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Preface

The silicon integrated circuit is surely one of the wonders of our age. The ability to fab-
ricate tens of millions of individual components on a silicon chip with an area of a few
cm? has enabled the information age.

Basic discoveries and inventions between 1945 and 1970 laid the foundations for
these chips. In the past 30 years, chip complexity has increased at an exponential rate.
primarily because of the constant shrinking of device geometries, improved manufac-
turing practice, and clever inventions enabling specific functions to be implemented in
new ways. Shrinking geometries permit more devices to be placed in a given area of sil-
icon; improved manufacturing permits larger chips to be economically fabricated: and
clever inventions permit functions to be realized in smaller areas. It is widely expected
that these historical trends will continue for at least another 10-20 years, resulting in
chips that contain billions of components. Such chips will have extraordinary capabili-
ties. We will likely find ourselves in 10-20 years thinking of today’s chips as primitive
precursors to the chips that will be in manufacturing at that time.

The technology that is used to build silicon integrated circuits today has evolved
largely through empirical methods. It often seems that the chip industry moves so
rapidly and new products are introduced so often that there is little ime to worry about
the scientific basis of the technologies used to build these chips. Yet in parallel with the
rapid pace of this industry, a strong effort has been proceeding, often behind the scenes,
to develop a solid, physically based understanding of the many technologies used in
chip manufacturing. Because of the feature sizes of structures in modern chips, this un-
derstanding often needs to be on a molecular or atomic level. It is not sufficient any
longer to think of silicon oxidation as simply a chemical reaction between silicon a'n'd
oxygen that grows SiO.. Today we must understand the detailed bonding between sili-
con and oxygen atoms and the kinetics that drive this reaction on an atomic basis.

Silicon integrated circuit technology makes use of many diverse fields of science and
engineering. The optical steppers which print microscopic patterns on wafers, represent
one of the most advanced applications of the principles of Fourier optics. Plasma etch-
ing involves some of the most complex chemistries used in manufacturing ’;mdgyi IIcm! imf
plantation draws upon understanding from research in high energy pbysms. Thm films
on the silicon wafer surface exhibit complex mechanical behavior whlc'h stretches our
understanding of basic materials properties. And of course._s-ilicon devices then:lselves
are approaching physical sizes at which molecular and atomic scalg phenowena _1m.ral'f-
ing ideas from quantum mechanics are important. Dpe of the gre?t challengies_/m inte-
grated circuit manufacturing is the need tc-ldravf on scientific Prlr}clP1es and Venglpeer:gg
developments from such an extraordinarily wide range of disciplines. Integrating the

xi
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: ystantial i ; .nts. Our own work in this field has been sup-
pro(;:;geij;? SE;;;:EI;;:;‘S@D%?E& (the Defense Advanced Research Projects
pAgency) and by the Semiconductor Research Corporation (SRC) . We owe them a con-
siderable debt of gratitude for making our work possible. We welcome cqmments or
suggestions on this text by email at plummer@ee.stanford,edu, deal@ee.stanford.edu, or

griffin@stanford.edu.

Micron Ex. 1022, p. 12
Micron v. YMTC
IPR2025-00244



“ Preface _ _ _

knowledge from these diverse disciplines.has l_aegn and v\gléconélﬂsz ‘:; E:; Z i%]rge:; ;htel;]
lenge. Scientists and engineers ‘v;ho wggk 1*nftl(1)1;l f:iidn[;igeldioa g e

ili integrate and use 1deas Ir é 5.
ablg?etrotlg;ze;a:tu ;C;r\lrtee:;grrs much has been learned abgu_t silicon and t_he olther m:(:}terigls
that are used in modern chips. Often new knowledge 18 mcorporat_gd ina’ quel which
may be a mathematical equation describing a process or an atomistic picture Ofrho“' a
particular process works. Models codify knowledge and are an elegant way of express-
ing what is known. They also provide a way of exchanging ideas l.:letwee.n ljesearche'rs. in
a particular field, and can be tested experimentally to assess their predictive Capab.llll}-’.

Within the last decade, a serious attempt has been made to develop computer simu-
lation tools which can simulate the various technologies used in fabricating chips. These
simulation tools are built around models of the physical processes involved. Some sim-
ulation tools today use well-established scientific principles to predict experimental re-
sults. Optical lithography simulators, which are based on mathematical descriptions of
Fourier optics, are a good example. Such tools today can accurately predict the image
that will be printed in resist on a silicon wafer, given a particular mask design and a spe-
cific exposure system. Other simulation tools rest on less solid ground. Models of
dopant diffusion in silicon, for example, use models which are still debated in the sci-
entific community and which are clearly incomplete in terms of describing all the phys-
ical phenomena involved. Nevertheless, even these models are very useful today.

This book attempts to describe not only the manufacturing practice associated with
the technologies used in silicon chip fabrication, but also the underlying scientific basis
for those technologies. Those scientific principles are described in terms of models of
the process in many cases. In most chapters, models are discussed in the context of com-
puter simulation programs which have incorporated the models and which use them to
;‘;“v‘vlz‘; :le‘ihnf’logy steps. We make extensive use of simulation examples to illustrate

-hnologies work and to help in visualizing features of the technologies that are
not easily seen any other way. We have found these tools to be powerful teaching aids.

Simulation tools are widely used in the semiconductor industry today to suppl:ment
trgd{tlonal experimental methods. While it is unlikely that simulation
ehmmat’c the need for experiments, especially in a fast moving industrv like the 1C in-
c{ustry, simulators can result in very substantial cost savings i gd :;s ry ke '.e' 'l
tions of technology and in solving manufacturin , = -e.,VL Oping NEw 3"1““_*"

g problems. It is widely believed that

simulation tools will be essential i i
. al in the future if the rapid : character-
ized the semiconductor industry is to continue P progress that has charcter

will completely

This book is organize : :

in two principal wga(;z];;i sf?rl;ﬁ\svlt‘l?é Slifere,mly than other texts on this general topic.
. L x e - 1 - . B

the text. These serve several purpose -nsive use of simulation examples throughoul

principles involved in each cha S The first is simply to help explain the scientific
evolution of a growing axid. Iapter. Slplulﬁ?IlOIlS help to illustrate things like the time
They are also very useful in mayer‘,a. dtﬂuglng.dopam profile or a depc;,%iting thin [im.
process step because it s stralzztl:fftclxng ths effects of specific physical phenamcnu ina
. s ] W ; R : ’
physical models, Slmulalorsp ard 1n simulators to add or eliminate specific

’ rovide the . .
tween process steps can be illustrated only real way in which complex interactions be-
tecdand understood. F inally, students who spend their
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f;‘::;‘zlﬁr;?::tllﬂi:i:i gill) certainly use 'th?s‘g »mols and understanding their capabili-
H : il be important in their future work.

The secund_ way in which this book is organized differently is the discussion of a com-
E]::lc':tne pfacess flow early in th¢ bq()_k (Chapter 2) While readers new to this field may not
; ppreciate many of the complexities of a CMOS process before studying the later chap-
ters, we .have found that an early broad exposure to a complete chip manufacturing
process 1s very helpful in establishing the context for the specific techn ologies discussed
in later i;hapters. In teaching the material in this book, we usually cover the CMOS
process in the first or second lecture somewhat superficially, and then return to the
same topic in the last lecture, at which point the details can be more fully discussed.

W? have also attempted in each chapter to include some discussion of future trends.
Predicting the future is obviously difficult and there is some risk that including this ma-
terial will simply serve to date this book. Nevertheless, we have found that students are
often interested in this topic and at least in general terms, we believe it is possible to
predict where silicon technology is heading. The semiconductor industry National Tech-
nology Roadmap for Semiconductors (the NTRS) provides some guidance in looking to
the future.

‘The material in this book can be covered in a one quarter senior/graduate level
course, although not all of the material in each chapter can be covered in one quarter.
A semester long course would provide more time to cover the full range of material in
the book. If the book is used in connection with a one quarter long course, one option
1s to minimize the amount of time spent on the Manufacturing Methods and Measure-
ment Techniques sections in each chapter. A set of lecture notes based on figures from
the text is available to instructors by contacting the publisher or the authors by email.
We have used these notes several times in a one quarter course at Stanford.

Follow-on courses to a basic IC fabrication course can make more extensive use of
the simulation tools discussed in this text. We have not used the simulation tools de-
scribed in this book for homework assignments or for lab assignments in connection
with a first course in IC fabrication. We believe that the simulation examples are better
used simply as teaching tools in such courses, to illusirate ideas and to clarify physical
principles. But in a follow-on course, hands-on experience with these simulation taaisﬁis
easily possible. Most of the computer tools we use in the book are commercially avail-
able and the vendors of these tools are generally anxious to work with university in-
structors to make the tools available for teaching purposes.

Finally, we acknowledge the many students at Stanford who have helped refine the
material in this book by using various draft versions of the text in classes we have
taught. Their inputs and suggestions hz?ve hapafl{][y made this a bettef book. For many
years we have worked with an energetic group of Ph.D. students and 7tan:ulty ‘;olleaguf:s
at Stanford who have helped to develop some of the models and software toc:.:ls de-
scribed in this book. We particularly acknowledge Prr;:fe%sor Bob Duttan and tofmer
Ph.D. students Professor Mark Law (now at the U. ‘Fionda) and Dr.F‘o,l?ctrr Rafterty
(now at Lucent Technologies). We are also very .gl'étﬁfful toa pun"{ber of 1nd1v1t_juals l?flw
feviewed draft versions of this book and wl?o pmvm_]eq 1&({&1111031 }npuls trov V?TIQUS'C a[:]v-
ters. Paul Rissman of Hewlett Packard, Jim McVittie of Stanford, and Mark Law all
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Etching

10.1 “Introduction

After tf}m films are deposited on the wafer surface, they are usually selectively removed
by etching tq leave the desired pattern of the film on the wafer surface. This process was
used many times in the CMOS process flow in Chapter 2 and is summarized in Figure
10-1. In‘addltlo'n to deposited films, parts of the silicon substrate itself may be etched,
sgch as In creating trenches in isolation structures. The masking layer may be photore-
81§t, or 1t may be another thin film such as silicon dioxide or silicon nitride. Oxide or ni-
tride masks stand up better to etching conditions than photoresist and are often called
hard masks. But they themselves must be selectively etched, usually using lithographi-
cally defined photoresist as the masking layer. The etching of a thin film is usually done
until a different layer is reached underneath. Etching only partway through a layer
without reaching an underlying material is sometimes done but can be difficult to con-
trol uniformly over the whole wafer. Multilayer structures can be etched sequentially
using the same masking layer.

Etching can be done in either a “wet” or “dry” environment. Wet etching involves the
use of liquid etchants. The wafers are usually immersed in the etchant solution and the
exposed material is etched mostly by chemical processes. While such processes are not
common in modern VLSI processing for reasons we shall see, they are sometimes used,
as in Figure 2-34 in Chapter 2. Dry etching involves the use of gas-phase etchants in a
plasma. Here the etching usually takes place by a combination of chemical and physi-
cal processes. Because a plasma is involved, dry etching is often called “plasma etching.”
This is normally the etching method today and was used many times in Chapter 2 (Fig-
ure 2—4 for example).

The ideal etch profile in Figure 10-1 has perfectly straight sidewalls exactly under the
edge of the mask. What can happen in reality is shown in Figure 10-2. In Figure 10—2(_3)
the etching is both vertical and lateral. This leads to undercutting of the photoresist
mask and nonvertical sidewalls in the film. In Figure 10-2(b) the photoresist is not per-
fectly rectangular, with rounded top corners and sloped sides. In addition, the etch rate
of the photoresist is nonzero, and the mask itself is etched, or eroded, to some degree.
This occurs both on its top and on its sides. This leads to even more lateral etcliing of the
film since the photoresist mask gets narrower as the etching coptinues. If the subsFrate
is attacked by the etchant as well, then its profile will change: Figure 10-2(b) also illus-
trates this issue, which is related to the selectivity of the etclung process.

Etch selectivity is the ratio of the etch rates of the dlt:ferent matega!s_}n_ar}_ etf:h
process. When the etch rates of the mask and the underlying substrate are near zero.

609
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Photoresist
e Wl v W s
77 Deposied Film 7] |71 st L e
Substrate
Film Deposilion Photoresist Application Exposure
Etch mask
i b A b . 7 77
T A A 7 L ] Z
Development Etching Resist Removal

.Fi‘gure 10-1 General process used in integrated circuit fabrication to define patterned films.

(a)

b

F-igl-lr-e 10-2 Aclullmhprolileu‘. that can occur. (2} Lateral etching un-
der mask. (b) Rounded photoresist which is further eroded during etching,
leading to even more lateral etching. (b} also llusirates etch selectiviy,.

while the etch rate of the film is appreciable, then the etch selectivity of the film with r&-
spect to both the mask and the substrate is high. This is normally 4 desived situation. If
the etch rate’of the mask or substrale is significant, then the selectivity is pour. Selectiv-
ities, or etch rate ratios, in the range c')f'QS_-‘S'musuall-ﬁaﬁm_r;éasonublr:. Dilfet-
eni materials have different etch rates usually because of the chenical cffects mvolved
with etching, as opposed to the physical effects. Chemical reactions can be very selectivé
whereas thsi‘cal processes like sputtering tend to be similar for most materials

Etch directionality is a measure of the relative etch rates in different dircctions. usth
ally vertical versus lateral, as illustrated ip Figure 10-3. Isotropic etching occurs whetl
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More Directional Etching

(a) Isotropic (b} Anisotropic {c) Completely Anisotropic

..............................................

flgurg 10-73 Etch pr.ofiles for different degrees of anisotropic, or directional, etching: (a) purely
isolropic etching; (b) anisotropic eiching; (¢) completely anisotropic elching.

etch rates are the same in all directions, as in Figure 10-3(a). The etch distance laterally
unde-r each side of the mask is the same as vertically under the mask opening. As the
opening unQer the mask approaches zero, the etch profile would approach a perfect
semicircle. Figure 10-3(b) shows anisotropic etching, where less etching occurs laterally.
F}gure 10-3(c) shows completely anisotropic etching, with no etching at all in the lateral
direction. Etch directionality is usually related to physical effects in etching such as ion
bombardment and sputtering, As we shall see, the more physical an etch process is. the
more directional and the less selective it generally is. On the other hand, the more
chemical an etch progess is, the more selective and the less directional it generally is.

Directionality is often desired in an etch process. Vertical etching maintains litho-
graphically defined feature sizes as they are transferred by etching into underlying
films. Vertical etching is also utilized in special applications such as sidewall spacer for-
mation. (Recall Figure 2-30 in the CMOS process flow in Chapter 2.) However, verti-
cal structures that result from vertical etching may also cause problems in subsequent
processing. Depositing another layer on top of a structure with vertical steps may cause
step coverage problems, as we discussed in Chapter 9. Less steep steps, obtained with
less directional etching, would make it easier to obtain good step coverage and would
allow easier filling in later deposited layers. Because of shrinking feature sizes, however,
modern fabrication methods tend to employ directional etching and vertical steps with
little undercutting, and use deposition techniques that achieve good filling and step cov-
erage even for near-vertical structures,

Selectivity is also a requirement. This means that the etch rate of the layer to be
etéhiéd should be Tast compared to the etch rate of the mask and etch rate of the sub-
strate or layer below. Achieving good selectivity and directional etching at the same
fime is sometimes quite difficult"Other Téquirements for an etch process are that the
gases and liquids used for the etching must be able to be transported to the wafer sur-
face, and the byproducts of the etch process must be transported away easily. The latter
means that soluble byproducts are produced in wet etching, and that gaseous or volatile
byproaucts are produced in dry etching, The etch process should be uniform, safe to use,
and should cause minimal damage to structures on the chip. Finally, the etching process
should be clean, with low particulate production and little film contamination, and

should be cost effective.

Micron Ex. 1022, p. 17
Micron v. YMTC
IPR2025-00244



m Chapter 10 Eiching
-

10.2 Historical Development and Basic Concepts

10.2.1 Wet Etching

There are two main methiods of etching used in the semiconductor indust.ry: wet eich-
ing and dry, or plasma, etching. In the early days of the md.uslry, wet etching was u§ed
exclusively. It was a well-established, simple, and inexpensive tcchnolog_y. Weil etching
can also be very selective. Eventually, however, the need fol: smaller linewidths and
more vertical structures required new techniques. Plasma etchmg'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 ctchants used in the integrated circuit industry were simple wet chemical
etchants. By immersing the wafers into baths of liquid chemnicals, 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 $iO2 is hydrofluonc acid, HF. The overall reaction s

$i0, + 6HF — H,SiF, + 2H,0 0.1)

V_\f’f}_etic_l}_a_n_gs work through chemical processes rather than physical processes. In gen-
eral, wet etchants work by chemically reacting with the film to form water-soluble_
byprodugts or gases, such as the HaSiFs 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
a_p_d__th_e:n_ rj_lssolvmg the oxide. For example, a common etchant for silicon is a mixture
of nitric acid (HNOs) and HE The nitric acid partially decomposes to nitrogen dioxide,

NOQO:, which then oxidizes the surface of the silicon by the reaction
§i +2NO, +2H,0 — Si0, + H, + 2HNO, (102)
The HF then dissolves the 810 by the reaction given in Eq. (10.1). The overall reaction IS
Si + HNO; + 6HF — H,SiF, + HNO, + H,O + H, (10.3)

Buffering agents are often added to the etch solutions to keep the etchants at maxi-
muin strength over use and time. For example, ammonium fluoride (NHLF) 18 added to
‘i‘-g-"u;?e hzlplin;;ievenl depletion of the fluoride ions in the oxide etcl. Thi‘; is called
tion ofraem ! ?WHR o T commonly BOE for “Buffered Oxide Etch.” The addi-
tion of an monium u.orlde also decreases the etch rate of photoresist and helps to min-
llr;i;Z:i}ﬁ_};ng_zfﬂthgre?]!st during oxide etching. Acetic acid. CH;COOH, is ot‘tenL 1dded 0

ric acid/hydrofluoric acid silicon etch to limit the d‘issoc‘:ialion o‘t' the nitlfic acid.
- n\:/;slle;::}lhes can bc}vcry selective because !hey depend on chemistry. The limiting steps
¢h processes are usually the chemical reactions in which the ctch SpeCies reacl
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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
_h

§ (104)

r
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 (§>>1) we say that the etch process
for material 1_has good sglectivity 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.

__________________________________________________________________________________________ PRFRPRT -

Example 1 pwm of SiO: is being etched on top of a Si substrate. The etch rate of the oxide
is 0.40 wm 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 Egq. (10.4), the etch rate of the Si can be calculated:

sl
§=—=25= 040 pm min = rg; = 0.016 pm min "~
2 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 wm min ™' * 0.5 min, which equals 0.008 pm, or & nm.

PO — - [ - - i A o O - > O b i 0 Y e O O e i O
- - - - - - - - - -
[

Most wet chemical etchants etch isotropically. The exceptions to this are those which
are sensitive to crystallographic orientation. For example, somne etchants etph r{luch
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 .edgfs 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 r.nask and the sul?~
strate is infinity (i.e..no etching at all of those materials). The etch thickness or depthis
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Figure 10~4 Iliustration of etch bias and overetch. In (a) the etch bias, b, is shown for a
given etch depth, 4. In (h), overelching is illustrated where elching is continued even after the

elch 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 maiter 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 llus-
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-
deret_ched. We will see later that when the etching is anisotropic, overetching is also
required to remove residual film from steps in the topography.

I T ——— e ek

Example A 0.5-pm layer of silicon dioxide on a Si substrate needs to be etched down
to the Si. Assume that the nominal oxide etch rate is ry, (in wm min~"), There 18 a

+ 5% variation in the oxide thickness and a + 5% vaﬁation in the 0ti;1c etch I:axlc:.
(a) How much overetch is required (in % time) in order to ensure th‘al all the oxide 1
etched? (b) What selectivity of the oxide etch rate to the Si etch rate is required 50

. i N ssume l | < i ar

Answer 1(&]-) The nominal etch time = x/ro = 0.5/rq, (x = thickness in pm.) The
?;;lri:f:; . ?Onlel to make sure all the oxide is etched for the worst case condition:
ns for the thickest oxide and the slowest etch rate. The thickest oxide =
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0.5*1.05 = 0.525 um. The slowest etch rate = 7oy * 0.95 pum min~'. The time to
etch the worst case = x/r = 0.525/(rox * 0.95) = 0.553/ro min. The amount of
qveretch, In % time, is just the worst case etch time divided by the nominal etch
time = (0.553/r5:)/(0.5/rox) = 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 095 * 0.5 pm =
0.475 wm. The fastest etch rate is 7o, * 1.05 wm min~". The time to etch through that
oxide is x/r = 0.475/(rox * 1.05) = 0.4523/ro min. The time that the Si is exposed to
the etch is equal to the total etch time (0.553/roy, 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 wm or less of the Si, so

rg; = x/time =0.005/(0.1003/r,,) pm min ~*

=0.050 # r,, pm min~"

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

oo/ Fsi =Ty /(0.050 % r_)
o/ T = 2011

---------------------------------------------------------------------------------------------------------------

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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(b)

Figure 10=5 Lllusiration of mask erosion. In (2), there is an idealized rectangular mask and
isotropic etching of the mask and the substrate. In (b), there is a sloped mask and anisotropic
etching, In both cases more lateral etching of the substrate occurs as & resull of the mask etch-
ing, or ¢rosion.

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, As as

i -
Ap=1-- (10.5)
r
Yer
where ri and v are the etch rates in the lateral and vertical directions, respecetively. In
Figure 104, this would correspond to

A

= 1 — (106)

ST

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

b

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

) > ] ki e
- "t e i

e m—————

Exu;:tp(lje COnls;ider the structures shown in Figure 10-6. A 0.5-wm-thick oxide laver
etched to achieve equal structure widths and spacings (S;). The elch process pr;;duccs
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cate features with equal widths and spaces (S for 2 mask
size of S, film thickness of a7, and degree of anisotropy of 4,
 is the spacing between the masks and is usually the mini-
mum Lithographic feature, (After [10.1].)

a degree of anisotropy of 0.8. If the distance between the mask edges, x, is 0,35 wm,
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

Sm=S;+2b
Where b is the bias on each side, and using Eq. (10.7) we can now rewrite S, as

which is the dimension of the mask needed. [This makes sense. For isotropic etching
(As = 0), S is a maximum, and for completely anisotropic etching (A; = 1), Snis a
minimum and equal to S.] The distance between the mask edges, x, is usually the
minimum feature size that can be lithographically resolved. Since

X= ZS)‘ - Sm
X can be rewritten, using the expression above for Sy, as
x=S — 2.xf(1 - Af)
Rewriting this in terms of Srgives

Sp=x +2,(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 lit.hographic di-
mension only when the filin thickness gets very small _(not alw.ays practical) or as the
anisotropy gets close to 1. This means completely v.ertlcal gtchmg. Unfortuna.tely, wet
etching does not result in vertical etching, but rather isotropic etching whe?e Aris a min-
imum. These considerations give some insight into the reasons wet chemical etching is
not very commonly used in chip fabrication today.

Micron Ex. 1022, p. 23
Micron v. YMTC
IPR2025-00244



m Chapter 10 Eiching

—
Table 10~1  Common wet chemital etchants for various thin films used in IC fabrication
Material Etchant Comumnents —
¢ i i(i i Sivery slowly in
FE o e S e e o duni.coring
NH.F:HF (6:1) About Vs th the etch rate of .straight HF. Etch rate
“Buffered HE" or “BOE” depends on film density, doping. Will not lift up
photoresist like straight HE
SisNy HF (49%) Etch rate depends strongly on film density. O. H in film.
H:PO:sH0 Selective over SiOz
(boiling @ 130-150°C) Requires oxide mask.
Al H;POsH2Q:HNO:CHyCOOH Selective over Si.$i0: and photoresist,
(16:2:1:1)
Polysilicon FINO::H:0:HF (+ CH:COOH) Etch rate depends on etchant composition.
(50:220:1)
Single crystal Si HNO::H-O:HF (+ CH;COOH) Etch rate depends on etchant composition.
50:20:1
§(OH:1°I)10:IPA Crystallographically selective; relative etch rates:
(23 wit. % KOH, 13 wt. % IPA) (100): 100 {111):1
Ti NH:0OH:H,0:H.0 (1:1:5) Selective over TiSi:
TiN NH:OH:H,0zH:0 (1:1:5) Selective over TiSiz,
TiSiz NELEF:HF (6:1)
Photoresist H:804:H,02 (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 arc 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 ten-
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 min 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 $00-1000C), 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 f}lm and the cielt $0-
lution all affect the wet etch rates significantly. N
il o cn o depend o the sallorapi orenaon in s 51

graphic directions in Si using KOH are givel:
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One sees that t!le 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 10 etch PECVD silicon ni-

tride, used as the final passivation layer in integrated circuits. This film is difficult toetch
with wet chemical etchants. Wet HF can etch it, but the etch rate is quite low, and the
process is not selective with?ésfe_éft— to $i0, which is often underneath. Bc')i"l'i_nﬁhB'S‘
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 CE./Q>
gas mixture in a plasma atmosphere, atomic fluorine is produced which can etch the ni-
tride film much more ‘easily Tii addition. a photoresist mask is not lifted off in this
process, making the process much simpler.

The second, and more important, T€ason why plasma etching has supplanted wet
etching is the fact that directional or anisotropicetching is possible with plasma etch sys-
tems. Directional etching is needed to minimize inderefching and etch bias, which then
allows smaller and more tightly packed structures. This directional etching is due to the
presenc-eﬂdf jonic 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. L

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 914 and 9-28. In these
etch systems a low-pressure (1 mtorr — 1 torr) gas is used in the cha;nbc'ar. By apply!ng
a high electric field across two electrodes, some of the gas atoms are IOI'HZed, producing
positive ions and free electrons and creating a plasma, as discussed n Chapter' 9.1n_
plasma etching systems, the energy is supplied by an_&li generator, usually operating at

"13.56 MHz. As we saw in Chapter 9,a voltage bias develops between the plasma and th'e
<lectrodes, This is due to the difference in mobility of the electrons and the 10ms. Ini-
tially, the more mobile electrons are lost to the electr’o’des 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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voltage distribution that develops is shown by the solid curve in Figure 10-8 (repeated
from Figure 9-29). The sheaths are the regions next 1o each electrode where the voltage
drops occur and correspond to the dark regions of the plasma.

The sheaths form to slow down the electron loss so that it is equal to the ion loss per
RF cycle and so the average current to the electrodes is zero. Whereas the heavy tons
respond to the average shcath vollage, the light electrons respond to the stantangous
voltage. However, due to the sell-biasing. they only cross the sheath during a short pe-
riod per cycle when the sheath voltage and thickness are near their minimuwu. During
most of the RF ¢ycle the electrons are turned back at the sheath edge, resuliing in the
sheaths, on the average, being deficient or depleted of eleetrons, This depletion of elec-
trons in the sheath results in the sheath being dark because of the lack of electron/atont
collisions and subsequent relaxation by light emission, In the bulk of the plasma. both
ionization and excitation events occur, the latter producing the characteristic glow of
the plasina. The lack of electrons in the sheath also increases the impedance of the
sheath compared to the plasma bulk resulting in the main voltage drop being across the
shf:aths, If one ol the clectrodes is made much smaller in area, then the volfugc distrib-
ution becomes asymmetric with a much larger voltage drop occurring from the plasma

X * current density must be much higher at he

smaller electrode in order to maintain current continuity throughout the system. THer
fore the fields must be higher at the smaller electrode '
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Figure 10-~8 Steady-state voltage distribution in RF-pow-
ered plasma etch systems. (See Figure 9-27 and the associated
text for 2 more complete discussion of this figure.)

For etching materials other than photoresist (for which O is used) the reactant gases
in the plasma are usually halide containing species, such as CFs, Cl,and HBr. Sometimes
small amounts of other gases, such as Ha, Oz, and Ar are also added. The high-energy
electrons in the plasma can cause a variety of reactions to occur with the reactant gases,
including electron-induced ionization, dissociation, recombination, and excitation reac-
tions, as illustrated in Figure 10-9. The plasma will thus contain free electrons, ionized
molecules, neutral molecules, ionized fragments of broken-up molecules, and free radi-
cals. For example, in a CF; plasma, there will be electrons, CF., CF; (and other CFx frag-
ments), CFs* and F. CFsand F are free radicals—very reactive species. Typically there
will be about 10 cm ™ neutral species (1 to 10% of which may be free radicals) and 103-
10 em -3 ions and electrons. The actual numbers of the different species will depend on
the balance between generation and loss or recombination reactions for each.

In standard plasma etch systems, the plasma density (the concentration of ions or
electrons in the main plasma, which are virtually equal) and the ion energy as it travels
across the sheath to strike the wafer are closely coupled. As the RF power increases,
more ions are created, increasing the density, and the sheath voltage increases as well,
increasing the ion energy. This coupling comes about because of the capacitive nature
of the coupling between the RF current and the plasma [10.3].

10.2.2.1 Plasma Etching Mechanisms

The two main types of species involved in plasma g_t_c;hir} g are the rea'ctiVe‘neutral chem-
ical species and the ions. It is the reactive neutral spec;es—free Tadlqals in many cases,
but sometimes other reactive species such as Clg—w!‘uch are primarily respon31‘b1e for
ihe chemical component in plasma etch processes. It is the ions that are responsible foi
the physical component. They can work independently, or as we will see, they can wor
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for plasima etching.

together in a synergistic manner. When the reactive neutral speeies act by themselves,
the process or mechanism is called chemieal etching. lons acting by themselves ean e
sult in physical etching, or sputtering. When the reaetive neutral species and lons actin

a synergistie fashion, this is ealled ion-enhanced etehing. We will now deseribe each of
these mechanisms.

Chemical Etching Chemical etehing of materials in plasma systems is comumonly
done by free radieals. Free radicals are electrically neutral species that have incomplete
b'ondin'g;'that is, they have unpaired electrons. Examples are the fluorine free radical, B\
and the neutral CF: free radical. Both of these can be produced by the reaction bebween
free electrons in the plasma and CF, for example.

e” + CF, - CF,+ F+ ¢~ (10.9)

Because of their incompletc bonding strueture, free radicals are highly reactive
chemical species. Free fluoring, with seven electrons in its outer shell instcad of the en-
ergetically favorable set of eight, would much rather be bonded to other atoms sO that
all electrons are paired. It will therefore react quiekly with other species to achieve that
bonded stale. The idea in plasma etehing is for the reactive neutral species to react with
the material to be ctehed, Si for example. The byproduet should be a volaile species

Micron Ex. 1022, p. 28
Micron v. YMTC
IPR2025-00244



Hisworical Development and Basic Concepts §

Etchant (Free Radical) Creation

e+ 00—0
Eichant Byproduct
Transfer ggmovicl
'/ T /
Mabk Y ///7
EtChant
Adsorption Etcham/Fum
. Reaction
Film

Figure 10=10 Processes involved in chemical etching dur-
ing plasma eich process.

(that is, easily vaporized or evaporated into the gas phase) that leaves the surface, ex-
posing more Si to be etched. This is illustrated in Figure 10-10. In fact, the fluorine free
radical will react with Si via the reaction

4F + Si - SiF, (10.14)

to produce the gas SiFy (although there may be intermediate steps and species in that
reaction). Thus a CF; plasma can be used to etch Si. Itis important in etch processes that
the byproducts of the etch, as well as any unreacted etchants, be removed from the sur-
face for the etching to continue. Figure 10-10 shows a simple etch process, but more
complex reactions may occur, involving multiple species and steps.

Gas additives can be used to increase the production of the reactive etch species and
thereby increase the chemical etching rate. For example, oxygen is often added to a CF,4
plasma.The oxygen reacts with dissociated CF. species (CFs or CF, for example), which
reduces the recombination of those species with F, thereby increasing the amount of free
F. This enhances the chemical etching. However if too much O, is added. the etchant be-
comes too diluted or the surface is oxidized by the O, and the etching decreases.

We saw earlier that wet chemical etching occurs isotropically. The chemical compo-
nent of plasma etching, when acting by itself, also occurs isotropically. Two factors lead
to this behavior: an isotropic arrival angle distribution and a low sticking coefficient,
with the latter usually more important. When we model and simulate plasma etching
later in this chapter, we will closely follow the approach we used for deposition
processes. That is, we will consider the incoming fluxes of species from the plasma to the
wafer surface including the angular distribution of the various fluxes. This will be quan-
tified by the cos"§ distribution, where a value of 1 for n describes an isotropic distribu-
tion (that is, coming in at all angles equally so that the normal component to the surface
follows a cosé distribution) and a value of n larger than 1 describes a more directed dis-
tribution toward the surface. As in the deposition models we assume that all un-iomzed
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all angles. Since the free radicals are neu-

chemical species arrive at the wafer surfacc at ! ‘ : :
tral species, the [lux ol the chemical component of plasma ciching has an 1sotropic ar-
rival angular distribution. or 1 equals 1. _ . _

We also consider the sticking coelficient of the species.as defined by Eq. (9.25).and

repeated here.

S = Freaclcd (l 0[1)

¢
Fincnd::nl

A high sticking coefficient (equal to 1) means that the reaction. and etching, occur the
first time the species strikes the surface. A lower sticking coefficient means that before
the species reacts, it can leave the surface—usually assumed to occur at a random angle
—and strike the surface somewhere else. One might guess that free radicals would have
very high sticking coefficients, since they are so reactive. However, as in decposition
processes. the chemical reactions that occur in chemical etching often require multiple
steps. and multiple atoms or species. ali in the right proportions. In addition, the avail-
ability of suitable sites on the surface, competing reactions, and surface recombination
of species can be issucs. These issues result in most free radicals having effective stick-
ing coefficients that are low, on the order of 0.01 to 0.05 for F etching of Si. for example.
Thus the chemical etch species bounce around a lot and tend to maintain random angles
of flight even under masks and other surface features. The fluxes for chemical species
are illustrated in Figure 10-11(a).

These two properties of the reactive neutral species in plasma systems—isotropic ar-
rival angles and low sticking coefficients—result in the fact that purely chemical etch-
ing acts in an isotropic or near-isotropic manner. Only if the sticking coefficient is
relatively large would shadowing by the topography and etch mask become important.
(Sticking coefficients on the order of 0.1 may actually occur for some purely chemical

T lonic Species
T Tve ® T

SO
= Mask 7

Reactive Neutral Species

Film F Yy

ta) tb)

Figure 10-11 tluses of species in plusnia etching: (a) fuses of reactive newtval ¢l

ical species (such as free radicals), with a wide arrival angle distribution and b . (.:_l?.m'
cocflicient; () fluxes of tonic species, with 4 narrow, vertical arrvival sinel y ; . oy s_mkuxg
high sticking cocflicient (ussumed equal to t). “ngle:disteibution and
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plasma etching cases [10.4].) In that event somewhat more anisotropic etch profiles can
result. In general, though, pure chemical plasma etching results in isotropic or near-
isotropic etching. We must reiterate that this is only for the chemical component acting
independently, or for a purely chemical etch process. As we shall see shortly, the reac-
tive chemical species and the ions can work in a synergistic manner so that the etching
1s not isotropic at all.

Since free radicals etch by chemically reacting with the material to be etched, the
process can be very selective, as discussed earlier for wet chemical etching, Thus any
chemical component to plasma etching will be relatively selective, as compared to the
physical component.

In some cases, reactive neutral species other than free radicals may be involved in
chemical etching. An example is in the plasma etching of Al by the Cl; molecule. For the
same reasons given above, these reactive neutral species would have the same etching
properties as the free radicals, namely isotropic profiles and selective chemical etching.

Physical Etching The other main species that participate in plasma etching are
the ions that are present. Because of the voltage drop between the plasma and each
electrode and the resulting electric field across each sheath, positive ions will be ac-
celerated toward each electrode. Since the wafers are placed on one of the elec-
trodes, then the ionic species such as Cl* (or Ar* in a purely physical sputter etch
system) will be accelerated to the wafer surface. This striking of the wafer surface re-
sults in the more physical component of etching. The flux of ions toward the wafer
surface is much more directional than the flux of neutral free radicals because of the
directionality of the electric field from the plasma to the surface of the wafer. Thus
the etching will be much more directional and more anisotropic. In fact it is usually
assumed that all the ions arrive normal to the wafer surface, as shown in Figure 10—
11(b), meaning that » is very large in the cos”8 distribution. Because the ions etch by
more physical processes, rather than chemical, the etching will be much less selective.
It is also assumed that once each ion strikes the surface, it does not strike the surface
again somewhere else (or if it does, it does not have enough energy to do anything).
This means that the sticking coefficient is effectively one. This also leads to more
anisotropic behavior.

Tons can etch material in plasma systems by physical sputtering. Sputtering was dis-
cussed in Chapter 9, where we saw how sputtering of elemental, compound, or alloy tar-
gets was utilized to deposit material on the surfaces of wafers. We also saw how
sputtering of the wafer itself could be done during a simultaneous deposition of mate-
rial in order to planarize or fill features. Sputtering occurs by ions, accelerated by an
electric field, striking the atoms on the surface of a material and physically dislodging
them. The sputtering process is often described by a sputtering yield defined in Chap-
ter 9 as the number of atoms or molecules ejected from the target per incident ion and
is a measure of the sputter efficiency. As discussed in Chapter 9, the sputter yield is a
function of incident angle, and it is this property that allows for planarization and fill-
ing in bias-sputtering deposition techniques. Because of the physical nature of sputter-
ing by ion species arriving normal to the wafer surface, very anisotropic etching occurs,
with profiles similar to that shown earlier in Figure 10-3(c).
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When ionized reactive species such as C1' and_CF_x_ ¢ are mv(?lved_ in sputtering,
chemistry can also be important in determining the e?feclwc—: sputtennfg vield since these
ions do have the potential of reacting chemically with furface atoms, Such eff?cts can
enhance the sputtering yield compared to Ar” sputterng. alt}mugh Ehe magnllude of
these effects is usually small compared to ion-enhanced etching, which involves both
neutral and jonized species and which we describe next.

lon-Enhanced Etching Another way that ions participate in plasma ctc.h processes
is through ion-enhanced etching. It was recognized many years ago that the 1ons and re-
active neutral species do not always act independently in an e%ch process. T}ns was eas-
ily deduced when it was observed that the etchrate measured 18 not alw?ys just the sum
of the two components acting independently: in many cascs it is much hxgbf:r. As a clas-
sic example of ion-enhanced ctching, Figure 10-12 shows the etch rate of silicon as XeF:
gas and Ar ~ ions are introduced to the surface. First XeF: gas (not a plasma.so there is
no physical component at all) is introduced into the chamber and very little etching oc-
curs. Then an Ar ™ ion beam is directed toward the surface and the etch rate increases
ten times. Finally the XeF» gas is turned off so that only ion sputtering occurs, and the
ctch rate becomes almost zero. The chemical and physical species are obviously work-
ing in a synergistic manner.

This synergistic process is also demonstrated in the shape of the etch profiles that re-
sult. In ion-enhanced etching, both chemical and physical components are acting. but
the profiles are not just a linear combination of isotropic chemical etching and
anisotropic physical etching as llustrated in Figure 10-3(b). Instead, the profile for ion-
enhanced etching is much more like the case for physical ctching acting alone. as in Fig-
ure 10-3(c). If the chemical component in the etch system is increased, the vertical
etching is increased but not the lateral etching, which is not what would be expected
from chemical etching. In addition, the etch rate in many cases is much higher (=10
times) than that calculated from the measured ion flux assuming normal sputtenng
yields in the absence of neutral specics; hence it is not likely that the observed plasma

Figure 10=12 Eich raic of silicon as Xe¥. gas
(not plasma) und Ar* ions are introduced to the

| I e
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appreciable etching oceur, illustrating synergistic
efching behavior hetween chemical and wnic
species. (After {105, 10.6].)
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etch behavior in t-heSe cases is due simply to an ionized chemical species, such as CF;*.
Observed sa}urahon effects, which we will describe later, also support this dual compo-
nent quel involving both neutral and ion species.

¥n this type of etch process, the chemical components (the free radicals or other re-
active neutral species) and the physical components (the jons) in the plasma somehow
work together to etch the material, with both components required at each point for the
process to work. In addition, because of the required chemical component and the
che_rmcal processes that occur, good selectivity can be obtained. So not only can one
gchleve very anisotropic etch profiles, but also a high degree of selectivity as well. This
1s something that is very difficult to achieve when the two components work indepen-
der}tly. In addition, high etch rates can be achieved. Thus gas chemistries and etch con-
ditions are usually chosen to promote ion-enhanced etching and to suppress
independent chemical and physica! etching.

There have been many explanations and mechanisms proposed for this type of co-
operative etch process. In most of the models the ion bombardment enhances one of
the steps of the chemical etch process, such as surface adsorption, etching reaction and
formation of byproduct, or removal of byproduct or unreacted etchant. For example,
the ion bombardment causes damage (breaking bonds, etc.) which makes the surface
more apt to chemically react with the radical. Or the ion bombardment accelerates the
formation of volatile byproducts. Or the ion bombardment may dislodge or sputter
away etch byproducts which would otherwise tend to stay on the surface and impede
the etch process. The removal of byproducts can also include secondary, or indirect,
byproducts. It has been found that a chemically inert residue is often formed from etch-
ing or sputtering photoresist. In addition, species from the plasma may deposit on the
surface. These layers that are formed or deposited, whatever their source, inhibit chem-
ical etching either by physically blocking the chemical etch species or by reacting with
them and depleting them. But the inhibitors can be removed, or prevented from form-
ing, by ion bombardment, leading to anisotropic etching. In fact, these inhibitors are of-
ten intentionally produced on the surface by providing sources in the gas which
enhance their formation so that more directional etching is achieved. In a particular
ion-enhanced etch process, one or more of the above mentioned mechanisms (damage
induced, inhibitor removal, etc.) may be occurring.

Whatever the exact mechanism for ion-enhanced etching, and it is often difficult to
distinguish between them, directional etching occurs because of the directionality of the
ions. The enhancement of the process, whether of enhancement of etch reaction or of in-
hibitor removal, occurs only where the ions strike the surface. Since the ions are strik-
ing normal to the wafer surface, the enhancement will occur normal to the wafer
surface. This directional enhancement will result in directional, anisotropic etching. This
is illustrated in Figure 10-13(a) for the case when the chemical etch reaction is en-
hanced by ion bombardment. It is assumed in this figure that etching by the neu.tral
(radical) species alone without ion bombardment, the so-called “spontaneous chemical
etching,”is negligible, leading to no lateral etching at all. In Figure 10-13(b) the process
of inhibitor formation and removal is illustrated, which also results in anisotropic etch-
ing. Ion bombardment on the horizontal surfaces removes the inhibitor there but leaves
the sidewall inhibitor to protect against lateral chemical etching.
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Figure 10-13 llusiration of ion-enhanced etching. 1n (a) the chemical etch reaction is en-
hanced by ion bombardment. In (b) an Inhibitor is formed which is removed by ion hombardment,
allowing chemical etching to proceed. In both cases, anisotropic etching results.

Even with ion-enhanced etching and no spontancous chemical etching, the slope of
the resulting sidewall may not always be exactly vertical. For example, the ion flux may
not always be perfectly normal to the wafer surface and can result in slightly bowed
sidewalls. Also, when inhibitors form or are deposited during etching, sloped sidewalls
can result if the inhibitor formation or deposition rate is very high relative to the etch
rate of the inhibitor and substrate, as demonstrated in Figure 10-14. Changing the rel-
ative deposition/etch rates by changing the etch chemistry or plasma conditions can be
used. in fact, to tailor the desired slope if less than vertical sidewalls. without any un-
dercutting, are desired in specific applications. But the important point still is that very
anisotropic etching can be achieved when ion-enhanced etching is occurring.

Selectivity occurs in ion-cnhanced etching because chemical reactions are involved
in this type of etch process, and chemical reactions are by nature selective. To achieve
the needed selectivity, one must choose the proper etchant gas (either F.Cl.or Br based,
with or without oxygen or other species added, for example) and other etching condi-
u:ons wh'ich favor the etching of the film over the mask material and the underlying
films. With jon-enhanced etching, one can achieve good etch selectivity while still 0b-
taining very directional etch profiles.

10.2.2.2 Types of Plasma Etch Systems

Dlﬂer.ent t}_rpes of.plasma etch systems and modes of operation have be¢n developed o
etch [1111'15 in semiconductor structures which take advantage of the differcnt gpecies
present in a plasma and the different etch mechanisms that can operate. We will Row de-

SCl‘ibe lhese diffel’cnl e(.(.h SyS[CmS or mOdCS ‘() i 1265 dnd ‘.H" ‘d Vi
: - ,1 Cusing on [l e vat oty d sadvats
l g 1 ad ant: g s ar

wal’l;su;)a Etfhmﬁ in Barrel Etchers Qne of the earliest plasma systenis developed
s the barrel etcher, named because of its shape, and is shown in Figure (=15, In this
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Figure 10=14 Hiustration of the effect of the inhibitor deposition tate-to-
etch rate ratio on the resuiting sidewall slope. The different relative rates of in-
hibitor deposition and etch rate lead to different slopes of sidewall [10.4].

configuration, the electrodes are curved, wrapping around the quartz tube and the
wafers are placed vertically in a substrate holder which sits in the middle of the tube. Af-
ter evacuating the tube, reactant gases are introduced and RF power is applied to the
electrodes. A plasma is generated but is kept away from the wafers themselves by the
use of an etch tunnel, a perforated metal shield between the wafers and the electrodes.
Reactant chemical species.such as F, diffuse from the plasma where they are generated,
through the shield and to the wafers. There they can etch the wafers. Because the
plasma and ions are kept away from the wafers by the shield, and the wafers do not sit
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Gas Inlet
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End View Side View

FlgureIO-I5ﬁthemaucﬂlustranon of barrel ech system, in which purely chemical plasma
eiching occurs.

on either of the electrodes, no ionic bombardment of the wafers occurs. Thus the etch-
ing is purely chemical.

Because the etching is purely chemical, it can be very selective. It also causes very lit-
tle damage to the surface because of the lack of ion bombardment. Also, it is a rather
simple process and the throughput can be high with the closely stacked wafers. But be-
cause the etching is purely chemical, it is isotropic. This results in significant undercut-
ting or mask bias. In addition, the etch uniformity across each wafer is not very good.
especially from the outside of each wafer to the inside, because of the long chffusion
path for the reactive species between the wafers.

As a result of the isotropic etching and nonuniformities, barrel etchers are used only
for noncritical etch steps. In fact they are mostly limited to photoresist removal, using
an O, plasma, where masking is not even done. This is called photoresist ashing, or just
ashing, since the reaction between the oxygen and the hydrocarbon-based photoresist
is the same as burning, producing CO: and H.0. A long overelch is usually done in bar-
rel etchers to compensate for the nonuniformities. This is allowable becalise of the high
selectivity of the chemical etching processes used in these systems.

Similar to barrel etchers in principle but a little different in configuration are “down-
stream plasma etchers.” Microwave or RF power can gencrate a plasma upstream in
one chagnber, while the wafers are placed in a separate but connected chamber ~down-
Stll;]e;:::l if]r(())ﬁlet?lc ;I)ll?)sma. The neu’lral‘reactive chem.ical spécies can diffuse from the
phe o] otk 1amber to the w'aler‘s in another, while the ions do not. Mence purely
(;1 " nr::c: bc:]llci !;ng occurs, rc‘:s?llmg in good selectivity and little ion pombardment

ge. bt isotropic elching. These are also called “after here " These are
also used for nonmasked etching steps, sucl . a.t'elglo\\.r etchers. 1R C
LOCOS processes. ps, such as removing silicon nitride masks used for

Plasma Etching i .
lems. 8 Show‘;lhlez.?'l‘i:rlzzr;l‘i;:rgl?(t)i'isy;::ms—"Plasma Mode Parallel plate L’{C_h..sys.-
This s very similar (o the PECVD system deserib only used for plasma eiching of BT

escribed in Chapter 9, except thal elch gases
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are used instead of deposition gases. Having this configuration with the wafers sitting on

?cr)lrer:n (:;f ;lzﬁaieiﬁer%ie;i :lnec: thlzerx;tly facing the .o_ther’e]ectrode gives much better etch uni-

esign. In addition. it allows for the bombardment of ions
on the ’waff:r surface. The voltage distribution that develops from the RF source was
shown n Figure 10-8. The voltage distribution is symmetric for equal area electrodes,
with voltage drops across each sheath to the electrodes in the range of 10-100V. As dis-
f:usf‘efj earlier, this voltage drop accelerates the ions to the surface of the wafer, which
is s;ttmg on one of the electrodes, This results in a physical component to etching due
to ion bombardment, as well as a chemical component due to the neutral reactive
species. The physical component means that anisotropic etching is possible.

In' symmetric parallel plate systems, with a gas pressure from 100 mtorr to 1 torr, the
physical etch component is usually not very significant compared to other parallel plate
configurations. In fact, the ion bombardment is even less since the bottom electrode is
the grounded electrode in this setup. Since the chamber walls are also usually grounded
and thus electrically connected to the bottom electrode, this effectively increases the
size of that electrode. This means that the voltage drop from the plasma to that elec-
trode is even smaller, as was shown in Figure 10-8 (the wafers would sit on the right
side electrode for the dashed curve in that figure), and weaker ion bombardment
would occur. One problem with etching in this mode is that with the large voltage drop
to the top electrode, significant sputtering of that electrode can occur, causing contam-
ination problems.

When the electrodes themselves are of equal area and the bottom electrode on
which the wafers sit 1s grounded, making the effective size of the bottom electrode
larger, then the etching is said to be operating in the plasma mode. Both chemical and
physical components of etching are present in this mode, but as stated earlier the phys-
ical component is often rather weak, and highly directional etching is hard to achieve.
However, the etching is still rather selective, and better uniformity and etch direction-
ality are achieved compared to barrel etchers.

Plasma Etching in Parallel Plate Systems—Reactive Ion Etching Mode The paral-
lel plate etch system can be modified to enhance the physical component of the etching
by increasing the energy of the ions bombarding the wafers. This is achieved by having
the electrode on which the wafers sit be smaller than the other electrode. Not only can
the lower electrode be made physically smaller than the upper electrode, but the upper
electrode can be the one that is grounded and electrically connected to the chamber
walls. This makes the upper electrode effectively much larger. The bottom electrode is
now much smaller than the upper electrode, and the voltage distribution is as shown in
Figure 10-8, with the wafers on the left-hand side in this case. A much‘ larger voltage
drop occurs from the plasma to the wafers,in the 100-700 V range, resulting in more en-
ergetic ion bombardment of the wafer. With stronger ion bombardment, more direc-
tional etching can be achieved. o

When the wafers sit on a smaller electrode, the etching is said to be operating n the
Reactive Ion Etching or RIE mode. A better name for this might be “re':actlve a.nd 1on
etching,” since two types of species, the neutral reactive species and the ion species, are
involved. In the RIE mode, both the physical ion component and the chemfcal reactive
neutral component are important. They can act separately, but as we described earlier,
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that they act togetherin a syn-

gas chemistries and etch conditions are us ually chosen so

ergistic manner. . .
Even more directional etching can be attained by lowenng the gas pressure. A lower

pressure means fewer ion collisions during transit across the sheath in the gas phase. re-
sulting in a more directed ion flux toward the wafer. Decreasing the pressure also in-
creases the sheath voltage (that is, the voltage drop from the plasma to the wafer). ;
which increases the ion energy. But decreasing the pressure can al_so decrt;ase the
plasma density (fewer gas atoms available to be ioniz'ed or converted into radicals), so
that the pressure cannot be lowered too much. Reactive 1on etch systems generally op-
erate in the 10-100 mtorr range. )

RIE systems can look very much like parallel plate plasma mode etchers (Figure 10-
7) except that the RF power is supplied to the other electrode (to the bottom wafer
holding electrode so that the top electrode is grounded with the chamber). and the size
of the bottom electrode in the RIE case may be somewhat smaller. Single-wafer sys-
tems are often used for better control over each wafer. To increase the batch size other
configurations have been used historically, such as with several electrode pairs stacked
vertically above one another in a single chamber. Magnetic fields are often added toen-
hance plasma density and lower operating pressures.

Vertical RIE systems have also been developed. Here the wafers sit vertically against
the inside electrode, which is often hexagonally shaped—hence the name, lexode batch
etcher. The outside barrel chamber acts as the outer electrode. With its large size com-
pared to the inner electrode, etching in the RIE mode can occur. Triode systems have
also been developed. These are similar to the bias-sputtering systems disc ussed in Chap-
ter 9. and add a second separate RF power supply to control the bias of the wafers. This
separates plasma generation from ion energy, the latter being determined by the wafer
bi_as. However, this independent control is only partially achieved using this technique
with two capacitively coupled sources, and the plasma can suffer from nonuniformity.
Also, the additional internal electrodes can cause contamination problems.

Operating in the RIE mode results in stronger ion bombardment than in the plasma
"?‘)des and_a more ppyswal component in the etching. While this leads to more direc-
Sonal elchmg,.the higher enegy jons striking the surface can cause radiation or lattice
damage, harng i rening Tt vl e ievsed in e et e b o0
PrOber etcl chemistries and ul:ilizin o e o less Sel.ecmlty' However. by choosing
lectivity can be achieved in th : 10n-€nh‘ance‘d etC,hJ ng, an acceptable delgrﬂe‘ ofse-

y ved in these systems while still being able to etch material with €x-

cellent dimensional control. As a result, RIE ing i i
. N .. N s etCh.l]"l 2 1 ¥ lhe
integrated circuit industry. g is used extensively X

beit;l;:;g:o?gl:)[:ﬁ:s'.ty lphlas}'?,“ Systems A new type of plasma etch system that i
RIE ol these E ! ris the High-Density Plasma (HDP) etch system. Like triode
ond excilatic ystems separate the plasma density and ion energy by using a ¢

Xcitation source to control the bias voltage of the wafer electrode. But instead of

using t iti i
Sour%e\;’;fzzi;:;ﬁg ;325!16%1 RFlsources as 1n the triode systems, a different type of
.The plasma generation source i iti :
. ; s is non-capacitively coupic
?:gdapg)rd:cs il‘;l@tl;)_’ high density plasma (10" - 10 jons cm™?) withl())‘ul itscll generat-
g2 shes 1as, ulilizing a variety of methods. These include Electron C:'CIOU'O“
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Inductive et e
Supply Diclectric  Figure 10~16 Schemaric diagram of High-Density Plasma

Window  (HDP) eich system, Thi ion i
60 0 0 0O system. This configuration is powered by an Inductive!
> O O O ¢ o Coupled Plasma (ICP) source which produces and controls thz

T high-density plasma. The RF wafer bjas independently controls the
] o . o . ion energy.

, Bias Supply

Gas Inlet

Resongnce (ECR) and Inductively Coupled Plasma (ICP) sources. The ICP method is
becoming popular due to its much simpler design and equipment. A schematic diagram
of an ICP high-density etch system is shown in Figure 10-16.

HDP etch systems are similar to the HDPCVD deposition systems described in
Chapter 9. In those systems, the high-density plasma is produced using the same type of
power sources, producing the reactive species for deposition as well as ionic species. A
separate power source is used to bias the wafer in order to contro! the ion bombard-
ment on the surface that is used for simultaneous biased sputtering. In Figure 945 in
Chapter 9 we illustrated an ECR-powered HDPCVD system, which would be similar to
an ECR HDP etch system. Similarly,an 1CP high-density plasma CVD system would be
very similar to the etch system shown in Figure 10-16.

In HDP etch systems, very high plasma densities are produced compared to standard
RIE etch systems. Therefore lower pressures can be utilized, in the 1-10 mtorr range,
while still achieving high ion fluxes and etch rates. A lower gas pressure means that even
more directed etching can be achieved because of fewer gas-phase collisions in the
sheath. In standard RIE systems, increasing the power increases the plasma density
{and ion flux), allowing for higher etch rates, but also increases the sheath bias and ion
energy, leading to more substrate damage. One could raise the pressure in standard RIE
systems to produce a higher ion densily while keeping the ion energies low, but the
etching would become more isotropic due to more gas phase collisions in the sheath. In
HDP systems, with the decoupling of the plasma density and ion energy, many ions can
be produced at low pressures with low ion energies. As a result, jon bombardment dam-
age can be kept low while maintaining high etch rates and good anisotropic etching. In
addition, a lower jon energy usually gives better selectivity than higher ion energy.

Etching in HDP systems is similar to etching in the RIE mode, with a large physi.cal
component due to the ions combined with a chemical component involving the I‘ea.CthC
neutrals (although the ionized species may themselves also contribute an apprec.lable
chemical component 1o elching in these systems {10.6]). Therefore both d:irectIOHIEll
etching and reasonable selectivity are possible. But in the HDP systems, the ion flux is
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cven higher tlmnl in stn.udurd RIE systems, rci'ultm‘g‘mrh‘l\__illll;:s*: t]t‘lz‘“‘];“;: Ll\tu]:\:\:;rllrtj‘;
qurcs, And the ligher o Nux, along with the lower presstee control of fon dens
rectional etehing, The separate pOwCT SOUrees allow ’1‘dc1‘_ﬂfd"" CoRtrul of tot densty
and ion energy providing niore flexibility in the ciclt process. ' '

Sputier Etching and lon Milling The sputtey cl%'h'mg and i“fl m:ll‘lE“’L‘-' t“-‘-Ch“ElllUt‘S ill:_c
at tlie other end of the spectrant (ot purely chcmu:‘zll. SyslCHIS: t_h“‘.‘- ‘“‘-}?‘“"‘- v Ph)"hl-
cal etehing methods, We discussed sputtering in detail it Cluapter 9.1t whiclisputtering
ol a target was done to producc species for deposition. We also c.luscnhcd .hm\f sumflm_
ieous sputtering ol a filn heing deposited cait be done to help with planarization of the
filn: as well as filling in higlt aspect ratio spaces O lioles, In sputter ctelung, physical
bowbardntent of films with chewically tnert ious. such as argon ions. produced ina
plasnia is used to eteh the filnt. Figure 10-17 shows an RF sputtering systent The size of
the cathode is ninimized relative to the anade. which includes the chamber walls. to
naxintze the ion bonibardiment, The ton cnergies in these systems arce large. greater
Hiat 500 ¢V, in order to set apprectable etehing ol films. While these systems are not
porally used ta ctel thin filins today. they do illustrate some important points about
pliysical ctehing, and they have been used in the past.

The wain advantages of sputter ctehing are that all materials can be etched this way
and the etehing is very directional, or anisotropic. The priuciple disadvantage is thai se-
eetivity is poor because little or no cheniistry is involved. The sputtering rate, which is
the sante as the etelt rate, depends on the sputtering yield. This is the efficiency of dis-
lodging or removing an atom front the sputtered materiat by each impinging ton. The
sputier yields of niost materials by argon ions are fairly similar. This means that most
nuuterials can be sputter etched with about the same efficiency and that this method can
often be used when other etch niethods do not work, But this also means that the se-
lectivity will not be good. The best selectivity ratios achievable are only aboul two-to-
one. The sputtering vield is usually a function of incident angle. This can lead to
fuccting, which can be good or bad depending on the desired IOpBgrnphy. The fact that

Anode AT TUNIT T AT
(Chamber Walll Figure 10=17 Ilustration of spunter etch system.

—1 Cuthode

\
Spuiterig Gus Tulet J:
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.all the etching is done by the highly directional ions means that highly directional etch-
ing can occur.

There are a few other problems associated with sputter etching. These would also be
problems with any other method that utilizes energetic ion bombardment, such as re-
active ion etching, but they are worse for sputter etching which is purely physical. One
of these problems is called trenching, or “microtrenching.” Along the sides of masking
layers, some of the ions will glance off the sides and strike the films at the bottom cor-
ner. Hence these corner regions will receive a higher ion flux than if the sidewall were
not there. This causes enhanced etching at the edges, resulting in trenches, as illustrated
in Figure 10-18(a). Another problem is in redeposition. In a nonselective physical
process other layers will be sputtered as well. These sputtered materials can be rede-
posited elsewhere, including in the region that is being etched. This is illustrated in Fig-
ure 10-18(b).

A third problem is lattice or radiation damage. During sputtering, the surface is sub-
jected to bombardment of energetic ions, electrons, and photons. Ion bombardment can
lead to displaced atoms and implanted atoms below the surface, Radiation damage can
lead to electron traps being produced in gate oxides. Another problem is surface charg-
ing. This is associated with the bombardment of the wafer surface with charged ions and
electrons. Because of nonuniformities that can exist in the plasma, dielectric materials
can be charged by the local differences between ion and electron fluxes. This can lead
to tunneling current damage to thin dielectrics. It can also lead to etch profile distortion.
This is because the paths of the incoming charged ions will be affected by the presence
of the charged regions, either positive or negative, as shown in Figure 10-18(c}), and lead
to uneven etching.

In ion milling, some of the problems associated with charged species are eliminated.
In this technique, a confined plasma is used to generate a broad beam of Ar™ jons. This
is done by using a set of grids to extract and accelerate ions from the plasma chamber
toward the target wafer to be etched. A separate electron source is used to supply elec-
trons to neutralize the ion beam. This setup allows for more independent control over

Fim \ Film

(a) (b) (©)

................................................

Figure 10~18 Problems associated with sputter etching (or any etching that lszu_; a liigh de-
gree of physical/ionic etching): (a) trencling at bottom of sidewalls; (b} redeposition of pho-
toresist and otlier material; (c) charging and ion path distortion.
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usually closely coupledina norma'l plasma sys.
Iso be added to, or replace, the Arin ton milling
CCl.. or O-. This will add some amount of se-
lectivity to the process. This method is called “Reactive lon Beam Elct’nng, llor RIBE,‘
Ton beams can also be focused and then used to sputter.or ctf:h, very small areas. This
is called the Focused Ion Beam (FIB) technique. It can be used in advanced lithography
applications (o expose/etch resist instead of electron beams. It 1s Ccl:Oml:nonly used to re-
pair masks. 1t can also be used to cut or efch regions of films an+ su ftratei; to expose
cross sections for observation, The ions in this are often He ™. N*, Ar’_Xe™. and most

commonly Ga*.

the ion energy and ion density, which are
tem. An amount of reactive species may a
systems. These species may include CF..

10.2.2.3 Summary of Plasma Systems and Mechanisms

Fieure 10-19 summarizes the different types of plasma etch systems in terms of some of
the operating and etch properties. Of course there are wide variations in the properties
for different types of systems. and overlaps occur between the different types of etch-
ing, For example, the ion energy in HDP etch systems can be the same or lower than m
RIE systems. and the selectivity can be better as well. And the selectivity in both HDP
and RIE systems can be very good while still achieving anisotropy by choosing the right
etch chemistries and utilizing ion-enhanced etching. But the basic trends shown are use-
ful in understanding the differences in the various types of plasma etching systems.

Figure 10-20 summarizes some of the different etch processes that occur in plasma
etching which affect the two-dimensional etch profile. Not all the processes would oc-
cur simultancously of course—inhibitor formation and trenching would not just occur
on one side with undercutting on the other, for example, but the figure does illustrate
the many compleX phenomena that can occur during plasma etching.

We have described the similarities between etching and deposition systems several
times. PECVD systems are similar to parallel plate etch systems operating in the plasma

[ 4 Sputrer Etching :
and fon Beam I:I.Jrh{le a l.
Milling OLEsSes
High-Density
o o = = Plasma Erching
2 g 'z g
b o -5 N
] 5 0 E Reaciive ton
& = £ Etching
7] << =
Plasma Eiching
We Chemical Chemical
! Etching Processes

................................................

Figure 10=19 Summary of trends of differem eich systems
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Figure 10~20 Summary of different processes occurring in plasma etching. (After {10.4].)

mode. There are reactive neutral species for either deposition or etching, with a mini-
mum of ionic bombardment in either case. There are also similarities between deposi-
tion systems that utilize wafer sputtering, such as bias-sputtering and HDPCVD
systems, and reactive ion and HDP etch systems. Bias-sputtering and HDPCVD depo-
sition systems combine deposition of materials and sputter etching of the surface. Both
of these processes also occur in reactive ion etching and HDP etching systems. Etching
of the wafer surface is done using ion bombardment as well as chemical processes. But
“deposition” is also commonly done in these etch systems in which inhibitor layers are
“deposited” on the surface to promote anisotropy. These inhibitors form from byprod-
ucts of the etch process and the chemistry of the etch gases is often chosen to enhance
their formation. This is called inhibitor deposition. So both deposition and etching oc-
cur in these deposition systems and etch systems. It is only the degree and type of de-
position or etch that is different in specific systems. Many of the same concepts and
models apply to both.

10.3 Manufacturing Methods

In this section we will describe some of the specific manufacturing methods used ip
plasma etching and some of the important issues related to manufacturing. We will hm{t
ourselves to plasma etching here because of its dominance in current integrated circuit
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chemical etching was given in Table 10-1,

anufacturing. Limited information on wet /
v ; facturing are etched using paralle! plate

Most films in current semiconductor _manu
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
paralle! 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 po)wer 1s ad-
justed so that a particular bias is achieved.) Power densities of 0.1 to 5 W cm™* arc com-
monly used in parallel plate. capacitively coupled RF plasma systems, usually at 13.56
MHz with excitation voltages of 1001500 volts RMS. Increasing the REF power increases
the plasma density. In standard paralle 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 ion energy. lon energies produced are in the 10- to 700-
€V 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 jon en-
ergics. In those systems, the power density on the wafer is in the 0.1-3 W cm " * range.
The resulting ion energies can range [rom 10 to 500 e V. A higher source power is used
(0 generate the plasmas, in the 3- to 10-W cm ~2range.

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
plasrpa density (since there are more atoms or molecules to begin with}), but onlv upto
a point. Above a certam pressure, depending on the etch system and operating para-
32::;;;:]2 I;:c(l)lll;f.mns b::.lw.(tfeltll thg gas n.lolecules and elcctrons limit the energy of the
hieher oo e;e E&m' the ‘omization rate. Thus the plasma density decteases at

gher pressures. In addition, increasing the pressure lowers the sheath voltace [10.7].
thereby lowering the ion energy. °
The etchrate, to first order, is proportional to the f]

) : ux of active species, which would be
the neutral chemical species and the ionic -

Lo e pecies. The flux of tonic species cquals its con-
Slcemr‘:]uondt 1txln(,35 !s velacity. In plasma Syslems, increasing the power increases the plasma
nsity and therefore increases the ion concentration in the plasma, The ion velocity in the

e poer o Shets g ) 40T hange o st e i
: = sheath edge and determined i ¢
mncrease as the power is increased i a sty fetossthesheallh doct

: > ' arallel plat : 1 hiag o
Increased in a high-density plasma sy b p 2t¢ system, or as the wafer bias power &

- stem. But the concentrati . ¢ OTO-
ortioually acro ) centration of ions decreases pro
P Yy actoss the sheath, so as to keep the flux constant across the sheath [10.11])
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The etch rate due to the ion component would be proportional to the ion flux, as well
asto .the .sputtering yield, or the effective sputtering yield in ion-enhanced processes as
we will c_llscuss 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 wo.uld 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-
creasit}g the pressure can decrease the ion energy and sputter yield, decreasing the etch
ratf.' Wlt_h 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 jon 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, 1s
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,
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and low contamination. We now consider how these is-

minimal substrate damage,

sues relate to manufacturing concerns. . ' _ L
Sclectivity involves the chemical component of etching. It is achieved primarily by

choosing the particular chemical reactants, in the proper proportions, [h’r:“ 1;:1v0r the
etching of one material over another. Changm_g t_hc—: Plasma conditions, §uclh as the w'at.er
bias and sheath voltage. can also affect selectivity In some cases'. Af:hlcvmg Selc?.cllvl})'
will be discussed later in the context of some common etch chemistries used for films in
integrated circuit fabrication. ) X

Etch profile control means obtaining the desired shape of the ctch profile. For most
applications in today’s technology this means obtaining vez:tlcal, or neaf-vertlcal. m_de-
walls. Directional etching, either with ion-enhanced mechanisms or physu_:al 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 ctch 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 inhibjtor formation. The inhibitor layer ob-
structs the spontaneous cl}emif:al 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 rgsult, as discussed eatlier and illustrated in Figure 10-14. Figure
1.0—21 shows }}ow the sidewall angle can be changed by changing the relative composi-
catatn the st tP bY l er lormation (or “deposition™) relative to the etch rate.

§ the sidewall to be less vertical. In this manner, the etch profile can be tailored
to the desired shape.

I_l .is inlerc—:sling.th_at while plasma etching is rather insensi
posttion of an inhibitor layer often shows a negative actjy
temperature. In a plasma, the bond breaking and forming
sition, is rather temperature insensitive sj i
ll?e.plasma energy and not thermal cnergy. However,
hibitor layers increases with temperature, so tlat
hibitor deposition is actually negative.

bat}glzcsl: le:lelfg; mlg o ulpil'Om'] _elch- rat_es across a wafer and from waler to wafer. [0
s lhgplasm!a\:rm cfl:; :1(5) f\l\-'(ilwtéri\‘;fnllot.';nlty nvolves the proper design of equipment so
Systems have been are uniorm across the wafers in the system, Single-waler

¢en developed 1o achieve better conutrol over each wafer andblo olimi-

tive to temperature. the de-
ation energy with respect to
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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. It
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
1o 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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Flgure10-22 Example of Aspect Ratio De-
pendent Biching (ARDE) in silicon trench eich-
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 thesc 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 o ensure that complete etching is achieved everywhere on the wafer. This
is often 10-20%,in terms of time, past the endpoint detection. (/n sirt 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 purcly ver-
tical amsotropic 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 sclf-aligned spacers, as we discussed in
Chgp}er 2 (Figure 2-30). In that case, no extra overetch would be done and the re-
rpammg.?xide at the corner would be left as a spacer. The structure shown in the right
S".je of Figure 10-23 would result, with the very narrow self-aligned spacer having a
width approximately equal to the deposited film thickness.
e ey o e e e o o
lower pressures. Unwanted residues are oftl-{be Polymenzano.n of some elch Species o

N 4 ten due to polymeric byproducts ol the ctch
prm,ess.Thesg can often cause problems with incomplete etching. If residucs are leftin
contacts (or vias) after etching the contacts in a dielectric. high o o
sult. Reducine residuc f o liigh contact resistance ¢an re

ng resicue formation can be done by the proper choice of reactant gases

gll:;i:;rl g:;xlair; rp(;lycllneric formation is desired in order to achieve etch am's:atroTw‘. a8

e » &nc gases are selected to promote such polymeric formation. In that
casg . .

ing tlileltsaliimh%?:)tf:sls.l gsgfgigﬁitsgaggnul?gamed res:du-e s from the etched surfacc follow-

P f'emove residues in some situations. But in the
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purely Venical Exch . e,
Figure 10-23 Overetching of 2 film over a step would be re-
1 l 1 l quired to remove material at corner. In this example, completely
anisotropic etching is assumed to emphasize this concept, This
phenomenon can be used in producing self-aligned oxide spacers,
tn which no extra overetching is done so as to intentionally produce
the structure 4t the right,

Film 227

Film | 277777

Substrate

S
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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 Alis etched with a flu-
orine chemistry, AIF; would be the main byproduct. But the boiling point of AlF; (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 AlCl; 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
jmportant when choosing an etch chemistry for a particular film. It is important to note
that other, sometimes intermediate, byproducts may forin during the etch process, and
their removal or conversion to a more volatile species can be a rate limiting step in the
elch process. o o

Table 10-3 lists some common chemistries used in plasma etching films in {ntegrat_ed
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. Boiing points of typical etch producis {After [10.12]).
Boiling Point Bailkig Point

Element Chlorides °cQ) Fluorides (W)
Al AlCly 177.8 {subl.) AlF, 1291 (subl.)
Cu CuCl 1490 CuF 1100 {subl.)

Si SiCl 3.6 SiF. - B6
Ti TiCly 136.4 TiF. 284 (subl)

w WCly 347 WF; 17.5

wQl, 276 WOF, 1875

WaClL 1275

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 aluminun.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 Sificon Dioxide

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

4F + §i0, — SiF, + O, {112

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
NF3, SFy.. CFs. or CF./O; mixtures, CF, dissociates to form free Fin a plasn;a via the re-
action given in Eq. (10.9). As mentioned earlier, adding O: to the CF, gas significantly
increases the F [ree radical production and hence increases the clcl; rutc~ns well ;lls
makes the etch profile more isotropic. Too much oxygen, though, can decrease the cteh
rate due to dilution {or by reversing the reaction in'Eq. (10.1?:) and redepositing oxide
on_thc surface]. These gas sources with relatively high free F concentr will etely
oxlc!e‘: however, depending on the conditions, the etching can result in undercuttine. In
adfhu(?n. the etch selectivity over silicon or polysilicon, which is often undcmc-nl; the
loxlde._ is p%or. The anisotropy ean be enhanced by incrcasing the ion bomban.lnn:'l\l and
tﬁ\chrlji:niglrffsurc [10.14], but the selectivity over silicon is still generally poor with

The key o making the etching of silicon dioxide very
more selective over Siis o reduce the amount of F free rzid
the carbon content. Doing so will decrease

ations will eteh the

anisolropic as well us nueh
1cal production and increase
any spontancous isolropic ctehing by (ree
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Table 10-3, (Tmiaﬂ or representative pl

?smu etch gases for films used in IC fabrication

er[10.1, 10:4, 10,13, 10.141)

Single-crystal $i

Si0;

SisNy

Al

w

Ti

TIN

TiSi:
Photoresist

HBr, Clz, ClvHBr/O,
same ctehants as
polysilicon

SF., NF,, CF,/ O, CF,

CFyH;, CHFy/ 0,, CoFs, CiF,
CHFJCFJ/CO

CF./0,

CF./H;

CHFYO,, CH3F:

Cly

CL/CHCH, Cla/Na

CF..SF,

Cl,

Clz, Cl/CHCl,, CF,
Cl;, Cl/CHC)s, CF.
Clz, Clo/CHCl, CF4O:
Os

Material Etchant Comments
Polysilicon CF.
A Isotropic or near isotropic (significant
- undereutting): rair to no selectivity over $iO,,
iy X Very anisotropic: nonselecti er Si
CFJOLSE. P ctive over $i0O,,

Isotropic or near isotropic; good selectivity
over 5i0s.

Very anisotropic: most seleclive over SiO,.

Can be near isotropic (significant undercutting);
anisolropy can be improved with higher ion energy
and lower pressure; poor or no selectivity over Si.
Very anisotropic: selective over Si,

Anisotropic; selective over Si;Ny.

Isotropic; selective over $i0; but not over Si.

Very anisotropic: sclective over $i but not over SiO;,
Very anisotropic; selective over Si and $i0,.

Near isotrapic (significant undercutting).

Very anisotropic: BCls often added to scavenge
oxygen,

High etch rate; nonselective over SiO;,
Selective over Si0;,

Very selective over other films

fluorine. The etching that then occurs involves other fluorine species and is strongly ion
enhanced. In addition, polymer inhibitor formation will be increased, also suppressing
lateral etching. Furthermore, selectivity over Si will be greatly enhanced.

One way Lo reduce the relative amount of F free radicals is by adding H. to the CF,
gas. The hydrogen reacts with the fluorine to produce HF which reduces the amc_mnt of
atomic F. Another possibility is to use more fluorine-poor and more carbon-rich gas
species, such as CHFs, CiFy, or C.F.. With fewer F free radicals, any spontaneogs {non-
jon-enhanced) chemical etching by these species is l'(:)dUCeC'l. Appr.ecla'ble etching hap-
pens only where ion bombardment occurs, perhaps mvglvmg an ion-induced darpage
or bond-breaking process, leading (0 anisotropic etching. CFz or (;F_a free radu;als,
rather than free F, are believed to be involved in the etch mechan_lsm in t'hese’fluorme-
deficient gas mixtures [10.14]. Increasing lhe‘ cqrpon—to—ﬂuorlne ratlo-'w1thdth?se
etchants also increases the amount of polymefr inhibitor formed, or depom;]ed, ufrmg
the etching [10.6). With a CFs or CFJ/O: gas, little or no polymer formshon the stilrtzcz.
However with a higher carbon concentration relative to fluorine in the gas mixture,
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to etching. With a thick polymer inhibitor
cal surfaces where there is little ion bom.
Any lateral etching is suppressed, and

more polymer formation will occur relatwe’
layer present, etching can not occur on vert
bardment to remove the polymer inhibitor layer-

near vertical sidewalls can result. N
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 Slope.d
sidewalls (without mask undercutting) can result. as discussed earlier and illustrated in
Figures 10~14 and 10-21. CHF; has a higher ratio of Cto F than CF, does so that more
polymer forms, in fact enough so that sloped sidewalls often r§§ult, 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 eich
profile. Other species such as CO: or CFy may also be added to CHEF; for this purpose.
Figure 10-24 conceptually illustrates the different etch profiles in SiOz that could result
when different amounts of inhibitor formation occur.

Reducing the fluorine-to-carbon ratio also greatly improves the etch selectivity of
$i0; over Si. This is because polymer formation preferentially occurs on Si surfaces
compared to $i0- 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 nionoxide,
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 8iO: to Si etch selectivity.
Figure 10-25 shows how the etch rates of Si and Si0», 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 {luorocarbon 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 Hz content (and less F production) re-
sulting in & 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 relal@w?ly large bias voltage is often used for SiO: etching (in the 400- to 500-V
yange).. This1s 'needed to help remove th'e .polymer&After the 810 etching is complete.
including a suitable overetch, any remaimng polymer residue must be removed. cspe-

Higher C/F
Figure 10~24 Effec of inhibitor deposition ot re-
| Mask | | sulting cich profile. The profiles shuwn assume 10
S0 \_/ \‘): mask erosion, which may oceur for differcut et
: chemistries. The actual profiles obtained witl alsv e
pend on the specific etch system and plasaty condi

tions.
(a1} Lilde or No Inbibitor {h) Inhibitor Deposition 2 i
o 5 ) Excess i
chqsmun le.g. CFy+ Ha. 0 xD;prgsli:il:: ter
te.g. CFy + 0y} of CHF3 + 0 9} (e, CHPy)
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F.igure 10-25 The etch rates of $i and $i0, (and photore-
sist) as H; is added to 4 CH, gas mixture, (After [10.15].)
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cially in contact holes. The polymer can be removed by an O; or CF, 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.

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
SiFs. However, etching polysilicon with SFs;, CFi, or CF./O: has a relatively large
isotropic component due to the high concentration of F free radica! species produced
in such plasmas combined with little polymer formation. We saw that with etching SiOa,
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: to CF, can accomplish this.
But doing so also increases the etch rate of SiO; relative to Si by preferentially form-
ing a polymer on the Si. This is good when etching SiO: but bad when etching polysili-
con when a high selectivity over the undertying SiO: is required. (Recall the structure
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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to achieve both anisotropic etching and go

ide at the same time. . Iysilic .
If anisotropy is not intportant, then adding Oz to CFa allows etching polysilicon with

good selectively over silicon dioxide since the ctch rate of thc’Si is increased by _02
much more than that of SiO;. But the etch will be fairly xs?tmplc. One approach w_nh
fluorine chemistry when both anisotropy and selectivity with .respect to an underlylpg
oxide are desired Is to switch the gas chemistry during the etching. One would start with
an anisotropic etch, with a CFy/H: mixture for example. and then wl_\e:n the etch is al-
most done, switch to an etch chemistry that is selective over Si0a. using CF/O: for ex-
ample, This witl, however, result in some undercutting of the polysilicon.

Anisotropic and selective etching of polysilicon can be achieved simultatncously us-
ing Cl-based eichants, The byproduct volatility is a little lower with Cl than with F. but
is still acceptable. Cla, HCI. or SiCli can be used. These have a lower purely chemical
component to etching than the F-containing etchants, and less lateral etching of Si oc-
curs than with F, The etch rate in the vertical direction is significantly increased by ion
bombardment. perhaps by surtace bond breaking or by enhancing byproduct removal.
Thus the eiching of $i with Cl can be fairly anisotropic even without a polymer inhibitor
layer present. Along with being anisotropic, the etch selectivity of 81 to SiOz is high. For
one thing, there is no polymer inhibitor layer that may form preferentially on the Si, as
in the tluorine casc, and degrade selectivity. Also, chlorine etches SiO: rather stowly. Fur-
thermore, removing or minimizing the carbon in these systems is seen to signilicantly
lower the etch rate of SiOz by chiorine—carbon evidently plays a role in the S:0xCl
etch reaction and enhances Lthe etching at low carbon concentrations, Therefore the etch
selectivity of Sito SiO; can be quite high, typically over 100, for these anisotropic. chio-
ring-based etchants. The anisotropy can be ¢nhanced even more by adding a small
amount of Oz. The O: reacts with the Si tilm, or with etch reaction byproducts that have
adsorbed on the sidewall 1o form a nonpolymer, SiOz-based inhibitor layer. The O; also
help_s with selectivity over oxide by removing any carbon that comes {rom photoresist
crosion. Keeping the wafer temperature low, by providing helium backside heat con-
duction for example, also.improves the anisotropy by enhancing inhibitor deposition.

Cl-.b.ased etchants exhibit a large doping sensitivity. High n* tevels can increase the
polysilicon etch rate by up to 25 times, and can increase the spontancous etching and
;gﬁf;‘;f:ég;nio ﬁ*grsllh(z:;t;icaielgtzfélo}. can block this. Cl-based chemistrics etch the
used. The addition of ST, also rcd\infcs-tr:cs' anq arxures .Of the two types have been
probiem with chlorine etc(ilicn with l(k:pb r‘;llcil11}-1g_ Trenchl‘ng at sate edges can be ?
nated tlourocarbons, such asgé CiFs l: ve ell‘lymg Bate oide bcmg damagcfi: Chiort
are out of favor sincé they are i‘ﬁelien\:ec?“tfe - been.used for etching pofysilicon b

0 cause environm

the ozone layer.
br;I;l:iLng]?}Sll popular elchamrs used cm‘ren}ly tor poll_ysi-ucoﬂ are chemistries based on
. the next halogen after F and Ci in the periodic table. HBr and Br: are com-
monty used. These act in a similar fashion to the Cl-based ‘et b ohine i ¢ !
urety-chemical . : chants, etching with a low
purciy ' component and without a polymer inhibitor. and arc even MO
amsotropic and selective over oxide. Trenching of the underlving __“ _ .c\‘IL f.\L-I} o
tem as well. But the etch rates of Br-based chemistrie rying oxide is less m_fl pu. .
emistries are even slower than Ci-based

od selectivity of polysilicon over silicon diox-

ental damuge by depleting
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chemistries, anq they are often used in a mixture with Cl: in current polysilicon etch
procesg;es.lA_s with etching with Cl, adding O: in these noncarbon containing gases pro-
motes mhlblto.r formation. perhaps by forming SiO; from the Si film, and thereby in-
creases the anisotropy. The O also helps with selectivity over oxide by removing any
cart?on that might result from photoresist erosion. One drawback to the use of HBr and
Clx is their high toxicity which puts more stringent requirements on equipment and gas
handling systems.

Polysilicon, like single-crystal silicon, usuatly has a small native oxide layer present
on the surface, even after cleaning. This must be removed prior to etching, Since the
etchants used for the main polysilicon etch have low-oxide etch rates, the etch must be
initially modified to increase the oxide ctch rate. This is called a breakthrough step. Dur-
ing the first 5 to 10 seconds of the poly etch, one can lower the selectivity with respect
to oxide by adding an etchant such as CF:or by increasing the RF power to enhance the
physical component of etching and etch the thin oxide layer from the surface.

An overetch step after the main etch is also important for polysilicon etching, This
not only allows for deposition and etch nonuniformities, but also for the presence of
stringers at steps, as discussed earlier and illustrated in Figure 10-23. This overetch step
is often done at a lower RF power to increase the selectivity over oxide. A final postetch
“cleanup” step is done to remove any sidewall layer material, While polymeric (carbon
containing) layers would need an O plasma strip, followed by an HF dip, inorganic lay-
ers usually need only an HF dip.

To produce shallow trench isolation structures, etching of the silicon is a critical
process step as described in Chapter 2 (Figures 2-6 to 2-9). Achieving the desired etch
profile and selectivity to mask layers is important, and many of the same ideas regard-
ing polysilicon etching would apply. Using a Cl- or Br-based etchant can give good se-
lectivity over siticon dioxide or silicon nitride mask layers and provide good anisotropy,
as described above. Using Cl etchants alone can result in harmful ion-induced trench-
ing at the bottom corners, so Br etchants are often used—either by themselves or in
combination with Cl etchants. The slope of the etch profile can be tailored by including
gas additives, such as 02, to promote inhibitor deposition, and multistep etch processes
may be utilized to achieve the desired profile.

10.3.2.3 Plasma Etching Aluminum

Plasma etching of aluminum interconnect lines has been a challenge for process engi-
neers, but successful strategies have been developed to overcome the many probler}ls
associated with this film. Again, byproduct volatility, selectivity, and anisotropy are is-
sues, as Well as native oxide on the surface. In addition, a potential corrosion problem
as well as Cu doping in the film lead to more difficulties. ’ o
Because of the presence of a native oxide, Al,Oz,0n the Al film surface, an imtiation
or breakthrough etch step must be done before t!1e main Al et_ch step. an bombzfrd-
ment, or sputtering, is usually done to remove this film in con]unct_lon with chergll;al
scavenging. Argon sputtering can be used, but gases such as BCls, SiCly, CCla, ot 1§
are often used to scavenge the Oz and H:0 and remove A]zOg on the Al surface by bot
physical and chemical means. A load lock system is required to contro! the H>O level.
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The byproduct of etching Al with F-based chemistries. AlF;, is not very \_’OIatlle as
discussed earlier, so that a Cl-based chemistry is mosl'oflen used.for the main Al etch
step. Cla is commonly used, and Cl: (not 2 free radxcgl, but _stlll a reaclu{e neutral
species) can directly etch the Al. However Cl> etches Al lSOtTOpICal!y. prod ucing an un-
dercut. and ion bombardment has little effect on the etch rate (unlike t.he etf:hmg Of_S!
by Cla). To suppress lateral etching of the Al and obtain vertical profiles, sidewall in-
hibitor formation is needed. Therefore inhibitor sources or promoters are often added
to the gas mixture. These include CH Cls, CFCly, CCls.and Na. Resist erosion plf_:lys a §i g-
nificant role in supplying inhibitor material in Al etching,and Nz enhances the inhibitor
formation from photoresist, perhaps forming a CN polymer. BCl; also seems to pro-
inote inhibitor formation. The etch rate and selectivity over silicon dioxide are accept-
able for Cl-based chemistries.

Al interconnect lines usually contain Si and Cu, which can complicate the etching.
While Si is readily etched by Cl, Cu is not (the volatility of the Cu byproducts by halo-
gen etching is quite low). lon bombardment and often higher temperatures are needed.
We will describe in Chapter 11 how Ti and/or TiN layers are often used above and be-
low Al layers in the interconnects. These are usually etched at the same time as the Al
and Cl-based chemistries can readily etch them as well.

An overetch step is especially important for Al etching to remove the residues. both
from the inhibitor layers and the Cu precipitates that can remain. The difficulty in Cu
precipitate and residue removal depends on the Al deposition conditions, with a higher
deposition temperature giving larger precipitates and more residues.

Corrosion of the etched Al line can be a problem when it is exposed to the ambient.
Residual chorine on the sidewall and in the resist can react with water to form HCl. The
HCI can then etch the Al. Cu in the films enhances this electrochemical reaction. 1t is
important to passivate the Al film after the etching and before it is exposed to air. The
wafer can be heated to 100°C or 150°C to drive off the Cl. Or the Cl can be buried un-
der a CHF: polymer, which is then wel etched. But the common method has been to ex-
pose the wafer to an F-containing plasma,such asa CFsplasina. The chlorine is replaced
by fluorine on the Al surface, passivating it. An O: plasma then removes the photore-
sist.and a deionized H>O bath removes any remaining chlorine. A wafer rinse may also
be donc before the ashing to help remove the water-soluble chlorides before they are
converted by the ashing to insoluble metal oxides [10.16]. A newer process uses an .0
plasma to both pacity the surface and to remove the resist.

We end t‘his section with a short comment regarding the use of freous, or fluorocar-
bons. Chlorinated flourocarbons without any hydrogen, such as CCIFs or CCIF;, are be-

lieved to deplct_e the ozone layer in the upper atmosphere. There has been a trend t0
replace these with safer source gases in the semiconductor industry.

10.4 Measurement Methods

Measuremenl lf:cllyiques for etching can be separated into two types: post-clch mea-
surements and in siru measarements, Post-cich measurements are generally performed
outside the etch chamber. In sirt mneasurements are done inside the chamber as the
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etching is occurring for diagnostic and monitoring purposes The most important type
of monitoring is that done for endpoint detection.

Post-etch measurements for etching are performed to characterize the etch process.
The resulting line width can be measured using an optical microscope. Observing the
wafer under a microscope can also indicate whether some of the film still remains in the
patterned areas due to underetching. However optical observations and measurements
are difficult for submicron lines. A much more accurate method for line width mea-
surement is the Scanning Electron Microscope (SEM), discussed in earlier chapters.
More automated versions of SEMs have been especially designed for linewidth obser-
vation and measurement for both lithography and etching. Measurements from above
the wafer looking down assume that the sides of the etched film are vertical. Obviously
this may not be so. To observe and measure the actual profile of the etched film, cross-
sectional SEM images are used. An example was shown in Figure 10-22, This method
requires cleaving the sample and is done on test wafers, usually when developing the
process. Linewidth measurements of etched films using electrical testing methods were
discussed i Chapter 5.

Other post-eich measurement techniques include composition and contamination
measurements. Small amounts of polymeric residues may remain which can have detri-
mental affects on later processing and circuit behavior. Surface analysis techniques such
as Auger Electron Spectroscopy (AES) and X-ray Photoelectron Spectroscopy (XPS3)
can be used to detect and measure chemical species left on the film or in the nearsur-
face region. XPS is often used to give bonding information and can distinguish whether
carbon detected on the surface is bonded to fluorine in C-F; structures or to the silicon
in the substrate with C-Si bonding, for example. This helps to determine the actual
source of the contaminant or residue and the mechanism for its production.

Measuring damage induced by plasma processing is important, Physical damage, in
terms of dislocations, trenching, and surface roughening, can be measured by TEM or
SEM. Electrical damage, including charging and electron traps, is measured using de-
vice or electrical measurements, often using MOS capacitors as discussed in Chapter 6.

In situ measurements are performed inside the etch chamber while the etch process
is taking place. The most important type of in sift measurement is that done for end-
point detection. Due to the physical component in most plasma etching, selectivity is
not 100 percent. Therefore it is important to end the etching soon after the film has been
etched to the bottom (allowing for a certain amount of overetch, of course). Some sort
of in situ measurement is required to do this.

One way to detect the endpoint is to measure the thickness of the fitm as it is bging
etched. If one does not want to etch all the way through the film, the endpoint thick-
ness may be some finite vatue. This method would also give etch rate information as
well An in situ thickness measurement technique for optically transparent films, such
as siticon dioxide, is interferometry. This method determines the thickness of the film
by measuring the interference of optical beams—using either light from a laser or from
the plasma itself—reflected from the top and botlom of the etched .layer. As the mate-
rial is etched, osciltations in the reflected signal occur as constructive and desFructlve
interference occurs. The period of oscillation is related to the change in fitm thickness,

xy, via the relationship
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A

M=o (o3 -

where A is the wavelength of the laser light and n 1:, the refra‘lclwe En‘;jex of the Ry !i

Therefore, for each complete cycle in the reflected S}gngl. the film has been etched Ay, ‘

When the film has been etched completely, the osc‘ll!ahons ceasc. For nontransparent

films. such as metals, techniques using reflectivity d1f¥er<~?nccs !wtwecn the t.llm and the ’
X disadvantage in film thickness techniques is tha

layer underneath can be used. A major . |
the information is obtained from only a small area of the wafer which may not be fuily |

representative of other regions. Recent sing,le~wafer systcms use an array of sensorsto
measure the thickness change at many points on each \H{afer. One advantajge to these |
systems is that they can accurately measure the ongoing etch rate during an etch
process, which can be valuable information cONcermng the process. - ‘

The most common methods for endpoint detection are those which monitor the re.
acting species or reaction products of an etch process, Optical spe‘ctrosm.py_ Or mass ‘
spectroscopy can be used, but the former is more common, In pptlcal €mission spec- |
troscopy a photosensor detects and measures the emitted radiation, through a window
into the chamber, from the various species in the plasma as a function of wavelength.ln
a plasma, light is emitted by exited atoms and molecules as electrons relax fromoneen-
ergy state to another (which is why the plasma glows). Each species emits light ina
characteristic spectrum which can be used to identify the particular atom or molecule.
(See Figure 4-18.) For example, the fluorine free radical emits light at 703.7 nm (among
other wavelengths) as it relaxes from a plasma-induced excited state. Monitoring this
wavelength can be used to determine the relative concentration of the fluorine free rad:
ical in the plasma, Endpoint detection is done by either monitoring the reacting specis
or the reaction products.

As an example, consider the etching of SiO; on Al by CF, chemistry. The main etch
reaction occurring here involves the fluorine free radical which is produced in the
plasma. As the etching begins, F is consumed by the etch process, forming SiF, There-
fore the signal from F emission is decreased. When the etching finishes. the concentré-
tion of F increases, and its signal goes back up. The endpoint is thus indicated by the
increase of the reactant species, Alternately, the endpoint can be indicated by the in-
Cr’c-:ase or decrease in the emission signal of an etch product. For example, it elching
§i0; by CHF3, one reaction that can occur is between the carbon on the SiO: surfact
and oxygen. producing CO. Monitoring CO at its characteristic 483,0-nm wavelength
can be used to detect the presence of CO. When the CO signal decreases pelow a cer*
tain point, the etch 1s determined to be over. This method, in contrast to thickness med-
surements', takes its .informalion from the gas phase and thus averages over 4 much
larger regon. Th(?retore, a more average endpoint is detertnined. Loading effects &
trations is difficult and s(;mc-: ial‘ll;lor}’ th‘e exact quantification of the signal 1 [t:hc eteh
is completed. However, this m ihraclu'on atrepoary to determing ot what pgmt‘ aor ot
when the etching is con ethod is relatively simple and usually a good indic -

ching 1s complete, and is the most common method in current technolog!
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The technique of o

. ptical emission spectroscopy. in addition to beij -
point determin_ation method, is also usgd in diagr?gstics of plasma et:)tcll'rlllg)rli)sc?ec:;sfs.a ;; ?ci-
low.mg the emission signals, the relative concentrations of the various species present
during th‘e etching process can be measured throughout the etch process. This can give
valuable information concerning the various mechanisms occurring and the roles of the
different species.

In situ measurements can also be utilized for process control applications. For ex-
ample, loading effects could be monitored and changes in equipment parameters could
be made automatically and instantaneously, based on the feedback from such mea-
surements. Such measurements could also be used to determine when chambers must
be cleaned due to buildup of etch residues on the chamber walls.

10.5 Models and Simulation

We have described the different types of underlying mechanisms important for plasma
etch processes: chemical etching by reactive chemical species; physical etching by bom-
bardment or sputtering of ionic species; and ion-enhanced etching involving both types
of species acting in a synergistic manner. As in Chapter 9, we will describe physically
based models that predict the shape, or topography, that results from specific etching
technologies. These models are implemented in a variety of simulation tools including
SPEEDIE [10.17], TAURUS-TOPOGRAPHY [10.18}, and ATHENA [10.19], as well
as other topography simulation tools mentioned in the previous chapter. We will show
examples from all three of these simulators. In this section we will first describe how
physically based simulators model plasma etching. Since there are a number of similar-
ities to the models described in Chapter 9 for simulating deposition of thin films, we will
refer the reader to that chapter for some of the specific details.

10.5.1 Models for Etching Simulation

As in the simulation of deposition, plasma etching can be simulated by considering the
fluxes of species that come from the plasma and strike the surface of the wafer. In Fig-
ure 10-20 we schematically illustrated the fluxes of species coming from the plasma and
the various processes that occur on the wafer surface during etching of the films. ?n
physically based topography simulators, the flux of each type of species is calcul.ated, in
particular the component of the incoming flux normal to the surface at each point, Be-
cause of the relatively low pressures used in etch systems and large mean free paths
compared to the feature size on the wafer surface, it is usually assumed that fre_e mole-
cular flow is the dominant gas-phase transport mechanism near the sur.face, that is, there
is no boundary layer diffusion process. The net etch rate at each point is then calculated
using an expression that relates the etch rate to the diff.erent llgxes. The exact form of
that expression depends on the model that is used. We will descnbg some of these m.od~
els and expressions in the next section. With the etch rate determined at each location,
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the appropriate amount of material is removed. the boundary is moved.and the profile
can evolve as the etching continues. The etch rate at each location can change with time

as the etching progresscs because the fluxes that reach each location on the surface cay

change due to changing geometrical effects, Sl{ch as ﬂl_ix shadowing. .
As in deposition modeling. the flux of species arnving from the plasma and sthiking

the waler surface can be calculated using Monte Carlo techniques. FFor example, the dis-
tribution of tons in terms of arrival angle at the surface and of en?r_gy can be calculated
as a function of systen1 parameters, such as gas pressure, ComPOSltton. and RF se_ttings,
This explicitly takes into account the collisions that occur in the plasma and in the
sheath. and the acceleration across the sheath to the wafer. There have b_een several
simulation tools developed., including a version of SPEED_IE. thaF take _tlns approach,
However, we again will utilize a simpler approach and define Fhe incoming fluxes ana-
Jytically on a plane just above the surface, We specify the maximum, upobslructed flux
of each species—ions or chemical. for example—and the angular distnibution of each,
The angular distribution is assumed to be of the form

Fiireat(8) = F° cos™@ (10.14)

where Fii is the normal component of the flux coming in at angle 6, F°is the fluxatg =
0 degrees,and 6 is the angle from the vertical direction. By adjusting # from 1 to large num-
bers. one can obtain isotropic to anisotropic distributions of arrival angles, respectively. This
was illustrated in Figure 9-25 in Chapter 9. With n = 1, the distribution is isotropic, with
fluxes coming from all directions equally. Higher pressure, more collisions in the gas phas,
and shorter mean free path would all lead to a more isotropic arrival distribution. Inetch-
ing, neutral chemical species are usuaily assumed to arrive at the top surface isotropically,
andn = 1 is usually used. For n > 1, a tighter distribution of arrival angles would occur.
This means that the fluxes arriving at each point on the surface are more directcd, or more
anisotropic. In etch models, the ionic species—aceelerated across the sheath to the wafer
surface due to the electric field—are assumed to arrive at the surface approximately per-
pendicular to the water and very anisotropically, and n = 10 to 80 is usually used.

Figure 10-26 illustrates the species and fluxes that occur in plasma eiching that are
incluFled in physically based etch simulators. This is analogous to the fluxes used in de-
position modeling (see Figure 9-35). The ionic species are involved in the physical com-
ponent of et_ch'mg, and the reactive neutral species would include those speciés involved
in the chemu_:al compenent of etching, and would primarily be the free radicals. Another
type of species 1§ the dl'?.pOSited, or deposition, species. These would include material
o e e e e b L o
mentioned earlier in this cha lei SJJCCUES that deposit in the d-e Posmon n?OdCIS'-fl\ S'\Oﬂ
bombardment, etc.) often Oc:cﬁr iu’ blihs?:lme P}'(?CESSCS (deposition. chemical 1%

As in deposition modeling, the { f[) L eposition and etc‘h processes. oo
sition will be the sumn of that ‘com'u? ad' o Offe ach type of species arriving 2t ¢a¢ Fat
comine fr g directly from the plasma (a direct flux) plus %

g from soimewhere else on the surface of the wafer (an indirect flux). The indirect
fluxes may be a result of reemission or resputtering & irect Hux). e
9 many of those _ : g from anotler location. In P
y ose processes and the equations used to describe them wete prescuted-
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Figure 10-26 1llustration of fluxes, both direct and indirect, that are
used in physically based etch simulations.

One of the important sources of indirect flux is that due to reemission of the etch re-
actant before it can react and etch. This is described by the sticking coefficient. The
sticking coefficient is defined, as in Chapter 9 and earlier in this chapter, as the ratio of
the flux of species that actually deposit or react at each location on the surface, to the
flux of incident species:

F
SczFfLmd (10.11)

incident

Therefore S, times the chemical flux hitting the surface at each point is the net flux that
actually etches, and (1 — S.) is the fraction of the flux that is reemitted. These reemitted
atoms or molecules can then travel to other locations on the surface and etch material
there. If S.is set to a low number (S.<<1) for the chemical species, as is usually the case,
then isotropic etching can occur for purely chemical etch processes. Most of the chem-
ical species move in all directions from place to place, as was illustrated in Figure 10—
11(a), with a net result that etching is isotropic.

It is usuatly assumed that the angular distribution of the desorbed or emitted flux fol-
lows an ideal cosine distribution (7 = 1 in cos"8; emitted distribution, where 6; is the an-
gle relative to the surface normal); that is, the emitted species are emitied in an idea!
fashion from a small area on the surface. In SPEEDIE it is currently assumed that only
the neutral species can be emitted from the surface; for ionic species the sticking coef-
ficient is assumed to be one. This does not niean that all ionic species are successful in
etching, or sputtering. an atom or atoms from the surface. It just means that the ions that
do not etch any material are not reemitted to etch elsewhere.

In Chapter 9, we described how it has been experimentally determined that surface
diffusion for $iO: deposited by both LPCVD and PECVD methods was not important
__the results could be modeled better with the reemission and redeposition process. A
similar experiment has been done to distinguish betwecn the two processes in plasma
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_’_—k_f_/————'—'r_____ﬂ
eling the undercut profiles, it was determingg

. : ith a low sticking coefficient. works be,.
g r::fmljs}g:éfg?gz(s);g:gfrlolllé)sfilr;\:fhe simulation. Thus surface diffusion ;f
i ¢ sur - .
fttt:ilc; ls};)a;::il:::ssl?sgoflen not included as @ mode! m_elch su_nulalors. .1 '
: - ;o when ions strike the surface, Sputtering oceoys

Physical ctching occurs by sputtering ) face to break

i , o fers enough energy L0 the wafer sur“ace o break the bonds
wher.i the 1ncofrm:grilt(())|:nlri?1nl5)1ace The sputtering yield, Y, is defined as the number of
ta]?cﬁg%)? ;li)rlei:cul;s ejected from the target per incident 10n ?nc{ lsfa meilS\{rehOf the
sputtering efficiency. Therefore Y li_mes the ion flux §tr1k:_ng t ﬂlf: 'bUI' ace at edch point |
determines how much physical etching ocCurs for a given 1on ux . o '

The sputter yield. Y.is a function of ion en'ergy.'thc mass of the m_cogcllmg ton and the
target material (the wafer surface material, in lh}s case), .and the inci t.lllt angle: 0, a
point , with a normal incidence being 0°. As we discussed 1n Ch‘apt.C}' 9, ions comingin |
al low angles are reflected from the surface and do not transfer significant energy to the
surface atoms, while ions coming perpendicular to the surface knock surface atoms fur-
ther into the film and not off. The maximum sputtening yield occurs usually at some-
where from 40-70°. This is usually modeled as was described in Figure 9-39.

In some of our models we will use Kj, the jon-induced ctch yield, or the effective
sputtering yield. Like Y, it is a measure of how many atoms Or molecgles of subslr'ate ;
are etched per incident ion but can include the synergistic effects with the cpemlcal '
component, resulting in higher values for it than normal physical sputtering yields. i
generally has similar properties as Y, angle and energy dependencies for example. For ,
cases of purely physical sputtering, K: would just equal Y.

All of the geometrical issues involved in the etching process are taken into account |
in physically based etch simulators. That is, the net flux of each type of species at each
point on the surface is calculated based on the relative orientation of that point to all
sources of fluxes. This includes fluxes from the plasma source (the direct flux) and from
all other points on the surface (the indirect fluxes). The view angles to all other souress
of fluxes, as well as the angular distribution emitted from each source, are taken into ac-
count in the calculation of the arriving {lux at each point.

Once the net flux of each type of species is calculated at each point on the surface.
the etch rate can then be calculated at each point. This is determined by the specific etch
model used in the simulation. We will next consider some of the models and corTe”
sponding etch rate expressions that etch simulators use 1o model plasma etching. !

etching of silicon [10.20, 10.21]. By mod

10.5.2 Etching Models — Linear Etch Model

Different types of etch models have been developed and are available in simulators
Some of these models are for specific types of etching equipment—for high-density
plasma etch systems or for sputter etch systems, for example. However. there aré alsd
some more general-purpose models. These were developed to model the different Lypes
of m.echanisms that occur during plasma etching: physical, chemical, and jon-assiste
etching, and which can occur in any of the plasma etch systéms, We will concentrale oft
those models, and two in particular: the linear etch model and the sammtiomadsol‘l}lm
etch model, both of which are used in the SPEEDIE simulator.
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The simplest mode! for etching assumes that the chemica! and ionic components act in-
dependently of each other and combine in a linear fashion. This is the basis of the linear
etch model in SPEEDIE. Other simulators include similar models. It is assumed in this
model that the etch rate due to each component is linearly proportional to the flux of that
component. Studies of chemical etching do show a linear dependence of etch rate on the
chemical ﬂo.w rgte or flux for certain conditions [10.5,10.22]. Likewise, the etch rate in the
presence of ionic bombardment is seen to be hnearly dependent on the ion current or flux
over a range of conditions [10.23]. The two terms are then added together, so that

(Sr‘Kch + KiFi)
S (10.15)

Etch rate =

The density, N (in cm ™), is that of the film being etched. F, is the chemical (reactive
neutfal, free radical) flux and F; is the ion flux at each point on the surface. S, is the
sticking coefficient, which is between 0 and 1. K and K; are the relative rate constants
for the two processes and can include any stoichiometric factors. In practice, K;is often
used as a fitting parameter for the purely (non-ion-enhanced or “spontaneous™) chem-
ical etching. As described above, K is the ion-induced etch yield and is related to the
number of ions needed to remove one atom or molecule for the material being etched.
It is essentially equivalent to the physical sputtering yield, ¥, but can be greater than Y
in some cases as we will discuss. K; can be a function of incident angte and ion energy.
Like Kj, it is often used as a fitting parameter.

One can see that the net etch rate at each point is just the linear combination of
purely chemical etching and ion-driven etching, with each term linearly dependent on
the appropriate flux. The etch profile would likewise be a linear combination of the two
components, with chemical etching occurring equally in all directions plus the physical,
ion-driven etching occurring primarily in the vertical direction.

While being simple, with no coupling between the components, the model may be ap-
propriate for certain conditions. It would be valid when the etch process is purely chem-
ical, in which case the ion flux would be zero, and the etch rate is simply proportional
to the chemical flux. Purely chemical etching would occur in a barrel etcher or in an af-
ter-glow system, for example, where the ions are prevented from striking the wafer sur-
face. It could even occur in a parallel plate system if little or no inhibitor layer is formed
and there is a very high concentration of free radicals in the plasma and only sponta-
neous chemical etching occurs. For purely chemical etching, the etch profile would be
completely isotropic and look like Figure 10-3(a). This mode! would also be valid when
the etch process is only dependent on the ion flux, as in solely physical etching, in which
case the first term would be zero. This would occur, for example, in a sputter etch sys-
tem where only high-energy, chemically inert Ar* ions are used. When the etch rate is
simply proportional to the ion flux with no chemical term, the profile would look like
Figure 10-3(c). with vertical or near-vertical etching and no undercutting.

The model would also be applicable when the etch process does have both chemical
and physical etching components, but the two act independently of e;ac_h other. _Or at
least they each appear as if they are independent in that they do not hr.mt the action _of
the other for a given range of conditions. For example, the physical, ionic component in
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this model (the sccond term in the rate €Xpr ession) does not. 1n fact. have to bc.dil&? to

i i 1d actually be ion-enhanced etching. but operating in,
purely physical sputtering. It cou : o is high enough. due (
regime where the chemical component In that mechanism thz e gh. 0 are}.
atively high flux of neutrals, for example. .and is not limiting the ion-driven et‘d}lng.as
we will describe later. In that regime the lon—eqhanced elchlr_lg \f’oulld act as lf'll were
purely physical and not dependent on the chemical flux, that is, simply P}”Oportmnal' o
the ion flux. In that case. K; is often much greater tpan the norr'naI physical Spultering
yield. [And if there is no spontaneous chemical elgh}ng, the profile wo‘gld look‘hke that
for purely physical etching. Figure 10-3(c).] In a@dmon, any adverse eltegl the ion bom-
bardment might have on the spontaneous chemical etch term,.by depleting tpe Stirface
chemical species for example, may not be significant at lower 1on fluxes or higher ney
tral fluxes {10.21]. When two (seemingly) independent etch c0mpqne11ts are presen,
isotropic chemical and directional jonic, the etch profile would look hike Flgur_e 10-3(b).
a linear combination of the profiles for spontaneous chemical etching and ion-driven
etching. So in general, the simple linear etch model would be appropriate when one or
two independent. or seemingly independent, etch components are present, resulting in
a range of etch profiles.

I ik Y R A i e B A o B i it o e ot ik ke

Example Silicon is plasma etched for 5 minutes and the process follows the linear etch
model. The flux of chemical species, F:, on an unobstructed flat surface is equal to 2.5
X 10" atoms em ™~ sec™, the sticking coefficient is 0.01, and Kjis 0.2. The tlux of ionic
species. F;, on a flat surface is equal to 1 X 10'® atoms cm ~*sec ! and K;is 1. The
density of Siis 5.0 X 10" atoms cm ~* A photoresist mask is used so that a wide trench
is ctehed in the Si. (There is no etching of the photoresist.) How far is the Si etched in
the vertical direction (away from the mask edge), and how far is the Si etched in the
lateral direction right under the mask for these conditions?

Answer For the lincar etch model, Eq. (10.15):

(SKfF. + K,F)
N

Etch rate =

In the vertical direction, there would be both chemical and ion fluxes. and the total
etch rate in this model would simply be the sum of those components. Away from the
plask edge we assume no shadowing effects, so F. and F, are the unobstructed chent-
ical and ion fluxes, respectively, given above, Therefore

Eich rate(verl) = (001+02%25 x 10%cm2gec™! 4 ] =1 X lO“Jcm__'_g.SEE___Q
N

= 1.5 % lomcnl_z SeC"l
N
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The density of Si, N. i 2 - )
y »N,185.0 X 10% atoms cm *,50 the Si etched in the verlical direction is

Etch depth(vert) < 5% 10'%cm ?sec™!
P (Verl) 50 X 102ecm-? * 300 sec =90 X 107 %cm = 0.9m

1)1; 'flt_lleelftfgral direction,right- under the mask edge, there is virtually no ion flux (F; =
- Iherelore only the chemical flux term is used in the etch rate expression and it is

a.ss’umf.:d t.hat .the chemical flux is the same in all directions (due Lo the isotropic ar-
rival distribution and, especially, the low S,), so that

001 0.2 * 2.5 X 10" cm %sec!
Etch depth(lat _ m “sec”’ + 0)

=3 X 10 °cm = 0.3 um

'[-'he:re 1s more etching in the vertical direction than in the lateral direction,and a pro-
file such as that in Figure 10-3(b) occurs in this case.

\

This model has been used to accurately simulate the etching of Si under certain con-
ditions. For example, Singh and colleagues [10.20] etched Si using a CF4/O2 plasma. As
we noted earlier, this can result in isotropic etching, with a very strong chemical com-
ponent. They used the etch system in the plasma mode, with symmetric electrode areas,
which minimizes any ion bombardment. In addition, an oxide etch mask was used
rather than photoresist so that the formation of a carbon-containing inhibitor layer was
minimized. The etch profiles obtained were virtually isotropic and they were able to
model them with the linear etch model in SPEEDIE and assuming no ion component.
A value of 0.04 was used for S..

This same group [10.21] etched Si using an SF¢ plasma, but now observed a mixture
of chemical and physical etching. Etch profiles similar to that in Figure 10-3(b) were ob-
tained, with notable undercutting but not completely isotropic. They were able to accu-
rately model the profiles again with the linear etch model, with a chemical-to-physical
component ratio of 2:1. They actually identified the physical component as an “ion-as-
sisted mechanism” as opposed to purely physical sputtering but modeled it with a sim-
ple linear dependence on ion flux, independent from the isotropic chemical flux. Ulacia
and colleagues [10.24] did similar experiments etching Siusing a SF«/C:CIFs plasma and
modeled it with the linear etch model. (Again the physical component was identified as
ion-enhanced, but following a linear relationship with ion flux.) They were able to vary
the chemical-to-physical ratio from 4:1 (near-isotropic) to approxim.ately 1:1 and then
to 1:20 (almost perfectly anisotropic) by changing the SFe:CzClP‘? ratio anq the argount
of carbon in the system, and model the resulting etch profiles quite well with the linear
etch model for a specific set of conditions.
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micTons

-

h simulations using the SPEEDIE simulator

and the linear etch model just described. As w_ith t.hc SPEED_lE ldCPOb‘“_‘Oﬂ_Simulalions
in Chapter 9, we will use analytical cos"8 distributions for arrnva 3“81?5 (as OPPOS_Cd to
Monte Carlo calculations of gas-phase processes). A \:faluc _Of n 'cqual to 1 results mnan
isotropic arrival angle distribution, relative to the w.arucal. direction. A value of n higher
than | results in a more anisotropic arrival distribution, with a .more directed flOWn\Vard
distribution such as occurs with jonic species. In all the simulations presented in this sec-
tion, we etch a silicon substrate using a photoresist mask. The top layer is 1-um thick
phOlO[‘BSiSt. with a slighlly SlOped window defined in it.

The first simulation uses the linear ctch model. and Eg. (10.15) to govern the ctch
rate at each point. Pure chemical etching is sllustrated first in Figure 10-27(a). The sim-
ulation time is 240 seconds, and each of the contours corresponds to a 30-second time
step in the etching. The arrival angle distribution parameter, 2, for chemical is set to
one. indicating an isotropic arrival angle distribution. The maximum unobstructed di-
rect flux of neutral species is set to 5 X 107 cm-2sec ! This corresponds to the total
integrated direct flux of chemical specics arriving from all directions and hitting a flat.
unobstructed surface. Knowing the angular distribution of arriving atoms and the
geometry of the surface. SPEEDIE can convert this to the direct chemical flux normal
to the surface, Foae. at cach point. The value of the maximum direct chemical flux
used in the simulations is usually determined by knowing the chemical rate on a flat
surface, in which case it is directly equal to F, or is determined by fitting experimental
profiles to the simulations. The ion flux is set to zero in this simulation, so that the etch
is purely chemical. A low value for the sticking coefficient, S.,is used for the chemical
species, equal to 0.01, ensuring that F. is equal everywhere and the chemical compo-
nent to etching occurs isotropically. A value of 0.2 is used for K. Negligible etching of
the photoresist occurs in these simulations.

We now describe a series of plasma etc

10 -_l\ 1.0 l ‘ ' /—' L0 ' I —
|
| |
05} 5 ! \
- L 03 . 0.5 | .
3 | !

0.0 T E po ] :
WS = =T
R ——— W=
051 . -0.51 — ] 051 NT—= = ;

1.0 J l J ' . : 1 !
40 05 00 05 10 90 05 00 05 1o —
microns microns ' B m(')t;?nm > L0
(a) (b) b E

()

gure 10-27 SPEEDIE simulations for exching of $i with linear etch model; () all chemical etching, showing isotrapic eicling; ¢h) all physicd

or ion_ic ciching, sliowing very anisotropic etching; (c) half-chemical, half-ionic ctching
The different curves correspond to different times in the eich simulation. I

showing a combination of isotropic and anisetropic ething.
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Next only physical, ionic etching is illustrated using the same linear etch model. The
chemical flux is set to zero while the maximum ionic fMux isset to t X 10" cm~?sec .
Setting # = 80 means that nearly all the ionic flux will arrive from the vertical direc-
tion. K15 set to t. Figure 10-27(b) shiows the results, Very anisotropic etching results as
expected. Purely physical etching would occur in a sputter etch system (although one
would expect etching of the resist as well in that case). This etch behavior could also oc-
cur, and be modeled in the same manner., for an ion-enhanced mechanism for condi-
tions where the chemical component is not limiting the ion-driven etching anywhere in
the structure, and where there is no spontaneous chemical etching.

Now we combine both chemical etching and physical/ionic etching in the linear etch
model. As we discussed this model assumes that the two components are acting inde-
pendently, or else in a regime where neither is limiting the action of the other. Here we
use 2.5 X 10" em~*sec™! for the chemical maximum flux and 0.5 X 10" cm~2sec™ ' for
the ionic maximum flux, and the same values for S, K. and K we used above. This re-
sults in relatively cqual contributions of the ionic and chemical components since the
ScKtF: and K/F; products [sec Eq. (10.15)] are equal. The resulting etch profile is shown
in Figure 10-27(¢). Different degrees of anisotropy can be achieved by varying the rel-
ative amounts of the two components. This behavior could occur in a plasma system in
which there is both chemical etching and jonic sputtering acting separately. It could also
occur where there is some spontancous chemical etching, not affected by ion bom-
bardment, as well as lon-enhanced etching for conditions in which the chemical com-
ponent is not limiting the etching.

Q) (b) 1.0 4
0.5 -
g 200
= b
0.5
10 05 0.0 0.5 1.0 0 05 00 05 10
Microns Microng

Figure 10-28 SPEEDIE simulinions for etching of Si with lincar etch model for physical-only ?lching with eich-
ing of photoresist included: () angle-dependeni sputtering of photoresisi inc]m.led, sho_Mng facchn‘g;_ {h) mi.m:] 1;:]
pL;r of photoresisi changed. allowing for mask erosion due to vertica! physical etching. A wider area of silicon is eiched,

and sloped sidewalls in the Si restli.
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Next we allow for some physical etching of th

angle-dependent physical sputter :
do this by increasing the value of K, for the photoresist

we see the faceting that occurs .
thickness of the photoresist mask. We start with a

sides, which slopes diagona

e photoresist. We first allow for some
ing of the photoresist during physical—or}ly etching. We
from 0to 0.3. In.F}gure 10-28(a)
at the top corners. Next we change the initial shape and
thin mask, only 0.4 um thick at the
lly tothe opening. When physical etching oceurs, the edge of
the mask will be etched away, illustrating the phenomenon of fnask ?rosmn, Figure 10~
28(b) shows the result. The etching away of the mask results 1n a \:ﬂder elched area in
the silicon, and nonvertical sidewalls. Changing the etch chemxst.ry to change the
amount of mask erosion can be utilized to obtain a desired etch pr‘ome.

We next illustrate the concept of Aspect Ratio Dependent Etching (ARDE). As dis-
cussed earlier this is the phenomenon in which the depth of etching decreases as the as-
pect ratio Increases. One possible mechanism for this is that ion-neutral collisions in the
sheath cause ions to be off-axis, making their arrival angle distribution wider. The less
directed flux means that fewer ions reach the bottom of the etched trench due to view
angle or shadowing considerations. With fewer ions getting to the bottom for the nar-
rower openings, less vertical etching occurs, whether it is purely physical etching or ion-
enhanced etching. This is simulated in the following two figures using the linear etch
model. First we repeat the physical-only etching of Figure 10-27(b), except that we
change the arrival angle distribution factor, n. for jons from 80 to 10, as might occur if
the gas pressure werc higher and more gas phase collisions take place, for example. This
widens the arrival angle distribution a little, but the jons are still fairly directed down-
ward. Figure 10-29(a) shows the result. More bowing of the sides results as compared
to the n = 80 example in Figure 10-27(b}, and this type of profile is seen in some etch

T

@ 1.0 1 5 1.04=——m
0.5 1 0.5 )
z ” ) !
o
5 00 S = g 00 .
E t‘_‘-‘ el S pat—
- P~ E ‘--._,——;
0.5 o5
1.0 ! ' '
i —O.S 0_0 0.5 [‘0 _[ 0 T ' T
Microns ’ 0.5 M_O-O 0.5 [y
wrons

Figure 10-29 SPEEDIE simulations for ciching of SLwith the I

. ching of 51 with the linear eich wmodet il i

; o ' fis for Clchi ! ustratiing i sndent Euch-

1;;(,1 égl()f)) ml:g{ sical r?‘t:w e_ichmg (with arrival angle distribution fictor w=[0) is done 1%;\?3.?:1?{?;2lgc;f:ﬂ{l?I:,::II(.
: opening = 1 puni; (b) mask opening = 0.4 pum. Deeper etching accurs for the wider mask‘ upuupiug )
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Zstfzfmri Fﬂ:\;ﬂs\:g decr)ease. theawinflow in the photoresist dO}VI‘l !o 0.4 um. The resulting

P _ own {n Figure 10-29(b). The depth of etching is clearly reduced. (The
same e’r:fect 1s not seen if n were left at 80 for the two widths.) With the slightly wider an-
gular dxslriputiOn of arrival angles for the ions, the etch depth is less for the narrower
mask opening thian the wider opening even though all the other etch conditions are the
same, Therefore, the etching could be different for different feature sizes on the same
wafer, even if the features are right next to each other.

[nterestingly enough. in some etch systems and under certain conditions, a reverse
ARDE effect is sometimes observed where wider etch features etch less than narrower
ones. Both forward and reverse ARDE has been simulated in SPEEDIE using the
“Simgletchdepo“ model, to be described later, which includes a modified saturation/ad-
sorption etch term combined with a polymer deposition term [10.25]. In that modeling,
the transport of the neutral species down the trench is important for the aspect ratio
dependence.

In summary, the linear etch model is relatively simple. combining the chemical and
physical components in a linear fashion. It can be used in a physically based simulator
such as SPEEDIE to simulate etch profiles with different degrees of anisotropy, for a
variety of etch systems. It can also model effects such as ARDE and mask erosion.
While simple, the model may in fact be adequate for particular plasma etch situations,
even for ion-enhanced etching under limited conditions. But it does not model the cou-
pling between the chemical and physical components that can occur, particularly the
synergistic interactions in ion-enhanced etching.

10.5.3 Etching Models — Saturation/Adsorption Model for lon-Enhanced Etching

To account for the physical and chemical components acting together, and not inde-
pendently, another model is needed. As was described earlier, the etching is often not
just simply the sum of the two individual components, as in the linear etch model. In
ion-enhanced etching the two components act in a synergistic manner, and the etch rate
can be much higher than the sum of the two separate ratcs. Likewise. the etching can be
limited by the deficiency or lack of either of the two components. Ion-enhanc_ed etch-
ing can be due to a variety of mechanisms. Any one of the slep§ of the chemical etch
process may be enhanced by ion bombardment. such as the reaction of the etchant and
the surface material. or the removal of etch byproducts. Inhibitor layers, formed asa re-
sult of the etch process. may require ion bombardment to remove them.

What is needed in the model is an expression that allows for the ctch rate to be
larger than the sum of the two components actilgg independently. In fa_ct, it may be
the case that the presence of both components 1s needed for the etching to occur.
Without any ion bombardment, for example. a byproduct‘ layer may not be Femoved
and no chemical etching can proceed. Without any chemical processes, the 10n sput-
tering alone may be negligible. This means that the twcl c_omponcnls are acting in se-
ries. as opposed to in parallel. 1t also means that the del'_lcn_eucy of one component .can
limit the total etch rate, even as the other component 18 1ncrease_d. :I‘hls leadshlo atall;
uration effects—increasing the flux of one of the components will mc;:—:as;‘el: e :ahcr
rate to a point. but then the rate will saturate due to the lack of enough of the othe
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component, These results have all been observed experimentally [10.6, 10.23, 10,
10.27;;;1;::!1?&2 i?)ln'a-enhanced etching that captures the above !Jehawor m the szturatigp !
etch model. This model is also commonly called the LangmUlr‘ adSOI’[.:)tlon or the sm.u- |
rationfadsorption etch mode! and includes surface coverage 153“35.‘“"01‘_’1"% Specics
adsorbing on and leaving the surface in its formulation. While we will derive a simplc
expression below based on one type of iom-enhanced et_chlng mCCh'dnle{1 (lon-
enhanced byproduct removal), its results are generally applicable to many different
mechanisms in which ion bombardment enhances one or more of the steps in the eich
process. It is really a phenomenological model which can i_ncorp?fa.te many simultane-
ous reactions and kinetics into its simple form. Many versions of this basic model have
been developed to include a variety of processes and chemistnes. but they are all simi-
lar in idea and approach [10.26.10.28,10.29,10.30,10.31, and 10.3t2].

For this simple analysis we consider both reactive neutral species and ions striking a
surface during an etch process. The neutral species are adsotbed on the surface and
chemically react with the surface material. forming etch products which contain both re-
actant species and film atoms. The ions striking the surface can enhance the removal of
the etch byproducts from the surface, perhaps by sputtering or dislodging the loosely
held byproducts or by inducing their conversion to more volatile species which then
spontaneously desorb [10.6,10.32]. A steady state will develop when the net flux of the
neutrals to the surface is zero, or equivalently when the rate of byproduct formation
equals the rate of byproduct removal. The idea is that the number of neutral speciesab- |
sorbed and reacted on the surface per time, according to simple Langmuir adsorption
behavior, is proportional to how many sites are available: one minus the surface cover-
age. And the number of sites available depends on the neutral flux and on the ion bom-
bardment which removes the byproducts and increases the sites for reactive neutral
species adsorption, At steady state, the etch rate is then just proportional to the removal
rate of byproducts, or equivalently to the neutral species adsorption rate, and depends
on both the neutral and ion fluxes in a synergistic manner,

According to Langmuir adsorption theory, the number of reactive neutral species
that adsorb (per unit time per area) on the surface (o react with the surface material i

# reactive neutrals adsorbed per time per area = (1 — ©)F. (10.16)

where S, is the sticking coefficient of the available area, © is the fraction of sites covered
by the byproducts, so that (1 — ) is the fraction of sites available, and £, is the flux of
neutral species onto the surface. A chemical reaction constant. K ’can be included. but
gllst]“:ll assumed 10 equal one here. We assume in this derivati(;n ;hat all neutral atores
byz:) rzdz?:rtz and stick on the surface will react quickly with the sufacc and form etef

The reactive neutrals (in the etch b
ment per unit time
and equals

Yl_)TOducts) that are removed by ion bombard-
per area from the surface is proportional to the byproduct coverage

# reactive neutrals (contained in byproducts) removed per time per area = KO F (10.17)

—
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r is the.mcor.nmg flux of ions and K. is the ion-induced etch yield, or the effecti

tering ).rlelc-l (in general, a measure of how many atoms or molcculés are rcmoff: =1dvC zp}u-

cident ion in a given process). K; can be much larger than the normal sputtc—:rinb I: lrdm-f

surface atoms-—removing reaction products by ion bombardment may be mu%:r): casic

than removing film atoms by direct physical sputtering of the surface. e
We assunie a steady-state condition will develop in which the number of newtrats ad

sorbed equals the number removed. Thus equating Eqs. (10.16) and (10.17) gives o

S(1 - ©)F,=KOF, (10.18)
t
- J p——
(10.19)
L+ KL
S.F.

The etch rate is then just the flux of removed species. equal to Eq. (10.17) [or equiva-
tently, the flux of adsorbed and reacted species given by Eq. (10.16)], divided by the
density of the film being etched, N. (Any stoichiometric coefficients needed to rclate
the ratio of filn atoms to the neutral species in the reactant or byproduct molecules can
be added or just included in S. or K,). Therefore by using Eq. (10.19) for © we obtain

Etch Rate = i1 (10.20)

M)
KJ'FF SrF [

By writing the etch rate expression in this form, the two components (analogous to
electrical conductances) are seen to be acting in series rather than in parallel.

We plot Eq. (10.20) in Figure 10-30. For simplicity we assume the density, V, is unity.
Here the x-axis is ion flux times the ion yield, or K., and the equation is plotted for var-
ious values of the chemical tlux times the sticking coefficient, F.S.. However, due to the
symmetry, we could interchange FS. and FiK: and obtain the sanie results. One sees that
for no ion flux. the etch rate is zero, no matter what the chemical flux is. Similarly, for
no chemical flux, the etch rate is zero, no matter what the ion flux is. One also sees that
as the ion flux is increased for a given chemicat flux, the etch rate initially increases
linearly but eventually saturates. The value it saturates at, or approaches, is equal to
F.S. /density. Similarly, when increasing the chemical flux at a constant ion flux.the etch
rate increases Hnearly and then saturates. The process is limited by the slower of the two
component processes. ) o

The same type of saturation behiavior is seen with respect to the effective sputtering y1r:¥cl
term, K. Increasing the effective sputtering yield by increasing the ion energy will result in
an increase in ctch rate. which will then saturate as the jon energy is further increased. _

The initial linear behavior is made clear by noting that when FK; is small and FrSf is
large, then by Eq. (10.20} the etch rate becomes approximately equal to just EK,-/de.ns:ty.
This is the same as the plysical term in the linear etch model anc_l shows _why the sm1_ple
linear etch model can be used in some cases for ion-enhanced etchin g.as discussed earh_er.

Since both ion bombardment and chemical reaction by 1ht_a reactive ne_:utral specirfas
are required in the saturation model, this ion-enhanced etching mechanism results in
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Figure 10-30Q Ech rae versus ion flus for various values of the chem-
ical flux, as calculated by Eq. (10.20). An identical plot can be obtained by |
interchanging F: S, and £k |

mostly vertical etching. This is because the ion bombardment occurs mostly in tbe i
vertical direction, with no reemission. On sidewalls (vertical surfaces), £ is dosc L0
zero, and hence the etch rate according to Eq. (10.20) would be close to zero in lat
eral directions.

-

Example Silicon is plasma etched for 5 minutes using a photoresist mask and this time
the process follows the saturation/adsorption, or 1on-assiste d. etch model. The flux 0 [
chemical species, F;, on an unobstructed flat surface is equal to 2 X 10" atoms ¢t
sec”! and the sticking coefficient is 0.01. The flux of ionic species, F,. on an unob-
structed flat surface is equal to 2 X 10% atoms cm ™ sec™' and K; is 1. There isno
etching of the photoresist, and no spontaneous chemical etching of the Si. How far
is the Si etched in the vertical direction (away from the mask edge), and how far s
the Si etched in the lateral direction right under the mask? .

Answer In the vertical direction, away from the mask edge, there are both chemica!

and ion fluxes, and the total etch rate would be gi 2 nsity
Hac > e given by Eq. (10.20). The de
Siis 5.0 X 10% atoms cm >, Therefore 7 yEa( )

1

Etch Rate (vert) = 1 %
5% 102 cm~3 ( 1 [

Lt |

1%2 % 10" cm 2gec™! * 001+ 2 x L0¥on™ e

=2.0 X 1077 cm sec ™!
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For a 5-minute etch, the Si etched in the vertical direction is

Etch depth(vert) = 2.0 X 10 "cm sec ™! X 300 sec = 0.6 wm

In the lateral direction, right under the mask edge, there is virtually no ion flux (F, ~
0), only chemical {lux. Therefore the etch rate expression goes to zero. (And there is
ho spontaneous chemical etching.) Thus the Si etched in the lateral direction, right
under the mask edge is virtually zero. A very anisotropic etch profile results. l

R Tl Ll A Al ol A, kO . A o A A . o o O S M, o i

The absence of lateral etching in this type of etching assumes that there is no spon-
taneous chemical etching, that is. no chemical etching without any ion bombardment.
However, there may in fact be a degree of either spontaneous chemical or physical
etching occurring in sone systems. If the ion-enhanced etching occurs because the ion
bombardment transfers energy to the surface atoms which speeds up the chemical re-
actions, there still may be appreciable etching without the enhancement. Or if the ion-
enhanced etching i1s due to the presence of a byproduct layer whose removal is
enhanced by ion bombardment, there may be significant spontaneous desorption of
the byproduct layer, Likewise, there may be a finite component of spontaneous etch-
ing by ionic species for which neutral chemical species are not required, such as purely
physical sputtering.

To account for any spontaneous etching, terms corresponding to pure chemical or
pure physical etching can be included in the expression for ion-enhanced etching. In the
simplest such model, terms the same as those used in the linear etch model are added
to the ion-enhanced etching rate, with those terms scaled by some factor relative to the
enhanced rate. For example, a (ScKF./density) term can be added to Eq. (10.20} to pro-
vide for a spontaneous chemical etch component. Adding spontaneous terms would al-
low for some etching even if one of the two components were abscnt. and oot.xld resu.ll
in etch profiles that show some lateral eiching in addition to the vertical etching [as in
Figure 10-3(b)]. In more advanced models the spontaneous etch terms may be coupled
with other terms, such as the surface coverage [10.26, 10.28, 10.30, 10.313 10.32]. -

While Eq. (10.20) is a rather simple expression, and other more detailed versions of
it have been developed. it captures the main features observedin 1or}-e‘nhanced _etchmg
for many different mechanisms. Expressions the same as or very smula}' o 1h1_s, most
based on surface coverage or site considerations, hav.e been used for a variety of ion-en-
hanced mechanisms. These include etching mechanisms where 10n borpbarglmcnt en-
hances the chemical etching by damaging the surface, where the_ sputtering ylelc! of thg
surface is increased by the chemical reaction beiween the reactive neutral species ?tn
the surface atoms, as well as different byproduct ren}oval mechanisms. (Ancll 11' 1sdo en
difficult to distinguish between the different mechamsms,bolh experlmentz:} y ccalnabc(:)c:ré—
ceptually.) In each of these cases. the analysis generally { ol!ows tha.t as outlined )

p ¢ Eq. (10.17)] corresponding to different ion-induced
with the ion bombardment term [Eq. (10. : B e end result is an ex-

h esses (damage creation, byproduct removal, etc.). But
ot Proc imil that given in Eq. (10.20), witl: the two components
pression for etch rate very similar to that &l
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. i T uration/adsorption model, or yar
acting in serics an® 17 2 AN mdnn’ert. Tt?;tith systems, inclﬁding Si, SiOz.r avnac? ‘?r
tions of it, has been used o model a vanewy & = - 056, 10.27. 10.28. 10.29 V
thin films, under a variety of conditions and chemistries [10.26,19.27, 20.28, TL.25.10.30,
10-33);23;1?;3];“ this expression does not k"lCC.OUI'lt for is aln ir}hl;ntor _mechaniSmlin
which an inhibitor/byproduct forms or deposits independently of t le' main etch species
and reaction, such as when etching Al with Cl an_d a separate n ubitor componeny,
Nor does it model thick or excess inhibitor forms_mon and the highly sloped fetch Dro-
files that can result. Modeling which explicitly includes these processes will be de-
scribed later. i . _ .

We now describe some SPEEDIE plasma etch simulations using the saturation/ad.
sorption etch model, as described by Eq. (10.20). Here tl}e chemical components (neu-
tral reactive species, such as free radicals) and phys:cal_ components (10{1s) \?ork
together. Only when and where both are present does chhmg oc’:cu‘r. In th.e first simu-
lation, approximately equal contributions from the chemical and 1onic etchmg are spec-
ified by having the KiFi and S.Fe products equal. Figure 10-31 shows the simulation,
with each etch contour representing a time increment of 30 seconds in the 240-second
total etch time. As expected in this model, very anisotropic etching is achieved even
with a strong chemical component. This is because ion bombardment is necessary in this
jon-enhanced mechanism, and the ions only strike in a near-vertical direction. Etch
chemistrics are often chosen that produce this synergy between chemical and ionic
components.

The shape of the etched sidewall can be changed in the saturation/adsorption model
by changing the n factor for the ion arrival angle distribution. A smaller value fora
(closer to 1), corresponding to a less directed flux, gives a more bowed sidewall. A less
directed flux can occur for a higher pressure or a lower wafer bias.

| : et b bbb
1.0 —\ Flgu_re 10-31 SPEEDIE simulations for etching of 8i with saturation/ad-
| sorplion etch model. Approximately equal components of chemical and physi-
cal etching are used.
05t \ :
|
0.0 l ]
‘:__—_"
N
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1.0 Figure 10-32 SPEEDIE simulations for eiching of 8i with satration/adsarption etch

niodel. The chemical fuy is kept constant (112 X 10" em™* sec™") while the fon flix is

linearly inereased from 0fo 1 X 10® cm~*sec™'in esual increments. Each coniour here

05 - corresponds (0 the final eich profile for the different ion fluxes. The etch raie is initially lin-
ear with fox flux but then siarts to saturate,

|

00

Microns

-.0 -0.5 0.0 0.5 1.0
Microns

Next we do a series of simulations with this same mode! in which the chemical flux
is kept constant, but the ion flux is increased. Figure 10-32 shows the simulation pro-
files. The maximum chemical flux is kept at 2 X 10" cm™2sec™" wiile the maximum ion
flux is varied from Q to 2 X 10" cm~*sec™'in equal increments. 5. and K equal 0.01 and
2, respectively. Unlike the plots in the previous simulation figures which showed the dif-
ferent time interval profiles, only the final 240-second etch profile is shown for each
simulation in this figure. In this case the different profiles correspond to the different
maximum ion flux values used. One can see that for zero ion flux. no etching at all takes
place. As the ion flux increases, the etching increases. At first the etch rate is nearly lin-
ear with jon flux. but as the ion flux is increased more, the etch rate starts to saturate
and the increase in the etch rate slows down. Eventually the etch rate will not perceiv-
ably increase at all with an increase in ion flux. This illustrates the saturation effect we
discussed previously for this model and illustrated in Figure 16-30. . )

A result very similar to Figure 10-32 would be produced if the chemical flux were n-
creased while the ion flux remains constant, With no chemical flux. no etching at al! oc-
curs. As the chiemical flux increases, the net etch rate increases linearly at f;irst‘ then not
as fast. and eventually saturates. The etching of silicon. a:}d silicon cllioxide is often done
with 2 high chemical flux. operating in or near the iqn-lnmted, chequal species satura?cd
regime. However at the bottom of high aspect ratio felatures, chemical-limited etching
may occur due to inadequate transport of the neutrals in some cases [t0.25].

10.5.4 Etching Models — More Advanced Models N
There are other niodels used in topography simulators—some of them v.arxauons of the
saturation/adsorption model and some of them quite complex—whicl attempt 10
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capture details of specific etch processes. Some o_f these more aclva.ncec_l models also try
to directly address issues such as the sidewall inhibitor mcs:hanmm_ in 1on-enl1z}nced
etching, and physical sputtering in sputter etch systems. We will not discuss these in de.
tail but will briefly describe a few of them. ) e

o avich model in SPEEDIE attempls to separate the sidew all inhibitor effect from
other ion-enhanced etch mechanisms in case two different eftects may be dominating i
in different regions. For instance, there may be an ion-enhanced cl?cn:ucal reaction oc-
curring at the bottom of the structure being etched where there is little inhibitor re.
maining. while the sidewall inhibitor may be affecting things on or near the sidewalls, |
This is implemented in the Sidewallpass model in SPEEDIE [10.17.10.34] by modify. !
ing the saturation/adsorption model. The result is that the etch rate versus ion flux curve
in Figure 10-30 is changed so that the left-hand portion, below some threshold level,
drops faster than normal. The idea i< that on or near the sidewalls, where the jon fluxis
low to begin with, it may be even lower due to the ions being consumed by the sputter- I
ing of a thin sidewall inhibitor layer. Zheng and McVittie [10.34] showed that inthcecase
of etching polysilicon with a SF/Cl.CIF;s chemistry this model better matches the actual
etch profile, with even less etching and bowing on the sidewalls where the ion flux is
low. (However, this mode! do€s not explicitly account for thick or excess inhibitor for-
mation, as we shall discuss below.) Other models have been developed which similarly
consider multiple ion-enhancement mechanisms.

In other more advanced models, the formation and sputtering of a thick sidewall -
hi‘bitor layer are explicitly included. In these the sloped etch profiles due to excess in-
h.lbltOI' formati‘on (as illustrated in Figure 10-14) are modeled, something that the
sxpnpler saturation models do not do. Examples are SPEEDIE’s “Simulctchdepo Thick
Sidewal! Etch” model [10.17,10.35] and Avant!’s TAURUS-TOPOGRAPHY s dryetch
model [10.18], which include simultaneous deposition and etching of a polymer inhibitor
::i;r; 1?; iﬁﬁigi%j ;E(l)l?:!‘;ie gfiréleﬂr dip'OSlgiOﬂ is controlled l_ay a CVD-like process
above the wafer, separate fl‘On’ll) the ﬂuxl(l)J; :;Cll‘gure 19-26) coming fl‘Or.n (he gas phasc
ing of the inhibitor layer then allows f s o 1 eutral etching specics lon sputter
o . vs for etching of the substrate or film in the vertical

irection. Such models can include ion-enhanced deposition and sputtering of the de= '
posited material [like Eq. (9.58) in Chapter 9 for high-densit spurieRis o
‘ ) y plasma CVD deposition):
as well as purely chemical etching of the inhibitor-free surf fi inc etching of
Al, for example) or ion-enhanced chemical etchi Ch aFeS'( _or chlorioe e . nbf
etching of Si0; or Si, for example). Han and lC ng of the lilhlbilOFfrCﬂ sul'tace§ (tor
proach can model high-density pla‘lsma ;Téhi‘;o IS? g_lll_eS [1%?, D]_have s:.ho-.vn op thlls il]lljﬂ
squrce and C;Fs etchant gas. [on-enhanced d% 0O S“l‘mon toxide, US'mg an 1P plas er
with an ion-flux-dependent sticking coeffici position _anc} sputtering of the polyl
Si0; (utilizing the saturation/adsorption 1ent, a:long with ion-enhanced ctching of the

Another advanced model Simill—apr © ﬁi{PrCSSlon), are used in this modeling.
[10.36] for plasma etching of Si with Cl joese was devel‘oped by Tuda and colleagues
mation from surface oxidation and frorln ez‘ Fl[;hls mode! includes passivation layer 1
well as being directly redeposited from (h tch byproducts arriving from the plasmd a
els include ion reflection. trenching, and le bottom surface onto sidewalls, Other ot
a contribution from onized chemical ocalized surface charging. For HDP system™

species to the chemical component of etching
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might also be included. All these advanced mo

: dels can obvi i o
with many parameters, viously be quite complicated,

Fi-nally, advanced s_imulalgrs may also include a separate model for pure physical
etching, or 1on sputtering. which includes redeposition of the sputtered material [10.37].
The expression used for this in SPEEDIE [10.17]is

Etch rate = FeY(0)F; - K&gsmﬁa ~ SeaFy (10.21)

The first term is due to the sputtering, and the sputtering yield can be angle dependent.
The second and third terms are due to redeposition of sputtered material. In particular
the second term is due 1o the direct redeposition from every other point on the struc-
ture where sputtering occurs, The third term is from material that is sputtered off the
surface but goes into the plasma and then drops back down to the wafer surface. The
third term can be very difficult to calibrate. N is the density of the film being etched.

10.5.5 Other Etching Simulations

As we mentioned in Chapter 9, commercial suppliers of integrated circuit simulation
tools offer both empirical and more physically based models. Here we present examples
of both types. The first is from Avant!'s TAURUS-TOPOGRAPHY simulator {10.18],
utilizing the dry etch mode! with polymer deposition. This model is similar to
SPEEDIE’s physically based Simuletchdepo model described above. Using direct and
indirect flux calculations similar to those in SPEEDIE, TAURUS-TOPOGRAPHY
stmulates the deposition, reemission, and sputiering of polymer material that occurs in
the formation of a sidewall inhibitor layer. In the example described here. SiOs is
plasma etched over Si using a pholoresist mask.

Figure 10-33 shows the simulated results of the sidewall polymer etch model. Figure
10-33(a) shows the simulated results after 0.9 minutes of etching. One can see the side-
wall polymer that has formed. This layer inhibits lateral etlchjng of the oxide. No polymer
layer is present on the trench bottom because of strong ion bOl'nbaI:de‘,Ilt and sputter-
ing there, and also because of less polymer deposition due to shadowing. Figure }0—33(b)
shows the simulation after 1.8 minutes of ctching. The sidewall fayer is now thicker, af-
fecting the etch profile as described earlier an.cl iltustrated in Flgl.lr'e 10-14. A slo;?ed etch
profile, with no etch bias, resuilts due to the high-polymer depo.smop-to-etch ratio.

Finally, some commercially available simula}non tools provide simpler, more empir-
ical models. Silvaco’s ATHENA simulator (using the E.LITE_ l_opography tool) [10.19]
is an example and we will use it here to simulate e_lc_hmg of silicon through a pp?toi'e—
sist mask. In these simpler models, the user specifies the etch rates olf the dif ex;,nl
components and various parameters to obtain the s’l,lape of ‘the etch proill_e. Z'i“l;-?lrz tN T
specifying fluxes. There is both a “wet etc.:h mo_dcl and a “RIE model. in o O%
The wet elch model is completely isotropic, while the RIE rr.lode! con:jams Eaberilh i
both the linear etch and saturalionfadi.orptlon mnodels. We will briefly describe the

i amples.
moldeltlller;?lgdrrl::;z:dfnSZ?I?I;:EXNA,D the etching process is separated ipto thr_ee ad-
jusl:blecz:tch rate components: the isotropic, the directional. and the chemical. Using the
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Flgure 10-33 A\'ﬁhl!'s TAURUS-TOPOGRAPHY |10.18] simulation using l_heir dry c*c.h mod.el with si-
multaneous polymer deposition. () shows the result of etching silicon dioxide over sﬂfcon r.\{nh a pho-
toresist mask after 0.9 minutes. Notice the sidewall polymer layer that has formed, inhibiting lateral
etching. (b) shows the etch profile afier 1.8 minutes. The sidewall layer is thicker and the exch profile in
the oxide is sloped due ko the high deposition-to-etch ratio.

first two is similar to using the linear etch model. The isotropic component, designated
by Fso, etches equally in all directions. The directional component, designated by ra,
etches only in the vertical direction. For a sloped surface, where the etch rate normal to
the surface is important, the etching due to ra is rair ¥ cosa. Here « is the angle between
the surface normal and the vertical direction. By using one or both of these two com-
ponents, one can simulate purely chemicalfisotropic etching, purely physical/directional
etching, or a linear combination of the (wo. (As with the linear etch model. the physical
component here may indeed be due to an ion-enhanced etching mechanism. but for
which the chemical component is not limiting the process.) One can control the degree
of etch anisotropy by changing the relative values of these two parameters, such that the
degree of anisotropy is

A=l (10.22)
Tiso + T dir
[One can show that this is equivalent to our definition of anisotropy in Eq. (10.5) if one
O.bSEWES l'ha:f Pt = Tiso and rwn = riso + rar).] No sticking coefficient is used, nor are ar
{wal angle distributions. For these components, it is assumcd that the etching 1 purely
isotropic for the one component, and purely vertical for the other. One just specifies the
f:lch rales for eaf:h component. The Taurus topography simulator from Av ant! hasa $1m-
ﬂa{r%tchlrpodel in which one simply specifies the degree of anisotropy desired.
This l;‘p}iﬁgo:;g?n:::t of the ATHENA RIE model is called the chemical component.
ical component etch ratEl n'lont;enhanwd etch mechanism. When onc specifies the che
ameter The dioes cnce in the RIE modcl, one must also specity the “divergence P
Gaussian angular dié;trib?n?armet?r determines the standard deviation of the 1013
curs where an ion strike Llol-mn.ctlo“' It is assumed that this chemical etching only 0©
the ion-enhanced med s.'n this simple way both the chemical and ionic componeits of
chanism are taken into account in this model: however saturatio’
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etfcqts are not accounted for. By varying the divergence, different shaped sidewalls are
obtalned:very similar to changing the i factor in the cos”8 ion arrival angle distribution
used earlier. In ATHENA. all three components—the isotropic, the directional, and the
chemical —can be specified. resulting in almost any shaped profile iinaginable.

In the first series of ATHENA etch examples, silicon is etched through a photoresist
mask using each of the three RIE model components. Figure 10-34(a) shows the initial
structure. For the first example the silicon is ctched with a purely jsotropic component.
An jsotropic etch rate. r.., of 5 nm per second is specified. The time of the etch is set at
2 minutes, which should etch the silicon 600 nm deep. The resuliing profile is shown in
Figure 10-34(b). In the next simulation, pure physical or directed etching is done. This
is done by specifying rar lo be 5 nm per second and ri to be zero. The simulated profile
is shown in Figure 10-34(c). In the final simulation, the ion-enhanced chemical ciching
component is used. This is done by designating the chemical component to be 50 and
the divergence to be 5. The resulting profile is in Figure 10-34(d). Changing the diver-
gence parameter is similar to changing the arrival angle distribution (the n value) of
jons in the earlier models, due to changes in gas pressure, for example.

The final series of ATHENA simulations are shown in Figure 10-35. Here different
combinations of isotropic, directional, and chemical (ion-enhanced) components arc

—
o

Microns

Microns Microns

Microns

ilvaco' . simulation of sibcon efching using different crching
i 34 Silvaco's ATIENA [ 10.19] topography simula  elching us ot ctchin
:;rgn‘:):::uzl?; The RIE mo(lt:I: (1) inilial siructare with pholoresist mask over $i suhstrate; (h) purely isotropic

erching; (c) purely directional; (d) ion-enhanced ctehing .
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(c) (d)

Figure 10=35 Silvaco's ATHENA | 10.19] ech simulation using different etching component
combinatons in the RIE model: (a) chem = 50, div = 10, ls0 = 0, dir = ¢; (h) chem = 30,
div = 10,is0 = 0, dir = 20; (c) chem = 30, div = 10,is0 = 20, dir = ¢; (d) chem = 30,
div = 10,iso = 10, dir = 10, These illustrate the variety of etch profiles that are obtainable with
this easy-to-use tool,

used to obtain a wide variety of etch profiles. These simulations demonstrate the use-
fulness of such simulation models. It is relatively simple to use them and calibrate them
against actual etch profiles. These types of models are often used to characterize a par-
ticular etch system and etch chemistry used to plasma etch a particular filn. One can
build up a library of etch equipment, materials, etch chemistry, and plasma congitions
to use in tuture simulations. This is sometimes done by commercial suppliers of these |
sxmulgtion tools and a model parameter library for various commonly used pieces of |
deposition and etch equipment with model parameters for various films and normal op- |
erating Conditions.is inctuded with the simulator. One can then use these models and |
parameters to optimize an etch or deposition process without being involved withall
the details. These types of simulations also run very quickly. ]'
e zfo i?::lif)z él;;l?;?(l:datc(l)v:z:sgia olf th.e‘more physicallyj b'ased models is {halil they try :jo i
o oot b g alp yélcal processes, This is especially true for the IT}U i
. nhyb eing developed which actually model the etch-enhancement mechanism: !
mored':Pll t<13 llat: TVLZBIC? T[(f)(r)réf(l)irllt(ﬁ?oand ren_loval, Asa result., these types of.models.ﬂig !
tested. but both typos of modul: El‘ns ouES|d:a lh(_)se for which they are calibrated a i

re usetul for different applications.
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10.6  Limits and Future Trends in Technologies and Models

thlh the cver—dccreasi_ng feal_ure sizes in future generations of integrated circuit tech-
nology. the challenges in etching will certainly continue. Etching features with smaller

and smfﬂler dl.mIBIISIF)nS will obviously pose problems. Damage to the underlying films
?nd aclive regions l._wll also be issues as the dimensions decrease and plasma processing
ts used. High-density plasma etch s

) ystems will surely help in these regards. A high-
density plasma at low gas pressures and the decoupling of the plasma density and ion
encrgy mean that fast, anisotropic etching can be achieved while niinimizing the ion-
induced damage. Development of this type of etch technology will surely continue,

With ever-increasing wafer sizes in the future, uniformity and loading problems wil
be harder to control. Improvements in cquipnient design will have to continue to over-
come these issues. More in siti control will be required. In addition to endpoint dctec-
tion. automatic feedback will be needed to control equipment and process parameters
such as gas flow. pressure, and power to the plasma sources.

As with deposition equipment, a trend in ctch equipment will be the use of cluster
lools. By connecting to multiple etch (and deposition) chambers and passing the wafers
from one chamber to another, one can perform several processing sleps sequentially
without breaking vacuum. This minimizes exposure of the wafers to atmosphere, reduc-
ing particulate contamination and surface oxidation between steps. For example, one
can have charmbers to etch TiN and Al, do a fluorine passivation. and strip the photore-
sist. This becomes more important as the trend continues toward multilevel stack struc-
tures. One can also combine deposition and etch chambers in such a tool. Most of these
tools are single wafer, as opposed Lo batch systems, More control over each wafer is pos-
sible, but the ctch rates must be high since each wafer must be processed individually.

There will be more challenges in ctching specific films as the dimensions decrease
and aspect ratios increase. For example. in Al metal etching the issues of corrosion, re-
sist and residue removal, Cu byproduct removal, loading effects (both macro and mi-
cro), and of course profile control and selectivity will have to be addressed _each time
the structure dimensions are decreased. As we have seen. there are many issues and
considerations involved in developing an etch process for each film, and it will be

er to satisfy all the requirements.
haﬁi;a;:sl:i detching tecl);niques may be used to mect the in\crcasing d};nta?ds ai éhS;:
technology progresses. Recently a new plasma etch process. EaUEd\lh‘i - o?cdl PL‘_’ o
has been developed in the MEMS (MICTO'!EICCITO'M‘?Chf“"‘ﬂa! Syblen'\‘}') induslry ’
elching very deep St trenches. This uses ﬂuorlrfe chemlslr)'tln "; lzljgh;i?:&;tigaleggd
both excellent anisotropy and se et B e seps are scquentaly altemated
[10.3815 ]gl;}i:igizf:izifsﬂf%?lher t[lalis can be adapted in the future for etching isolali_on
::rizlures <:r polir;ilicon ogtes in VLSI structures is unclear, but new plasma etching
methods along these lines may be developed andused. + be used nore in the
: i rocesses other than plasma etching may be use '
Etching and patterning pro-== hine (CMP) hias found widespread use in the past few
future. Clienical-Mechanical Polishing ( A Je . ibed in the next chapter, this uses a
. . a mainstream process. As described 1 : o e surface
years and is now . -hanica) grinding to polish or etch the top surlace
combination of wet chiecmicals and mec g
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ce. Dielectric films and W plugs are now often pla-

narized by this technique. When CMP is combined w1ll: trfilzlsdsz::sb;:xz hg ant? etch.
back process, also described in the next chapter. m; ©  eoecificati l;P I that are
difficult to plasma etch can be patterned to integrated circuit sp . ations.

New materials will be added in the future. As we dlscgss in l' e next chapter, ney
metal interconnect materials such as copper and new dielectrics such as low-k ¢i.
electrics will soon be required. There has alre.ady'beeﬂ extensive de'VBlOpmem onin-
tegrating these types of materials into the fabncgtxon process, including the paltermI}g !
of these films. Etching some of these films, especially Cu, ha{'s been found to be very dif-
ficult. so much so that other methods for patterning these films such as CMP are more
attractive. .

The models and simulation tools for etching processes will also undergo changesand .
improvements. As we mentioned earlier in the chapter, we ne'ed .lol model the actua)
processes more deeply, such as explicitly modeling the sidewall in h1b¥tor formation and
removal and phenomena such as ion reflection and charging. Work in these directions
has begun. And as with the deposition models, physically based models and simulation
tools need to be combined with user-friendly and efficient software tools. |

of a film. leaving a very planar surfa

10.7 Summary of Key 1deas

We have seen in this chapter how etching is used to pattern films by selectively remov-
ing material with the use of mask layers, usually photoresist but sometimes other thin
films. Etching can be either wet or dry, the former using liquid chemical etchants and |
the latter using gas-phase, plasma-produced etch species. Some of the issues thatare m- |
portant in etching are selectivity with respect to masks and underlying films, direction-
ality (anisotropic versus isotropic etching) for profile control, mask erosion, etch bias or |
undercutting, etch uniformity, residue removal, and damage in the underlying layers |
caused by etching.

1}1 wet etching, chemical reactions dominate the etch process. This leads to very ¢
lective b‘}t isotropic etching, In dry or plasma etching, two types of species are present
tha! are nnpor.lan.l in the etch process: reactive neutral chemical species (such as free
radlcals:.) and 1onic species. The first etches by chemical processes and is isotropicor !
nearly isotropic and can be very selective, while the second etches by more physical
processes and is very directional, or very anisotropic, but not very selective. The three |
moalu;ntypl)ﬁs of etch mechanisms that occur in plasma etching are chemical etching (i |
voly : i ; : : . : :

S ccieg) ae é“.mu alnlc]hcmlcal species), physical etching or sputtering (involving the iof
1:: ! s),and ion-e ance.d etching (involving both in a synergistic way). [on-enhanced
;i; iltlgrgl;an OCIC;I b);'lhe lons enhancing the chemical etch process or by removitg in-
ers. Dir i : N . ity
2 c0mbinyt‘ ectional etching can be achieved in this manner, as well as selectivill
ation usually desired in an etch process. M i a etching equifr
ment have been d - process. Many types of plasma ctcling
e been developed that utilize the different etching mechanisms including bar
rel etchers, plasma mode etchers, Reactive | Etchi " Hioh-Densily
Plasma (HDP ’ on Etching (RIE) systems. High-Det -
) systems, and sputter etchj A from
purely chemical to purely physical 18 cquipment. These systems range il
these two. Where both chelr)nizzllca etching, with many systems operating in bet¥e®
HDP systems, plasma condition and physical components are present. as in RIE ‘“E]w
s and etch chemistries are usually selected 5O thatt
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two etch components act synergistcally, and ion-enhanced etching occurs giving direc-
tional etching and good selectivity.

M.osl siimulation models focus on the two components of etching, the chemical and
physical. Advanced simulators model the etch process based on the fluxes and surface
processes of the chemical and ion species. As in deposition modeling. the ion species
have a narrow arrival angle distribution (being very vertical to the wafer) and a high
sticking coefficient. The chemical species have a wide arrival angle distribution and low
sticking coefficient. The two components can act independently or synergistically. In the
linear etch model, the chemical and physical components of etching are combined in an
independent linear fashion, and a wide range of etch profiles can be produced for dif-
ferent plasma etch systems and for certain conditions. In the saturation/adsorption
model for ion-enhanced etching, the two specics act synergistically. as described by the
expression for two processes acting in series. Very directional anisotropic etching re-
sults. along with saturation effects. Variations can occur. such as when some sponta-
neous. non-ion-assisted chemical etching occurs in parallel, multiple ion-enhanced
mechanisms are present, or when excess inhibitor material forms, and modjfications or
additional models can be utilized to capturc these features.

In the future, structures will get even smaller and new materials will be used. New
etching tools and processes will also evolve. The models and simulation tools will evolve
as well. As with deposition models, they will become based even more on the actual
physical processes.
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10.9 Problems

10.1. Why might pure chemical etching, such as in wet etching, be adequate for pat-

terning the silicon nitride layer used to define the field oxidation area in the
CMOS process flow given in Chapter 2?

10.2. If the etch anisotropy is 0, what is the undercut or etch bias when etching a 0.5-pm
thick film? What is the undercut when the anisotropy is 0.75? Assume no overetch
in each case.

10.3. In a certain process, it is desired that the pitch of metal lines be equal to or less
than 1.0 pm (the pitch equals one metal linewidth plus one spacing between metal
lines, measured at top of features). Assume that the metal linewidth and spacing
are equal (that is, 0.5 pm each). The height of such structures is also 0.5 pm, and
the minimum lithographic dimension is 0.25 pm.

a. What minimum degree of anisotropy is needed in an etch process in order to
produce such a structure?

b. What minimum pitch could be obtained for such a structure with wer etching?
(Again with minimum lithograph dimension of 0.25 pm. thickness of 0.5 pm,
and equal metal width and spacing.)

10.4. What are the advantages and disadvantages of reactive ion etching versus sputter
etching? Cite a hypothetical example of when you might want to use sputter etch-

ing rather than RIE.
10.5. Explain how loading effects can affect endpoint delection.

10.6. Itis found that a certain plasma etch chemistry in a cgrlain RIE etch system pro-
duces verlical sidewalls with zero etch bias when etf:hmg_ a particular i'tlm.Add}n?,
chemical A to the etch chemistry results in nc;'nvertlca[ s:dlewal[&_ anc.l an c?tch blE;s.
Adding chemical B to the original etch chemistry results in nonvertical sidewalls,

but with zero etch bias. Explain what may be going on.

10.7. a. In a particular etch process. it selectivity is the biggest concern, which type(s) of
‘ etch equipment should be used?
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b. If the biggest concern is ion bombardment damage. which type(s) of etch |

equipmeit should be uscd? . ‘ , i
c. If the biggest concern is obtaining vertical sidewalls, which type(s) of etch !

equipment should be used? ‘ . - =
d. If the biggest concerns are selectivity and vertical sidewalls, which type(s) of I
etch equipment should be used?
¢. What about selectivity and vertical sidewalls and damage. while maintaining ’

reasonable etch rate?

10.8. It is observed that the sidewall slope in an elch process becomes more stoped as
the temperature is reduced. Why?

10.9. If the anisotropy of an etch process is 0.45, sketch the etch profile. What per.
centage of the etch rate in the vertical direction is due to the spontanecus chem- |
ical etching and what percentage is jonic/physical. assuming a lincar etch
mechanism? State all assumptions.

10.10. For a particular plasma etch process in which the linear etch model is applicable.
a degree of anisotropy of 0.8 or better is desired. If the unobstructed ionic flux
on a flat surface is | X 10 atoms cm ™2 sec™! (with K equat to 1), what unob-
structed chemical flux would result in an anisotropy of 0.87 For this process §c
is 0.01 and K;is 0.1. '

10.11. We want to see how the etch rate in the vertical direction might depend on pres:
sure assuming that the etch follows the saturationfadsorption niodel. Assume
that for a particular etch system that the chemical flux s directly proportionalto .
the pressure, while the ion flux is inversely proportional to the pressure. That is
F.= F/*Pand F; = F/{P. (P is normalized to 1 atm and unitless.} Also assume
that density = 1 atom nm~7, and that K;F; = S.F.’ = I atom nm ™ sec™ !

a, Plot the vertical etch rate versus pressure, P, from £ = 0 to 10.

b. Repeat with KiFi' = 40 atoms nm~*sec™' and S.F,' = I atom nm ™" sec”!
10.12. In an etch process, there is a finite amount of purely chemical etching without
any ion bombardment (i.c., spontaneous chemical etching). In addition.ion bom*
bardment greatly increases the etch rate by facilitating the breaking up of the
elch precursor. At high ion flux the etch rate saturates. No etching occurs wher
there is only 1on bombardment with no chemical component, )
a.

b.

Write a generalized etch rate equation that can describe this behavior.

Sketch an etch rate versus ion f
s won flux curve for thi -« far some nonzer®
: is r some n
chemical flux. process [o

Srlfcmh what the ctch profile might look like for this process (i-c- erclin
through a window in a mask as in Figure 10-3)
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