was needed to make modern IC technology possible. That
was the ability to integrate multiple components on the same chip and to interconnect
them to form a circuit. The invention of the integrated circuit occurred in 1959 and was
due to Jack Kilby of Texas Instruments and Robert Noyce of Fairchild Semiconductor.
An interesting historical account of these events is given in [1.7]. The key ideas were the
extensions of the ideas in Figures 1-8 and 1-9 to using masking and lithography to pro-
vide multiple devices and interconnects on the same chip. Figure 1-10 illustrates these
extensions for a simple circuit example. Kilby and Noyce have been widely recognized
for their work leading to the integrated circuit. By combining P- and N-type diffusions
and SiO; passivation layers, many types of devices including transistors, resistors, and
capacitors are possible in modern IC structures.

Although it is perhaps obvious from Figure 1-10, it should be noted that when mul-
tiple diffusions and thin film layers are used to construct an integrated circuit, the masks
associated with each of the layers must be precisely aligned with respect to each other.
That is, the N-type diffusion in the center NPN transistor must be placed inside the
P-type region and the contact holes which allow the Al metal to contact the device
regions must be placed inside those regions. In general the placement accuracy during
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Figure 1-10 Integrated circuits use photolithography and masking to fabricate
multiple components in 4 common substrate.

photolithography must be on the order of 1/4 to 1/3 of the linewidth being printed. In
today’s modern factories, this alignment process is carried out automatically in ma-
chines called steppers which we will discuss in more detail in Chapter 5.

Since 1960, the basic technologies used to manufacture integrated circuits have not
changed. They have, of course, been significantly improved and many new ways of de-
positing, etching, diffusing, and patterning have been developed. These improvements
have been more evolutionary than revolutionary however. In spite of this fact, the cu-
mulative impact of rapid evolutionary developments over the past 35 years in IC tech-
nology has been enormous and we should expect many more years of the same kinds of
developments.

Figure 1-11 shows a schematic cross section of a modern silicon integrated circuit.
The silicon wafer is typically > 500 pwm thick; the layers on the top surface are typically
1 pm or thinner. Thus the full wafer thickness is not normally shown in these drawings.
The N and P regions have been selectively doped to change their conductivity and they
form the electrically active parts of the devices. The layers above the surface may be in-
sulators like SiO; or SisN4, conductors like Al, or semiconductors like polycrystalline sil-
icon. All of these layers are either selectively deposited only in certain areas or are
patterned after a blanket deposition using photolithography and etching so that they re-
main only in local areas. The lateral scale of the various features is determined by the
patterning capability of the technology. In high-volume manufacturing today, such fea-
tures might have a minimum size of perhaps 0.25 pm. The particular technology illus-
trated in Figure 1-11 is called CMOS (Complementary MOS) since it integrates both
N- and P-type MOS devices side by side on the same chip. This is the technology that
forms the basis of the NTRS discussed earlier and outlined in Table 1-1. Figure 1-12
shows an actual cross section of a modern CMOS IC. Note that the interconnect layers
dominate the overall chip cross section. The devices themselves are all located in a thin
layer near the bottom of the photomicrograph. Most of the silicon wafer itself is not
shown and is off the bottom of the photograph.
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Figure 1=11 Schematic cross section of 2 modern silicon integrated circuit. The particular tech-
nology shown is CMOS with an NMOS device on the right and a PMOS device on the left. There are two
levels of wiring shown. We will discuss this technology in detail in Chapter 2.

1.3 Semiconductors

This section provides a brief review of the basic properties of semiconductor materials.
Many of the ideas discussed here will be used throughout this book. For readers already
familiar with this material, this section can be skimmed or skipped.

Semiconductors are a class of materials which have the unique property that their
electrical conductivity can be controlled over a very wide range by the introduction of
dopants. While this property can easily be observed in crystalline, polycrystalline, or
amorphous semiconductor materials, crystalline materials provide the most reproducible
properties and the highest performance devices and are almost always used in integrated
circuits. Dopants are atoms that generally contain either one more or one fewer elec-
trons in their outermost shell than the host semiconductor. They provide one extra elec-
tron or one missing electron (a “hole”) compared to the host atoms. These excess
electrons and holes are the carriers, which carry current in semiconductor devices. The
key to building semiconductor devices and integrated circuits lies in the ability to control
the local doping and hence the local electronic properties of a semiconductor crystal.
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.Figuro -1 Pho[omjcrograiiJhs of state-of-the-art ICs manufactured in the early 1960s (left) and in the early 1990s (right). The
1960s IC contains four bipolar transistors and several resistors. The 1990s chip contains over a million MOS transistors.
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In 1994 the Semiconductor Industry Association (SIA) organized a workshop in
Boulder, Colorado which was chartered to produce a roadmap for the semiconductor in-
dustry. The result was the National Technology Roadmap for Semiconductors or NTRS
[1.2]. This roadmap was updated in 1997 through a series of industrywide meetings [1.3]
and is being updated again in 1999. The NTRS is currently the most widely cited “strate-
gic plan” for the semiconductor industry. The fundamental premise of the NTRS is that
industry history as described by Moore’s law should be maintained through 2012. In
other words, a new generation of technology should appear on average every three
years, starting with 0.25-um technology today and extending to 0.05-pm technology in
2012. The NTRS is a needs-driven document which assumes that silicon CMOS tech-
nology will dominate the semiconductor industry for this entire period. The starting
point is a standard set of industry products—DRAMs, static memory or SRAMs, mi-
croprocessors, and Application-Specific Integrated Circuits or ASICs—which result in
the technology requirements in Table 1-1, abstracted from the 1997 roadmap.

Several trends can be observed from this table. First, of course, are the steady pro-
gressions to smaller feature sizes and larger chips. Together these make possible the in-
creases in transistors per chip. Note that a factor greater than 100X is expected in the
complexity of microprocessor chips over the next 15 years. The number of wiring levels
is projected to steadily increase over this time period as well. This is because of the great
difficulty in connecting all the components in these very complex chips. This is the same
trend that has occurred in the number of wiring levels in printed circuit boards over the
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Two typical CMOS circuits are shown in Figure 2-1. The simple inverter circuit on the
left was described in Chapter 1. The NOR gate on the right illustrates how additional
NMOS and PMOS devices can be added to the inverter circuit to realize more complex
logic functions. In the NOR circuit, if either input 1 or input 2 or both of them are high,
the output will be pulled to ground through one or both of the NMOS devices which
will be turned on. Only if both inputs are low will the output be pulled high through the
two series PMOS devices that are both turned on under this condition. The circuit thus
implements the NOR function. To build these types of circuits, we need a technology
that can integrate NMOS and PMOS devices on the same chip. In fact, many CMOS
technologies also implement various types of resistors, capacitors, thin film transistors,
and perhaps other types of devices as well. We will limit our discussion here to the two
basic devices and describe a technology to build them. Extensions of this technology to ‘
include other components are reasonably straightforward and we will see some exam-
ples of such extensions in later chapters. |
The end result of the process flow we will discuss is shown in Figure 2-2. To fabricate
a structure like this, we will find that 16 photolithography steps and well over 100 indi- |
vidual process steps are required. The final integrated circuit may contain millions of
components like those shown in the figure, each of which must work correctly. ‘
There are two active device types shown in the figure, corresponding to those re-
quired to implement the circuits in Figure 2-1. The individual source, drain, and gate re-
gions of the NMOS and PMOS devices are identifiable in the cross section. In addition
to the active devices, there are many other parts to the overall structure. Some of this
“overhead” is required to electrically isolate the active devices from each other. Other

+V
+V
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o e
! PMOS In; :
o I
Output FMOS
4 —
Input | I Output
ﬂNMOS __I H __I:_
1 NMOS NMOS
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Figure 2-1 Simple CMOS circuits. An inverter is shown on the left and a NOR cir-
cuit on the right. The NOR circuit implements the function Output = IN; + IN,.
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Figure 2=2 Coss section of the final CMOS integrated circit. A PMOS transistor is shown
on the left, an NMOS device on the right.

parts of the structure provide multiple wiring levels above the active devices to inter-
connect them to perform particular circuit functions. Finally, some regions are included
simply to improve the performance of the individual devices by decreasing parasitic re-
sistances or improving voltage ratings. As we proceed through the steps required to
build this chip, we will discuss each of these points in greater detail.

2.2.1 The Beginning—Choosing a Substrate

Before we begin actual wafer fabrication, we must of course choose the starting wafers.
In general this means specifying type (N or P), resistivity (doping level), crystal orienta-
tion, wafer size, and a number of other parameters having to do with wafer flatness, trace
impurity levels, and so on. The major choices are the type, resistivity, and orientation.
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Figure 2-2 indicates that the final structure has a P-type substrate. In most CMOS in-
tegrated circuits, the substrate has a moderately high resistivity (25-50 Qlcm) which cor-
responds to a doping level on the order of 10" cm 3 (Figure 1-18). As is apparent from
Figure 2-2, the active devices are actually built in wells diffused into the surface of the
wafer. The doping levels in these wells are chosen to optimize the electrical properties
of the active devices, as we will see later in this chapter. Typically the well doping levels
are on the order of 10" — 10" ¢cm~* near the wafer surface. In order to reproducibly
manufacture such wells, the background doping (the substrate doping in this case)
needs to be significantly less than the well doping. Thus the substrate doping is normally
chosen to be on the order of 10 cm .

The observant reader might notice that the NMOS device could actually be built di-
rectly in the P substrate without adding the P well near the surface. In fact this is exactly
the way the structure was sketched in Figure 1-34 for simplicity. While some CMOS cir-
cuits are actually built this way today, the twin well process illustrated in Figure 2-2 is
much more common because the doping process used to produce the P well (ion im-
plantation) is much better controlled in manufacturing than is the substrate doping.
Also, since the P well and N well doping concentrations are on the same order, it is eas-
ier to start with a much more lightly doped substrate and tailor the wells for the NMOS
and PMOS devices individually.

The observant reader might also note in Figure 1-34 that a substrate consisting of a
P layer on a P* substrate was illustrated. This is one of the technology options we will
consider later in Section 2.2.5.

The only other major parameter we need to specify in the starting substrate is the
crystal orientation. We will discuss crystal structure in more detail in Chapter 3. How-
ever, virtually all modern silicon integrated circuits are manufactured today from
wafers with a (100) surface orientation. The principal reason for this is that the proper-
ties of the Si/SiO- interface are significantly better when a (100) crystal is used. We will
discuss the reasons for this in detail in Chapter 6, but the key idea is that the electrical
properties of this interface are intimately connected with the atomic bonding between
Si and O that takes place when an SiO» layer is thermally grown on Si. It is found ex-
perimentally that there are fewer imperfections (unsatisfied bonds) on a (100) surface
than is the case on other silicon surfaces. Primarily for this reason, we will choose a
(100) surface orientation for our starting wafers.

We will also discuss in Chapter 4 some processing which is often done on the start-
ing substrates before any actual device fabrication is begun. This processing is aimed at
minimizing the sensitivity of the wafers to trace contaminants that can be introduced to
the wafers during the many manufacturing steps they go through to build circuits. These
preliminary processing steps are called gettering and the most common process today
is known as “intrinsic gettering.” Since these steps are not essential to the device fabri-
cation process, we will defer discussion of them to Chapter 4.

2.2.2 Active Region Formation

Modern CMOS chips integrate millions of active devices (NMOS and PMOS) side by
side in a common silicon substrate. Circuits are designed with these devices to imple-
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ment complex logic or analog functions. In designing such circuits, it is usually assumed
that the individual devices do not interact with each other except through their circuit
interconnections. In other words, we need to make certain that the individual devices on
the chip are electrically isolated from each other. This is accomplished most often by
growing a fairly thick layer of SiO. in between each of the active devices. SiOs is essen-
tially a perfect insulator and provides the needed isolation. This process of locally oxi-
dizing the silicon substrate is known as the LOCOS process (LOCal Oxidation of
Silicon). The regions between these thick SiO, layers, where transistors will be built, are
called the “active” regions of the substrate.

We begin with the steps shown in Figure 2-3. The wafers are first cleaned in a com-
bination of chemical baths that remove any impurities from the surface. A thermal SiO;
layer is then grown on the Si surface by placing the wafers in a high-temperature fur-
nace. A typical furnace cycle might be 15 minutes at 900°C in an H,O atmosphere. Al-
though the H,O ambient could be produced by boiling water, it is more common today
to actually react H; and O; in the back end of the furnace to produce H;O. This is gen-
erally a cleaner method for generating the steam required for the oxidation. The fur-
nace cycle described above would produce an oxide of about 40 nm (400 A). Such an
oxide could also be grown in a pure O, ambient using a cycle of about 45 min at 1000°C.
The oxide growth rate is much slower in O, compared to HO (Chapter 6), so higher
temperatures and/or longer times are required in O; to grow the same oxide thickness.

The wafers are then transferred to a second furnace, which is used to deposit a thin
layer of SisN4 (typically 80 nm). This deposition occurs when reactants like NH; and
SiH. are introduced into the furnace at a temperature of about 800°C, forming SizNy4
through a simple chemical reaction such as

3SiH, + 4NH, — Si,N, + 12H, 2.1)
Photoresist
SizN,
EELLLSLT, T777 AT T TLELLT TS Z = 77 Slo2

Si, (100), P Type, 5-50 Qcm

Figure 2-3 Following mmal cleaning, an SiO; layer is thermally grown on the silicon substrate.
A SisNs layer is then deposited by LPCVD. Photoresist is spun on the wafer to prepare for the first
masking operation.
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Generally this deposition is done below atmospheric pressure because this produces
better uniformity over larger wafer lots in the deposited films. Pumps are normally used
on the furnace exhaust to reduce the pressure. Systems in which such depositions are
done are usually called Low-Pressure Chemical Vapor Deposition (LPCVD) systems.
We will discuss them in more detail in Chapter 9.

The nitride layers deposited by such machines are normally highly stressed, with the
SizN4 under tensile stress. This produces a large compressive stress in the underlying Si
substrate which can lead to defect generation if it is not carefully controlled. In fact, the
major purpose of the SiO; layer under the SizN4 is to help relieve this stress. SiO; layers
are under compressive stress when they are thermally grown on Si and if the thick-
nesses of the SiO; and SisN, layers are properly chosen, the stresses in the two layers
can partially compensate each other, reducing the stresses in the Si substrate. The thick-
nesses chosen above do this.

The final step in Figure 2-3 is the deposition of a photoresist layer in preparation for
masking. Since photoresists are liquids at room temperature, they are normally simply
spun onto the wafers. The resist viscosity and the spin speed determine the final resist
thickness, which is typically about 1 um. (Note that the dimensions in all the drawings
in this book are not exactly to scale, since the photoresist layer in Figure 2-3 is really
more than 10 times the thickness of the oxide or nitride layers, and the substrate is typ-
ically 500 times as thick as the photoresist layer. The liberties we take with scale in these
drawings are intended to improve clarity.)

After the photoresist is spun onto the wafer, it is usually baked at about 100°C in or-
der to drive off solvents from the layer. The resist is then exposed using a mask, which
defines the pattern for the LOCOS regions. The photolithography process is both com-
plex and expensive and was illustrated conceptually in Figure 1-9. We will describe it in
much greater detail in Chapter 5. The machines which accomplish the exposure are of-
ten called “steppers” because they usually expose only a small area of the wafer during
each exposure and then “step” to the next adjacent field to expose. Such machines must
be capable today of printing lines on the order of 250 nm (0.25 pwm) and placing these
patterns on the wafer with an accuracy which is < 100 nm. They typically cost several
million dollars.

The photoresists themselves are complex hydrocarbon mixtures. The actual ultra
violet (UV) light-sensitive part of the resist is only a portion of the total mixture. In the
case of a positive resist, which is the most common type today, the molecule in the re-
sist which is sensitive to light, absorbs UV photons and changes its chemical structure
in response to the light. The result is that the molecule and the resist itself then dissolve
in the developing solution. Negative resists also respond to UV light but become insol-
uble in the regions in which they are exposed. Figure 2-4 shows our CMOS wafer after
the resist has been exposed and developed.

An additional step is also illustrated in Figure 2—4. After the pattern is defined in the
resist, the SisNy is etched using dry etching, with the resist as a mask. This is usually ac-
complished in a fluorine plasma. We will discuss dry etching in Chapter 10, but a typi-
cal reaction might involve the generation of F atoms in a plasma, using a CF, or NF; gas
source and a reaction of the following type:
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Figure 2-4 Mask 1 patterns the photoresist. The SisN; layer is removed where it is
not protected by the photoresist by dry etching.

Si,N, + 12F — 3SiF, + 2N, (2.2)

The most common type of etching system uses two parallel plates to confine the gas
reactants. An RF voltage (usually 13.56 MHz) is applied across the electrodes to create
a plasma and with it many neutral and charged molecules and atoms. It is important that
the byproducts of the etching reaction be volatile at the etching temperature (usually
room temperature), so that they can easily be pumped out of the reaction chamber.

Once the SisNy etching is completed, we are through with the resist and it can be
chemically removed in sulfuric acid, or stripped in an O; plasma, neither of which sig-
nificantly attacks the underlying SisNs and SiO; layers. Following cleaning, the wafers
are then placed into a furnace in an oxidizing ambient. This grows a thick SiO; layer lo-
cally on the wafer surface. The SisN4 layer on the surface prevents oxidation where it is
present because SisN4 is a very dense material and prevents the H>O or O; from diffus-
ing to the Si surface where oxidation takes place. This local oxidation or LOCOS
process might be done at 1000°C for 90 min in H>O to locally grow about 500 nm (0.5
pm) of SiO,. The structure at this point is illustrated in Figure 2-5.

After the furnace operation, the SisN4 layer can then be stripped. This is conveniently
done in hot phosphoric acid, which is highly selective between SisN4 and SiO,. The SisN4
could also be removed using dry (plasma) etching using a reaction like Eq. (2.2). How-
ever a process that gives good selectivity to SiO; would be required so that not very
much of the LOCOS oxide is etched away during the stripping of the SisN4. Selectivity
is often a very important issue in etch steps throughout the wafer fabrication process.
We will discuss this issue more carefully in Chapter 10.

An alternative to the SiO2/SisN; stack used in Figure 2-3 is to use a three-layer stack
of SiO;, polysilicon, and SisN4 to mask the oxidation process. This process is called the
poly-buffered LOCOS process because of the incorporation of the polysilicon layer.
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Figure 2-5 After photoresist stripping, the field oxide is grown in an oxidizing ambient.

As was the case in the LOCOS process, the function of the nitride layer is to block the
oxidation from occurring wherever the SisNs is present. The underlying oxide and poly
layers are both designed to help with the stress relief problem. Poly-buffered LOCOS
uses a thicker SisNy layer than was the case in the LOCOS process (about 200 nm ver-
sus about 80 nm) and a thinner oxide layer (about 20 nm versus about 40 nm). The
polysilicon layer permits these changes because it helps to relieve the large stresses,
which would otherwise cause defects to form in the silicon substrate during the LOCOS
oxidation. The polysilicon is deposited in an LPCVD machine similar to the one de-
scribed for SisN4 in connection with Eq. (2.1), except that only one reactant gas con-
taining silicon is used (SiH. or SiH,Cl,, for example). A poly thickness of about 100 nm
(0.1 pm) would be typical.

Why would we want to use a thicker nitride layer and a thinner pad oxide in the LO-
COS process? The answer lies in a subtlety of LOCOS that we have not discussed to this
point. Consider Figure 2-5 for example. The oxidation which takes place during LOCOS
extends for some distance under the SisN4 edge. The characteristic shape that this two-
dimensional (2D) oxidation process produces is often called a bird’s head or a bird’s
beak. This shape is only shown qualitatively in Figure 2-5; we will study this process in
more detail in Chapter 6 and use numerical simulation tools to study the exact shape
more carefully. The oxidation extends under the nitride edge because the oxidant (H,O)
can diffuse sideways as well as vertically through the pad oxide layer, to reach the silicon
surface where it reacts to grow SiO». In fact, the nitride layer will bend up as oxide grows
underneath it as Figure 2-5 qualitatively illustrates. This means that the oxide actually
grows over a larger surface region than the mask pattern used to define the SisNs. This is
a major concern when we are defining very small active devices, because surface area
that is lost to this encroachment of the oxide significantly decreases device density.

The answer to the question we posed then is that the combination of a thicker ni-
tride, a thinner pad oxide which provides less of a pathway for lateral oxidant diffusion,
and a polysilicon layer which itself can oxidize along its edges during LOCOS produces
amuch sharper transition between the oxidized and unoxidized regions. This allows for
tighter design rules and higher device density.
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2.2.3 Process Option for Device Isolation—Shallow Trench Isolation

We digress in our process flow description at this point to consider an alternative
method for forming isolation regions between active devices. This alternative—Shallow
Trench Isolation or STI—is beginning to be used in manufacturing today and will likely
be the method of choice in the future. As we will see, STI actually etches trenches in the
silicon substrate between active devices and then refills them with SiO». Such a process
completely eliminates the bird’s beak shape characteristic of LOCOS isolation and thus
allows physically smaller isolation regions to be formed.

The process begins the same way as the LOCOS process. SiO2 and SizNy layers are
thermally grown and deposited respectively, as shown in Figure 2-3. The thicknesses of
these layers are approximately the same as in the LOCOS process. However the stress-
related issues, which tightly constrained these thicknesses in the LOCQOS case, are re-
laxed somewhat in the STI process because there is no long high-temperature oxidation
in STT, during which stresses can generate defects in the silicon substrate. Nevertheless,
an SiO; thickness of about 10 — 20 nm and an SizN, thickness of about 50 — 100 nm
would be typical. Photoresist is then applied, exposed, and developed as in Figure 2—4.

Figure 26 illustrates the next steps. The nitride and oxide layers are etched using the
photoresist as a mask. This would typically be done as described above in Eq. (2.2), us-
ing a fluorine-based plasma chemistry for both materials. The next step is to etch the
trenches in the silicon which are typically on the order of 0.5 um deep. This can be done
again using the photoresist as a mask, or the photoresists can be stripped and the nitride
layer can then serve as the mask. The trench etching is a relatively critical step. It is im-
portant that the trench walls be relatively vertical so that there is little undercutting into
the adjacent active device regions. However, the trench will later be filled with a de-
posited oxide and this filling process needs to completely fill the trenches without leav-
ing voids. This often means that the trench walls should not be perfectly vertical but
rather have a small slope. In addition, the top and bottom corners of the trenches ideally
need to be slightly rounded in order to avoid problems later in oxidizing very sharp cor-
ners and to avoid electrical effects associated with very sharp corners. Thus the etch

Figure 2-6 After mask 1 defines the photoresist, the SisNs, SiOz, and Si trenches
are successively plasma etched to create the shallow trenches for isolation.
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Figure 2=7 A thin “liner” oxide is thermally grown in the trenches. The nitride prevents any
additional oxidation on the top surface of the wafer.

chemistry for this silicon etch must be very carefully chosen. Often a bromine-based
plasma chemistry is used in this application, as discussed in more detail in Chapter 10.

The next step in the process is to thermally grow a thin (10 — 20-nm) “liner” oxide on
the trench sidewalls and bottoms as shown in Figure 2—7. While most of the trench will
be filled with a deposited oxide, thermally growing the first part produces a better
Si/SiO; interface and if the oxidation is done at relatively high temperature (= 1100°C),
the process will also help to round the corners of the trenches as well. The better Si/SiO:
interface results from the lower electrical charge densities that thermal oxidations can
produce. The corner rounding results from the viscoelastic flow properties of SiO; at
high temperatures. We will discuss these issues in Chapter 6.

The next step, illustrated in Figure 2-8, is the deposition of a thick SiO, layer by
chemical vapor deposition. It is important here that the filling process not leave gaps or
voids in the trenches, which could happen if the deposition closed the top part of the
trench before the bottom parts were completely filled. A number of deposition systems
exist which do a good job of filling structures like this. One example is a High-Density
Plasma or HDP system, which could be used in this application. We will discuss these
systems in Chapter 10.

The final step in the STI process is illustrated in Figure 2-9. This involves literally
polishing the excess SiO; off the top surface of the wafer, leaving a planar substrate with
SiO, filled trenches. This polishing process uses a technique known as Chemical-
Mechanical Polishing or CMP, which we will discuss in Chapter 11 since the most com-
mon use of CMP today is in back-end processing. In this process, the wafer is placed
face down in a polishing machine and the upper surface is literally polished flat using a
high-pH silica slurry. While this process sounds crude compared to the sophisticated
processing techniques generally used to fabricate chips, CMP has been found to work
extremely well and it has found widespread application. The nitride layer serves as a
polishing stop and once the CMP operation is complete, the SisN4 can be chemically re-
moved as in the LOCOS process described earlier.

At this stage, the wafers are ready for device fabrication in the active regions. A
comparison of Figures 2-5 and 2-9 illustrates both the similarities and the differences
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Figure 2-8 Si0, is deposited to completely fill the trenches. This would typically require 0.5
— 1 wm of 8i0, to be deposited, depending on the trench depth and geometry.
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Figure 2-9 The deposited Si0; layer is polished back using CMP to produce a planar structure.

in LOCOS and STI. Both processes produce thick SiO, regions laterally isolating ad-
jacent device structures. However the STI process produces more compact structures
because there is very little lateral encroachment of the isolation structure into adjacent
active regions.

One might ask why the STI process has not been used in manufacturing until quite
recently since it seems like a simple process and it produces more compact isolation re-
gions compared to LOCOS. There are really two answers to this question. The first is
that when device geometries were larger, the small area loss due to lateral encroach-
ment in the LOCOS process was not a significant factor in overall chip density. The sec-
ond reason is perhaps more important. While STI seems like a simple process, there are
actually a number of subtle issues associated with this technology which have proven
difficult to solve in a manufacturing environment. These issues include filling the
trenches with no gaps, using CMP to planarize the wafer, and avoiding subtle electrical
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effects associated with the corners of the trenches which can affect device isolation.
These issues have now been largely solved with new processes and new manufacturing
equipment, with the result that STI is now beginning to be used in manufacturing, Its in-
herent density advantage over LOCOS suggests that STI will dominate in the future.

2.2.4 N and P Well Formation

We now return to our CMOS process flow and we will pick up the LOCOS isolation
technology where we left it in Figure 2-5. If STI were used as the isolation process, the
steps below would be largely unchanged. We would simply use the cross section in Fig-
ure 2-9 rather than Figure 2-5 as our starting point to continue the process flow.

In the final device cross section in Figure 2-2, the active devices are shown in P- and
N-type wells. These wells tailor the substrate doping locally to provide optimum device
characteristics. The well doping affects device characteristics such as the MOS transis-
tor threshold voltage and I-V characteristics and PN junction capacitances. For exam-
ple, recall in Chapter 1, Egs. (1.23) — (1.25) which describe the electrical properties of
PN diodes and notice the presence of the doping levels Np and N, in these expressions.
The steps required to form the P and N wells are illustrated in Figures 2-10 to 2-12.

In Figure 2-10, photoresist is spun onto the wafer and mask 2 is used to expose the
resist and to define the regions where P wells are to be formed. The P regions are cre-
ated by a process known as ion implantation, which we will discuss in Chapter 8. The
machines which perform this step are really small linear accelerators. A source of the
ion to be implanted (boron in this case) is provided, usually from a gas. Positively
charged ions (B™*) are formed by exposing the source gas to an arc discharge. The ions
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Figure 2-10 Photoresist is used to mask the regions where PMOS devices will be built us-
ing mask 2. A boron implant provides the doping for the P wells for the NMOS devices.
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are then accelerated in an electric field to some final energy, usually expressed in keV.
Since many types of ions may be formed in the source region, all ion implanters select
the particular ion to be implanted by bending the ion beam through a magnetic field.
Ions of different masses will bend at different rates in the magnetic field, allowing one
type of ion to be selected at the output by adjustment of the field strength. Once the se-
lection process is complete, final acceleration of the B* takes place along with either
electrostatic scanning of the beam or mechanical scanning of the wafer to provide a uni-
form implant dose across the wafer.

In our case, we would need to pick an implant energy sufficiently large that the B*
ions penetrated the thin and thick SiO, layers on the wafer surface, but not so large that
the beam penetrated through the photoresist which must mask against the implant. This
is possible in this case because the field oxide is on the order of 0.5 um and the pho-
toresist is at least twice this thick. The B* implant needs to penetrate through the thin
SiO; layer in order to form the P well. It also needs to penetrate through the field ox-
ide although the reason is not so obvious in this case. As was pointed out earlier, the
purpose of the field oxide is to provide lateral isolation between adjacent MOS tran-
sistors. If the doping is too light under the field oxide, it is possible that surface inver-
sion can occur in these regions, providing electrical connections between adjacent
devices through parasitic MOS devices (field oxide transistors). By ensuring that the
well implants penetrate through the field oxide, the doping is increased under the field
oxide, preventing this parasitic inversion problem. We will study ion implantation in de-
tail in Chapter 8 and see how to choose the accelerating energy for the B* ions, but for
the situation described here, an energy of 150 — 200 keV would be typical.

The amount of B* we implant (or the dose), is determined by the device require-
ments. Here we are forming a P well whose concentration is required to be on the or-
der of 5 X 10 to 10" cm ™ in order to provide correct device electrical characteristics.
In Chapter 8 we will see how to calculate this dose, but a dose on the order of 10" cm ™2
would be typical. (Note that implant doses are expressed as an areal dose per cm?, while
doping concentrations are volume concentrations per cm®.)

An important point about ion implantation has not been made to this point. Implan-
tation of ions into a crystalline substrate causes damage. This is easy to visualize since an
incoming ion with an energy of perhaps 100 keV can clearly collide with and dislodge
silicon atoms in the substrate which have a binding energy of only 4 Si-Si bonds (about
12 eV). Visualize a billiard-ball-like collision between the incoming 100 keV B* ion and
a stationary Si atom and you can easily imagine that the silicon atom will likely be re-
coiled a significant distance from its original lattice site. In fact many such recoils are
produced as the B* ion gradually comes to rest. This damage must be somehow repaired
since the devices we want to end up with require virtually perfect crystalline substrates.
Fortunately, the repair process is not as difficult as it might initially seem. A simple fur-
nace step usually suffices. Heating the wafers allows the dislodged silicon atoms to
diffuse and find a vacant lattice site, thus repairing the damage. Such a high temperature
step will soon occur in our process description and will accomplish this crystal repair
function. This can be done in short times at high temperatures (e.g., 10 sec at 1000°C) or
in longer times at lower temperatures (e.g., 30 min at 800°C). We will study implantation
and damage annealing in greater detail in Chapter 8.
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Figure 2=11 Photoresist is used to mask the regions where NMOS devices will be built us-
ing mask 3. A phosphorus implant provides the doping for the N wells for the PMOS devices.

Once the boron implant is complete, we are finished with the photoresist and it is
then stripped either chemically or in an O, plasma. Photoresist and mask 3 are now
used as shown in Figure 2-11 to define the regions where N wells will be placed in the
silicon. The process is identical to that just described for the P wells except that in this
case an N-type dopant, phosphorus, is implanted. The energy of the phosphorus implant
is again chosen to penetrate the oxide layers but not the photoresist. Phosphorus is a
heavier atom than boron (atomic mass = 31 versus 11), so a higher energy is required
to obtain an implant to the same depth into the silicon. In this situation an energy of
300-400 keV would be chosen. The dose of the phosphorus implant would typically be
on the same order as the boron P well implant since the purpose is similar in both cases.

There are several common N-type dopants available for use in silicon (phosphorus,
arsenic, and antimony) and yet we specifically chose phosphorus in this case. The next
step in the process is to diffuse the P and N wells to a junction depth of typically several
microns, as illustrated in Figure 2-12. Boron and phosphorus have essentially matched
diffusion coefficients and so they will produce wells with about the same junction depth
when they are simultaneously diffused. The other N-type dopants, arsenic and anti-
mony, both have much smaller diffusion coefficients and so for the process described
here, the N well would be much shallower than the P well, which is not desired if we
want matched NMOS and PMOS characteristics. Another issue with arsenic and anti-
mony in this particular step in the process is that they are much heavier atoms than
phosphorus and hence would require much higher implant energies.

After the phosphorus implant, the photoresist is removed and the wafers are
cleaned. They are next placed in a drive-in furnace, which diffuses the wells to a junc-
tion depth of 2-3 microns (Figure 2-12). (Actually the depths they reach in this step will
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Figure 2=12 A high temperature drive-in completes the formation of the N and P wells.

not be their “final” depths because all subsequent high temperature steps will continue
to diffuse the dopants. However, later high temperature steps will generally be either at
lower temperatures or for shorter times, so that most of the well diffusion occurs dur-
ing this drive-in process.) A typical thermal cycle might be 4 to 6 hours at 1000 to
1100°C. Diffusion coefficients increase exponentially with temperature as we will see in
Chapter 7, so much shorter times are required at higher temperatures to achieve the
same junction depth. This step could be performed in a largely inert ambient because no
additional surface oxidation is needed at this point. The well drive-in step also repairs
the damage from the implants, restoring the substrate crystallinity.

2.2.5 Process Options for Active Region and Well Formation

At this point we have completed the preparation of the substrate for the fabrication of
the active devices. There are many process options which could be considered at almost
every stage of our CMOS process. In general we will not consider very many of these
options in this chapter, because there are simply too many to consider in a finite chap-
ter. Also, our purpose here is not to explore all options but simply to give the reader a
sense of what an integrated process flow looks like. However in addition to the STI op-
tion we considered earlier, there are several other options that are very commonly used
in industrial manufacturing which will be useful for the reader to understand before
reading later chapters. Two such options are explored briefly in this section before we
return to our CMOS process flow as it is shown in Figure 2-12.

Option 1: Field Implants under LOCOS Regions
The first process option relates to the field oxide or LOCOS regions which provide lat-
eral electrical isolation between adjacent devices. In the process flow we have described
to this point, the implant energies of the P and N wells were carefully chosen to pene-
trate through the thick field oxide so that the substrate doping was increased under the
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LOCOS regions. In practice this is not as simple to do as it might seem. Implanted ions
are characterized by a range distribution not by a specific distance they travel. Since the
stopping process is statistical in nature, we should expect such a range profile. Chapter
8 explores this idea in more detail, but for our purposes here we need only to under-
stand that the entire implant dose cannot be placed in the silicon under the field oxide
in Figures 2-10 and 2-11. If we tried to do this, the implant energy would have to be in-
creased significantly to make certain that the shallowest ions went far enough to get
through the field oxide. But the problem would then be that the deepest ions would
likely penetrate through the masking photoresist layer. So the process as illustrated in
Figures 2-10 and 2-11 is somewhat sensitive to layer thicknesses and to implant energy.
This does not mean that it is too sensitive to be used in manufacturing, but it does mean
that alternatives are often used.

One common alternative is illustrated in Figures 2-13 to 2-15. In this process flow,
the field region doping is accomplished right after the steps shown in Figure 2—4, before
the LOCOS oxide is grown. Thus a low-energy boron implant can be used which is eas-
ily masked by the photoresist/SisN4/SiO; stack. This is illustrated in Figure 2-13. When
the field oxide is then grown, most of the boron diffuses ahead of the growing SiO,, cre-
ating the P regions shown in Figure 2-14. Some of the boron is actually incorporated
into the growing SiO; and is therefore “lost” from the silicon. The fraction of the boron
that is lost can be easily calculated, as we will see in later chapters. For obvious reasons,
the implant in Figure 2-13 is often called the field implant. It increases the P-type dop-
ing in the substrate where we do not want to build active devices. A typical field implant
might be 1 X 10 cm~2B* at 50 ke V. This implant energy would easily pass through the
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Figure 2-13 Process option for active region formation. A boron implant prior to LO-
COS oxidation increases the substrate doping locally under the field oxide to minimize field
inversion problems.
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Figure 2-14 Process option for active region formation after LOCOS. The boron im-
planted regions diffuse ahead of the growing oxide producing the P-doped regions un-
der the field oxide.

thin SiO; layer in Figure 2-13 and would also easily be completely masked by the pho-
toresist/SisN4/SiO; stack.

The P and N well formation in this process option would essentially follow the steps
illustrated in Figures 2-10 and 2-11 except that the implant energies would be consid-
erably lower to make sure that the phosphorus and boron did not penetrate through the
field oxide. Implant energies on the order of 50 keV would be typical for the B* and P*.
The resulting structure is shown in Figure 2-15. Note that the P-type field implant re-
gions continue to diffuse during the well drive-in. The wells are shown deeper than the
field region in this example, but the exact geometry depends on the dopant concentra-
tions in each region. Notice also that this process option does not require any more
masking steps than the process we considered through Figure 2-12, since the field im-
plant is done through the same mask that is used for the LOCOS process. As was the
case in Figure 2-12, the substrate shown in Figure 2-15 is now ready for active device
fabrication.

Option 2: Buried and Epitaxial Layers

Some CMOS circuits are built today in wafers that have buried heavily doped layers in-
corporated under the active devices. Alternatively, some CMOS circuits are built using
heavily doped substrates such as the P on P* structure illustrated in Figure 1-34. Such
heavily doped regions can help to minimize problems such as “latchup” in operating
CMOS circuits. Latchup can occur because CMOS technology inherently contains par-
asitic PNPN structures. These structures have electrical I-V characteristics which, if trig-
gered, can permit enough current to flow through the circuit that the chip may be
destroyed. (Latchup is discussed in more detail in Chapter 8. See, for example, Figure 8-
16.) One of the effective ways to prevent this from happening is to incorporate heavily
doped buried layers or a heavily doped substrate beneath the active devices. These lay-
ers shunt the parasitic PNPN devices with low-value resistances, preventing the PNPN
devices from turning on.
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‘Figure 2-15 Process option for active region formation after the P and N wells are
formed.
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fines the regions for N* buried layers. An As™* implant dopes the silicon locally.

The process steps needed to incorporate buried layers are shown in Figures 2-16 to
2-21.These steps are incorporated at the very beginning of the process flow, for reasons
that will become obvious shortly.

We begin with the structure in Figure 2-3. The first mask is used as shown in Figure
2-16 to define the regions where an N* buried layer will be formed. An As* implant is
then performed. Since the purpose here is to create a low-resistance region, we would
want the N* layer to be fairly heavily doped and so a high-dose implant on the order of
10" cm~* would be used. The energy is not critical so long as it is sufficient to acceler-
ate the As* through the thin SiO; layer. A reasonable energy would be 50 keV. Since
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the N* region we are forming will be buried below the surface (when we are finished),
and we want it to stay there, we would want to pick an N-type dopant that diffuses
slowly in silicon. As or Sb would thus be possible choices. Either could be used, but As
is more common because of its higher solubility in silicon.

Once the implant is completed, we are through with the resist and it can be chemi-
cally removed in acid, or stripped in an O, plasma. Following cleaning, the wafers are
then placed into a furnace. This high-temperature step accomplishes several things, as il-
lustrated in Figure 2-17. First, it drives in the N* buried layer to a depth of about 1-2
pm. Second, part of the drive-in is done in an oxidizing ambient (H>O). This grows a
thick SiO; layer on the wafer surface, but only over the N* regions because of the mask-
ing provided by the SisNy layer. We will see that using a LOCOS process in this appli-
cation allows both the N* and P* buried layers to be defined with a single mask, and it
provides self-alignment between these two buried layers. By self-alignment, we mean
that the two buried layers are correctly positioned with respect to each other automat-
ically. Finally, the drive-in and oxidation create a step in the silicon surface at the edges
of the N* buried layers because the oxidation consumes silicon. This step in the surface
will be important later after the buried layers are truly buried by growing an epitaxial
layer of silicon above them. We will need to know where the buried layers are located
in order to align later masks to them and the step in the silicon surface will provide this
information. The overall drive-in process might be done at 1000°C for 2 hours, with 60
min of this time in H>O to locally grow about 0.4 p.m of SiO.. The structure at this point
is illustrated in Figure 2-17.

After the furnace operation, the SisN4 layer can then be stripped. The next step is ion
implantation of the P* buried layer, illustrated in Figure 2-18. Here the self-aligning fea-
ture in the two buried layers becomes apparent. The thick oxide over the N* buried lay-
ers blocks the P* (boron) implant, while the original thin oxide layer elsewhere is
transparent to the implant. Once again, we would choose the implant energy so that the
boron penetrates the thin oxide and is stopped by the thick oxide (about 50 — 75 keV).
The boron dose is determined by device constraints, as was the case for the N* buried
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Figure 2=17 Process option incorporating buried and epitaxial layers. The N* buried layer is
driven in in an oxidizing ambient after the photoresist is stripped. The LOCOS oxide forms only
above the N* regions.
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Figure 2=18 Process option incorporating buried and epitaxial layers. The P* buried layer is ‘
implanted using the thick SiO; layer as a mask.

layer. In the P* buried layer case, a lower dose is usually used, because boron has a much
higher diffusivity than arsenic and in order to keep it from diffusing too far during sub- l
sequent processing the boron concentration needs to be kept lower than the arsenic
concentration. A dose of about 10" cm~? might be typical. After the P* implant, a high-
temperature drive-in would be done to diffuse the boron (and the arsenic) deeper into
the substrate. No additional oxidation is required at this point so the drive-in could be
done in an inert (N> or Ar) ambient. A typical furnace cycle at this point might be sev-
eral hours at 1000 — 1100°C, resulting in the structure shown in Figure 2-19.

The active devices need to be fabricated in much more lightly doped wells than is
provided by these buried layer regions in order to have the correct electrical proper-
ties. As a result, we require moderately doped P and N regions above the buried lay-
ers. These more lightly doped layers reduce the junction capacitances in the active
transistors and are also important in setting device parameters such as MOS thresh- |
old or turn-on voltage. In principle we could counterdope the surface regions of the
buried layers with opposite type dopants to produce these regions, but this is not a
manufacturable technique. This is easy to see if we imagine trying to counterdope a
1.0 X 10" cm ™ N* buried layer to form a 1.0 X 10" cm ™~ N layer. This would require
0.999 X 10¥ cm™? P-type counter doping. No doping technique available today pro-
vides this degree of precision. |

Fortunately there is an alternative, a process called epitaxy. The oxide layer on the
surface of the wafer in Figure 2-19 is first stripped in an HF solution. This acid is highly
selective to SiO; over Si. After cleaning, the wafers are then placed into an epitaxial re-
actor which heats the wafers to temperatures on the order of 800 — 1000°C and exposes
them to a gas ambient containing Si and a small concentration of dopant. SiHs or
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Figure 2-19 Process option incorporating buried and epitaxial layers. The P* and N* buried
layers are driven in together.

SiH>Cl> might be used as the silicon source and BoHs or AsHs for the P- or N-type dop-
ing, for example. The process of epitaxy is conceptually simple. Si atoms fall on the
wafer surface from the gas stream above it. At the high temperature in the reactor, the
Si atoms are somewhat mobile on the surface and can diffuse via surface diffusion to a
lattice site to which they can bond. Through this process, the crystal structure of the sub-
strate is grown upward, atom by atom, and layer by layer, producing a perfect crystalline
or “epitaxial” layer. The doping atoms in the gas stream are incorporated into the grow-
ing epitaxial layer in the same manner. This process allows us to grow single-crystal lay-
ers on single-crystal substrates at a rate of several tenths of a micron per minute and to
dope those layers from 10™ cm ™ to 10% cm > N- or P-type. We will study this process
in more detail in Chapter 9. In fact, epitaxy is really a special case of CVD which we pre-
viously used to deposit SisN4 and SiO; layers. In epitaxy, the substrate must be single
crystal; in the more general CVD process, arbitrary substrates can be used because the
films that are deposited are amorphous or polycrystalline.

Figure 2-20 illustrates our CMOS wafer after an epitaxial layer has been grown. The
epilayer for our devices is grown undoped (intrinsic) since we will be doping various
parts of it later in the process using ion implantation. The epilayer might typically be a
few microns thick. Notice that the step in the silicon surface which we created by oxi-
dation of the N* buried layers has propagated upward during epi growth, so that it now
appears on the new wafer surface. This step is visible under an optical microscope and
is necessary in order to align subsequent masks to the buried layer patterns.

The remaining steps in this process option would follow the LOCOS steps (Figures
2-3 to 2-5) and the P- and N-well steps (Figures 2-10 to 2-12). After the wells are dri-
ven in, they link up with the buried layers (which also diffuse upwards during all high
temperature steps) as shown in Figure 2-21. Both downward and upward diffusion
must be accounted for in order to determine the time and temperature needed to ac-
complish this linkup. A typical set of conditions might be several hours at 1000 —
1100°C depending on the exact epitaxial layer thickness. This could be performed in a
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Figure 2-20 Process option incorporating buried and epitaxial layers. The surface Si0,
layer is stripped off the wafer and an epitaxial layer is then grown.
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Figure 2-21 Process option incorporating buried and epitaxial layers.

largely inert ambient because no additional surface oxidation is needed at this point.
Note that the incorporation of the buried and epitaxial layers into the structure has
only required one additional mask (but many process steps!). As was the case in Figure
2-12, the substrate as shown in Figure 2-21 is now ready for active device fabrication.
The step in the surface shown in Figure 2-20 would still be present in Figure 2-21 but
is not explicitly shown.

Finally, the structure shown in Figure 1-34 is yet another variation on these process
steps. This structure incorporates a P~ epitaxial layer and an N well using steps similar
to those described above. The process flow in this case is left as an exercise for the
reader, (See Problem 2.1.)
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2.2.6 Gate Formation

We now return to the main process flow and Figure 2-12. If either of the process options
described above were to be used, the substrate would appear as shown in Figure 2-15
or 2-21, but the process flow from this point on would be substantially the same. So for
simplicity, we will continue the process description with Figure 2-12.

The next several steps, shown in Figures 2-22 to 2-26 are designed to form critical
parts of the MOS devices. Probably the single most important parameter in both the
NMOS and PMOS devices is the turn-on or threshold voltage, discussed in Chapter 1
and usually called Vrw. Vzy in its simplest form is given by

v ZESqNA(Z‘b[)

Vig= Vg + 20, + C
ox

(2.3)

where Vrp is the gate voltage required to compensate for work function differences be-
tween the gate and substrate, and for any electrical charges that may be present in the
gate oxide. ¢y is the position of the Fermi level in the bulk with respect to the intrinsic
level and e is the permittivity of silicon. For our present purposes, the two terms that
are important are the doping concentration in the silicon N4 and the oxide capacitance
C.x. Since C, is inversely proportional to the gate oxide thickness, it is clear that we
must control this thickness in order to control Vrx.

In writing the above expression, we have assumed that the doping in the silicon un-
der the MOS gate is constant at N4. This is usually not the case in modern devices be-
cause ion implantation is used to adjust the threshold voltage and this results in a
nonuniform doping profile. Again to first order, we can include the effect of the implant
on Vry in the following way:

v ZSSqNA(Zdbf) it q9;

COX COX

where Q is the implant dose, in atoms per cm? This equation assumes that the entire
implant dose is located in the near surface region, inside the MOS channel depletion re-
gion. This is often a reasonable approximation.

We are now ready to adjust the threshold voltages of both N- and P-channel MOS
devices. In modern CMOS circuits, the target threshold voltage is generally: around
0.5-0.8 volts for both the NMOS and PMOS devices. (The threshold voltage is positive
for the NMOS devices and negative for the PMOS devices so that both transistors are
normally off, enhancement mode devices.) Figure 2-22 illustrates the masking to adjust
the NMOS Vrx. Photoresist is applied and mask 4 is used to open the areas where
NMOS devices are located. After developing, a boron implant is used to adjust Vrg. A
dose of 1-5 X 10*? cm~?2 at an energy of 50 — 75 keV might be used. We could estimate
the necessary dose using Eq. (2.4) where N4 is the doping in the P well at the surface be-
fore the implant, and Qyis the dose required to achieve a given Vrx. The energy is cho-

“sen to be high enough to get the implant dose through the thin oxide, but low enough
to keep the boron near the silicon surface.
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Figure 2-22 After spinning photoresist on the wafer, mask 4 is used to define the NMOS
transistors. A boron implant adjusts the N-channel Vz.

Figure 2-23 illustrates the same process sequence now applied to the PMOS device.
Mask 5 is used. The required implant could be either N- or P-type depending on the
doping level in the N well and the required PMOS V7#. An N-type implant is illustrated
in Figure 2-23. This would typically be arsenic with a dose of 1-5 X 10" cm~2 The en-
ergy would be somewhat higher than the NMOS channel implant in Figure 2-22 be-
cause of the heavier mass of arsenic.

If a P-type implant were needed, boron would be used with a dose and energy in the
same range as for the NMOS device in Figure 2-22. In some cases, it might be possible
to use only one mask to adjust both NMOS and PMOS Vry if both require P-type im-
plants. One possible process might be to implant boron unmasked into both devices at
the smaller of the two doses required for the MOS devices. A mask would then be used
along with a second implant to increase the dose in the device requiring more boron.

Figure 2-24 illustrates the next steps. We are now ready to grow the gate oxides for
the MOS transistors. The thin oxide, which is present over the active areas of each tran-
sistor, is first stripped in a dilute HF solution. HF is a highly selective etchant and will
stop etching when the underlying silicon is reached. Note however that we will etch a
small portion of the field oxide during this step because the HF etch is unmasked. Since
we are etching only 10 or 20 nm of oxide, this is usually not a problem, although the etch
needs to be timed so that it does not etch too much of the field oxide.

The reason that the thin oxide is stripped and then regrown to form the MOS gate
oxide is that the oxide on the silicon surface prior to stripping is too thick to serve as the
device gate oxide. Stripping and regrowing this oxide results in a well-controlled final
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Figure 2-23 After spinning photoresist on the wafer, mask  is used to define the PMOS
transistors. An arsenic implant adjusts the P-channel V.

oxide thickness. The original thin oxide on the wafer surface has also been exposed to
several implants at this stage in the process, which create damage in the SiO», so strip-
ping and regrowing a new oxide produces a higher quality gate oxide. In state-of-the-art
MOS devices today, the gate oxide is typically thinner than 10 nm. This oxide could be
formed by a variety of processes (times and temperatures). For example, oxidation in
O; at 800°C for 2 hours would produce about 10 nm of oxide. Similarly, oxidation in
H,0 at 800°C for 25 min would produce a similar thickness oxide. Figure 2-24 illus-
trates the devices after the gate oxide has been grown.

The next steps deposit and define the polysilicon gate electrodes for the MOS de-
vices. Using LPCVD, a layer of polysilicon is deposited over the entire wafer surface as
illustrated in Figure 2-25. This process is similar to that described in Eq. (2.1) except
that only a silicon source such as silane is needed. Thermal decomposition of the silane
produces a silicon deposition with H, as a byproduct, as shown in Eq. (2.5). The de-
posited layer will be either amorphous or polycrystalline depending on the deposition
temperature because it is deposited on an amorphous “substrate,” the underlying SiO;
regions. Typically a polysilicon layer 0.3 — 0.5 wm thick would be deposited in an
LPCVD system operating at about 600°C.

SiH, — Si + 2H, (2.5)

The polysilicon is then doped N-type by an unmasked ion implant. Either phospho-
rus or arsenic could be used here since both are highly soluble in silicon (and polysili-
con) and thus can produce low-sheet-resistance poly layers. The implant energy is not
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Figure 2=24 After etching back the thin oxide to bare silicon, the gate oxide is grown for
the MOS transistors.

Figure 2-25 A layer of polysilicon is deposited. Ion implantation of phosphorus follows the
deposition to heavily dope the poly.

very critical here, provided the phosphorus or arsenic do not penetrate through the poly
and into the underlying gate oxide and substrate. Both dopants rapidly redistribute in
poly at elevated temperatures because diffusion is rapid along the grain boundaries in
poly, so uniform doping of the poly will occur later in the process when the wafers are
next heated in a furnace. The N* dose is not critical for the MOS gates other than the
fact that we would like it to be as high as possible in order to obtain low poly sheet re-
sistivity and hence low gate resistance. A dose of about 5 X 10" cm™~? would be typical.
In some polysilicon deposition systems, the poly can be doped while it is being de-
posited. This is referred to as “in situ” doped poly. In this case, the ion implantation dop-
ing step would not be necessary.

The final step, illustrated in Figure 2-26 uses resist and mask 6 to etch the poly away
in regions where it is not needed. Photoresist is spun onto the wafer, baked, and then ex-
posed and developed. The poly etching would again be done in a plasma etcher. Typi-
cally a chlorine- or bromine-based plasma chemistry would be used in order to achieve
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Figure 2-26 Photoresist is applied and mask 6 is used to define the regions where MOS
gates are located. The polysilicon layer is then etched using plasma etching.

good selectivity to SiO.. Although it is not shown in Figure 2-26, the polysilicon layer
can also be used to provide wiring between active devices on the chip (for example to
connect the NMOS and PMOS poly gates). In this sense it can serve as the first level of
interconnect. Since the poly sheet resistance is relatively high compared to later metal
layers that will be deposited (= 10 Q/sq versus < 0.1 {)/sq), long interconnects are not
made with the polysilicon. The RC delays associated with long poly lines would have a
significant effect on circuit performance, hence the term “local interconnects” for these
relatively short polysilicon wires.

A final point with regard to all these etching steps is worth making at this point, al-
though we will discuss it in much more detail in Chapter 10. In general there are two
key parameters that must be understood and controlled in any etching step. The first is
selectivity and the second is the degree of anisotropy the etch provides. Selectivity is a
key issue because we nearly always find ourselves in the situation where we wish to etch
one material but stop etching when we hit an underlying material. For example, in Fig-
ure 2-26, we wanted to etch the poly layer, but we of course did not want to etch
through the gate oxide and into the underlying silicon substrate. This means that we
would need to select an etching process during the poly etch that was highly selective
between SiO: and Si, so that the etch would in essence stop when it reached the SiO»
layer. Techniques exist to detect the endpoint of an etching process, but usually some
amount of overetching is necessary to make certain that all areas on a wafer or wafers
have completed etching, so selectivity is usually very important.

Anisotropy is a key issue because we are usually very concerned about the shape of
edges on etched regions. We are often required to etch through materials whose thick-
nesses are on the same order as the lines we are trying to etch or define. Ideally we
would like the edges of the etched materials to be nearly vertical to preserve the mask
dimensions in the etched layers. Anisotropic etches approach this ideal; isotropic etches
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produce about as much undercutting as the vertical depth they etch and so are gener-
ally unsuitable for small geometry devices. So in general, we want highly selective,
anisotropic etches. Unfortunately, it is often the case that anisotropy comes at the ex-
pense of selectivity and vice versa. Plasma etching often means a search for the best
trade-off between the two that can be achieved in a given system. We will return to
these issues in Chapter 10.

2.2.7 Tip or Extension (LDD) Formation

The next several steps are illustrated in Figures 2-27 to 2-30. Our objective in these
steps is twofold. First, we want to introduce the N~ and P~ implants shown in the NMOS
and PMOS devices in Figures 2-27 and 2-28 and second, we want to place along the
edges of the polysilicon gates, a thin oxide layer usually called a “sidewall spacer.” Both
of these steps are required because of scaling trends that have taken place in the semi-
conductor industry over the past decade.

Ten years ago, MOS devices used in ICs were built with minimum dimensions well
above one micron and were operated in circuits with supply voltages of 5 volts. Today,
device dimensions have been reduced to 0.25 pm or smaller in order to improve per-
formance. However, supply voltages in circuits have not been proportionally reduced.
Many ICs still use 5-volt power supplies, although many chips are now being designed
with 3.3- and 2.5-volt supplies. There is great benefit at the system level to maintaining
a standard power supply level because then new ICs are compatible with older parts,

AERERNERN

Phosphorus

form the tip or extension (LDD) regions in the NMOS devices.
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Figure 2-28 Mask 8 is used to cover the NMOS devices. A boron implant is used to form
the tip or extension (LDD) regions in the PMOS devices.

system power supplies do not have to be redesigned and circuit noise margins remain
adequate. However, if device dimensions are reduced and voltage levels are not corre-
spondingly scaled, electric fields inside the devices necessarily rise. Five volts applied
across a 2-pm channel length MOS device implies an average electric field in the chan-
nel of about 2.5 X 10V cm™!. Decreasing the channel length in the device to 0.5 pm
without reducing the supply voltage increases this average field to about 10° V cm ™.
Fields this high are large enough to cause problems in semiconductor devices. Such
problems are often called “hot electron” problems because most of them are due to the
high energies that electrons (or holes) can reach in high electric fields. Carriers at high
energies can cause impact ionization which creates additional hole-electron pairs by
breaking Si-Si bonds. Such carriers can also sometimes gain sufficient energy to sur-
mount large energy barriers such as the 3.2 eV barrier between the Si conduction band
and the SiO; conduction band. The result can be carriers injected into gate dielectrics
which may become trapped and cause device reliability problems.

Because of these larger fields in scaled devices, considerable effort has gone into de-
signing MOS device structures that can withstand high electric fields. One of the inno-
vations that is almost universally used is the Lightly Doped Drain or LDD device. The
idea behind this structure is to grade the doping in the drain region to produce an
N*N~P profile between the drain and channel in the NMOS devices and a corre-
sponding P*P™N profile in the PMOS devices. This allows the drain voltage to be
dropped over a larger distance than would be the case if an abrupt N*P junction were
formed. This reduces the peak value of the electric field in the near drain region. Since
many of the deleterious effects of high electric fields in modern MOS devices depend
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exponentially on the electric field, modest reductions in the field strength obtained
through the LDD structure can make a significant difference in device reliability.

A final point regarding these N~ and P~ implants is also important to make. As de-
vice geometries have become smaller, “short channel effects” have become very im-
portant in MOS transistors. These effects result when the drain electric field penetrates
through the channel region and begins to affect the potential barrier between the .
source and channel regions. The result is drain current that is not controlled effectively
by the gate. An important strategy for minimizing these effects is the use of shallow |
junctions. Such junctions are less susceptible to short channel effects essentially because
their geometry minimizes the junction areas adjacent to the channel. The LDD struc-
ture also provides these shallow junctions which in this context are often called the |
“tip” or “extension” regions since they must be combined with deeper source and drain
junctions away from the channel in order to make reliable contacts to the device. The .
N~ and P~ implants in Figures 2-27 and 2-28 and the sidewall spacers in Figure 2-30 are
used to construct these tip or extension or LDD regions.

In Figure 2-27, photoresist is spun on the wafer and mask 7 is then used to protect
all the devices except the NMOS transistors. A phosphorus implant is done to form the
N~ region. The dose and the energy are carefully controlled in this implant to ultimately
produce the desired graded drain junction. Typically, a dose of about 5 X 10" to 5 X
10™ cm™? at a low energy might be used. A similar sequence of steps is used for the
PMOS devices in Figure 2-28 to produce the LDD regions in these devices. A similar
implant would be performed although boron would be used in this case. In some mod-
ern MOS device structures, the “LIDD” implants may actually consist of several im-
plants at different energies and doses. Some of these implants may even be done at
angles tilted with respect to the wafer surface in order to get the implant further under
the edge of the gate. The objective is to carefully tailor the doping profile near the drain
junction (and the source junction) in order to minimize short channel effects. The exact
2D shape of the resulting profile is crucial in obtaining the correct device characteris-
tics and computer simulation is often very useful in understanding and predicting the
structure and properties of these critical regions. We will consider these issues more
carefully in later chapters.

The next step is the LPCVD deposition of a conformal spacer dielectric layer (SiO2
or SisNy) on the wafer surface, shown in Figure 2-29. The thickness of this layer will de-
termine the width of the sidewall spacer region and would be chosen to optimize device
characteristics. Typically this might be a few hundred nm. If SiO; is used, it could be de-
posited by a SiHs + O, reaction at about 400°C or by a SiH,Cl, + N;O reaction at
about 900°C or other similar reactions, in a standard furnace configured as a CVD or
LPCVD system.

SiH, + O, — SiO, + 2H, (2.6)
SiH,Cl, + N,O - SiO, + 2N, + 2HCl (2.7)

We now make use of a technique to form the sidewall spacers that really is a result
of the efforts that have gone into developing anisotropic plasma etching capabilities in
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Figure 2-29 A conformal layer of SiO; is deposited on the wafer in preparation for side-
wall spacer formation.
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Figure 2=30 The deposited SiO; layer is etched back anisotropically, leaving sidewall spac-
ers along the edges of the polysilicon.

recent years. Notice in Figure 2-29 that the deposited SiO; layer is much thicker along
the edges of the polysilicon than it is above flat regions of the wafer surface. This is be-
cause of the vertical edges of the polysilicon regions, and the conformal deposition of
the oxide. If we now etch back the deposited SiO; layer using an etching technique that
is highly anisotropic (etches vertically but not horizontally) then we will be left with the
structure shown in Figure 2-30. Typically this would be done in a fluorine-based plasma.

The deposited oxide is removed everywhere except along the edges of vertical steps
in the underlying structures. Simply by a deposition and then an etchback, we have
formed the sidewall spacers. We have also created lateral features on the chip surface
that are smaller than the minimum feature size of the lithographic process. In fact the
width of the spacers is determined largely by the thickness of the deposited oxide. It
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should also be noted that there is nothing magic about the use of SiO; in this applica-
tion. We could form such spacers using almost any deposited thin film. In this particu-
lar case we need an insulating material for reasons that will become apparent shortly,
so Si0; is a convenient choice.

2.2.8 Source/Drain Formation

RN

At this point, most of the doped regions in the structure have been formed except for
the MOS transistor source and drain regions. Note however that in Figure 2-30 the ox-
ide was etched off the source and drain regions as part of the sidewall spacer formation
process. Generally implants are done through a thin “screen” oxide, whose purpose is
both to help avoid channeling and to minimize the incorporation of trace impurities
into the silicon from the implanter. Channeling is a result of the fact the silicon is crys-
talline. If the implanted ions have a velocity vector that lines up with the crystal struc-
ture of the substrate, ions can go down “channels” between lattice sites for long
distances without encountering silicon atoms which slow the implanted atoms down via
collisions. If this happens, the range of the implanted ions can be significantly larger
than expected. This is generally undesirable and the thin screen oxide (which is amor-
phous) helps to randomize the directions of the implanted ions and therefore minimize
channeling. We will discuss these effects in more detail in Chapter 8. Prior to doing the
source drain implants then, a thin screen oxide of perhaps 10 nm is grown. Note that this
also produces a thin oxide on the top exposed surface of the polysilicon.

The first source drain implant is illustrated in Figure 2-31. Photoresist and mask 9
are used to define the regions where NMOS source/drain implants will be done. Arsenic

Figure 2=31 After growing a thin “screen” oxide,

photoresist is applied and mask 9 is used to protect

the PMOS transistors. An arsenic implant then forms
Krsaie the NMOS source and drain regions.
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T
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plant then forms the PMOS source and drain regions.

Flgllre 2—32Afterapplymg photoresist, mask 10
is used to protect the NMOS transistors. A boron im-

would be the dopant of choice in modern processes, because of the need to keep junc-
tions shallow in small geometry devices. An implant of 2 —4 X 10” cm~2 at an energy
of 75 keV might be typical. This would allow the arsenic to penetrate the screen oxide
in the implanted areas but still be easily masked by the photoresist.

The final mask used for doping is illustrated in Figure 2-32. Photoresist and mask 10
allow a boron implant to form the PMOS source/drain regions. This implant would also
be a high-dose implant, on the order of 1-3 X 10" cm~2 but at a lower energy of about
50 — 75 keV because boron is much lighter than arsenic and therefore requires less en-
ergy to reach the same range. High-dose implants minimize the parasitic resistances as-
sociated with the source and drain regions in the MOS transistors. It is also interesting
to notice that the polysilicon gate regions receive at least two high-dose implants in the
process flow we have-described. The first, which was N*, occurred in connection with
Figure 2-27 and initially heavily doped the poly N type. In the NMOS devices, a second
N7 implant goes into the poly in Figure 2-31. In the PMOS device a P* implant dopes
the poly in Figure 2-32. In most processes today both the PMOS and NMOS gates are
N type. If this is the case, then the P* dose in Figure 2-32 needs to be smaller than the
N* dose implanted in Figure 2-27. This is the case for the numbers we have used in this
process flow.

The final step in active device formation is illustrated in Figure 2-33. A furnace an-
neal, typically at = 900°C for 30 min, or perhaps a rapid thermal anneal for = 1 min at
1000 — 1050°C activates all the implants, anneals implant damage, and drives the junc-
tions to their final depths. The many implants that have been done to form the N and P
regions in the transistors create significant damage to the crystal structure of the silicon.
This damage is generally repairable as was pointed out earlier. However the repair
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Figure 2-33 A final high-temperature drive-in activates all the implanted dopants and dif-
fuses junctions to their final depth.

process takes some time (< 1 min at 1000°C or several hours at very low temperatures
like 700°C). While this repair is occurring, dopants diffuse with anomalously high dif-
fusivities because the damage enhances their diffusion coefficients. This phenomenon in
known as Transient Enhanced Diffusion, or TED, and is a very important issue in keep-
ing junctions shallow in scaled devices. We will discuss this in more detail in Chapter 8.

2.2.9 Contact and Local Interconnect Formation

All of the steps needed to form the active devices have now been completed. How-
ever, we obviously need to provide a means of interconnecting them on the wafer to
form circuits, and a means to bring the input and output connections off the chip for
packaging. The CMOS process we are describing will actually provide three levels of
wiring to accomplish these objectives. The first or lowest level is often called the “lo-
cal interconnect” and the steps needed to form it are shown in Figures 2-34 to 2-37.
(Actually as we pointed out earlier, the polysilicon gate level itself can also be used as
a local interconnect.)

The first step, illustrated in Figure 2-34, removes the oxide from the areas the inter-
connect is to contact. Since this is the bottom level of the interconnect structure, it will
provide the connections to essentially all doped regions in the silicon and to all polysil-
icon regions. This oxide etch can actually be unmasked because the oxide is quite thin
over the regions we wish to contact (the = 10 nm screen oxide we grew just prior to
source drain formation). A short dip in a buffered HF etching solution will remove these
oxide layers, without significantly reducing the thickness of the oxide layers elsewhere.

The next step (Figure 2-35) involves the deposition of a thin layer (50 — 100 nm) of
Ti on the wafer surface. This is usually done by sputtering from a Ti target. In a sputter-
ing system, atoms of the desired material (Ti in this case) are physically knocked off a
solid target by bombarding the Ti target with Ar* ions. The Ti atoms then deposit on
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Figure 2-34 An unmasked oxide etch removes the 8i0; from the device source drain re-
gions and from the top surface of the polysilicon.
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Figure 2-35 Titanium is deposited on the wafer surface by sputtering.

any substrates that are located nearby. This produces a continuous coating of Ti on the
wafer as shown in Figure 2-35.

The next step, shown in Figure 2-36, makes use of two chemical reactions. The wafers
are heated in an N; ambient at about 600°C for a short time (about 1 minute). At this
temperature, the Ti reacts with Si where they are in contact to form TiSiz, consuming
some silicon in the process. This is why deeper source and drain junctions are required
outside the tip or extension regions. TiSi; is an excellent conductor and forms low re-
sistance contacts to both N* and P* silicon or polysilicon. This material is shown in
black in Figure 2-36. The Ti also reacts with N to form TiN (the dotted top layer in Fig-
ure 2-36). This material is also a conductor, although its conductivity is not as high as
most metals. For this reason, it is used only for “local” or short-distance interconnects.
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Figure 2-36 The titanium is reacted in an N; ambient, forming TiSi; where it contacts silicon or poly-

silicon

(black regions in the figure) and TiN elsewhere.

The resistance of long lines made from TiN would cause unacceptable RC delays in
most circuits.

Figure 2-37 illustrates the patterning of the TiN layer. Photoresist is applied and
mask 11 protects the TiN where we want it to remain on the wafer. The remaining TiN
is etched in NHsOH:H>02:H,O (1:1:5) to remove it. It is interesting to note at this point
that the sidewall spacers we used earlier to provide graded N*N~ or P*P~ drain junc-
tions also serve the function here of separating the TiSi; on the poly gates from con-
tacting the silicon doped regions. After photoresist removal, the wafer would typically
be heated in a furnace in an Ar ambient at about 800°C for about 1 minute to reduce
the resistivity of the TiN and TiSi; layers to their final values (about 10 {}/sq and 1 {¥/sq,
respectively). The photoresist would be removed prior to this last high temperature an-
neal in an O; plasma or through chemical stripping, since photoresist cannot tolerate
temperatures much above 100°C.

2.2.10 Multilevel Metal Formation
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The final steps in our CMOS process involve the deposition and patterning of the two
layers of metal interconnect. These steps are illustrated in Figures 2-38 to 2—44.

At this stage in the process, the surface of the wafer is highly nonplanar. We have
grown and deposited many thin films on the surface and after these films are patterned,
they leave numerous hills and valleys on the surface. It is not desirable to deposit the
metal interconnect layers directly on such topography because there are potential prob-
lems with metal discontinuities (opens) at steps on the surface. There are also potential
reliability problems even if the metal does not break at such steps, because it will likely
be thinner where it crosses the steps. In addition, and perhaps most importantly, pho-
tolithography is very difficult with highly nonplanar substrates, especially when metal
patterning is involved.
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Figure 2=37 Photoresist is applied and mask 11 is used to define the regions where TiN lo-
cal interconnects will be used. The TiN is then etched.

Figure 2-38 After stripping the photoresist, a conformal Si0; layer is deposited by LPCVD.

In an effort to circumvent these problems, many techniques have been devised to
“planarize” or flatten the surface topography. One such method that is widely used is il-
lustrated in Figures 2-38 and 2-39. A fairly thick SiO; layer is first deposited on the
wafer surface by CVD or LPCVD. This layer is deposited thicker than the largest steps
which exist on the surface and would typically be about 1 pm. This SiO: layer is often
doped with phosphorus and sometimes with boron as well, in which cases the deposited
oxide is known as PSG (phosphosilcate glass) or BPSG (borophosphosilicate glass), re-
spectively. In some cases an undoped SiO; layer is added on top of the PSG or BPSG
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Figure 2-39 Chemical- Mechanical Polishing (CMP) or resist etchback is used to polish or
etchback the deposited SiO; layer. This planarizes the wafer surface.

layer. The phosphorus provides some protection against mobile ions like Na* which can
cause instabilities in MOS devices as was briefly mentioned in Chapter 1. The addition
of the boron reduces the temperature at which the deposited glass layer “flows.” This is
important because following the deposition, the wafer is often heated to a temperature
of 800 — 900°C which allows the glass to flow and to smooth the surface topography.
Adding the boron minimizes the heat treatment required to accomplish this reflow,
which is an issue because of the limited temperature tolerance of some of the underly-
ing films at this point in the process. We will discuss these issues in more detail in Chap-
ter 4 (Na* problems) and in Chapter 11 (glass reflow issues).

Reflowing the deposited PSG or BPSG layer is not sufficient to completely planarize
the surface topography, so generally additional steps are required. For many years, this
was commonly done by next spinning a layer of photoresist on to the wafer. Since the
resist is a liquid, it will fill in the hills and valleys on the surface and produce a fairly flat
upper surface. (We have actually drawn all the resist layers in earlier drawings this way,
although without any explanation until this point.) The “trick” to accomplish pla-
narization now takes place. It is possible to find a set of plasma etch conditions in which
both resist and SiO, are etched at about the same rate. If we use such a plasma and etch
the structure with no mask, then Figure 2-39 will result. We simply etch through the re-
sist and down into the underlying oxide and stop when we have etched into the oxide
everywhere. The 1:1 etch rate of resist and oxide preserves the originally flat resist up-
per surface as we etch.

Within the past few years, a replacement for this resist etchback technique has been
commonly adopted in the semiconductor industry. This replacement is Chemical-
Mechanical Polishing or CMP which we previously described in connection with the
STI process option (Figures 2-8 and 2-9). In this process, the wafer is placed face down
in a polishing machine and the upper surface is literally polished flat using a high-pH sil-
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Figure 2-40 Photoresist is spun onto the wafer. Mask 12 is used to define the contact
holes. The deposited SiO; layer is then etched to allow connections to the silicon, polysilicon
and local interconnect regions.

ica slurry. The polishing process also results in the structure shown in Figure 2-39. CMP
is discussed in more detail in Chapter 11.

The next step is again application of photoresist. We use mask 12 to define the re-
gions where we want contact to be made between metal level 1 and underlying struc-
tures. This is shown in Figure 2-40. The SiO layer would be etched in a plasma. After
etching the contact holes, the photoresist would be stripped off the wafer.

We wish to maintain the planar surface as we add metal layers to the structure. While
there are a number of process flows which can achieve this, the particular process we
will describe here (Figure 2-41) is one of the more common. The first step is a blanket
deposition of a thin TiN layer or Ti/TiN bilayer by sputtering or CVD. This layer is typ-
ically only a few tens of nm thick. It provides good adhesion to the SiO; and other un-
derlying materials present in the structure at this point. The TiN also acts as an effective
barrier layer between the upper metal layers and the lower local interconnect layers
which connect to the active devices. The next step is deposition of a blanket W layer by
CVD as illustrated in Figure 2-41. A typical reaction might be

WF, + 3H, > W + 6HF (2.10)

The next step, illustrated in Figure 242, again involves CMP to planarize the wafer.
The polishing in this case removes the W and the TiN everywhere except in the contact
holes and provides a planar surface on which the first level metal can be deposited. This
process flow we have described, in which contact holes are etched, filled, and pla-
narized, is known as the damascene process. It is very common in back-end processing
in silicon chips today and will be discussed in more detail in Chapter 11.
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Figure 2-41 A thin TiN barrier/adhesion layer is deposited on the wafer by sputtering, fol-
lowed by deposition of 2 W layer by CVD.

e e

Figure 2-42 CMP is used to polish back the W and TiN layers, leaving a planar surface on
which the first level of metal can be deposited.

Metal 1 is then deposited, usually by sputtering, and defined using resist and mask 13,
as shown in Figure 2-43. The metal is commonly Al with a small percentage of Si and
Cu in it. The Si is used because Si is soluble in Al up to a few percent and if the silicon
is not already present in the Al, it may by absorbed by the Al from underlying silicon
rich layers. This can cause problems with contact resistance and contact reliability. (Si
absorption from underlying layers is less of a problem when barrier layers like TiN are
used.) The Cu is added because it helps to prevent a reliability problem known as elec-
tromigration in Al thin films. This phenomenon causes open circuits in Al interconnects
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Figure 2-43 Aluminum is deposited on the wafer by sputtering, Photoresist is spun on the
wafer and mask 13 is used to define the first level of metal. The A1 is then plasma etched.

after many hours of circuit operation, especially at elevated temperatures and high cur-
rent densities, and is due to the formation of voids in the Al lines caused by diffusion of
Al atoms. The Cu helps to prevent this from occurring.

Because of its better electrical conductivity, Cu is now beginning to replace Al as the
interconnect metal. Cu is deposited using electroplating. Because Cu is quite difficult to
etch using plasma etching, a somewhat different process flow is required than that de-
scribed here for Al-based interconnects. Chapter 11 discusses these issues in more detail.

Most modern VLSI processes use more than one level of wiring on the wafer surface
because in complex circuits it is usually very difficult to completely interconnect all the
devices in the circuit without multiple levels. The processes that are used to deposit and
define each level are similar to those we described for level 1 and usually involve a pla-
narization step. Figure 2-44 illustrates this for the dielectric between metal 1 and metal
2. The process would again involve depositing an oxide layer and using CMP to pla-
narize the deposited oxide. Figure 2-44 also illustrates the filling of the via holes be-
tween metal 1 and metal 2 with TiN and W, deposition and etching of metal 2, and the
final deposition of a top dielectric to protect the finished chip. This top layer could be
either SiO; or SisN4 and is designed to provide some protection for the chip during the
mechanical handling it will receive during packaging, as well as to provide a final passi-
vation layer to protect the chip against ambient contamination (Na* or K*). After the
final processing steps are completed, an anneal and alloy step at a relatively low tem-
perature (400 — 450°C) for about 30 minutes in forming gas (10% H, in N3) is used to
alloy the metal contacts in the structure and to reduce some of the electrical charges
associated with the Si/SiO; interface. We will discuss these charges in more detail in
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Figure 2-44 The steps to form the second level of Al interconnect follow those in Figures
2-38 to 2—-43. Mask 14 is used to define via holes between metal 2 and metal 1. Mask 15 is
used to define metal 2. The last step in the process is deposition of a final passivation layer, usu-
ally SisN4 deposited by PECVD. The last mask (16) is used to open holes in this mask over the
bonding pads.

Chapter 6. This finally brings us back to Figure 2-2 which is the completed CMOS chip
that we started out to build.

2.3 Summary of Key Ideas

The purpose of this chapter was to describe in some detail a complete CMOS process
flow. For readers relatively new to silicon technology, many new ideas were presented,
often without full explanation or justification. All of these will be described in later
chapters as we deal with the individual process steps. At this point, the context in which
such processes are used should be clear.

A final point which is important to make is that the process we have described is not
a unique way of achieving the final result shown in Figure 2-2. Many commercial com-
panies and research laboratories today build chips with final cross sections similar to
this figure, with however, quite different process details. As an example of the differ-
ences between commercially available CMOS process flows, the process described here
required 16 masks through two levels of metal. Commercial processes range from sim-
ple CMOS with one level of metal and perhaps 10 masks, to very complex processes
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