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Preface 

1:he silicon inte~r~ted circuit is surely one of the wonders of our age .. The ability to fab­
nc~te tens of m.1lhon~ of indi~iduaID components on a silicon chip with an area of a few 
cm has enabled the mformatmn age. 

Basic_ discoveries and !l:nventions between 1'945 and 1970 laid the foundations for 
th~se c~1ps. In the past 30 y,ears, chip compfoxity has increased at an exponential rate. 
pn~anly b~cause ,of the constant shrinking of device geometries. improved manufac­
tunng practice, and dever inventions enabling specific functions to be implemented in 
~ew ~ays. Shrinking geometries permit mor,e devic,es to be placed in. a give,n area of sil-
1.con;. rmprovedl 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 bHlions 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 wiIDl 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 filittle time 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 ha.s been proceeding, often behind the scenes, 
to develop a solid, physically !based understanding of the many technologies used in 
chip manufacturing. Because of the f eatur,e sizes of structures in mod.em chips. thJs un­
derstanding often. ne-eds 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 and 
oxygen that grows Si01. 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 
engiue,ering. The optical steppers which print microscopic patterns on wafers, r,epresent 
one of the most. advanced applications of the principles of Fourier optics. Plasma etch­
ing involv-es some of the most complex chemistries used in manufacturing today. Ion im­
plantation draws upon understanding from research in high e11Jergy physics. Thii.n mms 
on the silicon wafer surface exhibit complex mechanical behavior which stretches our 
understanding of basic materials prope,rties. And of course. smcon devices themselves 
are approaching physical sizes at which molecular and atomic s•cale phenomena ~n".'olv­
ing ideas from quantum mechanics are important. O~e ~f _the ?re~t challenge~ m 111:te­
grated circuit manufacturing is the nee_d to_ dra~ on scientific ~n~ctfles and -eng1~eenng 
developments fr.om such an extraordmanly wide range of chsc1phnes. lntegratmg the 

xi 
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siderable debt of gratitude for making our work possible. We welcome comments or 
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- h - d" dt'sciplines has been and will continue to be a g_ reat chal-
knowledge from t ese 1verse _- _ _ ct· 

· - · d · who work in this field need broad understan mg and the lenge. Sc1ent1sts an engineers - . -- - - . 
ability to seek out, integrate and use 1dea:s from many f1e~~s. _ .. 

o~er the past 20 years much has been learned ab?u_t sihcon and t,he ~,ther m~ten~ls 
h - . --d ·· -- dern chips.Often new knowledge 1s mcorporated ma mo_ d_el which t at are use m mo - - -- • · · . - -h 

may be a mathematical equation describing a process or an a~om1st1c picture of ow a 
particular process works. Models codify knowledge am~ a~e an elegant way of expres_s­
ing what is known. Tuey also provide a w~y of e~changmg ideas ?etwee_n ~esearche~~ in 

a particular field, and can be tested expenmentally to assess their predictive capab_ihty. 
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 
simulat:i.on tools are built around models of the phystcal 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 t.oday. 

This book attempts to describe not only the manufacturing practice associated with 
the technologies used in silicon chip fabrication, but a]so 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
P:uter simulation programs which have incorporated the models and which use them to 
simulate techn?logy steps. We make_ extensive use of simulation examples to illustrate 
how te~hnologies work and to help m visualizing features of the technologies that are 
not. ~asily ~een any other way. We ha.ve found these tools to be powerful teachino- aids, 

Simulation tools are widely used· - th • -ct • t:-, . . _ _ . • - _ - m --.e senucon uctor mdustry today to supplement 
traditional ex.penmental methods- Wh-· ·1 ·t • - 1·k · · · . . _ - _ • - 1 e 1 1s un 1 ely that s1mulat10n w1U ,completdv 
ehmmate the need for ,experime t . • n. • · • - .. • 
d- _ . .- _- - _ _ n s. especmuy ma fast movmg mdustry like the IC m~ 

ustry,. simulators can result in very sub t· ·t· l · - · - ; 
t• f _ h· 1 . . s an ia cost savmgs m developmg new o('nera-
1ons o tee no11ogy and m solvmg _ f • _ . _ . -- . e;, _ . 

simula_ tion too-Is w1·11 -b t' _ 1 . mhanu acturmg problems. It_ ts widely_ beheved that 
e essen 1a mt e future ·r th 'd 

ized the semiconductor indu 1 . t __ -_- . 1 • - e rapi progress that has character-
. . - s ry 1s o continue. 

. Tius book is organized somewhat differe . I . . 
m two prindp· al ways The fi· t . t.l _ _nt Y than other_ texts on th1:s general. topic. 

• - rs is 1e extensive u - - f •• 1 • 
the text. These serve several pu _ _ _ _ Th .. • -~-e ~ s1murnhon examples throut!hout 
principles invol.ved in. each cha.p~oseSs: _- -1e f~rSl 18 simply to help explain the sci,:ntiJic 

- 1 • - -~er. 1mu atmns het - t ·11 • -- · 
evo ution of a growing oxide layer crff - . __ - P _ o 1 _ustrate things bke the time 
They ar_ e also very useful in illust _ 't~ 1 husmg, dopant pr_ ofde or a depositing thin film. 
- - ra mg t e effects of, - ·c· • • process_· step because it is straight{ _ d . • - . -spec1 1c physical phenmnem! 1n ,l 
h . I . - - -orwar m :samul t - • - . 

P Ys1ca models. Simulators prov·i·d th_ l • • • a ors to add or eliminate spt"c1hc 
t , - e eon y real w • h" . . ween process steps can be illustrat d d - ay in w 1ch complex mteractK)l1S be-

- e an understood F' . IJ · · -_ • -ma y, students who sptnd their 
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c_a~eers i~ t~is ~dust~y wm; certainty ~s,e these tools and understanding their capaibm­
ttes and hm1tat10ns wrn be ]l_ffiportant m their future work. 
_ Th,e second way in which this book is organized differently is the discussion of a com­
plete p~ocess flow ~arly in the boolk (Chapter 2). While readers new to this field may not 
appreciate m~y of the complexities of a CMOS process before studying the fater chap­
ters, we _have found t~at an e~rly broad exposur,e to a complete chip manufacturing 
process 18 very helpful m establishing the context for the specific techno1ogies discussed 
m fater chapters. In teaching the material in this book, we usuallv cover the CMOS 
process in the first or second lecture somewhat superfidaUy, and. then return to the 
same topic in the last lecture, a.t which point the details can be more fully discussed. 

We have also attempted in each chapter to include some discussion of future tr,ends. 
Pr~dict~ng !he future is obviously difficult and there is some risk that including this ma­
terial ,vtll srmply serve to date this book. Nevertheless, we have found that students are 
oft,en interested in this topic and at least in general tenns, 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 loo!kingto 
the future. 

The mate.rial in this book can be covered in a one quarter senior/graduate level 
,course, although not aU 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 
is 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 pubfilisher or the authors by email 
We have used these notes several times in a one quarter course al Sta.nford. 

FoUow-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 ilhistrat.e ideas and to clarify physical 
principles. But in a follow-on ,course. hands-on experience with these simulafion tools ils 
,easHy possible. Most of the computer tools we use in the book are commercially avail~ 
able and the vendors of these t:ools are generally anxious to work with university in­
structors to mak,e the tools available for teaching purposes, 

Finany, we acknowledge the many students at Stanford who hav7 helped refine the 
material in this book by using various draft versions of the text m classes we have 
taught. Their inputs and suggestions have hopefully made this a better book. for many 
years we have worked with an energetic group of Ph.D. stud:ents and fa~ulty coUeagues 
at Stanford who have helped to develop some of the models and software tools de~ 
s,cribed in this book. We particularly acknowledge Professor Bob Dutton and former 
Ph.D. students Professor Mark Law (now at the U. Hori.da) and Dr. ~o~o.r Rafferty 
( now at Lucent Tedtnologies). We are also very gr~tef~l to a ~uin:ber of md1vt~uals who 
revfowed draft versions of this book and w~o prov1~e~ te~hmcal ~nputs to vanous chap­
ters. Paul Rissman of Hewlett Packard, Jim McV1U1e of Stanford, and l'\.fark Law all 

Micron Ex. 1022, p. 14 
Micron v. YMTC 
IPR2025-00244



Etching 

After t~in films are deposi~ed on the wafer surface, they are usually selectively removed 
by etchmg t~ leav~ the desired pattern of the film on the wafer surface. This process was 
used many t~~es m the C~OS process flow in Chapter 2 and is summarized in Figure 
10-1. In_ additio_n to deposited films, parts of the silicon substrate itself may be etched, 
s~ch as_ m creatmg trenches in isolation structures. The masking layer may be photore­
sist, or it 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(_a) 
the etching is both vertical and lateral. This leads to undercutting of the photoresist 
mask and non vertical 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 som~ deg_ree. 
This occurs both on its top and on its sides. This leads to even more lateral etclung of the 
film since the photoresist mask gets narrower as the etching continues. If the subs~rate 
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 et~ln~pr.ocess. 

Etch selecti~ity is the rati;-of the -etch-i-ates-ofllie· di~ferent materials __ in _ an_ et~h 
proces~. Wht;!n the etch rates of the mask and the underlymg substrate are _ne,a.r ze_ro. 
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Chapter 10 Etdling 
I 

Photorcsisl 
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Figure 10-2 Actual etch profiles that c:ui ot-cur. (a) Lateral etclting un­
der ma.~k. (b) Rounded pho1oresist which is further eroded during t1ching, 
leading 10 t•ven more lateral etdting. (b) also illuslr'Jtcs etch selectivity. 

while the etch rate of the film is appreciable, then the etch selectivity of the film with re-- - --------- ----- - --------- ---- -- ------ - · If 
spect ·to both the mask and the substralf: i_s _hj&.!!, This is normatry a-desired situ,tll011: 
the etcnfafeorthe iiiaslc ot s-ubstraTe "fs significant, then the selectivity is po,Jr. Selecu~­
itfos, or_e!~l~ rate_~~i~s, in the _r_ilnge 6f2s=so a_re usually considered reascm.ibk. Difler­
enl materials have different etch rates usi.iaily because ·of1fie chemical effect, in~ol~cd 
with etching, as opposed to the physical effects. Chemical reactions can be very sdecU\'C 

whereas physical processes like sputtering lend to be similar for most matcriab. 
Etch directionality is a measure of the relative etch rates in different din:ctions. u,u­

ally vertical versus lateral, as illustrated in Figure 10-3. Isotropic etching oc<.:urs when 
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More Directional Etchino 
" 

( a) Isotropic (b) Anisotropic (cl Completely Anisotropic 

~igur~ 1 ~3 Etch pr_ofiles for different degrees of anisotropic, or directional, etching: (a) purely 
1solrop1c etclung; (b) arusolropic etching; (c) completely anisotropic etching. 

etch rates are the same in all directions., as in Figure 10-3(a). The etch distance laterally 
under each side of the mask is the same as vertically under the mask opening. As the 
opening under the mask approaches zero, the etch profile would approach a perfect 
semicircle. Figure 10-3(b) shows anisotropic etching, where less etching occurs laterally. 
Figure 10-3( c) shows completely anisotropic etching, with no etching at all in the lateral 
direction. :§t~h direct~s,Aa_lity is ll~!,!<1lly related to physi<::al~ft.~~t~ in etching such as ion 
bo1,11bardment..and..sputtering,As we shall see, the mor~ pqy~ical a_n-!lich ·Pr.ocess .is.;i:he 
mor_e directiqnal ,md the less selective it generally Is. On the other hand, the more 
~bi.micaLan et~h PIQ~ess is, the mo~e s~iective and the less-directton31l it generally is. 

pire<;:tion_<!lity is often desire(! in _an etch p_rQcess. Vertical etching maintains litho­
graphically defined featur~ ·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. Thi~_ means that tp.e etch rate o_ttht: l~y_er to be 
etclied ·snol!l_cfoe tast <::orpp_~f.t'!.c!. to the etch rate of the mask and etc_h rate of the sub­
strate or layer below._Achieving good selectivity and directional etching at the same 
time is sometim~squite difficulC-Otlierrequirements 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 lat~er 
means that soluble byproducts are produced in wet etching, and that gaseous or volatile 
byproducts are produced in dry etching. The etch process ~hou_ld be uniform,_safe to use, 
and should cause minimal damage to structures on the clup. Fmally, the etc?m~ process 
should be clean, with low particulate production and little film contammatlon, and 
should be cost effective. 
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10.2 Historical Development and Basic Concepts 
There are two main methods of etching used in the semiconductor indust_ry: wet etch­
. d ct plasma etching In the early days of the industry, wet etchmg was used 

10.2.1 Wet Etching 

mg an ry, or , , , • • h I • 
exclusively. It was a well-established, simple, and inexpensive tee no ogy. W~t etching 
can also be very selective. Eventually, however, the need fo~ smaller hnew1dths and 
more vertical structures required new techniques. Plasma etchmg _methods were devel­
oped for integrated circuit fabrication and are used_ for mos~ etchmg steps today •. 

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

The first etchants used in the integrated circuit industry were simple wet chemical 
etchants. By immersing the wafers into baths of liquid chemicals, the exposed films 
could be etched away, leaving unetched those regions of the film that were masked with 
photoresist or other films. Wet etches were developed for all steps in the fabrication 
process. A common wet etch for_1:ii92 is_Q~rofluori~ci_<L_ HE The overall reaction is 

(10.1) 

~e.!_ et<:_h_~n!s work through_ chemic::il proce_ss.es rather than physical processes. In gen­
eral, wet etchants w.ork by chemically reacting with the film to form water-soluble 
byproducts orgase~ such as the fhSiF6 byproduct which-is a water-soluble complex IO­

the above example. 
In some_ ~ases the: etch]J!:g occurs by first oxid~~1!:g the surface of the film or material 

a!l_d_then_ dissolving tbe oxide. For example, a common etchant for silicon is a mixture 
of nitric ~cid (HNO~) _and HF. The nitric acid partially decomposes to nitrogen dioxide. 
NOz, which then ox1d1zes the surface of the silicon by the reaction 

ll 0.2) 

The HF then dissolves the SiO, by the reaction given in Eq. (10.l).11le overall reaction is 

Si + HNO3 + 6HF ➔ H2SiF6 + HNO2 + H
2
O + H2 ( 10.3) 

Buffering agents are ofte~ added to the etch solutions to keep the etchanls at maxi­
m~m strength over use and !m1e. For example, ammonium fluoride (NHiF) is added to 
~F to help P~,event depletion of the fluoride ions in the oxide etch. Thi, is called 
_Buff~red HF. or BHF, ?r more commonly BOE for "Buffered Oxide Etch."'nie adlii-

Uon of ammonium tluonde also ct ti , • . . !"ff f . . ecreases le etch rate of photoresist and helps to mm-
1m12e_ 1. mg _o the resist d_unng oxide etching. Acetic acid. CH,COOI-1 is often added to 
the mtnc ac1d/hydrofluonc acid silicon etch to limit th ct· • • - '. I • • c'd 

Wet etches can b- 1 .· e 1ssoc1at1on ot t 1e mtnr :.1 1 , 

I
. t t h every se ective because they depend on chemistry The:! lin1iti11~ steps 
n mos e c processes are usually the ch • I • • • • l enuca reactions in which the etch spn·ies rcac 
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with the film, for~ing the sol~bl_e byproducts. The selectivity, S, of an etch process be­
tween two matenals, l and 2. 1s simply the ratio of their etch !a_tes, r, in that etchant, or 

S = r1 

r2 
(10.4) 

!"1aterial 1 is ~suaHy the film being etched, and material 2 is either the masking mater­
ial (photores1st or perhaps silicon dioxide) or the material below the film. We often 
speak of an etch process for material 1 having a certain selectivity over ( or "with respect 
to," or just "to'") material 2. For a large selectivity (S> > 1) we say that the etch process 
for matedal.Lhas good_ sele.clivity over m<1terial 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 iriaiik is not completely removed during the etching process. Second, all 
etch processes generally employ some amount of overetching in order to ensure that 
the desired etching process has gone to completion. Thus underlying films are normally 
subjected to the etchant for some period of time toward the end of the etch period. The 
selectivity for the material being etched with respect to the underlying material deter­
mines how much etching of the underlying materials occurs. 

--------------------------------------------------------------------------------------------------------------------
Example 1 µ,m of SiO2 is being etched on top of a Si substrate. The etch rate of the oxide 
is 0.40 µ,m min - i, and the etch selectivity of the oxide with respect to the silicon is 
25-to-1. If the etch is done for three minutes, how much of the underlying Si is etched? 

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

,-
1 

0.40µ,mmin-l 
016 

. _1 S = - ⇒ 25 = -----'---- ⇒ rs; = 0. µ,m mm 
/"2 r Si 

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 µ,m/0.40 µ,m min- 1

, which equal~ 
2.5 minutes. Therefore, the Si is etched for 0.5 minutes. Hence, the amount of Si 
etched is 0.016 µ,m min - i * 0.5 min, which equals 0.008 µ,m, or 8 run. 

-----------~------------------------------------------------. -------------- --------

Most wet chemical etchants etch isotropically. The exceptions to this are those which 
are sensitive to crystallographic orientation. For example. some etchants et_ch n_iuch 

1 r 1• the < 111 > direction in crystalline silicon as compared to the other directions. 
s owe n . F. 10 3( ) 
But most commonly used wet etches etch equally in all direct10ns. In 1gure - a we 
saw how isotropic etching results in etching unde~~ath the :dg~ of the mask. The 
amount of undercutting is called the ''etch bias."Tius 1s shown m Figure 10-4(a). Here 
we assume that the selectivity of the etch with respect to both the r_nask and the su~­
strate is infinity (i.e., no etching at all of those materials). The etch tluckness or depth 1s 
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b ·-
b 

' 
--L 

d 

(a) 
(b) 

Fig~;~ .. lH ·iii~;;;.:~ti~~-~f etch bias and ol'eretch. In (a) the etch bias, b, is shown for a 
given etch depth, d. In (h), overetching is illustrated where etching is co?tin.ued even after the 
etch depth, d, equals the film tl1ickness, x1, 1>ith the result that the etch bias increases. 

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

As mentioned earlier, some overetching is normally part of every etch process. If 
each layer were of uniform thickness, and the etch were perfectly uniform through time 
and space, then overetching would theoretically not be needed. The etch time required 
would be based on the previously determined etch rate or on other endpoint detection 
methods, to be discussed later. It would not even matter what the etch selectivity over 
the layer beneath is in that case. However, the thickness of films is not perfectly uni­
form, and they do not always etch exactly uniformly. So some overetch is always done 
in manufacturing to ensure that the etch goes to completion everywhere. This is illus­
trated in Figure 10-4(b ). In this figure we again assume that the selectivity with respect 
to the mask and substrate are infinite and that the etching is purely isotropic. The bias 
b now increases with time as the overetch continues. The amount of overetching 
needed, usually measured in terms of time or % time, can be determined by estimating 
the uncertainties in etch rates and in the nonuniforrnities 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
deretchcd. We will see later that when the etching is anisotropic, overetching is also 
required to remove residual film from steps in the topography. 

- - ------------------------------------------------------------------
Example A 0.5-µm layer of silicon dioxide on a Si substrate needs to be etched down 
~ t~c Si. ~s~um~ that th~ no~nal oxide etch rate is , 0 , (in µ.m min- 1). The rt is a 
- 5 1/o vanat1on Ill the oxide thickness and a :':: 5% variation in the oxide etch rate. 
(a) How much overetch is required (in% time) in order to ensure that all the oxide is 
etched? (b ~ What selectivity of_t~e oxide etch rate to the Si etch rate is required so 
that_ a maxnnum of 5.0 nm of S11s etched'? (Assume the overetch calculated in part 
(a) 1s done.) 

Answer ( a) The nominal etch time = tlr - O 5/r ( t·h· k • ) 'Tl , 
1 

· d • "·' - ' o., x = 1c ness m µm. 1c 
overetc 11s one to make sure all the oxide is et lled f h c1· 1• ln· . . . c or t e worst case n1n I tt • 
that means tor the tluckest ox1de and tl1e slowest etc! t Th 1 • k t ·., · -1 ra e. et uc ·es ox1ue -
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0.5 * 1.05 = 0.525 µm. The slowest etch rate = rox * 0.95 µm min- 1
• The time to 

etch the worst case = x/r = 0.525/(ro, * 0.95) = 0.553/rox min. The amount of 
~veretch, in % time, is just the worst case etch time divided by the nominal etch 
time = (0.553/ro,)/(0.5/ro,) = 1.106 or 10.6% overetch. 

_(b) Th_e maximum amount of Si that will be etched will occur under the thinnest 
oxide bemg etched at the fastest etch rate. The thinnest oxide is 0.95 * 0.5 µm = 
0.~75 i:i,m. The fastest etch rate is rox * 1.05 µm min- 1

• The time to etch through that 
oxide 1s ~/,- = 0.475/(rox * 1.05) = 0.4523/rox min. The time that the Si is exposed to 
t?e e~ch 1s equal to the total etch time (0.553/rox, as calculated in part (a)) minus the 
time 1t took to etch the thinnest oxide, etching at the fastest rate, or 

We want to etch 0.005 µm or less of the Si, so 

rsi = x/time = 0.005/(0.l003/r0J µm min- 1 

= 0 050 * r µm min- 1 
• ox 

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

r0 Jrsi = r0 J(0.050 * r0 J 
r

0
)rsi = 20:1 

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

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

The above examples assume infinite etch selectivity of the film with respect to the 
mask; that is. the etch rate of the mask is zero. But there will be some finite etch rate of 
the mask, which is usually photoresist. What will happen? Obviously the mask will etch 
at some rate during the etching of the film. This is shown in Figure 10-5(a) for the case 
of isotropic etching and a rectangular-shaped mask. Here !::1111 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. 

ln 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. TI1is will allow lateral erosion of 
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/)JII 

-If--

(a) 
(b) 

Figure 10-5 Illustmtion oi°mask erosion. In (a), there is an idealized rectangular ~k '"'.d 
isotropic etching ol the mask and the substmtc. In (b), there is a sloped mask and arusotrop,c 
etching. In both cases more lateral etching of the substrate occurs as a result of the mask etch-
ing, or erosion. 

the mask, shown by t,,m 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, At, as 

A1= l - 'tat 
r,,cr 

( 10.5) 

where ria, and'"" are the etch rates in the lateral and vertical directions, respectively. Io 
Figure 10-4, this would correspond to 

b 
d 

( 10.6) 

Isotropic etching [Figure l0-3(a)] would have an anisotropy of O, completely anisotropic 
etching [Figure 10-3(c)] would have an anisotropy of Land general anisotropic dching 
[Figure 10-3(b)] would have an anisotropy between O and 1~ For a structure etched ex­
actly to the bottom of the film, with no overetch, the anisotropy would be 

t I0.7) 

where b is the bias and xr is the film thickness. 

-- ------------------------------------------------------------------------
Example Consider the structures shown in Figure 10-6 Ao 5 h' k • :I 1 ~r 1·, ' • , -µ,m-t IC OX!( c' ,I Ve • 
etched to achieve equal structure widtl1s •1 d • • (S • 1 "· 'n spacmgs r), 111c etch process proc uccs 
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'i:tg;~;·io:6"si;~~i~~~-~~d dimensions needed to fabri-
cate features 111th equal v.1dths and spaces (S1) for a mask 
size of S.,, film thickness of.1:1, and degree of anisotropy of A/' 
xis the spacing between the masks and is usually the mini­
mum lithographicfeature. (After I JO.I].) 

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

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

S,,, =Sr+ 2b 

where b is the bias on each side, and using Eq. (10.7) we can now rewrite Sm as 

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

x = 2Sl - s,,, 
x can be rewritten, using the expression above for Sm, as 

Rewriting this in terms of Sr gives 

s,=x + 2\'.f(l -AI) 

Plugging the above numbers into Eq. (10.8) gives 

Sf= 0.35µ.m + 2(0.5µ.m)(l - 0.8) 

= 0.55 µm 

(10.8) 

------------------------------------------------------------------------------------------------------- - -
Eq. (10.8) shows that the structure size approaches the minimum lit_hographic di­

mension only when the film thickness gets very small (not always practical) or as the 
anisotropy gets close to 1. This means completely v~rtical ~tchin?· Unfortuna~ely, "'.et 
etching does not result in vertical etching, but rather 1sotrop1c etchmg whe~e Aris a_m~­
imum. These considerations give some insight into the reasons wet chemical etchmg 1s 

not very commonly used in chip fabrication today. 
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Material 

SiO, 

Al 

Tobie 10-1 Common wet chemical etchonts for various thin films used in IC fabrication 

Etchant 

HF (49% in water) 
"straight HF" 
NfLF:HF (6:1) 
"Buffered HF" or "BOE" 

HF(49%) 
1-1,PO,:H,O 
(boiling@ 130-ISO"C) 
H,P0,:1-1,0:1-INO,:Cl-l,COOI-I 
(16:2:1:1) 

comroents 

Selective over Si (i.e., will etch Si very slowly_in . 
• ) Etch rate depends on film dcns11v. dopmg. comparison . . -

About 'i,o !h the etch rate o1 _stra1ght HF. ~tch rate 
depends on film density, dopmg. Will not h[t up 
photoresist like straight HF. 
Etch rate depends strongly on film density. 0. Hin film. 

Selective over SiO, 
Requires oxide mask. 
selective over Si. SiO:. and photoresist. 

Polysi!icon 

Single crystal Si 

HNO,,H,O:HF ( + CH,COOH) 
(50:20:I) 
HNO,:H,0:HF ( + CH,COOH) 
(50:20:1) 

Etch rate depends on etchant composition. 

Etch rate depends on etchant composition. 

Crystallographically selective: relative etch rates: 
(100): 100 (111): l 

1i 

TIN 
Tisi, 

Photoresist 

KOH:H,O:IPA 
(23 wt.% KOH, 13 wt.% IPA) 

NH,OH:H,O,:1-1,O (1:1 :5) 

NH,OH:H,O,:H,O (1:1:5) 

NHJ':HF (6:1) 
H,SO,:H,O, (125°C) 

Organic strippers 

Selective overTiSiz 

Selective overTiSi,, 

For wafers without metal. 

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. 1--or example, the etch rate of silicon dioxide in a 6:l 
Buffered Oxide Etch (BOE) can change by a factor of two for a l0°C change in tem­
perature [10.2]. 

Etch rates also depend on the composition and density of the films. For cx,1mpk. the 
etch rate of undoped, undensified CVD silicon dioxide in BOE is about 5 11111 sec·'. 
while the etch rate of phosphorus doped (8 atomic % ) CVD silicon dioxide is about 9 
nm sec-•. On the other hand, the etch rate of densified (annealed at 800--llltJ0"C). un­
doped CVD silicon dioxide is only about l.5 nm sec - 1• the same as for t hcnrntl oxide. 
Clearly, the composition or the etchant and film, the density of the film. and th,' c:td1 so­
lution all affect the wet etch rates significantly. 

The etch rate can also depend on the crystallographic orientation in som~ cnses. In 
Table lO-l. the etch rates for two crystallographic directions in Si using KOH c1r~ given. 
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One sees t?at t?e etch rate for this etchant in the [100] direction is much faster than in 
the [111] ~trect1on, because the (111) planes are the most closely packed and etch more 
slowly. This c~n be used to form v-grooves on the surface of a (100) Si wafer because the 
{111} planes mtersect the surface at a 54.7° angle. 

10.2.2 Plasma Etching 
While wet c~em!cal etching was successfully used in the early days of integrated circuit 
ma~ufacturmg, 1t has been largely replaced by plasma, or dry, etching. There are two 
mam reasons for this. 

The frr_st Ee~son is that very reactive chern~al species ar_e_pr.oducedln a-plasma_which 
can often i!Jchmore vigoroµJ;,Jy than__!ip~i;;i~s in a nonplasma environment. One of the 
first :Videsprt:ad uses of plasma etching was in tll~ eiiTyJ9?:0s to etch PECVD silicon ni­
trid_e, used as the tin.al passivation iayer h1integrate_o circuits.Thi~ fih;-is difficult to etch 
with wet chemical etchants. Wet HF c~m ~tc;h _it, but the etc_i:1 rate is_quite low, and the 
process is not selec;tive with resp_etf io SiO2 which is often underneath. Boilingph-;;s­
phoric acid was commonly used instead. But this etchant often lifts off photoresist 
masks so that a mask of SiO2 has to be used, requiring its own masking and etching 
steps.~ better etch process was sought. It was s~~n_gisc.o.ver~d t_i:iatby using a_Ct4/Q2 _ 

gas mixture in a plasma atmosp!1ere, atomic fluorine is produced which can etch the ni­
tride film much- more easily.-I'n addition, a photoresist mask is not lifted off in this 
process, making the process much simpler. 

~e _ se_cs,~~ .... an9 !_'!l~!,e_ imp_ortant, reason why plasma etching has supplanted wet 
etching is the fact that di!"ectional or anisotropic etching is possible with plasma et~h_sys­
tems. Qir.ectional ~!ch1~g is-neeoeafo minimize imdereiching and~tch bias,-wh1ch then 
?li_cnvs "_mailer and more tightly p~ked-~riict_!:!res. Thi~ directioiuiCetching is due to the 
presenc~-of ionic species in the pfasma and the ;1;ctric fields that direct them normal to 

the wafer surface. 
Plasma etch systems can be designed so that either the reactive chemical compo-

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

A basic plasma etch system i_s ~-h~~ ~ch~m_aticc!lly in Figure 10-7. This is similar to 
the-PECVb and RF-sputtering systems shown earlier in Figures 9--14 and 9-28. In these 
etch systems a low-pressure (1 mtorr -1 torr) gas is used in the cha~1b~r. By apply!ng 
a high electric field across two electrodes, some of the gas atoms are 1omzed, producmg 
positive ions and free electrons and creating a plasma, as discussed in Chapter_ 9 • .fu_ _ 

_ pl;i.sm~ching systems, the energy l_s supJJlied _by an ~-~=ner_ator, usually operatmg at 
13.56 MHz.As we saw in Chapter 9,a voltage biasaevelopsoetwee~ the 
electrodes.This is due to the difference in mobility of the electrons and the ions. Ini-
tially, the more mobile electrons are lost to the elect~o_des at _a faster rate than the 
slower ions. This results in the plasma being biased pos1t1vely with respect to the elec­
trodes. For a symmetric RF plasma system, with the two electrodes of equal area, the 
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Figu·,~ I 0-7 schematic diagram of an RF-powered plasma etch system. 

voltage distribution that develops is shown by the solid curve in Figure 10-S (repeated 
from Figure 9-29). The sheaths are the regions next to each electrode where the voltage 
drops occur and correspond to the dark regions or the plasma. 

The sheaths form to slow down the electron loss so that it is eqm1l to the ion loss per 
RF cycle and so the average current to the electrodes is zero. Whereas the heavy ions 
respond to the average sheath voltage, the light electrons respond to the insrnnt,1neous 
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 minimun1. During 
most of the RF cycle the electrons ,we turned back at the sheath edge, resuhing in the 
sheaths, on the average, being deficient or depleted or electrons. This depletio11 of elec­
trons in the sheath results in the sheath being dark because of the lack of elcetwn/atom 
collisions and subsequent relaxation by light emission, In the bulk of the plasma. both_ 
ionization and excitation events occur, the latter producing the charnctc1·istic glow ot 
the plasma. The lack of electrons in the sheath also increases the impeJan.:c' of the 
sheath compared tu lhe plasma bulk resulting in the 1rn1in voltage drop being acw,s l!1~ 
sheaths, If one or the electrodes is m;idc much snrnller in area, then the vollag~ distnb· 
ution becomes asymmetric with a much larger voltage drop occurring from the plasn~a 
to the smaller_ electrode, as shown by the <lashed curve in Figure lll-8. As Lkscrit>~J 111 

Chapter 9. tins happens because the RF current density must be much high._.r ,1l lhc' 
~mailer el_eclro<le in or<lc_r lo maintain current continuity throughout the sy,a,111.111.:re­
tore the fwlds must be higher at the smaller ekctrode. 
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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 a more complete discussion of this figure.) 

. For etching materials other than photoresist (for which 02 is used) the reactant gases 
m the plasma are usually halide containing species, such as Cf 4, Ch, and HBr. Sometimes 
small amounts of other gases, such as H2, 02, 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 CF4 plasma, there will be electrons, Cf 4, CF3 (and other CFx frag­
ments), Cf3+ and F. CF3and Fare free radicals-very reactive species.1ypica11y there 
will be about 1015 cm - 3 neutral species (1 to 10% of which may be free radicals) and 10

8
-

1012 cm- 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 stiike 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. TI1is 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_sp~~it!s i!l.Y:Q}Ye<l in.p}ij_STI.lJ! ~tGhing are the rea:tive_neutral chem-
ical species and the ions. It is the reactive neutral spec!es-free ~adi~als m many cases, 
but sometimes other reactive species such as Ch-which are pnmanly responsible for 
the chemical component in plasma etch processes. It is the ions th~t are responsible for 
the physical component. They can work independently, or as we will see, they can work 

Micron Ex. 1022, p. 27 
Micron v. YMTC 
IPR2025-00244



- Chapter 10 E1ching 

• • Dis~ociution: 
• CF4+e·--, 

CF3+F+c-

Dissociative ionization: 
CF4+c- ~ 

CF,++ F+2e-

Ionization: 
CF3 +c---, CF,++ 2c-

Ex~itation: 
CF4 +,---,CF/+ c- • 

,. . . . . ... 

• • Recombination: . 
CF

3
++F+e--'> CF4 _':_·· 

F+F -) F2 

Figure I 0-9 T)pical reactions and species present in a plasma used 
for plasma etching. 

together in a synergistic manner. When the reactive neutral species act by themselves, 
the process or mechanism is called chemical etching. Ions acting by themsdvcs can r~­
sult in physical etching, or sputtering. When the reactive neutral species and ions act in 

a synergistic fashion, this is called ion-enhanced etching. We will now describe each of 
these mechanisms. 

Chemical Etching Chemical etching of materials in plasma systems is commonly 
done by free r_adicals. Free radicals are electrically neutral species that have incomplete 
bondirig;· that is, they have unpaired electrons. Examples are the fluorine free radical, F. 
and the neutral CF, free radical. Both of these can be produced by the reaction between 
free electrons in the plasma and CF4, for example, 

l 10.9) 

Because of their incomplete bonding structure, free radicals are highly reactive 
chemical species. Free fluorine, with seven electrons in its outer shell instead uf the en· 
ergetically favorable set of eight. would much rather be bonded to other a10ms so th.ti 
all electrons are paired. It will therefore react quickly with other species to achieve that 
bonded sl~le.The idea in pla~~ia etching is for the reactive neutral species tc> r~act wit!'. 
the material to be etched, S1 !or example. The byproduct should be a vol,11ik sp,x1e~ 
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Film 

Etchant 
Adsorption Etchant/Film 

Reaction 

.F.lg·u~~-·1·0:.:°io··P~~~~~~~-~volved in chemical etching dur­
ing plasma etch procl'Ss. 

(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~ SiF4 (10.14) 

to produce the gas SiF4 (although there may be intermediate steps and species in that 
reaction). Thus a CF4 plasma can be used to etch Si. It is 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 CF4 
plasma. The oxygen reacts with dissociated CF4 species (CFJ or CF2, 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 02 is added, the etchant be­
comes too diluted or the surface is oxidized by the 02, 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"8 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 cos8 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-ionized 
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chemical species arrive at the wafer surface at all angles. Since t~e free radi~als are_neu­
tral species, the llux of the chemical component of plasma etching has an isotropic ar-

rival angular distribution. or 11 equals I. . . _ 
We also consider the sticking coefficient of the species. as defined by Eq. (9.2) ). and 

repeated here. 

(IO.I l) 

A high sticking coefficient ( equal to I) 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 deposition 
processes. the chemical reactions that occur in chemical etching often require multiple 
steps. and multiple atoms or species. all in the right proportions. ln addition, the avail­
ability of suitable sites on the surface, competing reactions, and surface recombination 
of species can be issues. These issues result in most free radicals having effective stick­
ing coefficients that arc low, on the order of 0.01 to 0.05 for Fetching 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 
arc illustrated in Figure 10--l l(a). 

TI1cse 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 

Rc;1c1ive Neulral Species 

Film 

(U) th) 
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plasma etching cases [10.4].) In that event somewhat more anisotropic etch profiles can 
~esult. ~n gen~ral, though, pure chemical plasma etching results in isotropic or near­
~sotrop1c etchmg. We must reiterate that this is only for the chemical component acting 
mdependently, 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 
is 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 Cb 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 ofions 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-
ll(b ), meaning that n is very large in the cos"0 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. 

Ions 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. TI1e 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 Cl' and _CF~• are inv~lved_ in sputtering. 
chemistry can also be important in determining the etfecl!ve sputtenng yield smce these 
ions do have the potential of reacting chemically with ~urface atoms. Such eff~cts can 
enhance the sputtering yield compared to Ar+ sputtenng, alt?ough '.he magmtude of 
these effects is usually small compared to ion-enhanced etchmg, which mvolves both 

neutral and ionized species and which we describe next. 
Ion-Enhanced Etching Another way that ions participate in plasma etch processes 

is through ion-enhanced etching. It was recognized many years ago that the ions and re­
active neutral species do not always act independently in an etch process. This was eas­
ily deduced when it was observed that the etch rate measured is not always just the sum 
of the two components acting independently: in many cases it is much higher. As a clas­
sic example of ion-enhanced etching, Figure 10-12 shows the etch rate of silicon as XeF: 
gas and Ar· ions are introduced to the surface. First XeF2 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 XeF2 gas is turned off so that only ion sputtering occur,. and the 
etch 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 illustrated in Figure 10--3(b ). Instead. the profile for ion­
enhanced etching is much more like the case for physical etching 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 
~om chemical etching. In a~dition, the etch rate in many cases is much higher (>IO 
h~es), than that calculated from the measured ion flux assuming normal sputtering 
yields m the absence of neutral species; hence it is not likely that the observed plasma 
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etch behavior in t_hese ~ases is due simply to an ionized chemical species, such as CF
3 
+. 

Observed sa_turat1~n effects, which we will describe later, also support this dual compo­
nent m~del mvolvmg 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 ions) in the plasma somehow 
work together to etch the material, with both components required at each point for the 
proce~s to work. In addition, because of the required chemical component and the 
che~tcal proce~ses th~t occur, good selectivity can be obtained. So not only can one 
~ch1eve v~ry ams~troptc etch profiles, but also a high degree of selectivity as well. This 
ts somethmg t_h_at 1s ~ery difficult to achieve when the two components work indepen­
dently. In add1t1on, l1Jgh etch rates can be achieved. Thus gas chemistries and etch con­
?itions are usually chosen to promote ion-enhanced etching and to suppress 
independent chemical and physical 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 th_e waf~r 
surface. This directional enhancement will result in directional, anisotropic etchmg. 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 neutral 
(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 ~rocess 
of inhibitor formation and removal is illustrated, which also results in amsotrop1c etch­
ing. Ion bombardment on the horizontal surfaces rem_oves the_inhibitor there but leaves 
the sidewall inhibitor to protect against lateral chemical etchmg. 
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Figure 10-13 Ulustration or ion-enhanced etching. In (u) the chemical etch reaction i$ en­
hanced bv Ion bombardment. In (b) an inhibitor is formed which is removed by ion bombardment, 
allowing ~hemical etching to proceed. In both cuses, anisotropic etching results. 

Even with ion-enhanced etching and no spontaneous chemical etching. the slope of 
the resulting sidewall may not always be exactly vertical. For example, the ion Hux 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-enhanced 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
tions which favor the etching of the film over the mask material and the underlying 
films. With ion-enhanced etching, one can achieve good etch selectivity while still ob­
taining very directional etch profiles. 

10.2.2.2 Types of Plasma Etch Systems 
Differ_ent t~pes orytasma etch systems and modes of operation have been dcvcll,ped to 
etch f1h1;1s m semiconductor _structures which take advantage of the different species 
pre.sent ma pl~sma and the different etch mechanisms that can operate. We will now de­
scnbe tl_1ese different etch systems or modes, focusing on the advantages and dis,idvun· 
tages of each. 

Plasma Etching in Barrel Etchers One of the earliest plasma systems dcvdoped 
was the barrel etcher, named because of its shape, and is shown in Figure l ll-1 s. In this 
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Figure I 0-14 Illustration of the effect of the inhibitor deposition rate-to­
etch r'J.tc ratio on the resulting sidewall slope. The different relative rates of in­
hibitor deposition and etch rate lead to different slopes of sidewall [ 10.4 J. 

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. 1l1ere 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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Fi·g;~;·io~iii"·s·~h~;;;;ii~·iuustration or barrel etch system, in which purely chemical plasma 

etching 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 selecl!ve. lt also causes very ht-

tie damaoe to the surface because of the lack of ion bombardment. Also, it is a rather 
simple p;ocess 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. ln 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 diffusion 
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 02 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 photorcsist 
is the same as burning, producing CO2 and H20.A long overetch is usually done in bar­
rel etchers to compensate for the nonuniformities.This is allowable because 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 et_chers." Microwave or RF power can generate a plasma upstream in 
one chamber, wlule the wafers are placed in a separate but connected chamber "down­
stream·•. from the plasma. The neutral reactive chemical species can diffuse from the 
plas~a m one _chamber to the wafers in another, while the ions do not. Hence purely 
chemical etc?m_g occu_rs, res~lting in good selectivity and little ion bon1bardment 
damage, b~t m 1sotrop1c etchmg. These are also called •·afterglow etchers." 11,ese are 
also used for nonmasked etching steps, such as removing silic;n nitride masb used for 
LOCOS processes. 

Plasma Etching!" Parallel Plate Systems-Plasma Mode Parallel plate i:tch sys· 
tems, as shown earher in Figure 10-7 • 1··1 • . . . . , are commonly used for plasma etching ,il I ms. 
This ts very s1m1lar to the PECVD system described in Chapter 9_ except thal ~tch gases 
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are used instead of deposition gases. Having this configuration with the wafers sitting on 
one ~f the electrodes and directly facing the other electrode gives much better etch uni­
formity than the barrel etcher design. In addition. it allows for the bombardment of ions 
on the _waf~r surface. The voltage distribution that develops from the RF source was 
s~own m Figure 10-8. The voltage distribution is symmetric for equal area electrodes, 
with voltag~ dro~s across each sheath to the electrodes in the range of] 0-100 VAs dis­
cussed earlier, this voltage drop accelerates the ions to the surface of the wafer which 
is s!tting on one of the electrodes. This results in a physical component to etchi~g 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 l 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 is 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_ lar?er voltage 
drop occurs from the plasma to the wafers, in the 100-?00V range, resultmg m mor~ en­
ergetic ion bombardment of the wafer. With stronger ion bombardment, more direc-

tional etching can be achieved. . . 
When the wafers sit on a smaller electrode, the etching is said to be oper~ting m ~he 

Reactive Ion Etching or RIE mode. A better name for this might be "r~active a_nd ,on 
etching," since two types of species, the neutral reactive species and the ,on_ species, ~re 
involved. In the RIE mode, both the physical ion component and the chem~cal react_,ve 
neutral component are important. They can act separately, but as we described earlier, 
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gas chemistries and etch conditions are usually chosen so that they act togel
h

er in a syn-

ergistic manner. • Even more directional etching can be attained by lowering the g~s pressure.A lower 
, · llisions during transit across the sheath m the gas phase, re-

pressure means 1ewer 10n co • 
suiting in a more directed ion flux toward the wafer. Decreasmg 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~o decr~ase the 
plasma density (fewer gas atoms available to be ionized or converted mto radicals), so 
that the pressure cannot be lowered too much. Reactive ion 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 to en­
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, hexode 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 discussed 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 
bias. However, this independent control is only partially achieved using this teclmique 
with two capacitively coupled sources, and the plasma can suffer from nonuniformity. 
Also, the ~ddi!ional internal electrodes can cause contamination problems. 

Operatmg m the RIE mode results in stronger ion bombardment than in the plasma 
~ode, and _a more p_hysical component in the etching. While this leads to more direc· 
llonal etchmg, the higher enegy ions striking the surface can cause radiation or lattice 
~amage, cl?arging, and trenching. These will be discussed in more detail tater. In addi­
l!on, the higher p~ys!cal comp?~?nt ~an lead to less selectivity. However. by choosing 
prop~r etch chem1s!nes a_nd utihzmg ion-enhanced etching, an acceptable degree of se­
lecllv1ty c~n be ~clneved m these systems while still being able to etch material with ex­
cellent d1mens1onal control. As a result RIE etchi • d • I • tt1e ·nte rat d - •t • d ' ng 1s use extensive v 111 
I g e C!fCUI !Il ustry. • 

Etching in High-Density Plasma S t • • b - _ . ys ems A new type of plasma etch system that 1s 
~~~m; mo: popular 1s the High-Density Plasma (HDP) etch system. Like triode 

e c ers, t ese systems separate the plasma densit a d • . • 0 sec-
ond excitation source to control the b. y n ion energy by usm" a • 

- t . . ias voltage of the wafer electrode But instead ot 
usmg wo capacitively coupled RF sour es • h • • f 
source for the plasma is used Th 

I 
c as m ~ e triode systems. a different type ,1 

and produces a very high de;\ 'te p tsma g~nO~ral!on, ~ource is non-capacitively coupled 
ing a large sheath b-ias utiliz' · si y p ~sma ( • - lQL ions cm·') without itself general· 

' • , mg a vanety of meth d Th • ~ 0 s. ese mclude Electron Cydotron 
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F.ig~re I 0-16 Sc~ematic diagram of High-Density Plasma 
(HDP) etch system. This configuration is powered by an Inductively 
~upled Plasma (ICP) source which produces and controls the 
high-density plasma. The RF wafer bias independently controls the 
10n energy. 

Resonance (ECR) and Inductively Coupled Plasma (ICP) sources. The ICP method is 
becoming P?pular d~e to its much s!mpler design and equipment. A schematic diagram 
of an ICP h1gh-dens1ty etch system 1s 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 control the ion bombard­
ment on the surface that is used for simultaneous biased sputtering. In Figure 9-45 in 
Chapter 9 we illustrated an ECR-powered HDPCVD system, which would be similar to 
an ECR HD Petch system. Similarly, an ICP 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 density 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, ion bombardment dam­
age can be kept low while maintaining high etch rates and good anisotropic etching. In 
addition, a lower ion energy usually gives better selectivity than higher ion energy .. 

Etching in HDP systems is similar to etching in the RIE mode, with a large physical 
component due to the ions combined with a chemical component involving the reactive 
neutrals (although the ionized species may themselves also contribute an ap?rec!able 
chemical component to etching in these systems [10.6]). Therefore both ~rectton~l 
etching and reasonable selectivity are possible. But in the HDP systems, the ion flux 1s 
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a11d ion energy. providing nu1re flexibility in the dch proces~. 
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ttcr EtchiHg 

1
md 1011 Milling The sputtc1· ct:hing t111d im1 milling tcduiiqul'S ar~ 
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wl ctchi11g 111cthous. We uiscusscd sputtering in u':t~ul n1 Cluiptcr 9. n
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fi1111 as wdl as filling in high aspl'Ct ratio spnccs tlr hoks. In sputt~r ddung, ph?1cal 
bo111hurdn1e11t uf films with chc111ic;1llv i11erl ions. such as arg,m 1t1ns. produced tn a 
plas111n is used to etch the rihn. Figure 1·0--17 shows u11 RF sputll•ring syste111, The size of 
the cathtitk is tniuirnizcu rdntivc to the unode. which im:ludcs thc chamber walls. to 
111axit11ize the ion btHnhardmcnt. The ion encrgit:s in these systems afl' large. greater 
than 500 cV, in t1rller tt1 get apprcdahlc etching t1f films. While these systems arc not 
11orrnally used t,1 etch thin l'ihns today, they do illustrate some important points about 
phy~ical etching. tind tht:y ha\'e bcen used in the past. 

Thl' 111uin advantages llf sputter etchi11g are that ull materials can be etched this way 
and th.: etching is very directional. or anisotropic."The principle disadvantage is that se­
kctivity is poor because little or no chemistry is involved. The sputtering rate. which is 
the ~amt' as the etch rate. dcpe11ds on the sputtering yield. This is the efficiency l1f dis­
Iotlgiug or r,'moving an ntom fmm th.: sputtl.'red n1aterial by each impinging ion. The 
sputter yields of n1ost materials bv argo11 ions are fairlv similar. This means that 111ost 
materials can be sputter etched with about the same efficiencv and that this method can 
t>ftcu be Us<!d when Nlwr etch methods do not work. But this also means tl1at these­
lectivity will not be good. TI1e best selectivity ratios achievable are onlv about two-to­
oue. :rnc sp_utkriug yidd is usually a function of incident angle. This can lead to 
faccttug, winch can be good or bad depending on the desired topography.1lic fact that 
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all the etching is done by the highly directional ions means that highly directional etch­
mg 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+ ions. 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 

~i~i~f{~ ~ 
Film 1 

(a) (b) (c) 

Figure 1 ~ 18 Probl~ms ~~~ociatcd with sputter etching _(or any etching that h~ a high de­
gree of physicaVionic etching): (a) trenching at bottom of s1dewalls; (b) redeposition of pho­
toresist and other material; (c) charging and ion path distortion. 
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h. hare usually closely coupled in a normal plasma svs-
the ion energy an ion ens1 y, w 1c • • • • : 

A f t. 'cies may also be added to, or replace, the Ar in ion m1lhng 
tern. n amount O ~eac ive spe , is will add some amount of se-
svstems. These species may include CF,. CCI,. or 0.: Th . .. 

I
• · · th 1n· ethod ·is called ··Reacllve Ion Beam Etching. or RIBE. eel! VIty to e process. 1s m . 

Ion beams can also be focused and then used to sputter. or et~h. very small. areas. Tots 
is called the Focused Ion Beam (FIB) technique. It can be used ~n advanced hthography 
applications to expose/etch resist instead of electron beams. It is commonly used to re­

air masks. 1t can also be used to cut or etch regions of films and substrates to expose 
~ross sections for observation. The ions in this are often He·, N +.Ar'. Xe·. and most 

commonly Ga+. 

10.2.2.3 Summary of Plasma Systems and Mechanisms 
Figure I 0--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 HOP etch systems can be the same or lower than in 
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 simultaneously 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 

tlilles. PECVD systems are similar to parallel plate etch systems operating in the plasma 
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Man11facturing Methods -

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 in 
plasma etching and some of the important issues related to manufacturing. We will lim!t 
ourselves to plasma etching here because of its dominance in current integrated circmt 
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uf 
· L. ·1 d · f at·on on wet chemical etching was given in Table 10-1 man actunng. 1m1 e m orm 1 . • • 

Most films in current semiconductor manufacturmg are etched usmg parallel plate 
plasma systems in the RIE mode or using HOP systems. 

10.3.1 Plasma Etching Conditions and Issues 
The main parameters that can be directly controlled during plas~~ etching in standard 
parallel plate etch systems are RF power, pressure, gas compos1l!ons, and flow ~ates. 
(Some systems allow control of the self-bias. or sheath voltage, and the RF power 1s ad­
justed so that a particular bias is achieved.) Power densities of0.l to 5 W cm-

2 
arc com­

monly used in parallel plate. capacitively coupled RF plasma systems, usually at 13.56 
MHz witll excitation voltages of I 00---1500 volts RMS. Increasing the RF power increases 
the plasma density. In standard parallel plate systems, increasing the RF power also in­
creases the self-bias or sheath voltage, which is the voltage drop between the plasma and 
the electrodes. TII.is increases the ion energy. Ion energies produced are in the 10- to 700-
eV range. Higher ion energy results in a higher sputtering yield which results in a higher 
physical component of etching but can also result in more surface damage. 

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

1l1e 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_ dire~tionality of the etching. Increasing the pressure also increases the 
plas~a density (smce t(1ere are more atoms or molecules to begin with), but only upto 
a pomt. Above _a_certam pressure, depending on the etch system and operating para­
meters, the colhs1ons between the gas molecules and electrons limit the energ; of the 
electron and th b r ·1 h • • • ~-- s ere Y 1m1 t e 1omzat1on rate. Thus the plasma density decreases at 
higher pressu~es. In a?dition, increasing the pressure lowers the sheath voltaoe [ 10.7]. 
thereby lowermg the ion energy. "' 

'lbe etch rate, to first order is proporf n I t h t1 • • • 
1 

. . ' 10 a o t e ux of active species which would be 
t le neutral chemical species and the ionic species The fl f • • ·' I • . . . . • ux o 1omc species cqua s !ls con-
centrat10n times its velocity In plasmas , t • • 
d 

. d 
1 

. • ' ) s ems, mcreasmg the power increases the plasma 
ens1ty an t 1crefore mcreases the ion con t • -

P
lasma (h., the electron tern 

1 
. ·hcen ral!on m the plasma. The ion velocity in the 

V) pera ure m t e plasma) do t h fi • h 
change in power at the sheath ed e and dete . es no c . ange to rst order wit a 
increase as the power 1·s ·n dg - rmined. (Tiie velocity across the sheath does 

1 crease m a parallel pl 1 . • 
increased in a high-densi·ty pl a e system, or as the wakr bia, power ts asma system But ti • . . 
Portioually across the sheath s I k • le concentration of ions decreases pro­

" , o as o eep the fl • I ) 
Thus the ion flux being eciual 1 th d ux constant across the sheath l 1(1.11 • 

' 0 e pro uct of the • • · • h plasma at the sheath edge would • . ion concentrallon and vdoc1tl' Ill t e . , mcrease with po 11 . .. . • , 
sure on the ion flux is less clearcut a d d'ff wer. Je effect of mcreas1ng the pr~s-

' n I erent systems show different relationships. 
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The etch rate due to the ion component would be proportional to the ion flux, as well 
as to the sputtering yield, or the effective sputtering yield in ion-enhanced processes as 
we will ~iscuss later. The_ effective sputtering yield itself can be dependent on ion energy 
(approximately proportional to the square root of the energy), which for parallel plate 
systems would be dependent on the RF power. In parallel plate systems, increasing the 
RF power increases the ion energy which increases the sputtering yield. Likewise, in­
creasing the pressure can decrease the ion energy and sputter yield, decreasing the etch 
rate with pressure. In HDP systems, one can change the ion energy and thus the sput­
tering yield, independent of the plasma density and flux, by changing the separate bias 
voltage control. One can thus increase the physical etch rate by directly increasing the 
bias voltage. 

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

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

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

At the beginning of this chapter we mentioned several desired properties_or qu_al­
ities of etch processes. These included selectivity, etch profile control, umform1ty, 
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d I ontamination We now consider bow these is-minimal substrate damage, an ow c • 
sues relate to manufacturing concerns. . . . d . . 

Selectivity involves the chemical component of etchmg. It is ac~ieve pn~anly by 
• • • I t • the proper proportions, that favor the choosmg the particular chem1ca reactan s .. m . . , . 

h• f t· • I nother Changmg the plasma cond1t1ons, such <1s the wafer etc mgo one ma ena over a . . . . . 
b• , d h th It a also affect selectivit}' in some cases. Acluevmg select1v1ty ias an s ea vo age. c n . • . . f .. • 
will be discussed later in the context of some common etch chenustnes used or hims In 

integrated circuit fabrication. . . . 
Etch profile control means obtaining the desired s_hape of_the etch profile. _For ~ost 

applications in today's technology this means obtainmg vei:11cal, or nea:•vcrtical, s1_de­
walls. Directional etching, either with ion-enhanced mechamsms or phys1~al spu~tenng. 
is basically due to the ion or physical component and can be enhanced by mcreas1ng the 
ion directionality (by decreasing the pressure, for example), increasing the ion flux (by in­
creasing the RF power, for example), or by increasing the effective sputtering yield (by 
increasing the RF power or bias voltage, for example). Less vertical or more sloped side­
walls may sometimes be desired-adequate filling or conformal deposition of subsequent 
layers may require a slightly sloped underlying topography. Producing less vertical side­
walls could be accomplished by reversing the above mentioned parameter trends. Sloped 
sidewalls can also be produced by allowing a certain amount of mask erosion to occur 
and using a tapered mask. While this allows the slope to become less vertical, it does so 
by increasing the width of the etched region, as we will show later in a simulation. 

The etch profile can also be altered by changing the etchant gases. More vertical side­
walls can be obtained by using etchant gas species that have a lower spontaneous chem­
ical component and which have appreciable etching only where there is ion 
bombardment, such as by ion-induced damage or byproduct removal mechanisms. One 
can also choose a chemistry that favors inhibitor formation. The inhibitor layer ob­
structs the spontaneous chemical etching and allows for ion-enhanced etchin o. resulting 
in very vertical etching. If the inhibitor forms too quickly relative to the etch rate. non­
vertical sidewalls can r~sult, as discussed earlier and illustrated in Figure I 0-14. Figure 
l_0-21 shows ~ow the sidewall angle can be changed by changing the relative composi­
tion of C2Ho _m the CIJC,H, etchant. chemistry to etch polysilicon. Adding C,H, in­
crea~es the ~1dewall polymer formatton ( or "deposition'') relative to the etcb rate. 
causmg t~e sidewall to be less vertical. In this manner, the etch profile can be tailored 
to the desired shape. 

I_t !s interest!ng_th_at while pla_sma etching is rather insensitive to temperature. tbe <le­
pos1t10n of an mh1b1tor layer ollen shows a negative activation energy witb respect to 
l~1:'1pe~aturc. In a plasma, the bond breaking and forming, which often limit film depo· 
s1tion, 1s rather temperature insensitive since most of tlie f h' · 1· J l · 
I energy or t is ts supp 1e 1y 

t '.e_Plasma en~rgy and n~t thermal energy. However, the desorption of the de 
10

,ittd in· 
h1b1tor layers mcreases wtth temperature so that then 't t f f" 
hibitor deposition is actually negative. ' e emperature depemlence o ID· 

Etch uniformity means unifom1 etch rates across a . f • • 
batch systems wafer to\ a1· •1• . . wa er and fro1JJ waler to wafer. In , • • v er um orm1ty mvolv ti . . . 
that the plasma and gas flows are unifonn acros es le ~ro~~r design of eq~1p1111c:nt .s,tl 

systems have been developed lo achieve b s the waters m the system. Smgle-wak1 
etter control over each wafer and to dim1-
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Figure 10-21· Et~h·;~t~ .. ~f polysilicon and pho­
toresist, and resulting taper angle as a function of c,H,; 
in Cl,/C,Hr, etch chemistry. More C,Ho results in more 
sidewall inhibitor formation and deposition relative to 
etching. (After[ 10.8 I.) 

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. TI1is 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. 

Micro loading 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, v.rith 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 (l) depletion or trapping of the reactant species, or other conductance limita­
tions, as the species travel to the bottom of the trench; (2) distortion of ion paths due to 
charging; and (3) shadowing effects involving either neutrals or ions. In the last case, col­
lisions in the sheath may cause ions to be off-axis so that the number which reach the 
bottom is reduced due to simple geometrical shadowing. In each case, a narrower width 
decreases the chance that the reactant species, either ionic or reactive neutral, makes it 
to the bottom, thereby reducing the etch rate at the bottom. Etching at a lower pressure 
would reduce this effect if the shadowing mechanism were important, since reducing 
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Fig~~~ 'i0:::2ii~ri;··□~i i\spcct ,R:'.ti", Dc-
pendenl Elching (,\ROE) m s,licon trench e1ch­
ing. The deplh of etching dccreasl'S a.s !he lmcral 
fca1ure size decreilSe, l HU O I. 

the pressure would decrease the collisions in the gas phase and hene~ _reduce shadm~­
ing effects. This is seen to be true experimentally [ I 0.9] for some eond1t10ns, and we will 
simulate this later in the chapter. . . . 

Other uniformity issues involve differences in etching due to local variations m 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.l 1 ]. Since these can vary locally across the film, the 
etch rate will vary as well. 

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

~ontamina~ion and particulates ea~ be reduced by reducing the pressure. Fewer con­
tammants are m the system and there 1s reduced polymerization of some etch species at 
lower pressures. Unwanted residues are often due to polymeric byproducts or the etch 
process. Toes~ can often ea~se problems with incomplete etching. 1f residues arc left in 
contacts (o~ vias) ,~fter etelung _the contacts in a dielectric. high contact resistance can re­
sult. Redue1~g residue f~r~allon ~an _be done by the proper choice of reactant gases. 
I:owever, ofte_n polymene lormation 1s desired in order to achieve etch anisotropy. us 
d1seu_ss~~ earlier, and g~se~ are selected to promote such polymeric formation. In that 
~ase It 1s important to el!mma~e any unwanted residues from the etched surface follow­
mg the etch process. Overetehmg can help remove residues in some situations. But in the 
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1>urely Vertical Etch 
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Fi ht) 2 <:<;\ 
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Fi~ure 10-23 Overetc~g of a film over a step would be re­
qu'.red to remove material at comer. In this example, completely 
arnsotropic etching is assumed to emphasize this concept. This 
~hen~menon can be used in producing self-aligned oxlde spacers, 
m which no e.\1ra overetching is done so as to intentionallvproduce 
the stnrcture at the right. • 

Sub:-,trale 

case _of via etching, it may make it worse since sputtering of the underlying metal onto 
the_ stde"'.alls ma~es the sidewall residue harder to remove. One safe way to remove etch 
residues 1s by usmg a selective chemical etch after the plasma etch. 

10.3.2 Plasma Etch Methods for Various Fihns 
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 {l) etch selectivity to underlying films; (2) anisotropic etch­
ing; and {3) volatility of main etch byproducts. 

Since in an etch process it is necessary to remove the byproducts from the surface, 
keep them off the wafer and pump them out of the system, the volatility of the main 
byproducts is an important consideration in choosing the gas chemistry. The volatility, 
or tendency to evaporate, depends on how tightly bound the species is to the surface. 
Table 10-2 lists the boiling points of typical etch products. The boiling point is an indi­
cator of the volatility of a species-the lower the boiling point, the lower the surface 
binding energy and the higher the volatility. One can see that if Al is etched with a flu­
orine chemistry, AlFJ would be the main byproduct. But the boiling point of AlF3 (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 AlCl3 with a boiling 
point (sublimation temperature again) of 177.8°C. This indicates looser bonding to the 
surface and a much more volatile species, so that a chlorine-based etchant would be a 
much better choice to etch Al. Having a volatile, weakly bound main etch byproduct is 
important when choosing an etch chemistry for a particular film. It is important to note 
that other, sometimes intermediate, byproducts may form during the etch process, and 
their removal or conversion to a more volatile species can be a rate limiting step in the 

etch process. 
Table 10-3 lists some common chemistries used in plasma etching films in integrated 

circuit fabrication. These etchants are chosen mostly based on issues associated with 
byproduct volatility, etch selectivity, and etch profiles. The exact etch profiles and 
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Table I 0-2. Boiling points of typical etch praduds (Alter [10.12)). 

Element 

Al 

Cu 

Si 

Ti 

w 

Bolling Point 
Bolling Point F'-•-rldes ("C) 

Chloride$ (•c) "'" 

AICI, 177.8 (subl.) AIF, 1291 (subl.) 

CuCI 1490 CuF 1100 (subl.) 

SiCt.. 57.6 SiF, - 86 

TI0:1 136.4 TiF, 284 (subl.) 

wet, 347 WF, 17.5 

WCl, 276 WOF, 187.5 

WOCt.. 227.5 

selectivities will depend on the specific system an_d plasma_ ~onditions. \Ve _will n':xt_ d(s­
cuss the plasma etching of three films, silicon dioxide, polys1hcon. a_nd ~lumm_um. ma h_t­
tle more detail. In doing so we hope to illustrate some of the maior issues mvoh eu in 

plasma etching and in choosing the etch chemistries. 

10.3.2. I Plasma Etching Silicon Dioxide . . . 
Fluorine-based chemistries are usually used to etch silicon dioxiue. The volatility ot the 
main etch product. SiF,, is very high as indicated by its low boiling point i~ Tabl~ JO-~ 
and thus the SiF, can easily leave the surface via thermal desorption. Fluorine can etch 
the SiO, by reaction of the tluorine free radical, with the overall reaction giv~·n hy 

CF, and CF3 free radicals may also be directly involved in the case of tluowc:irhon 
etchants. in which case CO-containing byprouucts would also be produced. 

Etching with a significant isotropic component can result using source gases sudl as 
NFi, SF, .. CF,. or CF,/O1 mixtures. CF., dissociates to form free Fin a plasma via the r.:­
action given in Eq. ( I 0.9). As mentioned earlier. adding O, to the CF, gas significant!)· 
increases the F free radical production and hence increases the etch rate ns wdl a, 
makes the etch profile more isotropic. Too much oxygen, though. can decrease the ch:h 
rate due to dilution [or by reversing the reaction in Eq. (IU.12) and redepositing oxiJe 
on the surface J. These gas sources with relatively high free F .:oncentrations will etch th,· 
oxide: however, depending on the .:onditions. the etching can result in undernnting. In 
addition, the etch selectivity over silicon or polysilicon, which is often undern.::;1th thl? 
oxide, is poor. The anisotropy can be enhanced by increasing the ion bombardment :ind 
lowering the pressure 110.14], but the selectivity over silicon is still gcnerallv pnl>r with 
these chemistries. -

The key _to makin¥ _the etching of silicon dioxide very anisotropic a~ well u, 111111:h 

more selective over S11s_ to n:du~e the amount of F free radical production and incr,·,1sc 
the carbon content. Domg so will decrease any spontaneous isotropic etching lw Ire~ 
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Table 10-3. Typical or representati I h 

(After [10.1, 10:4, 1o~tl ~~~4j_1
1
c gases forfilms used in IC fabrication 

Material 

Polysilicon 

Single-crystal Si 

Al 

w 

Ti 

TiN 

TiSh 

Photoresist 

Etchant 

CF., 

OF.,/1-h, 

CF.,/O,, SF0 , 

l·IBr, Cb, Cb/I-lBr/O2 

same ctchants as 
polysilicon 

SF,., NF,,, CF4/O,, CF., 

CF,/H,. CHF~/O2, C,F,,, C.1F, 
CHF:JC,F.JCO 

CF,/O2 

CF.IH~ 

CHF;JO,. CH2F2 

Cb 

Ch/CH Ch, CI,/N2 

CF •. SF. 

Ch 

Ch, Ch/CHCb, Cf4 

Ch, Ch/CH Cb, CF, 

Ch, Ch/CHC.b, CFiO, 

b, 

Comments 

Isotropic <;>r nc~r_isolropic (significant 
undercutting): lair lo no selectivity Over SiO 
Yer • • '· .Y m~isotrop1c; nonsclectivc over Si Oz. 
Isotropic or near isotropic· good . 1 •• 
over SiO,. , sc ecl1v1ty 

Very anisotropic: most selective over SiO,. 

Ca_n be near i~otropic (significant undercutting)· 
~nisolropy can be improved with higher ion en;rgy 
and low~r pressure: poor or no selectivity over Si. 
Very amsotropic: selective over Si. 
Anisotropic: selective over SiJN,i. 

lsoti·opic; selective over SiO2 but not over Si. 

Very anisotropic: selective over Si but not over SiO,. 
Very anisotropic; selective over Si and SiO,. 

Near isotropic (significant undercutting). 
Very anisotropic: BCh often added .to scavenge 
oxygen. 

High etch rate; nonscleclivc over SiO,. 
Selective over SiO2, 

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 to reduce the relative amount of F free radicals is by adding H2 to the CF4 
gas. The hydrogen reacts with the fluorine to produce HF which reduces the amount of 
atomic F. Another possibility is to use more fluorine-poor and more carbon-rich gas 
species, such as CHF.,, C,F~. or C2F1,. With fewer F free radicals, any spontaneous (non­
ion-e11hanced) chemical etchi11g by these species is reduced. Appreciable etching hap­
pens only where ion bo1nbardment occurs, perhaps involving an ion-induced damage 
or bond-breaking process, leading to anisotropic etching. CF2 or CFJ free radicals, 
rather than free F, are believed to be involved in the etch mechanism in these fluorine­
deficient gas mixtures [ I0.14]. Increasing the carbon-to-fluorine ratio with these 
etchants also increases the amount of polymer inhibitor formed, or deposited, during 
the etching [ I 0.6]. With a CF4 or Cf4/O2 gas. little or no polymer forms on the s~rface. 
However with a higher carbon concentration relative to fluorine in the gas mixture, 
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Mask I I 

Si02\'--_ _..,,/ 

foJ Litck or No lnhihitor 
Dcpo~iliun 

(e.g. CF4 + 0 1} 

more polymer formation will occur relative to etching. With a thick P?1Y_mer _inhibitor 
layer present, etching can not occur on vertical surfaces where t~ere_ is httle ion bom­
bardment to remove the polymer inhibitor layer. Any lateral etch mg is suppressed, and 

near vertical sidewalls can result. .. 
Of course, as even more carbon is added to the system and the ~~position of the 

polymer becomes faster relative to the etching of th~ polymer a~d him,_ then slop~d 
sidewalls (without mask undercutting) can result, as discussed earher and illustrated in 

Figures 10-14 and 10-21. CHF, has a higher ratio of C to F than CF., does so that more 
polymer forms, in fact enough so that sloped sidewalls often r_e~ult. If pure CHF, pro­
duces excess inhibitor deposition for particular plasma cond1l!ons, then 02 could be 
added to react with the carbon and reduce the polymer deposition and change the etch 
profile. Other species such as CO2 or CF4 may also be added to CHF, for this purpose. 
Figure 10-24 conceptually illustrates the different etch profiles in SiO2 that could result 
when different amounts of inhibitor formation occur. 

Reducing the fluorine-to-carbon ratio also greatly improves the etch selectivity of 
SiO2 over Si. This is because polymer formation preferentially occurs on Si surfaces 
compared to SiO2 surfaces during the etch process. This may be due to the fact that car­
bon in the polymer reacts with the oxygen from the oxide, forming carbon monoxide. 
which results in much less accumulation of polymer on the oxide surface. With more 
polymer on the Si, its etching is slower, resulting in a higher SiO2 to Si etch selectivity. 
Figure 10-25 shows how the etch rates of Si and SiO2, and hence the selectivity. vary as 
H1 is added to a CF. gas mixture [10.15]. The etch selectivities of oxide over TiSi2 and 
TiN, which are important when etching contact or via holes in multilayer structures. are 
enhanced in this same manner by adding H2 to the tluorocarbon etchant. 

Changing the etchant chemistry may also change the etch rate of the mask. As seen 
in Figure 10-25, the etch rate of photorcsist changes significantly as the H 1 content in 
the _HJ~H• ~as mixture changes, with a lower H2 content ( and less F production) re­
sult mg ma higher etch rate. Adding 02 to a CHF, mixture similarly increases the etch 
rate of the photor~si~t.The res~lting mask erosion can cause the etch profile 0 ( the Si 0, 
to change, as wc "':'.II illustrate m the_models and simulation section (Figure 10-33).and 
may alter the profiles shown above m Figure 10-24. 

A relat(v~ly large bias voltage is often used for SiO1 etching (in the 400- to 500-V 
:ange )_. This 1s _needed to help remove the polymers.After the SiO, etching is complete. 
mcludmg a suitable overetch, any remaining polymer residue must be re~ov~J. i::spc-

Higher C/F 

lh) lnhibi1or Depo:.ition 
lc,g.CF4+H2. 
or CHI'.J + () 11 

(c) Excess lnhibilor 
Deposition 

(e.g. CHPJ) 

Figure 10-24 Effect or'i~·hibilor <lepositiull 011 re· 
suiting c1ch profile. l11e profile,; shuw11 a.,sume no 
mask emsion, which may occur for differeul etcb 
chcmlstries. TI1e actmtl profiles ob1ainr<l will ,tl,o dt• 
~end on the specific etch system and phL,nl" modi· 
tmns. 
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-~lgure 1 _0-25 The et~h rates of Si and Si01 (and photore­
su,1) as H, 1s added to a CH, gas mL,ture. (After [ 10.15 ).) 

cially in contact holes. The polymer can be removed by an 0 2 or CF4 plasma treatment. 
CF4 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 
SiF4. However, etching polysilicon with SFti, CF4, or CF4/O2 has a relatively large 
isotropic component due to the high concentration of F free radical species produced 
in such plasmas combined with little polymer formation. We saw that with etching Si 02, 
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 H2 to CF4 can accomplish this. 
But doing so also increases the etch rate of SiO2 relative to Si by preferentially form­
ing a polymer on the Si. This is good when etching SiO2 but bad when etching polysili­
con when a high selectivity over the underlying SiO2 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 SiO2 might be important.) Tims with a fluorine chemistry it is difficult 
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· b I · · t 11·ng and good sclectivitv of polysilicon over silicon diox-to acluevc ot 1 anisotropic e c 1 - o 

ide at the same time. • 1 T • 
If anisotropy is not important, then ~dding 02 to CF, allows etc~i~g_po ~~1_1,~on with 

d 1 · I ·1· n di'oxi'de e1n•·e the etch rate of the S1 1s mcn:dsed bv 0, goo se ect1ve y over s1 1co " ~ . . . • . -
much more than that of SiO2. But the etch will be fairly 1sotrop1c. One approach with 
fluorine chemistry when both anisotropy and selectivity with _respect to an underlyi_ng 
oxide are desired is to switch the gas chemistry during the etch mg. One would start _w11h 
an anisotropic etch, with a CF.JH2 mixture tor cxan;ple. and t_hen w(1en the etch 1s al­
most done. switch to an etch chemistry that is selec(lve over S1O2. usmg CF,/02 for ex­
ample. This will. however, result in some undercutting of the r_olysilic_on. 

Anisotropic and selective etching of polysilicon can be ach1ev_ed s1multane?usly us­
ing Ci-based etchants. l11e byproduct volatility is a little lower with Cl than with F. ?ut 
is still acceptable. Ch, HCI. or SiCl, can be used. These have a lower pur~ly che";-1cal 
component to etching than the F-containing etchants, and less lateral etchmg of St oc­
curs than with F. The etch rate in the vertical direction is significantly increased by ion 
bombardment. perhaps by surface bond breaking or by enhancing byproduct removal. 
11,us the etching of Si with Cl can be fairly anisotropic even without a polymer inhibitor 
layer present. Along with being anisotropic, the etch selectivity of Si to SiO2 is high. For 
one thing. there is no polymer inhibitor layer that may form preferentially on the Si. as 
in the tluorine case, and degrade selectivity.Also, chlorine etches SiO2 rather slowly. Fur­
thermore, removing or minimizing the carbon in these systems is seen to signi[ii;antly 
lower the etch rate of SiO2 by chlorine-carbon evidently pla)'s a role in the SiO,-Cl 
etch reaction and enhances the etching at low carbon concentrations. l11erefore the etch 
selectivity of Si to SiO2 can be quite high, typically over 100, for these anisotropic. chlo­
rine-based etchants. The anisotropy can be enhanced even more by adding a small 
amount of O,. The 02 reacts with the Si tilm, or with etch reaction byproducts that have 
adsorbed on the sidewall to form a nonpolymer, SiO,-based inhibitor layer. The 0 1 also 
helps with selectivity over oxide by removing any carbon that comes from photorcsi,t 
erosion. Keeping the wafer temperature low, by providing helium backside heat con­
duction for example. also improves the anisotropy by enhancing inhibitor deposition. 

Cl~~ased etchants exhibit a large doping sensitivity. High n + levels can increase the 
polys1hco1_1 etch rat~ by up to ~5 t_i1~es, and can increase the spontaneous etching and 
undercuttmg. An S1O1-bascd mlubllor can block this. Ci-based chemistries etch the 
polysilicon slo~v~r than F-based chemistries, and mixtures of the two types have bccn 
used. l11e '.1ddllwn. of SF,. '.1lso r~duces trenching. Trenching at gate edges can be a 
problem with chlonne etch mg, with the underlying gate oxide being damaged. Chlt1ri­
nated tlourocarb~ns, such as C2CI~,. have also been used for etching pcii)'Silicun but 
are out of favor smce they are beheved to cause environmental damage by dcpkting 
the ozone layer. - • 

Th~ most popular etchants used currently for polysilicon are chemistries bas~d on 
bromine, the next halo_gen a_rt~r F and Ci in the periodic table. HBr and Br: ,m: n1n1· 
manly used. !hese act ma s1m1lar fashion to the Cl-based etchants etchin,, with a JO\\' 

purely-chemical component and without a polvinei· • 1 'b' ' d "' -~ . . . . . . . ' , m 11 Hor, an arc eYcn 11101, 
amsotrop1c ,md sclcct,ve over oxide. Trenching o( the u d I · · 1 · · · J1 
lem as well. But the etch rates of Br-b . . .·, n er yn,g OXI< e is le~s u~a p10 .­

ased chemtstl1es arc even slower th,111 l J-bascd 
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chemistries, an~ they a_re often used in a mixture with Ch in current polysilicon etch 
proces~es._A_s with etch1_ng with Cl, adding 02 in these noncarbon containing gases pro­
motes ml11b1to_r formation, perhaps by forming SiO2 from the Si film, and thereby in­
creases the a~1sotropy. The 02 also helps with selectivity over oxide by removing any 
carbon that might result from photoresist erosion. One drawback to the use ofHBr and 
Cb is their high toxicity which puts more stringent requirements on equipment and gas 
handling systems. 

Polysilicon, like single-crystal silicon, usually 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 etch 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 CF4 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 02 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 silicon 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 comers, 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 0 2, 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 problems 
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. . . . . . 

Because of the presence of a native oxide, AbO;, on the Al film surface, an m1tiat1on 
or breakthrough etch step must be done before the main Al etch step. Io_n bomb~rd­
ment, or sputtering, is usually done to remove this film in conjunct_ion with chemical 
scavenging. Argon sputtering can be used, but gases such as BCb, S1C)4, CC)4, or BBrJ 
are often used to scavenge the Q 2 and H2O and remove AhOJ on the Al surface by both 
physical and chemical means. A load lock system is required to control the H20 level. 
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11ie byproduct of etching Al with F-based ~hemistries. AlFJ, is not very ~olatile as 
discussed earlier, so that a Cl-based chemistry 1s most often used_for the m~m Al etch 
step. Cb is commonly used, and Ch (not a free radical, but still a reacli~e neutral 
species) can directly etch the Al. However Cb etches Al isotropical!Y· producm? an un~ 
dercut. and ion bombardment has little effect on the etch rate (unhke the etch mg of S1 
by Ch). 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 CHCI,, CFC!,, CCl4 .. and N2. Resist erosion pl~ys _a ~ig­
nificant role in supplying inhibitor material in Al etch mg, and N2 enhances the mh1b1tor 
formation from photoresist, perhaps forming a CN polymer. BC!, also seems to pro­
mote inhibitor formation. l11e 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). Ion 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 HCI. The 
HCl can then etch the Al. Cu in the films enhances this electrochemical reaction. lt 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 lS0°C to drive off the Cl. Or the Cl can be buried un­
der a CHF; polymer, which is then wet etched. But the common method has been to ex­
pose the wafer to an F-containing plasma.such as a CF, plasma. TI1e chlorine is replaced 
b_y fluorine ~n t?e Al surface, passivating it. An 02 plasma then removes the photore­
s1st. and a de1omzcd H,O bath removes any remaining chlorine. A wafer rinse may also 
be done before the ashing to help remove the water-soluble chlorides before thev are 
converted by the as!1.ing to insoluble metal oxides [10.16].A newer process uses an"i-110 
plasma to both pacify the surface and to remove the resist. 

We end ~his section with a short comment regarding the use of freons. or fluorocar­
~ons. Chlonnated flourocarbons without any hydrogen, such as C2CJF, or CCIF;. arc be­
lieved to deplet_e the ozone layer in the upper atmasphere. There has been a trend to 
replace these with safer source gases in the semiconductor industry. 

10.4 Measurement Methods 
Me~surement t~clmiques for etching can be separated into two types: post-etch mea­
sur~?1cnts and in situ measurements. Post-etch measurements are generally pcrforn1ed 
outside the etch chamber. In situ measurements are done inside the chamber as the 
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etching_ is ~cc~rring for diagnostic and monitoring purposes. The most important type 
of momtonng 1s that done for endpoint detection. 

Post-et~h m~asur~ments for etching are performed to characterize the etch process. 
The resulting h~e width can be measured using an optical microscope. Observing the 
wafer under a nucroscope 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 in Chapter 5. 

Other post-etch 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 (XPS) 
can be used to detect and measure chemical species left on the film or in the near-sur­
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-F2 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 situ measurement is that done for end­
point detection. Due to the physical component in most plasma etching, selectivity is 
not 100 percent.1l1erefore 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 film as it is being 
etched. If one does not want to etch all the way through the film, the endpoint thick­
ness may be some finite value. 1l1is method would also give etch rate information as 
well. An in situ thickness measurement technique for optically transparent films, such 
as silicon 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 bottom of the etched _layer. As the ma_te­
rial is etched, oscillations in the reflected signal occur as constructive and destructive 
interference occurs. The period of oscillation is related to the change in film thickness, 

Xf, via the relationship 
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I th of' the laser Hohl and 11 is the refractive index of the fiilm 
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11 f f h Plete Cycle in the reflected signal. the ftlm has been etched.,. 
Jere ore, or eac com . . ~,. 

When the film has been etched completely, the osc11latJons cease. For nontransparent 

fil 
has metals, techniques using reflectivity differences between the film and the 

ms, sue • r·t I • k h • 
layer underneath can be used. A major disadvantage m I mt 11c ne~s tee ntques is that 
the information is obtained from only a small area of the wafer which may not be fully 
representative of other regions. Recent single-wafer systems use an array of sensors to 
measure the thickness change at many points on each wafer. One advantage to these 
systems is that they can accurately measure the ongoing etch rate during an etch 
process. which can be valuable information concerning 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 spectroscopy or mass 
spectroscopy can be used, but the former is more common. In optical emission 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. In 
a plasma, light is emitted by exited atoms and molecules as electrons relax from one en­
ergy state to another (which is why the plasma glows). Each species emits light in a 
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 Eree rad• 
ical in the plasma. Endpoint detection is done by either monitoring the reacting species 
or the reaction products. 

As an example, consider the etching of SiO2 on Al by CF4 chemistry. The main etch 
reaction occurring here involves the fluorine free radical which is produced in the 
plasma. A_s the etching begins, Fis consumed by the etch process. forming Sif4. There· 
fore the signal from F emission is decreased. When the etching finishes. the concentra• 
!ion of F it~creases, and its signal goes back up. The endpoint is thus indicated by the 
mcrease of the reactant species. Alternately, the endpoint can be indicated by the in· 
c:i:ease or decrease in the emission signal of an etch product. For example, in etching 
SiO2 by CHF,, one reaction that can occur is between the carbon on the SiOi surface 
and oxygen, producing CO. Monitoring CO at its characteristic 483.0-nm waveleng!h 

ca!1 be _used to dete_ct the presence of CO. When the co signal decreases below acer· 
tam pomt, the etch 1s determined to be over. This method in contrast to thickness mea­
surements_, takes its _information from the gas phase and thus averages over a rnuch 
larger r~gwn. Th7refore, a more average endpoint is determined. Lo;ding effects call 
occur,_sm_cc th_e signal from either the reactants or products will depend on hoW much 
mat.enal_ is ?e'.ng etched. ln addition, the exact quantification of the signal to concen· 
!rations ts d1fficult and some calibration is necessary to determine lll what point the dCh 
tshcompleted, 1:o"':'ever, this method is relatively simple and usuallv a good indicatorot 
w en the etchmg is complete d •. I 

1 
" h l0"1'. • an 1st 1e most common method in cunent tee 110 =· 
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!he techn!qu~ of optical emission spectroscopy. in addition to being used as an end­f 0 1~ t determm_at~on °'.ethod, is also used in diagnostics of plasma etch processes. By fol­
ow~ng the erm~s1on signals, the relative concentrations of the various species present 

durmg th_e etchm~ process ca~ be meas~red throughout the etch process. This can give 
v~luable mfor~at10n concernmg the vanous mechanisms occurring and the roles of the 
different species. 

In situ ~easurements can also be utilized for process control applications. For ex­
ample, loadmg 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. In 
physically based topography simulators, the flux of each type of species is calcul~ted, in 
particular the component of the incoming flux normal to the surface at each pomt. 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~ mole­
cular flow is the dominant gas-phase transport mechantsm near the surface, that 1s, 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~rent fl~xes. The exact form of 
that expression depends on the model that is used. We will descn~e some of these ~od­
els and expressions in the next section. With the etch rate determmed at each location, 
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. . , n of material is removed, the boundary !s moved. and the profile 
the appropnatc amou_ l . The etch rate at each local!on can change with time 
. ol e as the etching continues. • can ev v . 

1 
the fluxes that reach each ]ocatwn on the surface can 

as the etching progresses Jecaus~ . h flux shadowino. 
chan e due to changing oeometncal effects. sue as " 

g. . • d"'t· the flux of species arriving from the plasma and striking 
As m depos1Uon mo e mg. • • . . . c 

h [
. f b alculatcd using Monte Carlo techniques. For example, the dis• 

t e wa er su r ace can e c • I 
tribution of ions in terms or arrival angle at the surface and of en7~gy can Je calcul~ted 
as a function of system parameters, such as gas pressure, compos1tton, and RF se!tmgs. 
This explicitly takes into account the collisions that occur m the plasma and m the 
sheath, and the acceleration across the sheath to the wafer. There have ~een several 
simulation tools developed, including a version of SPEE~lE. tha~ take _this approach. 
However, we again will utilize a simpler approach ~nd define ~he mcommg tluxes ana­
lytically on a plane just above the surface. We specify the max1mun_i, unob~tructed flux 
of each species-ions or chemical, for example-and the angular d1stnbut1on of each. 

The angular distribution is assumed to be of the form 

(10.14) 

where F"'"" is the normal component of the flux corning in at angle 0, F
0 

is the flux al 6 = 
O degrees, and 8 is the angle from the vertical direction. By adjusting fl from l 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 fl = 1, the distribution is isotropic, with 
fluxes coming from all directions equally. Higher pressure. more collisions in the gas phase, 
and shorter mean free path would all lead to a more isotropic arrival distribution. In etch· 
ing, neutral chemical species are usually assumed to arrive at the top surface isotropically, 
and 11 = 1 is usually used. For n > l, a tighter distribution of arrival angles would occur. 
This means that the tluxes arriving at each point on the surface are more directed, or more 
anisotropic. In etch models, the ionic species-accelerated across the sheath to the wafer 
surface due to the electric field-are assumed to arrive at the surface approximately per­
pendicular to the wafer and very an isotropically, and 11 = 10 to 80 is usually used. 

Figure 10-26 illustrates the species and fluxes that occur in plasma etching that are 
included in physically based etch simulators. This is analogous to the !luxes used in de­
position modeling (see Figure 9-35). The ionic species are involved in the physical com· 
ponent of e~ching, and the reactive neutral species would include those species involved 
m the chenu~al ~omponent o~ etching, and would p1imarily be the free radicals. Anoth_cr 
type _of spec'.es 1~ the deposited, or deposition. species. These would include matcnal 
that ts deposited m the form of inhibitor layers, often carbon polymeric material. These 
woul~ be analo~o~ to l~e neutral species that deposit in the deposition models.As we 
mentioned earher m tl11s chapter, the same processes (deposition, chemical etch. ion 
bomb~rdmenl .. e_tc.) often occur in both deposition and etch processes . 
. _As m. depos1t1on modeling, the total tlux of each type of species arriving al each po· 

s1l!o~ w1H be the sum of that coming directly from the plasma (a direi:t nux) plus_that 
commg from somewhere else on the surface of th f ( • <l' t l'l ) ·n1~ '1mhrccl e wa er an m tree ux . ~ 

t1uxes ma~ be a result of reemission or resputtering from another location. In Ch~pter 
9 many of those processes and the equations used to describe them wcr~ presented. 
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Figure I 0-26 Illustration of fluxes, both direct and indirect, 1hat arc 
used in physically based etch simulations. 

Models and Simulation -

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: 

S = F,eacted 

c Fincident 
(10.11) 

Therefore Sc times the chemical flux hitting the surface at each point is the net flux that 
actually etches, and (1 - Sc) 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 Sc is set to a low number (Sc<< 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-
1 l(a ), with a net result that etching is isotropic. 

It is usually assumed that the angular distribution of the desorbed or emitted flux fol­
lows an ideal cosine distribution (n = l in cos"0; emitted distribution, where 0, is the an­
gle relative to the surface normal); that is. the emitted species are emitted in an ideal 
fashion from a small area on the surface. In SPEED IE 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 mean 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 Si02 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 between the two processes in plasma 
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IO 21] By modeling the undercut profiles, it was detennined 
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. • I , dsor lion model with a ow sl!c mg coe 1c1ent. works bet, 
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the species is often not included as a model in _etch s1~1ulators. , . 

Ph 
· 

1 1 
I· urs bv sputtering when ions stnke the surface, Sputtering occu,s 

ys1ca e c 11ng occ , ~ 
when the incoming ion transfers enough energy to ~he waf~r sur'._ace to break the bonds 
holding a surface atom in place. Toe sputtenng y1el_d, Y. '.s define? as the number of 
atoms or molecules ejected from the target yer inc1de~t _ion and is a measure of the 
s uttering efficiency. Therefore y times the ton flux ~tnk1_ng the surface at each point 
determines how much physical etching occurs for a given 10n_ flux_. . . 

The sputter yield. Y, is a function of ion en~rgy. _the mass of the 1~co'."mg ion and the 
target material ( the wafer surface material. m this case), and the mc1dcnt angle. e. at 
point i. with a normal incidence being 0°. As we discussed in Chapter 9, ions coming in 
at tow 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 sputtering 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 K;, the ion-induced etch yield, or the effective 
sputtering yield. Like Y, it is a measure of how many atoms or molecules of substrate 
are etched per incident ion but can include the synergistic effects with the chemical 
component, resulting in higher values for it than normal physical sputtering )~elds.K, 
generally has similar properties as Y, angle and energy dependencies for example. Fm 
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. Thal 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. TIJ.is includes fluxes from the plasma source (the direct flux) and from 
all other points on the surface (the indirect fluxes). The view angles 10 all other sources 
of tluxes, as well as the angular distribution emitted from each source are taken into ac-
count in the calculation of the arriving 1lux at each point. • 

Once the net t1ux of each type of species is calculated at each point on the surface. 
the etch rate _can then be calculated at each point.1l1is is determined by the specific etch 
model used m the simulation. We will next consider some of the models and corre­
sponding etch rate expressions that etch simulators use to model plasma etching. 

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 arc also 
some more_ general-purpose models."lliese were developed to model the different types 
of mecharusms that occur during pla h' • ·s1ed 

hi 
. sma etc mg: physical chemical and 1on-as51 

etc ng and wh1 h • • ' ' 
lh 

' d 
I 

cd can occur many of the plasma etch svstems V'e ,viii concentrate on 
ose mo e s an 1 • • • 1 • '' • t h d 

I 
b' 

1 
fwo 1'.1 parl!cular: the lmear etch model and the saturationtadsorpUon 

e c mo e . ot 1 o winch are used in the SPEEDIE • srmulator. 
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The simplest model for etching assumes that the chemical and ionic components act in­
dependent!~ of each other and combine in a linear fashion. This is the basis of the linear 
etch model m SPEED IE. 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 
comp?nent. Studies of chemical etching do show a linear dependence of etch rate on the 
chermcal flo_w r?te or flux for certain conditions [10.5, 10.22]. Likewise, the etch rate in the 
presence of 1oruc bombardment is seen to be linearly dependent on the ion current or flux 
over a range of conditions [10.23]. T11e two terms are then added together, so that 

{10.15) 

The density. N (in cm -3). is that of the film being etched. Fe is the chemical {reactive 
neutral, free radical) flux and F; is the ion flux at each point on the surface. Sc is the 
sticking coefficient, which is between O and 1. Kt and K1 are the relative rate constants 
for the two processes and can include any stoichiometric factors. In practice, K1is 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, Y, but can be greater than Y 
in some cases as we will discuss. K; can be a function of incident angle and ion energy. 
Like Ki, 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 model 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 ~a~h other. _or at 
least they each appear as if they are independent in that they d? no~ ln~nt the action ?f 
the other for a given range of conditions. For example, the physical, 1omc component m 
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this model (the second term in the rate expres~ion) does not. in f~ct. have to be_ due to 
purely physical sputtering. It could actu~IIY be 1on-enh~nce? e~~hmg. but operatmg in a 
regime where the chemical component m that mecha~is_~ is hi,,h_ enou~h. due to a rel­
atively high nux of neutrals, for example. and is not hm1tmg_the 1on-dnven etching. as 
we will describe later. In that regime the ion-enhanced etchmg would act as if it were 
purely physical and not dependent on the chemical flux, that is, simply p~oportional to 
the ion flux. In that case. K, is often much greater than the normal physical sputtering 
yield. [And if there is no spontaneous chemical etching, the profile would look like that 
for purely physical etching. Figure I 0-3(c),] ln addition. any adverse effect the ion born. 
bardment might have on the spontaneous chemical etch term, by depleting the surface 
chemical species for example, may not be significant at lower ion fluxes or higher neu­
tral fluxes [10.21]. When two (seemingly) independent etch components are present. 
isotropic chemical and directional ionic, the etch profile would look like Figure 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. ~ 

--- - - - ------------------------------------------------------------------------------------------------------
Example Silicon is plasma etched for S 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 1018 atoms cm-2 sec- 1, the sticking coefficient is 0.01, and Kris 0.2. The t1ux of ionic 
species.Fi, on a flat surface is equal to l x 1016 atoms cm-2 se~- 1 and K; is 1. The 
?ensity of Si is 5.0 X 10" atoms cm - 3 A photoresist mask is used so that a wide trench 
1s etche~ in t~e 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 linear etch model, Eq. (10.15): 

Etch rate 
(S,K1F, + K;F;) 

N 

ln thhe veiycal_ direction, there would be both chemical and ion fluxes. and the total 
etc rate m this model would s· I b h 

k d 
imp Y et e sum of those components.Away from the 

mas e ge we assume no sh do • ff' · 
1 

d . fl a wmg e eels, so F, and F, are the unobstructed cbe□l· 
ica an 1011 uxes, respectively, given above. Therefore 

Etchrate(vert) = (0.0l * 0.2 * 2-5 X I018cm- 2 sec-· 1 +I* Ix !0u'cm 'sec·
1
) 

N 

= LS X 1016cm- 2 sec-I 

N 
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The density of Si, N, is 5.0 x 1022, _ 3 • • • • atoms cm , so the S1 etched m the verlical direction is 

Etch depth(vert) = 1.5 X 10
16

cm-2sec- 1 
_ 

5.0 X 1022cm-:, * 300 sec= 9.0 X 10 5cm = 0.9µ,m 

In the lateral direction rig) t d h 0) Tl f ' 1 . un er t e mask edge, there is virtually no ion flux (F; = 
• Jere ore only the chemical llux term is used in the etch rate expression and it is 

a_ss_u
1
~~d t_hbat _the chemical ~ux is the same in all directions {due to the isotropic ar­

nva istn ulion and, especially, the low Sr), so that 

Etch depth(lat) = (0.0l * 0.2 * 2.5 X l0
18

cm- 2sec-l + 0) 
5_0 x 1022cm -3 * 300 sec 

= 3 x 10- 5cm = 0.3 µm 

1:here is more et~hin_g in the vertical direction than in the lateral direction,and a pro­
file such as that m 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 CF.JO2 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 SPEED IE and assuming no ion component. 
A value of 0.04 was used for Sc. 

This same group [10.21] etched Si using an SF6 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 Si using a SFJC2CIFs 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 approximately 1:1 and then 
to 1:20 (almost perfectly anisotropic) by changing the SF6:_C2CIF~ ratio an~ the a~ount 
of carbon in the system, and model the resulting etch profiles qmte well with the linear 

etch model for a specific set of conditions. 
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-1.0 -0.5 
' 

We now describe a series of plasma etch simulations using the SPE_~DlE_ simulator 
and the linear etch model just described.As with the SPEEDlE depos1t1on simulations 
in Chapter 9, we will use analytical cos"8 distributions for arrival angles (as opposed to 
Monte Carlo calculations of gas-phase processes). A ~alue _of 11 _equal to 1 results in an 
isotropic arrival angle distribution. relative t_o t~e v7rt1cal_ d1recl!on,A: value of II higher 
than I results in a more anisotropic arrival d1stnbutton. with a more dtrected downward 
distribution such as occurs with ionic species. in all the simulations presented in this sec­
tion, we etch a silicon substrate using a photoresist mask. The top layer is 1-µ,m thick 

photoresist. with a slightly sloped window defined in it. 
The first simulation uses the linear etch model. and Eq. ( 10.15) to govern the etch 

rate at each point. Pure chemical etching is illustrated first in Figure 10-27(a).111e sim­
ulation time is 240 ~econds. and each of the contours corresponds to a 30-second timt: 
step in the etching. The arrival angle distribution parameter. n, 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 101" cm - 2 sec- 1

• This corresponds to the total 
integrated direct flux of chemical species arriving from all directions and hitting a flat. 
unobstructed surface. Knowing the angular distribution of arriving atoms and the 
geometry of the surface. SPEED IE can convert this to the direct chemical t1ux normal 
to the surface, F,1d'""h at each point. 111e value of the maximum direct chemical flux 
used in the simulations is usually determined by knowing the chemical rate on a flat 
surf~ce, in which case it is directly equal to F,, or is determined by fitting experimental 
profiles to the simulations. TI1e 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 etchi~g occurs _isotropically. A value of 0.2 is used for Kr Negligible etching of 
the photores1st occurs m these simulations. 
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Models :1nd Simulation llJI 
Next only physical, ionic etching is illustrated using the same linear etch model.1l1e 

chemical flux is set to zero while the maximum ionic llux is set to l x I 01• cm_, sec- 1• 

Setting n = 80 means that nearly all the ionic flux will arrive from the vertical direc­
tion. K, is set to l. Figure l 0-27(b) shows the results, Very anisotropic etching result~ 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 cn,nponent 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 111odel assumes that the two components arc acting inde­
pendently, or else in a regime where neither is limiting the action of the other. Here we 
use 2.5 x l 0" cm - 2 sec- 1 for the chemical maximum flux and 0.5 x 1016 cm - 'sec- 1 for 
the ionic maximum flux. and the same values for S,, Kr, and K; we used above. This re­
sults in relatively equal contributions of the ionic and chemical components since the 
S,-KrF, and K,F; products [sec Eq. (10.15)] arc cqual.1l1e resulting etch profile is shown 
in Figure 10-27(c). 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 ionic sputtering acting separately. It could also 
occur where there is some spontaneous chemical etching, not affected by ion bom­
bardment. as well as ion-enhanced etching for conditions in which the chemical com­
ponent is not limiting the etching. 
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- Chapter 10 Etclting 

Next we allow for some physical etching of the p_hotor:sist. We_ first allow fo~ some 
angle-dependent physical sputtering of the photores1_st durmg phys1cal-o~ly etch mg. We 
do this by increasing the value of K, for the photores1st from Oto 0.3. In_F:~ure 10-28(a) 
we see the faceting that occurs at the top corners. Next we change the 1mt1al shape and 
thickness of the photoresist mask. We start with a thin ~ask, on!y 0.4 µ.m thick at the 
sides, which slopes diagonally to the opening. When physical etching occ~rs, the edge of 
the mask will be etched away, illustrating the phenomenon of mask eros10n. Figure 10---
28(b) shows the result. The etching away of the mask results in a wider etched area in 
the silicon, and nonvertical sidewalls. Changing the etch chemistry to change the 
amount of mask erosion can be utilized to obtain a desired etch profile. 
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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 ions from 80 to 10, as might occur if 
th_e gas pressure were higher and more gas phase collisions take place, for example. This 
widens ~he arrival angle distribution a little, but the ions are still fairly directed down­
ward. Figure 10--29(a) s!1ows the result. More bowing of the sides results as compared 
to the n = 80 example m Figure 10--27 (b ), and this type of profile is seen in some etch 
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:~~~ems. ~ow_we decr~as~ the window in the photoresist down to 0.4 µ,m. The resulting 

pro I e _is shown 1~ Figure 10-29(b).111e depth of etching is clearly reduced. (The 
same e1:fec~ is ~ot seen 1f_n were left at 80 for the two widths.) With the slightly wider an­
gular distn?uhon of arrival angles for the ions. the etch depth is less for the narrower 
mask opening than the wi_der opening even though all the other etch conditions are the 
same. Theret~re, the etclung could be different for different feature sizes on the same 
wafer, eve~ 11 the features are right next to each other. 

Interestingly enou~h. in some etch systems and under certain conditions, a reverse 
ARDE effect ts somehmes observed where wider etch features etch less than narrower 
~n~s. Both fon~~rd and reverse A~E has been simulated in SPEEDIE using the 
S1m~letchdepo model, to be descnbed later, which includes a modified saturation/ad­

sorphon etch term combined wit!~ a polymer deposition term [10.25]. In that modeling, 
the transport of the neutral spectes 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 
sue? 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 Ion-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 rates. Like\vise. the etching can be 
limited by the deficiency or lack of either of the two components. Ion-enhanced etch­
ing can be due to a variety of mechanisms. Any one of the steps 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 as a 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 etch rate to be 
larger than the sum of the two components acting independently. In fact, it may be 
the case that the presence of both components is needed for the etching to occur. 
Without any ion bombardment, for exa~ple. a byproduc~ layer may not be ~moved 
and no chemical etching can proceed. Without any chemical processes, the ~on _sput­
tering alone may be negligible. This means that the tw~. c_omponents are acting m se­
ries. as opposed to in parallel. it also means that the det:1c~e11cy of one component ~an 
limit the total etch rate, even as the other component 1s mcrease_d. :111s leads to sat­
uration effects-increasing the flux of one of the components will increase the etch 
rate to a point. but then the rate ,viii saturate due lo the lack of enough of the other 

Micron Ex. 1022, p. 69 
Micron v. YMTC 
IPR2025-00244



m Chapter 10 melting 

Th lt have al
l been observed experimentally [I 0.6, 10.23, 10.26 

component. ese resu s , 
10.27,andl0.28]. b b I • •, h, • 

A model for ion-enhanced etching that captures the a ove . e rn v1or 1~ t e saturation 
etch model. This model is also commonly called the Langmmr_ adsofJ?t1on ~r the satu-

t
. n/ d r n etch model and includes surface coverage issues involving species 

ra 10 a sorp 10 • wh· ·11 d • 
adsorbing on and leaving the surface in its formulation. ile w_e wi env~ a simple 
expression below based on one type of ion-enhanced e~ching mechams~ (ion­
enhanced byproduct removal), its results are generally apphcable to man~ different 
mechanisms in which ion bombardment enhances one or more of the steps in the etch 
process. It is really a phenomenological model which can ~ncorp?ra_te ma_ny 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 chemistries. but they are all simi• 
lar in idea and approach [10.26. I 0.28, 10.29, 10.30, 10.31. and 10.32). 

For this simple analysis we consider both reactive neutral species and ions striking a 
surface during an etch process. The neutral species are adsorbed on the surface and 
chemically react with the surface material. forming etch products which contain both re­
actant species and film atoms. TI1e ions striking the surface can enhance the removal o[ 
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 species ab­
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 eq_uivalently to the neutral species adsorption rate, and depends 
on both the neutral and 10n 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 to react with the surface material is 

#reactive neutrals adsorbed per time per area =-S/1 - 0)F., (10.16) 

where S,. is the sticking coefficient of the available area, 0 is the fracl ion of sites covered 
by the bypr~ducts, so that (l_ - 0) is the fraction of sites available, and F, is the tlux u[ 
?e.ut_ral species onto the surface. A chemical reaction constant K can be included. but 
1t 1s Just assumed to equal h w • • ' ' h d . one ere. e assume 111 tlus derivation that all neutral atoms 
tb at adsorb and stick on the surface will react quickly with the surface and form etch 

ypro ucts. 
The react_iv~ neutrals (in the etch byproducts) that are removed by ion bombard· 

ment per umt time per area fr h • • , 
d I 

om t e surface is proportional to the byproduct coverage 
an equa s 

# reactive neutrals (contained in by d 7) pro ucts) removed per time per area"" K,0 F; (ID.I 
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/~ is the incoming flux of ions and K i. th • • . 
tering yield (in general, a measure of l;~w ~~~~1-,i:iuced etch yield, or the effective sput-

~ident ion in a given pr~ess). K, can be much iarg~~~1~~7I~~:c::a~:e rem~ved ~er in­
surface atoms-removmg reaction products by ion b b dm puttering yield of 
ti · r·i " om ar ent may be much easier 

mn removmg 1 m atoms by direct physical sputtering of the surface. 
\Ve assume a steady-stale condition will develop in which the number of t I d 

sorbed equals the number removed. Tims equating Eqs. (10.16) and ( 10_ 17;;~;: s a • 

S,.(1 - 0)F. = K0 F 
' ' ' 

l 
:.0=---

1 + K,F, 
S,Fc 

(10.18) 

(10.19) 

111c etch rate is t!1en just the tlux of removed species. equal to Eq. (10.17) [or equiva­
lent!~, the flux of ads?rbed and reacted species given by Eq. (10.16)], divided by the 
densit)'. of tl~e film bemg etched, N. (Any stoichiometric coefficients needed to relate 
the ratio of film atoms to the neutral species in the reactant or byproduct molecules can 
be added or just included in S, or K,). TI1erefore by using Eq. (10.19) for 0 we obtain 

Etch Rate = I l 
N(_l +-1) 

K,F; S,Fc 

(10.20) 

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, N, is unity. 
Hern the x-axis is ion flux times the ion yield, or F;K,, and the equation is plotted for var­
ious values of the chemical flux times the sticking coefficient, F.Sc. However, due to the 
~ymmetry, we could interchange F,.S, and F,K, and obtain the same results. One sees that 
for no ion flux. the etch rate is zero, no matter what the chemical flux is. Similarly. for 
no chemical tlux, the etch rate is zero, no matter what the ion flux is. One also sees that 
as the ion tlux is increased for a given chemical 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 linearly and then saturates. The process is limited by the slower of the two 

component processes. 
Tiie same type of saturation behavior is seen with respect to the effective sputtering yield 

term, K,. Increasing the effective sputtering yield by increasing the ion energy will result in 
an increase in etch~rate. which will Lhen saturate as the ion energy is further increased. 

TI1e initial linear behavior is made clear by noting that when F,K, is small and F,Sc is 
large. then by Eq. ( 10.20) the etch rate becomes approximately equal to just F.K;/d~nsity. 
This is the same as the physical tem1 in the linear etch model an~ shows _why the simple 
linear etch model can be used in some cases for ion-enhanced elchmg.as discussed earher. 

Since both ion bombardment and chemical reaction by th~ reactive n:utral speci~s 
are required in the saturation model, this ion-enhanced etclung mechamsm results m 
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Figure I 0-30 Eich ra1e.versus ion flu.x for various ~-alues or the_ chem­
ical flux, as calculated by Eq. (10.20). ,In identical plot can be obtained by 
interchanging F, S, :ind f;K,. 

mostly vertical etching. This is because the ion bombardment occurs mostly in the 
vertical direction with no reemission. On sidewalls (vertical surfaces), F; is close to ' . 
zero, and hence the etch rate according to Eq. (10.20) would be close to zero m lat-

eral directions. 

----------------------------------------------------------------------------------------------------------------------
Example Silicon is plasma etched for S minutes using a photoresist mask and this time 
the process follows the saturation/adsorption, or ion-assisted. etch model. Toe flux?[ 
chemical species, F,, on an unobstructed flat surface is equal to 2 X 1018 atoms cm-­
sec- 1 and the sticking coefficient is 0.01. The flux of ionic species, F,. on an unob· 
structed flat surface is equal to 2 x 1016 atoms cm-2 sec- 1 and K; isl. There is no 
etching of the photoresist, and no spontaneous chemical etchincr of the Si. How far 
is the_Si etche:1 in the vertical direction (away from the mask edge), and how faris 
the S1 etched m the lateral direction right under the mask? 

Ans~er In the vertical direction, away from the mask edge, there a!'e both chemical_ 
a?? 1~n fluxe~ and the total etch rate would be given by Eq. ( 10.20). The density 

01 

S11s :i.O X 10 atoms cm-'. Therefore 

Etch Rate ( vert) = 1 
1 

S X la22 cm-3 ( 1 
1 * 2 X 1010 cm- 2sec- 1 + 0.01 * 2 

=2.0 X 10-7 cmsec-1 

~ 
x l(l1'' cm-· 2sec 1 
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For a 5-minute etch, the Si etched in the vertical direction is 

Etch depth(vert) = 2.0 X 10- 7cm sec- 1 x 300 sec= 0.6 µ,m 

~n the lateral ~irection, right under the mask edge, there is virtually no ion flux (F, = 
). only chen11cal flux. ?1erefo~e the etch rate expression goes to zero. (And there is 

no spontaneous che~1ca! etchmg.) Tims the Si etched in the lateral direction, right 
under the mask edge 1s virtually zero. A very anisotropic etch profile results. " 

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

The absenc_e of late~al etchi~g in this type of etching assumes that there is no spon­
taneous chemical etchmg, that 1s. no chemical etching without any ion bombardment. 
Ho"".ever, ther_e ~ay in fact be a degree of either spontaneous chemical or physical 
etchrng occurring 111 some 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 is 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 (ScKrF.ldensity) 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 absent and could result 
in etch profiles that show some lateral etching in addition to the vertical etching [as in 
Figure 10--3(b) ]. ln more advanced models the spontaneous etch terms may be coupled 
with other terms. such as the surface coverage [ 10.26, I 0.28, 10.30, 10.31, 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 observed in ion-enhanced etching 
for many different mechanisms. Expressions the same as or very similar to this, most 
based on surface coverage or site considerations, have been used for a variety of ion-en­
hanced mechanisms. These include etching mechanisms where ion bombardment en­
hances the chemical etching by damaging the surface, where the sputtering yield of the 
surface is increased by the chemical reaction between the reactive neutral species and 
the surface atoms. as well as different byproduct removal mechanisms. (And it is often 
difficult to distinguish between the different mechanisms, both experiment~ly and con­
ceptually.) In each of these cases. the analysis generally follows that as outlined above, 
with the ion bombardment tenn [Eq. (10.17)] corresponding to different ion-_induced 
etch processes (damage cre~ti?n, byprodu~t re1_noval, etc.). But_ the end result 1s an ex­
pression for etch rate very s1m1lar to that given m Eq. ( 10.20), with the two components 
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I 
been used to model a variety of etch systems, me u mg S1, S101, and W 

t~~:sfifm~•u:;er a variety of conditions and chemistries [l 0.26, 10.27, 10.28, 10.29, 10.3Q, 

10.32. and 10.33]. f • • h 'b • • s ething that this expression does not account or 1s an m 1 1tor mechanism in 
whic~n:n inhibitor/byproduct forms or deposits independently of _the_ n:iain etch species 
and reaction, such as when etching Al with Ch and a separate _mlub1tor component. 
Nor does it model thick or excess inhibitor formation and the htghly sloped etch pro­
files that can result. Modeling which explicitly includes these processes will be de-

scribed later. 
We now describe some SPEEDIE plasma etch simulations using the saturation/ad-

sorption etch model, as described by Eq. (10.20). Here the chemical components (neu­
tral reactive species, such as free radicals) and physical components (ions) work 
together. Only when and where both are present does etching occur. In the first simu­
lation, approximately equal contributions from the chemical and ionic etching are spec• 
ified by having the K;F, and ScF, 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. TI1is is because ion bombardment is necessary in this 
ion-enhanced mechanism, and the ions only strike in a near-vertical direction. Etch 
chemistries 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 11 factor for the ion arrival angle distribution. A smaller value for 11 

(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. 

I 

' ' 

..J 

' 

-

Figu_re I 0-31 SPEEDIE s~cl;ti~~s for etching o[ Si with saturation/ad· 
sorpllo~ etch model. Approximately equal components of chemical aod physi­
cal etclung are used. 
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Figure I 0-32 SPEEDIE slmukilions for e1ching of Si wi1h saturation/adsorption elch 
model. The chemical flut is kepi cons1an1 (at 2 X 10'" cm·' sec· 1) ,"bile 1he • fl • t· I,· • . If • ,' ,, ion ux 1s '""''!_) incrc-.ise< rom O Io I X IO" cm·· sec I in C(JUal incremenlS. Each contour here 
cm~~ponds 10 1hr final etch profile [or tl1c dilferen1 ion fi11xes. The e1ch rate is iniUally lin­
ear "'th 1011 Ou~ bul tl1cn start., 10 sa1ura1c . 

Next we do a series of simulations with th.is same model 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 1018 cm-2 sec I while the maximum ion 
flux is varied from O to 2 X 1016 cm-2 sec- 1 in equal increments. S, 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 ion tlux. 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 10-30. 

A result very similar to Figure 10-32 would be produced if the chemical flux were in­
creased while the ion flux remains constant. With no chemical flux. no etching at all oc­
curs. As the chemical flux increases, the net etch rate increases linearly at first, then not 
as fast. and eventually saturates. The etching of silicon and silicon dioxide is often done 
with a high chemical flux. operating in or near the ion-limited. chemical species saturated 
regime. However at the bottom of high aspect ratio features, chemical-limited etching 
may occur due to inadequate transport of the neutrals in some cases [10.25]. 

10.;.4 Etching Models - More Advanced Models 
11

1
ere are other models used in topography simulators-some of them variations of the 

saturation/adsorption model and some of them quite complex-which attempt to 
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f 'f' tch processes. some of these more advanced models also trv 
capture detm so spec1 1c e . • • h • • • • . . h the sidewall mh1b1tor mec amsm m ion-enhanced 
to directly address issues sue as • I d' • • d h • 

1 
putter·ing in sputter etch systems. We w1I not 1scuss these m de. 

etchmg. an p ys1ca s 
tail but will briefly describe a few of them. . • • • 

d I
. SPEEDIE attempts to separate the sidewall mh1b1tor effect from 

One such mo e m . . .. _ 
I 

· h d et h mechanisms in case two different effects may be dommatin• 
ot 1 er 10n-en a nee c . • • ~ 
· d'ff t · c 0r ·instance there mav be an 10n-enhanced chemical reacuon oc-m I eren regions. r , • , • • • • 
curring at the bottom of the structure being etche~ whe_re there 1s little mh1?itor re-
maining. while the sidewall inhibitor may be aff_ectmg thmgs on or near the s1dew~l_ls. 
This is implemented in the Sidewallpass model m SPEEDIE [10.17. 10.3~] by mod1ty. 
ing the saturation/adsorption model. The result is that t_he etch rate versus 10n t1ux curve 
in Figure 10-30 is changed so that the left-hand portion._ below some thresh.old level. 
drops faster than normal. The idea is that on or ne~r the s1_dewalls. where the 10n t1ux is 
low to begin with. it may be even lower due to the ions bemg consumed by the sputter• 
ing of a thin sidewall inhibitor layer. Zheng and McVittie [10.34] showed that in the case 
of etching polysilicon with a SF,.IChCIF; chemistry this model better matches the actual 
etch profile, with even less etching and bowing on the sidewalls where the ion ilux is 
low. (However, this model does 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 in• 
hibitor layer are explicitly included. In these the sloped etch profiles due to excess in• 
hibitor formation (as illustrated in Figure 10-14) are modeled, something that the 
simpler saturation models do not do. Examples are SPEEDIE's "Simuletchdepo Thick 
Sidewall Etch" model [10.17, 10.35] and Avant!'sTAURUS-TOPOGRAPHY's dry etch 
model [10.18], which include simultaneous deposition and etching of a polymer inhibitor 
layer. In SPEEDIE's model the polymer deposition is controlled by a CVD-like process 
with the inhibitor flux (the "deposited flux" in Figure 10--26) coming from the gas phase 
~bove the '.va~e~, separate from the flux of reactive neutral etching species. Ion sputter· 
mg of the mhib1tor layer then allows for etching of the substrate or film in the vertical 
dir~ction. Sue? m~dels can include ion-enhanced deposition and sputtering of the de­
posited matenal [hke ~q. (9.58? in Chapter 9 for high-density plasma CVD deposition]: 
as well as purely che~mcal etchmg of the inhibitor-free surfaces (for chlorine etching ot 
AI, ~or ex~ple) o~ 1~n-enhanced chemical etching of the inhibitor-free surfaces (for 
etchmg of S1O2 or S1: for exa~ple). Han and colleagues [10.35] have shown that this ap­
proach can model h1gh-dens1ty plasma etching of silicon dioxide, using an !CP plasma 
s~urce ~nd CzF, etchant gas. Ion-enhanced deposition and sputtering of the polymer 
w_1th an 1.~n~flux-depende~t sticking coefficient, along with ion-enhanc-cd etching of the 
SiO~u~~izmg the saturation/adsorption expression), are used in this modding. 

[lo 36
0] f er al dvanced ~ode! similar to these was developed bv Tuda and c~lleagues 

• or P asma etchmg of s· 'th Cl /0 • , 1· 
(
. f f . . 1 WI 2 2. Th1s model includes passivation layer or-

ma 10n rom sur ace oxidation d f • 
well as being directly rede osit:; f rom etch byproducts arriving from the ph1sma a~ 
els include ion ret1ect'o tp h' rom the bottom surface onto sidewalls. Other Jl!Od 1 n. renc mg and toe r d f . p , tenis. 
a contribution from 1·0n·z d h .' a ize sur ace chargmg. For HD S}S 1 e c em1cal pe • - f t I ·1n" s cies to the chemical component o e c 1 ~ 
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m!ght also be included. All these adv n • . 
wllh many parameters. a ced models can obv10usly be quite complicated, 

Finally, advanced simulator 1 • 1 etchin or ions u. . . s !11ay a so me ude a separate model for pure physical 
lbe g, . p ttermg. \~h~ch includes redeposition of the sputtered material [l O 37] 

expression used for thts Ill SPEEDIE [10.17] is • • 

Etch rate= K,pY(e)F; - K,dS,dF,d - SaJFd 
N (10.21) 

~: first term is d~e to the sputtering, and the sputtering yield can be angle dependent. 
second and t?ird terms are _due to redeposition of sputtered material. In particular 

the second term is _due to the direct redeposition from every other point on the struc­
ture where sputt~rmg occurs. TI1e third term is from material that is sputtered off the 
su:face but goes mto th7 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.~o.th types. The first is from Avantl's TAURUS-TOPOGRAPHY simulator [10.18], 
utihzmg the dry etch model 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 
simulates the deposition, reemission, and sputtering of polymer material that occurs in 
the formation of a sidewall inhibitor layer. In the example described here, SiO2 is 
plasma etched over Si using a photoresist 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 etching of the oxide. No polymer 
layer is present on the trench bottom because of strong ion bombardment and sputter­
ing there, and also because of less polymer deposition due to shadm\fog. Figure 10--33(b) 
shows the simulation after 1.8 minutes of etching. The sidewall layer is now thicker, af­
fecting the etch profile as described earlier and illustrated in Figure 10--14.A sloped etch 
profile, with no etch bias, results due to the high-polymer deposition-to-etch ratio. 

Finally, some commercially available simulation tools provide simpler, more empir· 
ical models. Silvaco's ATHENA simulator (using the ELITE topography tool) [10.19] 
is an example and we will use it here to simulate e~~hing of silicon through a P?otore· 
sist mask. In these simpler models. lhe user spec1f1es the etch rates of the different 
components and various parameters to obtain the shape of the etch profile. rather than 
specifying fluxes. There is both a •:wet et~h mo_del" and a "RIE model'_' in ATHENA. 
Tlie wet etch model is completely 1sotrop1c. wlule the RIE ~ode! con lams ~lemen Is of 
both the linear etch and saturation/adsorption models. We WIii bnetly descrtbe the RIE 

model here and provide some examples. 
In the RIE model in ATHENA, the etchin~ pr~cess is separated i~to thr~e ad· 

justable etch rate components: the isotropic, the d1rect10nal. and the chemical. Using the 
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(a) 
(bJ 

Fig~,; iO:ii'A~:;;;;;t~'iiuRUS-TOPOGRAPtlY I 10.18] si~tula~?" us~g ~eir Uf)' ct~~ mod_el ~;ut si• 
multaneous polymer deposition. (a) shows the resttlt of e1ching silicon dioxide over s1~co? '.~l11 a_ pho­
toresisl mask after o.9 minutes. :-lotice the side1,\lll polymer layer that has fonned, 1nhib1ting latei:u 
etching. (b) shows the e1ch profile ,tfter 1.8 111inu1es. The sidewall htyer is tllicker and the etch profile Ill 

the oxide is ,loped due 10 1he high deposition-to-etch ratio. 

first two is similar to using the linear etch model. The isotropic component, designated 
by r;,,o, etches equally in ;II directions. The directional component, designated by r«. 
etches only in the vertical direction. For a sloped surface, where the etch rate normal to 
the surface is important, the etching due to ftl;, is I'd,,* cos01.. Here 01. 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 chemical/isotropic etching, purely physical/directional 
etching, or a linear combination of the two. (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 an isotropy is 

( 10.22) 

[One can show that this is equivalent to our definition of anisotropy in Eq. ( I 0.5) if one 
o_bserves tha~ ft,'. = ~~o and r,.,. = r.,o + rd,,).] No sticking coefficient is used. nor are ar· 
:1val a~gle d1stnbut1ons. For these components, it is assumed that the etching is purely 
1sotrop1c for the one component, and purely vertical for the other. One just specifics the 
~tch rates for ea~h coi:iiponent: The Taurus topography simulator from Avant! has a sim· 
1lar etch 1:1odel m which one simply specifies the degree of anisotropy desired. 

~e t11'.r? component of the ATHENA RIE model is called the chc;nical comp011ent. 
!his 1mphc1tly assumes an_ ion-enhanced etch mechanism. When one specifics the chem· 
1cal component _etch rate m the RIE model, one must also specify the "divergence" pa· 
rameter. The divergence paramete d t • • • ·s . . r e ermines the standard deviation of the ion 
Gaussian angular d t 'b r 1· • ' . is_ n u 10n unction. It is assumed that this chemical etch in" only oc-
curs where an 10n strikes. In th· • l "' f 
ti 

- h d . is simp e way both the chemical and ionic componeutso 
1e ion-en ance mechanism 1 k • • are a en mto account in this model; how1c\'cl' saturatton 
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effects are not accounted for. By varying the divergence, different shaped sidewalls are 
obtained. very similar to changing the 11 factor in the cos"fl ion arrival angle distribution 
used earlier. In ATHENA. all three compone!lts-the isotropic, the directional. and the 
chemical-can be specified. resulting in almost any shaped profile imaginable. 

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 etched with a purely isotropic component. 
An isotropic etch rate.'""' 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 resulting profile is shown in 
Figure 10-34(b). Ill the next simulation, pure physical or directed etching is done. This 
is done by specifying ru;, to be 5 nm per second and r;,., to be zero. The simulated profile 
is shown in Figure 10-34(c). In the final simuhition, the ion-enhanced chemical etching 
component is used. This is done by designating the chemical component to be 50 and 
the divergence to be 5.111e 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 
ions 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 

(b) 

~ 0 
" ~ ,:,! 

:E 

Microns Microns 
0 2 

(d) 

0 Microns 

-0.7 
0 Microns 

2 

··········"·"·""............................ , ra h' simulaUon of siticon etching using different Ciching 
Figure I 0-34 Silvaco's ATIIE~A I Io. 1 n 10P"8. Ii i · . 1 mask over Si suhsiratc; (h) ptirely fsmropic 
componcllls in Ihe RIF. model: (:t) initial Sll11Cture \111 p lOIOrt'<IS • 

etching: (c) purely directional: (d) ion-enhanced etching. 
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°Fig·~~e I 0-35 Sikaco ·s ATHENA I IO. 19] c1Ch simulation using different etching component 
combinaUons in the RIE modet (a) chem = 50, div = 10, lso = 0, dir = 0; (b) chem = 30, 
div = 10 iso = o, dir = 20; (c) chem = 30, div= 10, iso = 20, dir = 0; (d) chem = 30, 
div= w'. iso = 10, dir = IO. These illus1rate thevarle1y of e1ch profiles that are obtainable 1,;u1 
tltis Clll,)'-IO·USe 1001. 

used to obtain a wide variety of etch profiles. These simulations demonstrate the use· 
[ulness 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 film. On~_can 
build up a library of etch equipment, materials, etch chemistry, and plasma condtt1ons 
to use in future simulations. This is sometimes done by commercial suppliers of these 
simulation tools and a model parameter library for various commonly used pieces of 
deposition and etch equipment with model parameters for various films anJ normal op­
erating conditions is included with the simulator. One can then use these models aod 

parameters to optimize an etch or deposition process without being involved with all 
the details. These types of simulations also run very quickly. 

Of course the main advantage of the more physically based models is that they try to 
be more close!~ linked to actual physical processes. This is especially true for the n:od· 
els currently being developed which actually model the etch-enhancement n,echamsm. 
such as inhibitor la~er formation and removal. As a result, these types of models are 
more apt to be vahd for conditions outside those for which they are calibrated aud 

tested. but both types of models are useful for different applications. 
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10:6 Limits and Future Trends in Technologies and Models 
With the ever-decreasing featu • • • f · ' _ , re sizes m uture generauo11s of integrated circuit tech-
~olo~y, the ch_all~n~es m ~tchin~ will certainly continue. Etching features with smaller 
'nd sm~'.ler d1_mens1~ns will o~v1ously pose problems. Damage to the underlying films 
~-nd a,ctl\ e _regwns ~viii also be issues as the dimensions decrease and plasma processing 
is us~d- H1gh-dens1ty plasma etch systems will surely l1elp in these regards. A high­
density plasma at low gas _Pressures and the decoupling of the plasma density and ion 
~nergy mean that fast, amsotropic etching can be achieved while minimizing the ion­
mdu~ed dam~ge. Dc~elopment of this type of etch technology will surely continue. 

With ever-1ncreasmg wafer sizes in the future, uniformity and loading problems will 
be harder to control. Improvements in equipment design will have to continue to over­
come these issues. More i11 sit11 control will be required. In addition to endpoint detec­
tion, automatic feedback will be needed to control equipment and process parameters 
such as gas tlow, pressure, and power to the plasma sources. 

As with deposition equipment, a trend in etch equipment will be the use of cluster 
tools. By connecting to multiple etch (and deposition) chambers and passing the wafers 
from one chamber to another, one can perform several processing steps sequentially 
without breaking vacuum. TI1is minimizes exposure of the wafers to atmosphere. reduc­
ing particulate contamination and surface oxidation between steps. For example, one 
can have chambers to etch TiN and Al. do a fluorine passivation. and strip the photore­
sist.111is 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 to batch systems. More control over each wafer is pos­
sible, but the etch rates must be high since eacl1 wafer must be processed individually. 

There will be more challenges in etching specific films as the dimensions decrease 
and aspect ratios increase. For example. in Al metal et~hing the issues of corrosion, r~­
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 a:~ many 1~sue~ and 
considerations involved in developing an etch process for each ftlm, and 1t will be 
harder and harder to satisfy all the requirements. . _ 

New plasma etching techniques may be used to meet the mcreasmg demands as the 
technology progresses. Recently a new plasma etch process._ called the Bo~ch process, 
I l d I ed in the MEMS (Micro-Electro-Mechamcal Systems) industry for 
1tash_1een evdee;pp Si trenches This uses fluorine chemistry in a high-density plasma, and 
e c mg very • • - s·o k , reported b I . ti nt anisotropy and selectivity with respect to 1 , Illas ~ are 

ot 1 ,exce i- ' ·ess. olvmer deposition and etching steps are sequentially alternated 
[10.38]. Int is hproc t PW.hetl1er tl1is can he adapted in the future for etching isolation 
• n HDP etc sys em. I • ma 

1
• • .1. ·it ·sin VLSI structures is unclear, but new plasma etc 1mg 

structures or po ys1 icon g, l: d d 
I I lines may be developed an use • 

methods a ong t 1ese _ • • _ ti tl,an plasma etching ma)' be used more in the 
I • d tt rmng processes o 1er - . 

Etc 1mg an_ pa e, . , I"shino (CMP) has found widespread use m the past few 
future. Chcm1cal-Mech~mcal Po 1 "_. As described in the next chapter, this uses a 

d • a mamstream process. f 
years an 1s now .. 1 _ d ·hanical grinding to polish or etch the top sur ace 
combination of wet chcm1ca s an mec " 
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. . face. Dielectric films and W plugs are now often pla-
of ~ film. leav_mg a veryu~l:~:~u~MP is combined with the "damascene" fill and etch­
nanzed by this techn q :b d . the next chapter. materials such as copper that are 
back process also descn e m • • T • . _ . ' h . b attemed to integrated circuit spec1 1caHons. 
difficult to plasma etc can e P • • h 1 . 

1 
-11 b dd d 1·n the future. As we discuss m t e next c rnpter. new 

New matena s w1 e a e . • 
. t · ls such as copper and new die lectncs such as low-k di-

metal mterconnect ma ena • 
I 

• -11 be equi·red niere has already been extenswe development on in-e ectncs w1 soon r - _ . . • . 
tegrating these types of materials into the fabnc~tJon process, mcludmg the patterning 
of these films. Etching some of these films, espec1~1ly Cu, h~~ been found to be very dif­
ficult. so much so that other methods for pattermng these hims such as CMP are more 

attractive. 
The models and simulation tools for etching processes will also undergo changes and 

improvements. As we mentioned earlier in the chapte:, we ne_ed _t~ model th~ actual 
processes more deeply.such as explicitly modeling the s1d~wall mh1b~tor form~hon_and 
removal and phenomena such as ion reflection and chargmg. Work m 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. 

10.7 Summary of Key Ideas 
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 ctchants and 
the latter using gas-phase, plasma-produced etch species. Some of the issues that are im­
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. 

In wet etching, chemical reactions dominate the etch process. TI1is leads to very se­
lective b~t isotropic etching. In dry or plasma etching, two types of spedes are present 
tha~ arc 1mpo~ta~t in the etch process: reactive neutral chemical species (such as free 
radical~) and ~omc species. The first etches by chemical processes and is isotropic or 
nea:ly, 1sotrop1_c and ca_n be_ very selective, while the second etches by more physical 
pro_cesses and is very d1rec~1onal, or very anisotropic, but not very selective. The th~ee 
mai~ types of etch mech~msms that occur in plasma etching arc chemkal etching (m· 
volv'.ng the n~utral chemical sp~cies~, physical etching or sputtering (involving the ion 
spec~es), and ion-enhance_d etch mg (1~volving both in a synergistic way). Ion-enhanc_ed 
c!cl_ung can occ~r by_ the ions ~nhancmg the chemical etch process or by removing _in­

h1b1 torb!ayc_rs. D1rechonal etchmg can be achieved in this manner as well as selectiv1ty. 
a com malion u II d ,· d • ' ' • 

t h b 
sdua Y esire m an etch process. Many types of pla~ma c:tching equip· 

men ave een evelopcd that util'· th d'ff 0• bar· I t h 
I 

JZe e I erent etching mechanisms inclu m~ 
rPel e c e(rHs,DpPa)sma mode etchers, Reactive Ion Etching (RIE) system~: High-D;nsity 

asma systems and sp tt h' r· ni I h · 
1 

. ' . u er etc mg equipment. These systc!lls range ro 
pure Y c em1ca to purely physical et h' . t t cell 
these two Where both cl . 

1 
c mg, Wllh many systems operating in ,e w d 

HDP syst~ms plasma con1ed'?t.1ca and physical components are prcsc:nt. as in RIE aih1 
• ' 1 ions and etch h • • ti at l e c cm1stnes are usually sclc:ct~d so 1 
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t~vo etch c~mponcnts act syne_r~istcally, and ion-enhanced etching occurs giving direc­
tional etchmg and good selecl!vtty. 

Most simulation models focus on the two component, of etching, the chemical and 
physical. Advanced simulators model the etch process based on the Ouxes 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. TI1c 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 species act synergistically, as described by the 
expression for two processes acting in series. Very directional anisotropic etching re­
sults. along with ~aturation effects. Variation~ 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 modifications or 
additional models can be utilized to capture these features. 

In the future, structures will get even smaller and new materials will be used. New 
etching tools and processes will also evolve. TI1e 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.l. 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 [low given in Chapter 2? 

10.2. If the etch anisotropy is 0, what is the undercut or etch bias when etching a 0.5-µm 
thick film? Vlhat 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 µm ( 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 µm each ).111e height of such structures is also 0.5 µm, and 
the minimum lithographic dimension is 0.25 µm. 
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 wet etching? 

(Again with minimum lithograph dimension of 0.25 µm. thickness of 0.5 µm, 

and equal metal width and spacing.) 

10.4. What are the advantages and disadvantages ofreacti,•e ion etching versus sputter 
etching? Cite a hypothetical example of when you might wa11t to use sputter etch-

ing rather than RIE. 

J 0.5. Explain how loading effects can affect endpoint detcctio11. 

I0.6. 
It is found that a certain plasma etch chemistry in a c~rtain RI~ etch ~ystem P:0· 
duces vertical sidewalls with zero etch bias when etching a parhcular hlm.Add'.ng 

h 
· al A to the etch chemistrv results in non vertical sidewalls, and an etch bias. 

c emic, • • • I • d 11 
Adding chemical B to the original etch chemistry results m nonverllca si ewa s, 
but with zero etch bias. Explain what may be gomg on. 

10
_
7

_ a. In a particular etch process. if se.;ectivity is the biggest concern, which type(s) of 

etch equipment should be used. 
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10.8. 

10.9. 

• • bombardment damage. which type(s) of etch 
b. If the biggest concern ts 10n 

equipment should be used? . . 
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 

etch equipment should be used? 
e. What about selectivity a11d vertical sidewalls and damage. while maintaining 

reasonable etch rate? 

It is observed that the sidewall slope in an etch process becomes more sloped as 

the temperature is reduced. Why? 

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 spontaneous chem­
ical etching and what percentage is ioniclphysical. assuming a linear 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 I X 1016 atoms cm- 2 sec-• (with K, equal to!), what unob­
structed chemical flux would result in an anisotropy of 0.8? For this process Sc 

is 0.0 I and Kr is 0. I. 

10.11. 

10.12. 

We want to see how the etch rate in the vertical direction might depend on pres· 
sure assuming that the etch follows the saturation/adsorption model. Assume 
that for a particular etch system that the chemical t1ux is directly proportional to 
the pressure, while the ion 11ux is inversely proportional to the pressure. lliat is 
F, = Fc'*P and F, = Fi/P. (Pis normalized to 1 atm and unitless.) Also assume 
that density = 1 atom nm-\ and that K,F/ = S,F.-' = I atom nm-' sec-', 

a, Plot the vertical etch rate versus pressure, P, from P = 0 to 10. 
b. Repeat with K,F;' = 40 atoms nm- 2 sec-' and S,F,.' = I atom nm_, sec· 1, 

In a~ etch process, ther_e is a finite amount of purely chemical etching without 
any ton bombardment (1.e., spontaneous chemical etching). In addition. ion born· 
bardment greatly increases the etch rate by facilitating the b.-eakino up of the 
elch p_recurs~r. At high ion flux the etch rate saturates. No etching o~curs when 
there 1s only 10n born bard t •111 • C , men w1 no chemical component. 

a. Write a generalized etch rate equation that can describe this behavior. 
b. Sketch an etch rate versu • fl . • ero . s ion ux curve for this process tor some nonz 

chemical flux. 

c. Sketch wha~ the etch profile might look like for this process (i.e .. etchillg 
through a window in a mask as in Figure 10-3). 
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