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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 V. Vn in its simplest form is given by

M ZssqNA(2¢g)

VTH = VFB Tt 2¢f i C
ox

(2.3)

where Vi 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. dy is the position of the Fermi level in the bulk with respect to the intrinsic
level and &, is the permittivity of silicon. For our present purposes, the two terms that
are important are the doping concentration in the silicon N, and the oxide capacitance
C... Since C.x is inversely proportional to the gate oxide thickness, it is clear that we
must control this thickness in order to control Vzz.

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 283'qNA(2¢f) £ qQ,;
COX COX

VTH = VFB 2 5 2¢f = (2'4)

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 V. 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 Vra. A
dose of 1-5 % 10'2 cm~2 at an energy of 50 — 75 keV might be used. We could estimate
the necessary dose using Eq. (2.4) where N. is the doping in the P well at the surface be-
fore the implant, and Q; is the dose required to achieve a given V. 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 V.

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 V7y. 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 V' 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 5 is used to define the PMOS
transistors. An arsenic implant adjusts the P-channel Vr.

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
0, 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 pm 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 Afier eiching 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. lon 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

TSMC Exhibit 1011, Page 14 of 40



CMOS Process Flow

//f 5 ey / _______ R

‘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 SiOz. 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 {V/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,

ROIREREEE

Phosphorus

N~ Implant
N Well P Well

form the tip or extension (LDD) regions in the NMOS devices.
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ﬂglm 2-28Mask8:sused 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 10* V ecm™'. 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" em 2 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 “LDD" 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 (SiO:
or SizN4) 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, + 0, - SiO, + 2H, (2.6)
SiH,Cl, + N,0 — 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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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

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

l l l l l l l l l 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

: Arsenic the NMOS source and drain regions.
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Figure 2-32 After applying photoresist, mask 10
is used to protect the NMOS transistors. A boron im-
plant then forms the PMOS source and drain regions.

L ———— ——————

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™* 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~? 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
N~ 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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10.2 Historical Development and Basic Concepts

10.2.1 Wet Etching

There are two main methods of etching used in the semiconductor industry: wet etch-
ing and dry, or plasma, etching. In the early days of the industry, wet etching was used
exclusively. It was a well-established, simple, and inexpensive technology. Wet etching
can also be very selective. Eventually, however, the need for smaller linewidths and
more vertical structures required new techniques. Plasma etching methods were devel-
oped for integrated circuit fabrication and are used for most etching steps today.

In this section we will describe the basic concepts involved in both of these techniques.
We will start with wet etching, which we will use to introduce concepts such as selectiv-
ity, overetch, etch bias, and anisotropy that are applicable to both wet and dry etching.

The first etchants used in the integrated circuit industry were simple wet chemical
etchants. By immersing the wafers into baths of liquid chemicals, the exposed films
could be etched away, leaving unetched those regions of the film that were masked.with
photoresist or other films. Wet etches were developed for all steps in the fabrication
process. A common wet etch for SiO; is hydrofluoric acid, HE. The overall reaction is

Si0, + 6HF — H,SiF, + 2H,0 (10.1)

Wet etchants work through chemical processes rather than physical processes. In gen-
eral, wet etchants work by chemically reacting with the film to form water-soluble
byproducts or gases, such as the HxSiFs byproduct which is a water-soluble complex in
the above example.

In some cases the etching occurs by first oxidizing the surface of the film or material
and then dissolving the oxide. For example, a common etchant for silicon is a mixture
of nitric acid (HNOs) and HF. The nitric acid partially decomposes to nitrogen dioxide.
NO., which then oxidizes the surface of the silicon by the reaction

Si +2NO, + 2H,0 — SiO, + H, + 2HNO, (10.2)
The HF then dissolves the SiO; by the reaction given in Eq. (10.1). The overall reaction is
Si + HNO, + 6HF — H,SiF, + HNO, + H,0 + H, (10.3)

Buffering agents are often added to the etch solutions to keep the etchants at maxi-
mum strength over use and time. For example, ammonium fluoride (NH.4F) is added to
HF to help prevent depletion of the fluoride ions in the oxide etch. This is called
“Buffered HF” or BHF, or more commonly BOE for “Buffered Oxide Etch.” The addi-
tion of ammonium fluoride also decreases the etch rate of photoresist and helps to min-
imize lifting of the resist during oxide etching. Acetic acid, CH;:COOH, is often added to
the nitric acid/hydrofluoric acid silicon etch to limit the dissociation of the nitric acid.

Wet etches can be very selective because they depend on chemistry. The limiting steps
in most etch processes are usually the chemical reactions in which the etch species react
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with the film, forming the soluble byproducts. The selectivity, S, of an etch process be-
tween two materials, 1 and 2, is simply the ratio of their etch rates, r,in that etchant, or

§=- (10.4)

Material 1 is usually the film being etched, and material 2 is either the masking mater-
ial (photoresist or perhaps silicon dioxide) or the material below the film. We often
speak of an etch process for material 1 having a certain selectivity over (or “with respect
to,” or just “to”) material 2. For a large selectivity (S>>1) we say that the etch process
for material 1 has good selectivity over material 2.

Selectivity is important for a number of reasons. First, the selectivity for the mater-
ial to be etched with respect to the mask determines how thick the mask material must
be so that the mask is not completely removed during the etching process. Second, all
etch processes generally employ some amount of overetching in order to ensure that
the desired etching process has gone to completion. Thus underlying films are normally
subjected to the etchant for some period of time toward the end of the etch period. The
selectivity for the material being etched with respect to the underlying material deter-
mines how much etching of the underlying materials occurs.

~Example 1 m of SiO: is being etched on top of a Si substrate. The etch rate of the oxide
is 0.40 pm min ', and the etch selectivity of the oxide with respect to the silicon is
25-to-1. If the etch is done for three minutes, how much of the underlying Si is etched?

Answer From Eq. (10.4), the etch rate of the Si can be calculated:

=ﬁ=:‘25___0.4»0;.u.mmin'1 i

= rg = 0.016 pm min
LF) Tsi

The Si is only exposed to the etch after the overlying oxide is completely etched off.
The time required to etch away the oxide equals 1 pm/0.40 pm min "', which equals
2.5 minutes. Therefore, the Si is etched for 0.5 minutes. Hence, the amount of Si
etched is 0.016 pm min~" * 0.5 min, which equals 0.008 pm, or 8 nm.

Most wet chemical etchants etch isotropically. The exceptions to this are those which
are sensitive to crystallographic orientation. For example, some etchants etch much
slower in the <111> direction in crystalline silicon as compared to the other directions.
But most commonly used wet etches etch equally in all directions. In Figure 10-3(a) we
saw how isotropic etching results in etching underneath the edge of the mask. The
amount of undercutting is called the “etch bias.” This is shown in Figure 10-4(a). Here
we assume that the selectivity of the etch with respect to both the mask and the sub-
strate is infinity (i.e., no etching at all of those materials). The etch thickness or depth is
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(b)

ﬂ"ll 'IHlllustrauon of etch bias and overetch. In (a) the etch bias, &, is shown for a
given eich depth, 4. In (b), overetching is illustrated where etching is continued even after the
eich depth, @, equals the film thickness, x;, with the result that the etch bias increases.

d and the bias is b. For perfectly isotropic etching b would equal d, but only if etching is
stopped before the bottom of the film is reached.

As mentioned earlier, some overetching is normally part of every etch process. If
each layer were of uniform thickness, and the etch were perfectly uniform through time
and space, then overetching would theoretically not be needed. The etch time required
would be based on the previously determined etch rate or on other endpoint detection
methods, to be discussed later. It would not even matter what the etch selectivity over
the layer beneath is in that case. However, the thickness of films is not perfectly uni-
form, and they do not always etch exactly uniformly. So some overetch is always done
in manufacturing to ensure that the etch goes to completion everywhere. This is illus-
trated in Figure 10-4(b). In this figure we again assume that the selectivity with respect
to the mask and substrate are infinite and that the etching is purely isotropic. The bias
b now increases with time as the overetch continues. The amount of overetching
needed, usually measured in terms of time or % time, can be determined by estimating
the uncertainties in etch rates and in the nonuniformities of the thicknesses and then
calculating the worst case etch time needed. Ten to twenty percent overetches are com-
mon. This ensures that while some of the structures may be overetched, none are un-
deretched. We will see later that when the etching is anisotropic, overetching is also
required to remove residual film from steps in the topography.

Example A 0.5-pum layer of silicon dioxide on a Si substrate needs to be etched down
to the Si. Assume that the nominal oxide etch rate is ro, (in um min~'). There is a

* 5% variation in the oxide thickness and a = 5% variation in the oxide etch rate.
(a) How much overetch is required (in % time) in order to ensure that all the oxide is
etched? (b) What selectivity of the oxide etch rate to the Si etch rate is required so
that a maximum of 5.0 nm of Si is etched? (Assume the overetch calculated in part
(a) is done.)

Answer (a) The nominal etch time = x/rox = 0.5/rox (x = thickness in pm.) The
overetch is done to make sure all the oxide is etched for the worst case condition:
that means for the thickest oxide and the slowest etch rate. The thickest oxide =
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0.5 *1.05 = 0.525 pum. The slowest etch rate = rox * 0.95 pm min~". The time to
etch the worst case = x/r = 0.525/(rox * 0.95) = 0.553/rox min. The amount of
overetch, in % time, is just the worst case etch time divided by the nominal etch
time = (0.553/rx)/(0.5/rs) = 1.106 or 10.6% overetch.

(b) The maximum amount of Si that will be etched will occur under the thinnest
oxide being etched at the fastest etch rate. The thinnest oxide is 0.95 * 0.5 pm =
0.475 um. The fastest etch rate is rox * 1.05 wm min~". The time to etch through that
oxide is x/r = 0.475/(rox * 1.05) = 0.4523/rox min. The time that the Si is exposed to
the etch is equal to the total etch time (0.553/r... as calculated in part (a)) minus the
time it took to etch the thinnest oxide, etching at the fastest rate, or

(0.553/r,) — (0.4523/r,) =0.1003/r,, min
We want to etch 0.005 pm or less of the Si, so

rg = x/time =0.005/(0.1003/r,,) pm min "'

=0.050 * r,, ummin '

The selectivity of oxide etch rate to Si etch rate is therefore:

Fox/Tsi = o/ (0.050 * 1)
rolrs = 20:1

Since overetching is usually done, it is important that the selectivity with respect to
the layer below be as high as possible or else some etching of that layer will occur dur-
ing the overetch. On the other hand, if the selectivity is very large, one cannot indis-
criminately overetch. This would cause unwanted undercutting or bias.

The above examples assume infinite etch selectivity of the film with respect to the
mask: that is, the etch rate of the mask is zero. But there will be some finite etch rate of
the mask, which is usually photoresist. What will happen? Obviously the mask will etch
at some rate during the etching of the film. This is shown in Figure 10-5(a) for the case
of isotropic etching and a rectangular-shaped mask. Here Am is the amount of mask
etched, the same in all directions in this case. This is called mask erosion. Obviously the
extent of lateral etching will increase beyond what would be expected without any mask
erosion. For completely anisotropic (vertical) etching, etch erosion should not be a
problem as long as the mask is perfectly rectangular in shape. The etch will only occur
from the top. Only if the mask is etched all the way through would any difficulties arise.

In fact, the mask shape is usually not perfectly rectangular but often has rounded
corners or sloped sides. Mask erosion leading to extra undercutting can occur even for
completely anisotropic etching, as illustrated in Figure 10-5(b). With a finite etch rate
for the mask, there will be equal vertical etching at all points of the mask. At the sloped
edge, a finite amount of the mask will be etched away. This will allow lateral erosion of
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Am Am

- T

(a) (b)

Figure 10~5 Illustration of mask erosion. In (a), there is an idealized rectangular mask and
isotropic etching of the mask and the substrate. In (b), there is a sloped mask and anisotropic
elching. In both cases more lateral etching of the substrate occurs as a result of the mask etch-
ing, or erosion.

the mask, shown by Am in the figure, and etching of the film in this thin region will oc-
cur. This will result in undercutting with respect to the original mask edge, even for per-
fectly anisotropic, or vertical, etching,

Etching is often neither perfectly anisotropic nor perfectly isotropic, as was shown in
Figure 10-3(b). We can define the degree of anisotropy of a film, A, as

Ap=1- : (10.5)

rver

where r. and re; are the etch rates in the lateral and vertical directions, respectively. In
Figure 104, this would correspond to

b
Ap=1-75 (10.6)

Isotropic etching [Figure 10-3(a)] would have an anisotropy of 0, completely anisotropic
etching [Figure 10-3(c)] would have an anisotropy of 1,and general anisotropic etching
[Figure 10-3(b)] would have an anisotropy between 0 and 1. For a structure etched ex-
actly to the bottom of the film, with no overetch, the anisotropy would be

b
A=1== (10.7)
X

where b is the bias and x;is the film thickness.

Example Consider the structures shown in Figure 106, A 0.5-um-thick oxide layer is
etched to achieve equal structure widths and spacings (Sy). The etch process produces
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Figure 10-6 Structure and dimensions needed 1o fabri-
cate features with equal widths and spaces (8;) for a mask
size of §,s, film thickness of x; and degree of anisotropy of 4,
« is the spacing between the masks and is usually the mini-
mum feature size. (After [10.1].)

g

a degree of anisotropy of 0.8. If the distance between the mask edges, x, is 0.35 um,
what structure spacings and widths are obtained? Neglect any overetch.

Answer To obtain equal widths and spacings, Sy, the mask width, S,., must be made
larger to take into account the anisotropic etching. Since

where b is the bias on each side, and using Eq. (10.6) we can now rewrite S,, as
Sm=58;+ 2x(1 - Af)

which is the dimension of the mask needed. [This makes sense. For isotropic etching
(Ar = 0), S, is a maximum, and for completely anisotropic etching (4; = LSS a
minimum and equal to Sy.] The distance between the mask edges, x, is usually the
minimum feature size that can be lithographically resolved. Since

x=28,-85,
X can be rewritten, using the expression above for S, as
x=82(1-A)
Rewriting this in terms of Sy gives
Sp=x+2x(1-A) (10.8)
Plugging the above numbers into Eq. (10.8) gives

S;=0.35um + 2(0.5pm)(1 — 0.8)
=0.55 pm

Eq. (10.8) shows that the structure size approaches the minimum lithographic di-
mension only when the film thickness gets very small (not always practical) or as the
anisotropy gets close to 1. This means completely vertical etching. Unfortunately, wet
etching does not result in vertical etching, but rather isotropic etching where A; is a min-
imum. These considerations give some insight into the reasons wet chemical etching is
not very commonly used in chip fabrication today.
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Table 10~1  Common wet chemical etchants for various thin films used in IC fobrication 1
 HF (49% inwater) Selective over Si (i.e., will etch Si very slowly in
MStraight HEY | - ey comparison). Etch rate depends on film density, doping,

NH.FHF (6:1) Sl About 'y th the etch rate of straight HE. Etch rate
“Buffered HF” or “BOE” depends on film density, doping. Will not lift up
T : photoresist like straight HF,

SRRy - o <y Etch rate depends strongly on film density, O, H in film.
H:POsH.O Selective over SiO;
(boiling @ 130-150°C) Requires oxide mask.
H:PO.:H:0:HNO::CH:COOH Selective over Si, Si0,, and photoresist.
(16:2:1:1)
HNO«H;O:HF (+ CH:COOH) Etch rate depends on etchant composition.
(50:20:1)

Single crystal Si  HNOx:H.O:HF (+ CH:COOH) Etch rate depends on etchant composition.
(50:20:1)
KOH:H.O:IPA Crystallographically selective; relative etch rates:
(23 wi. % KOH, 13 wi. % IPA) (100): 100 (111): 1
NH:OH:H:0::H;0 (1:1:5) Selective over TiSiz.
NH:OH:H:0:H:0 (1:1:5) Selective over TiSis
NH/F:HF (6:1)
H>804H,0; (125°C) For wafers without metal.
Organic strippers For wafers with metal.

.

Before we describe techniques which do result in more anisotropic etching, we will
look at some of the wet etch solutions that have been used, and are still used to some
extent, in the Si integrated circuit industry. Table 10-1 gives a brief sampling of some of
the common solutions and compositions.

The etch rate of a material in a particular etchant depends on the specific composi-
tion of the etch solution, and the etch rate can vary by orders of magnitude for differ-
ent compositions of the same constituents. The rates of chemical reactions are strong
functions of temperature, so the etch rates using wet, or chemical, etchants should be
functions of temperature as well. For example, the etch rate of silicon dioxide in a 6:1
Buffered Oxide Etch (BOE) can change by a factor of two for a 10°C change in tem-
perature [10.2].

Etch rates also depend on the composition and density of the films. For example, the
etch rate of undoped, undensified CVD silicon dioxide in BOE is about 5 nm sec ',
while the etch rate of phosphorus doped (8 atomic %) CVD silicon dioxide is about 9
nm sec”". On the other hand, the etch rate of densified (annealed at 800-1000°C), un-
doped CVD silicon dioxide is only about 1.5 nm sec™!, the same as for thermal oxide.
Clearly, the composition of the etchant and film, the density of the film, and the etch so-
lution all affect the wet etch rates significantly.

The etch rate can also depend on the crystallographic orientation in some cases. In
Table 10-1, the etch rates for two crystallographic directions in Si using KOH are given.
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One sees that the etch rate for this etchant in the [100] direction is much faster than in
the [111] direction, because the (111) planes are the most closely packed and etch more
slowly. This can be used to form v-grooves on the surface of a ( 100) Si wafer because the
{111} planes intersect the surface at a 54.7° angle.

10.2.2 Plasma Etching

While wet chemical etching was successfully used in the early days of integrated circuit
manufacturing, it has been largely replaced by plasma, or dry, etching. There are two
main reasons for this.

The first reason is that very reactive chemical species are produced in a plasma which
can often etch more vigorously than species in a nonplasma environment. One of the
first widespread uses of plasma etching was in the early 1970s to etch PECVD silicon ni-
tride, used as the final passivation layer in integrated circuits. This film is difficult to etch
with wet chemical etchants. Wet HF can etch it, but the etch rate is quite low, and the
process is not selective with respect to SiO; which is often underneath. Boiling phos-
phoric acid was commonly used instead. But this etchant often lifts off photoresist
masks so that a mask of SiO; has to be used, requiring its own masking and etching
steps. A better etch process was sought. It was soon discovered that by using a CF./O;
gas mixture in a plasma atmosphere, atomic fluorine is produced which can etch the ni-
tride film much more easily. In addition, a photoresist mask is not lifted off in this
process, making the process much simpler.

The second, and more important, reason why plasma etching has supplanted wet
etching is the fact that directional or anisotropic etching is possible with plasma etch sys-
tems. Directional etching is needed to minimize underetching and etch bias, which then
allows smaller and more tightly packed structures. This directional etching is due to the
presence of ionic species in the plasma and the electric fields that direct them normal to
the wafer surface.

Plasma etch systems can be designed so that either the reactive chemical compo-
nents or the ionic components dominate. In many cases, a combination of ionic and re-
active chemical species, usually acting in a synergistic manner, are utilized. The net etch
rate can be much faster than the sum of the individual etch rates when they are acting
alone. In addition, by utilizing both components this way, directionality can be achieved
while maintaining an acceptable degree of selectivity.

A basic plasma etch system is shown schematically in Figure 10-7. This is similar to
the PECVD and RF sputtering systems shown earlier in Figures 9-14 and 9-28. In these
etch systems a low-pressure (1 mtorr — 1 torr) gas is used in the chamber. By applying
a high electric field across two electrodes, some of the gas atoms are ionized, producing
positive ions and free electrons and creating a plasma, as discussed in Chapter 9. In
plasma etching systems. the energy is supplied by an RF generator, usually operating at
13.56 MHz. As we saw in Chapter 9, a voltage bias develops between the plasma and the
electrodes. This is due to the difference in mobility of the electrons and the ions. Ini-
tially, the more mobile electrons are lost to the electrodes at a faster rate than the
slower ions. This results in the plasma being biased positively with respect to the elec-
trodes. For a symmetric RF plasma system, with the two electrodes of equal area, the
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manufacturing, Limited information on wet chemical etching was given in Table 10-1.
Most films in current semiconductor manufacturing are etched using parallel plate
plasma systems in the RIE mode or using HDP systems.

10.3.1 Plasma Etching Conditions and Issues

The main parameters that can be directly controlled during plasma etching in standard
parallel plate etch systems are RF power, pressure, gas compositions, and flow rates,
(Some systems allow control of the self-bias, or sheath voltage, and the RF power is ad-
justed so that a particular bias is achieved.) Power densities of 0.1 to 5 W cm 2 are com-
monly used in parallel plate, capacitively coupled RF plasma systems, usually at 13.56
MHz with excitation voltages of 100-1500 volts RMS. Increasing the RF power increases
the plasma density. In standard parallel plate systems, increasing the RF power also in-
creases the self-bias or sheath voltage, which is the voltage drop between the plasma and
the electrodes. This increases the jon energy. Ion energies produced are in the 10- to 700-
eV range. Higher ion energy results in a higher sputtering yield which results in a higher
physical component of etching but can also result in more surface damage.

In HDP systems, with Separate power sources for the plasma and wafer bias, one can
achieve high plasma densities and high fluxes, without necessarily getting high ion en-
ergies. In those systems, the power density on the wafer is in the 0.1-3 W cm 2 range.
The resulting ion energies can range from 10 to 500 eV. A higher source power is used
to generate the plasmas, in the 3- to 10-W cm ““range.

The pressure in plasma etching systems ranges from 1 mtorr to 1 torr, with standard
RIE systems operating in the 10- to 100-mtorr range and HDP systems in the 1- to 10-
mtorr range. Increasing the pressure causes more gas-phase collisions to occur, de-
creasing the directionality of the etching. Increasing the pressure also increases the
plasma density (since there are more atoms or molecules to begin with), but only up to

clectrons and thereby limit the ionization rate. Thus the plasma density decreases at
higher pressures. In addition, increasing the pressure lowers the sheath voltage [10.7],
thereby lowering the ion energy.

The etch rate, to first order, is proportional to the flux of active species, which would be
the neutral chemical species and the ionic species. The flux of ionic species equals its con-
centration times its velocity. In plasma systems, increasing the power increases the plasma
density and therefore increases the jon concentration in the plasma. The ion velocity in the
plasma (by the electron temperature in the plasma) does not change to first order with a
change in power at the sheath edge and determined. (The velocity across the sheath does
increase as the power is increased in a parallel plate system, or as the wafer bias power is
increased in a high-density plasma system. But the concentration of ions decreases pro-
portionally across the sheath, so as to keep the flux constant across the sheath [10.11].)
Thus the ion flux, being equal to the product of the ion concentration and velocity in the
Plasma at the sheath edge, would increase with Power. The effect of increasing the pres-
sure on the ion flux is less clearcut, and different systems show different relationships.
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The etch rate due to the ion component would be proportional to the ion flux, as well
as to the sputtering yield, or the effective sputtering yield in ion-enhanced processes as
we will discuss later. The effective sputtering yield itself can be dependent on ion energy
(approximately proportional to the square root of the energy), which for parallel plate
systems would be dependent on the RF power. In parallel plate systems, increasing the
RF power increases the ion energy which increases the sputtering yield. Likewise, in-
creasing the pressure can decrease the ion energy and sputter yield, decreasing the etch
rate with pressure. In HDP systems, one can change the ion energy and thus the sput-
tering yield, independent of the plasma density and flux, by changing the separate bias
voltage control. One can thus increase the physical etch rate by directly increasing the
bias voltage.

One might assume that the chemical flux would be increased by increasing the
power, which would increase the plasma density, and the generation of reactive neutral
radicals. However, perhaps due to the complex chemistry occurring, this is not often ob-
served. Generally the chemical flux increases with pressure. Thus the etch rate which
depends on this flux generally increases with pressure. The behavior of the overall etch
rate as a function of pressure can get quite complicated when the etching depends on
both the chemical and ion components. A more detailed examination of chemical and
ion fluxes and how they relate to the etch process will be given in the models and sim-
ulation section. In general, decreasing the pressure too far—below about 10 mtorr for
standard RIE systems and about 1 mtorr for HDP systems—will result in too low a
plasma density and too low an etch rate for practical purposes.

The gas composition—which gases are used and in what proportions—and flow rates
can also be controlled and are used to help achieve the desired etch properties. We will
discuss different gas compositions used to etch various films below. The flow rate often
has a minor effect on etch rate. Increasing the flow rate will initially increase the etch
rate by producing more reactive species. But the actual supply of reactant species de-
pends on the balance between generation and loss of species in the plasma, and a steady
state is reached where the etch rate will become independent of gas flow. If too high a
flow rate occurs, the etch rate may actually decrease since the residence time of the gas
may become less than the lifetime of the active species produced in the plasma.

Usually the temperature of the etch system, including the wafer, is not intentionally
raised during etching. The plasma supplies the energy for the etch process and heating the
gas or wafer would not significantly increase the etch rate or improve the process. An ex-
ception to this is in aluminum etching in which the system, including the chamber walls, is
heated to 35-65°C to help keep the species volatile and assist in the removal of the
byproducts. Without intentional heating, the wafers may still heat up due to the plasma
processes and ionic bombardment—temperatures of 90-100°C can be encountered on
wafer surfaces. It is important to control and minimize the temperature rise on the wafers.
Sidewall inhibitor deposition actually decreases as the temperature goes up in most cases,
resulting in less directional etching. The trend in recent years is for better control of tem-
perature and removal of heat from the wafers by developing better wafer chuck systems,
including electrostatic chucks, which uniformly extract heat from the wafers.

At the beginning of this chapter we mentioned several desired properties or qual-
ities of etch processes. These included selectivity, etch profile control, uniformity,

TSMC Exhibit 1011, Page 32 of 40



m Chapter 10 Fiching

minimal substrate damage, and low contamination. We now consider how these is-
sues relate to manufacturing concerns.

Selectivity involves the chemical component of etching. It is achieved primarily by
choosing the particular chemical reactants, in the proper proportions, that favor the
etching of one material over another. Changing the plasma conditions, such as the wafer
bias and sheath voltage, can also affect selectivity in some cases. Achieving selectivity
will be discussed later in the context of some common etch chemistries used for films in
integrated circuit fabrication.

Etch profile control means obtaining the desired shape of the etch profile. For most
applications in today’s technology this means obtaining vertical, or near-vertical, side-
walls. Directional etching, either with ion-enhanced mechanisms or physical sputtering,
is basically due to the ion or physical component and can be enhanced by increasing the
ion directionality (by decreasing the pressure, for example), increasing the ion flux (by in-
creasing the RF power, for example), or by increasing the effective sputtering yield (by
increasing the RF power or bias voltage, for example). Less vertical or more sloped side-
walls may sometimes be desired—adequate filling or conformal deposition of subsequent
layers may require a slightly sloped underlying topography. Producing less vertical side-
walls could be accomplished by reversing the above mentioned parameter trends. Sloped
sidewalls can also be produced by allowing a certain amount of mask erosion to occur
and using a tapered mask. While this allows the slope to become less vertical. it does so
by increasing the width of the etched region, as we will show later in a simulation.

The etch profile can also be altered by changing the etchant gases. More vertical side-
walls can be obtained by using etchant gas species that have a lower spontaneous chem-
ical component and which have appreciable etching only where there is ion
bombardment, such as by ion-induced damage or byproduct removal mechanisms. One
can also choose a chemistry that favors inhibitor formation. The inhibitor layer ob-
structs the spontaneous chemical etching and allows for ion-enhanced etching, resulting
in very vertical etching. If the inhibitor forms too quickly relative to the etch rate, non-
vertical sidewalls can result, as discussed earlier and illustrated in Figure 10-14. Figure
10-21 shows how the sidewall angle can be changed by changing the relative composi-
tion of C;Hs in the Cl/C:Hs etchant chemistry to etch polysilicon. Adding C;Hs in-
creases the sidewall polymer formation (or “deposition™) relative to the etch rate,
causing the sidewall to be less vertical. In this manner, the etch profile can be tailored
to the desired shape.

Itis interesting that while plasma etching is rather insensitive to temperature, the de-
position of an inhibitor layer often shows a negative activation energy with respect to
temperature. In a plasma, the bond breaking and forming, which often limit film depo-
sition, is rather temperature insensitive since most of the energy for this is supplied by
the plasma energy and not thermal energy. However, the desorption of the deposited in-
hibitor layers increases with temperature, so that the net temperature dependence of in-
hibitor deposition is actually negative.

Etch uniformity means uniform etch rates across a wafer and from wafer to wafer. In
batch systems, wafer-to-wafer uniformity involves the proper design of equipment so
that the plasma and gas flows are uniform across the wafers in the system. Single-wafer
systems have been developed to achieve better control over each wafer and to elimi-
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nate the wafer-to-wafer problems. Uniformity across a single wafer can still be a prob-
lem. Sometimes wafers develop “bulls-eye™ patterns where the outside etches faster
than the inside. This is usually due to depletion effects as the gas flows from the outside
of the wafer to the inside.

Another kind of problem related to etch uniformity is called the “loading effect.”
There are two types of loading effects: macroscopic loading and microscopic loading,
Macroscopic loading refers to the phenomenon in which more wafers in a chamber or
more area exposed on a wafer to be etched results in a slower etch rate. This occurs be-
cause of the depletion of etchant species that occurs as the material is being etched. Tt
is hard to predict to what extent this will occur due to the complex balance between
species in the plasma and on the wafer surface. For the same reasons it is often difficult
to control—increasing the flow rates does not always help.

Microloading occurs when etch rates vary over small distances on the surface of the
wafer. This can occur when differences in the density of the unmasked area occur over
small distances, resulting in differences in etch rates, just as in macroscopic loading, Mi-
croloading can also occur due to differences in aspect ratios. This effect is known as “As-
pect Ratio Dependent Etching” or ARDE. It is also known as RIE “lag.” As shown in
Figure 10-22, the etch rate is different for different aspect ratios, with a lower etch rate
for higher aspect ratio (smaller width) trenches. Different mechanisms have been sug-
gested to explain this, each of which may be important under certain conditions. These
include (1) depletion or trapping of the reactant species, or other conductance limita-
tions, as the species travel to the bottom of the trench; (2) distortion of ion paths due to
charging: and (3) shadowing effects involving either neutrals or ions. In the last case, col-
lisions in the sheath may cause ions to be off-axis so that the number which reach the
bottom is reduced due to simple geometrical shadowing. In each case, a narrower width
decreases the chance that the reactant species, either ionic or reactive neutral, makes it
to the bottom, thereby reducing the etch rate at the bottom. Etching at a lower pressure
would reduce this effect if the shadowing mechanism were important, since reducing
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Figure 10-22 Example of Aspect Ratio De-
pendent Etching (ARDE) in silicon trench etch-
ing. The depth of etching decreases as the lateral
feature size decreases [10.10].

the pressure would decrease the collisions in the gas phase and hence reduce shadow-
ing effects. This is seen to be true experimentally [10.9] for some conditions, and we will
simulate this later in the chapter.

Other uniformity issues involve differences in etching due to local variations in the
film itself. The etch rate is a function of the density of the film, as one would expect, but
also of the doping of the film [10.11]. Since these can vary locally across the film, the
etch rate will vary as well.

Because of nonuniformities in the etch rate, and because the film itself may be of
nonuniform thickness across the wafer or wafer to wafer, a certain amount of overetch-
ing is done to ensure that complete etching is achieved everywhere on the wafer. This
is often 10-20%, in terms of time, past the endpoint detection. (In situ measurement and
monitoring techniques, including endpoint detection, will be discussed in the measure-
ment techniques sections.) Even more overetching may be required when anisotropic
etching is done over nonplanar topography. Figure 10-23 illustrates this for purely ver-
tical anisotropic etching of a conformally deposited film, where an additional time
would be required to etch away the corner region. “Stringers” can results if strings of
the material are left unetched at the bottom of the corner. Of course, this phenomenon
can be taken advantage of in order to produce self-aligned spacers, as we discussed in
Chapter 2 (Figure 2-30). In that case, no extra overetch would be done and the re-
maining oxide at the corner would be left as a spacer. The structure shown in the right
side of Figure 10-23 would result, with the very narrow self-aligned spacer having a
width approximately equal to the deposited film thickness,

Contamination and particulates can be reduced by reducing the pressure. Fewer con-
taminants are in the system and there is reduced polymerization of some etch species at
lower pressures. Unwanted residues are often due to polymeric byproducts of the etch
process. These can often cause problems with incomplete etching, If residues are left in
contacts (or vias) after etching the contacts in a dielectric, high contact resistance can re-
sult. Reducing residue formation can be done by the proper choice of reactant gases.
However, often polymeric formation is desired in order to achieve etch anisotropy, as
discussed earlier, and gases are selected to promote such polymeric formation. In that
case it is important to eliminate any unwanted residues from the etched surface follow-
ing the etch process. Overetching can help remove residues in some situations, But in the
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Figure 10-23 Overetching of a film over a step would be re-
quired to remove material al corner. In this example, completely
anisotropic etching is assumed to emphasize this concept. This
phenomenon can be used in producing self-aligned oxide spacers,
in which no extra overetching is done so as to intentionally produce
the structure at the right.

Substrate

case of via etching, it may make it worse since sputtering of the underlying metal onto
the sidewalls makes the sidewall residue harder to remove. One safe way to remove etch
residues is by using a selective chemical etch after the plasma etch.

10.3.2 Plasma Etch Methods for Various Films

Most reactant gases for plasma etching contain halogens, generally Cl and F, and some-
times Br. Free radicals of these species can easily be produced in a plasma which can ef-
ficiently etch many films, and volatile etch products commonly result with these species.
The exact choice of reactant gases to etch a specific film depends on a variety of factors,
the most important being (1) etch selectivity to underlying films; (2) anisotropic etch-
ing; and (3) volatility of main etch byproducts.

Since in an etch process it is necessary to remove the byproducts from the surface,
keep them off the wafer and pump them out of the system, the volatility of the main
byproducts is an important consideration in choosing the gas chemistry. The volatility,
or tendency to evaporate, depends on how tightly bound the species is to the surface.
Table 10-2 lists the boiling points of typical etch products. The boiling point is an indi-
cator of the volatility of a species—the lower the boiling point, the lower the surface
binding energy and the higher the volatility. One can see that if Al is etched with a flu-
orine chemistry, AIF; would be the main byproduct. But the boiling point of AIF; (ac-
tually the sublimation temperature since it transforms directly from solid to gas
without going through a liquid phase) is quite high at 1291°C. This means that the etch
byproduct will be tightly bound to the surface with a very low vapor pressure, and even
with ion bombardment it would be difficult to remove and keep off the surface. On the
other hand, the byproduct of a chlorine-based etchant would be AICl; with a boiling
point (sublimation temperature again) of 177.8°C. This indicates looser bonding to the
surface and a much more volatile species, so that a chlorine-based etchant would be a
much better choice to etch Al. Having a volatile, weakly bound main etch byproduct is
important when choosing an etch chemistry for a particular film. It is important to note
that other, sometimes intermediate, byproducts may form during the etch process, and
their removal or conversion to a more volatile species can be a rate limiting step in the
etch process.

Table 10-3 lists some common chemistries used in plasma etching films in integrated
circuit fabrication. These etchants are chosen mostly based on issues associated with
byproduct volatility, etch selectivity, and etch profiles. The exact etch profiles and
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Table 10-2.  Boiling points of typical etch products (After [10.12]).

_Element Chlorides °C) Fluorides (°C)
Al AICk  177.8 (subl)  AlF; 1291 (subl.)
Cu CuCl L 1 T 1100 (subl.)

Si SICL 576 -~ RENT, ~ 86
Ti TiCls 1364 ' 284 (subl.)

w WCls 347 175

wWes 2% 187.5

WOCl 275

selectivities will depend on the specific system and plasma conditions. We will next dis-
cuss the plasma etching of three films, silicon dioxide, polysilicon, and aluminum, in a lit-
tle more detail. In doing so we hope to illustrate some of the major issues involved in
plasma etching and in choosing the etch chemistries.

10.3.2.1 Plasma Etching Silicon Dioxide

Fluorine-based chemistries are usually used to etch silicon dioxide. The volatility of the
main etch product, SiFy, is very high as indicated by its low boiling point in Table 10-2
and thus the SiF; can easily leave the surface via thermal desorption. Fluorine can etch
the SiO; by reaction of the fluorine free radical, with the overall reaction given by

4F + Si0, - SiF, + O, (10.12)

CF; and CF; free radicals may also be directly involved in the case of fluorocarbon
etchants, in which case CO-containing byproducts would also be produced.

Etching with a significant isotropic component can result using source gases such as
NF;3, SFe, CFs, or CF4/O; mixtures. CF, dissociates to form free F in a plasma via the re-
action given in Eq. (10.9). As mentioned earlier, adding O; to the CF; gas significantly
increases the F free radical production and hence increases the etch rate as well as
makes the etch profile more isotropic. Too much oxygen, though, can decrease the etch
rate due to dilution [or by reversing the reaction in Eq. (10.12) and redepositing oxide
on the surface]. These gas sources with relatively high free F concentrations will etch the
oxide: however, depending on the conditions, the etching can result in undercutting. In
addition, the etch selectivity over silicon or polysilicon, which is often underneath the
oxide, is poor. The anisotropy can be enhanced by increasing the ion bombardment and
lowering the pressure [10.14], but the selectivity over silicon is still generally poor with
these chemistries.

The key to making the etching of silicon dioxide very anisotropic as well as much
more selective over Si is to reduce the amount of F free radical production and increase
the carbon content. Doing so will decrease any spontaneous isotropic etching by free
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(a) Little or No Inhibitor
Deposition
(e.g. CF4 + 07)

more polymer formation will occur relative to etching. With a thick polymer inhibitor
layer present, etching can not occur on vertical surfaces where there is little ion bom-
bardment to remove the polymer inhibitor layer. Any lateral etching is suppressed, and
near vertical sidewalls can result.

Of course, as even more carbon is added to the system and the deposition of the
polymer becomes faster relative to the etching of the polymer and film, then sloped
sidewalls (without mask undercutting) can result, as discussed earlier and illustrated in
Figures 10~14 and 10-21. CHF:; has a higher ratio of C to F than CF; does so that more
polymer forms, in fact enough so that sloped sidewalls often result. If pure CHF; pro-
duces excess inhibitor deposition for particular plasma conditions, then O, could be
added to react with the carbon and reduce the polymer deposition and change the etch
profile. Other species such as CO; or CF; may also be added to CHF: for this purpose.
Figure 10-24 conceptually illustrates the different etch profiles in SiO; that could result
when different amounts of inhibitor formation occur.

Reducing the fluorine-to-carbon ratio also greatly improves the etch selectivity of
SiO; over Si. This is because polymer formation preferentially occurs on Si surfaces
compared to SiO; surfaces during the etch process. This may be due to the fact that car-
bon in the polymer reacts with the oxygen from the oxide, forming carbon monoxide,
which results in much less accumulation of polymer on the oxide surface. With more
polymer on the Si, its etching is slower, resulting in a higher SiO; to Si etch selectivity.
Figure 10-25 shows how the etch rates of Si and SiO5, and hence the selectivity, vary as
H, is added to a CF gas mixture [10.15]. The etch selectivities of oxide over TiSi, and
TiN, which are important when etching contact or via holes in multilayer structures, are
enhanced in this same manner by adding H; to the fluorocarbon etchant.

Changing the etchant chemistry may also change the etch rate of the mask. As seen
in Figure 10-25, the etch rate of photoresist changes significantly as the H; content in
the Ho/CH. gas mixture changes, with a lower H, content (and less F production) re-
sulting in a higher etch rate. Adding O, to a CHF: mixture similarly increases the etch
rate of the photoresist. The resulting mask erosion can cause the etch profile of the SiO,
to change, as we will illustrate in the models and simulation section (Figure 10-33), and
may alter the profiles shown above in Figure 10-24.

A relatively large bias voltage is often used for SiO, etching (in the 400- to 500-V
range). This is needed to help remove the polymers. After the SiO, etching is complete,
including a suitable overetch, any remaining polymer residue must be removed, espe-

Higher C/F Figure 10-24 Effcct of inhibitor deposition on re-
sulting etch profile. The profiles shown assume no
mask erosion, which may occur for different etch
chemistries. The actual profiles obtained will also de-
pend on the specific etch system and plasma condi-
tions,

(b) Inhibitor Deposition (c) Excess Inhibitor
(e.g.CFy+Hj, Deposition
or CHF3 + 04) (e.g. CHF3)
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PRI IR S ‘Figure 1025 The eich rates of Si and Si0; (and photore-
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cially in contact holes. The polymer can be removed by an O or CFs plasma treatment.
CF. is better at removing all the polymer and even some damaged substrate, but it can-
not be over done since it has poor selectivity over Si and there can be lateral etching. A
lower energy is used for the cleanup step so as not to damage the exposed material be-
low. Also helpful is an anneal treatment; the polymer appears to break down at tem-
peratures higher than = 280°C.

It should be clear from the discussion in this section that there are many details and
subtleties associated with developing a particular manufacturing recipe for plasma etch-
ing. We will return to some of these issues in the models and simulation section.

f

10.3.2.2 Plasma Etching Polysilicon
The choice of etch chemistry for polysilicon depends on the same factors as etching sil-
icon dioxide: byproduct volatility, selectivity, and anisotropy. Another issue is the pres-
ence of the ubiquitous native oxide layer on the film's surface, requiring an initial
“breakthrough” etch step to remove it.
F-based etchants could be used for polysilicon etching because of the volatility of
/ SiF.. However, etching polysilicon with SFs, CFs, or CF4/O: has a relatively large
isotropic component due to the high concentration of F free radical species produced
in such plasmas combined with little polymer formation. We saw that with etching SiO,
anisotropy can be enhanced by reducing the relative F component and increasing the
carbon component, thus decreasing the spontaneous etching, increasing polymer for-
mation, and enhancing ion-induced etching. Adding H: or using CHF; can accomplish
this. But doing so also increases the etch rate of SiO; relative to Si by preferentially
forming a polymer on the Si. This is good when etching SiO but bad when etching poly-
silicon when a high selectivity over the underlying SiO: is required. (Recall the struc-
ture in Figure 2-26 in the CMOS process flow in Chapter 2 for an example of why good
selectivity over SiO; might be important.) Thus with a fluorine chemistry it is difficult
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