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Abstract

Moore’s Law, the idea that every two years or spshdouble in complexity and the cost of a traosigt
always in decline, has been the foundation of #misonductor industry for nearly 50 years. Themmai
technical force behind Moore’s Law has been litlapry scaling: shrinking of lithographic featurésa
rate faster than the increase in finished wafetscosVith smaller feature size comes the need étteb
control of those sizes during manufacturing. €aitidimension and overlay control must scale in
proportion to feature size, and has done so folat$tes0 years. But in the sub-50-nm feature i®game,

a new problem has arisen: line-edge roughnesgdaltiee stochastic nature of the lithography process
Despite significant effort, this line-edge rouglsésas not scaled in proportion to feature sizeigsutigus
consuming an ever larger fraction of the featuze sontrol budget. Projection of current trendsdjts

a collision course between lithography scaling seadd line-edge roughness reality. In the end,
stochastic uncertainty in lithography and its mesti&tion as line-edge roughness will prove thenalte
limiter of resolution in semiconductor manufactgyin

Subject Terms: Moore’s Law, lithography, line-edge roughnesseWidth roughness, LER, LWR

1. Introduction

Moore’s Law, nearing its 3D anniversary, describes the rising number of coraptnthat can be
economically integrated onto a single chfpWhile generally described as a doubling of thenber of
components on a chip every 1 — 2 years, the tmueuiation of Moore’s Law is the growing complexity
of circuits made of minimum-cost components. Itthie economic element of Moore’'s Law that is
critical: the cost of a transistor has declingghicantly each year for the past 50- years. Tdwlt is
that each year the same chip can be made for a loweln cost, or the same price can be paid for e@hmu
more capable chip.

While many factors have contributed to the sucoéddoore’s Law, the dominate force driving
lower cost per transistor has been that transidtmsity rises faster than the cost of manufactuang
finished wafer. And by far, the biggest contributo improved transistor density has been litholgyap
enabled shrinking of the feature sizes of the tstms Over the 50-year period of Moore’s Law feat
sizes have shrank by about a factor of 1,000, fbout 25um to about 25 nm (Figure 1). Lithography
scaling results in features that are abouxx/size every technology generation, each geroeradisting
about 2 — 3 years.

A continuation of Moore’s Law requires continugthdgraphy scaling. But such scaling is
endangered by two unpleasant trends. First, inggnants in lithography resolution today are enabled
only by multiple patterning>® where higher resolution comes at a consideraltiease in cost. But a
further complication to continued lithography sngliis the impact of stochastic effects on the ghbib
produce and control features of sufficient qualitytochastic effects in the exposure, baking, and
development of photoresist features leads to roesghralong the edges of those features. But while
feature sizes are cut in half every 5 years soatheunt of roughness along the sides of those riesatu
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have not been scaling nearly as quickly (if at als a result, roughness is now a large percernififee
feature size, and growing larger with each genamati

To help understand the implications of these etitis paper will explore the physics of line-
edge roughness (LER) and linewidth roughness (L¥YgRhation, and what might be done to improve it.
The principles involved can apply not just to sesnductor manufacturing, but to other areas of
nanofabrication as well.
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Figure 1. Moore’s law as an increase in the nurobebmponents per chip, and the feature size temuover time
that has enabled it.
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2. Stochastic Processes and Line-edge Roughness Forimat

Randomness is everywhere present in nature. In ai@simstances this randomness is hidden by the
process of averaging: the visible response iatfegage response of many, many random eventse If t
number of events being averaged is sufficientlyhhitpe stochastic nature of the process can béysafe
ignored and a mean field theory approach takensuth an approach, quantities such as the number of
molecules in a certain volume, the number of ph®tmtident on a certain area, or the number of
chemical species that react over a certain perfaiihe are taken to be continuous and deterministic
rather than discrete and random.

But if the number of events being averaged is kiaalking at the average may fail to provide all
the relevant information needed to understand tem@menon. For example, if the volume of inteiest
sufficiently small, the number of photons absorbedhat volume may have an uncertainty that is too
large to ignore. As lithography has scaled it$uieasizes to the tens of nanometers, we haveezhtke
regime where the randomness of the fundamentaltgwerthe lithography process cannot be ignored.
The result is line-edge roughness, with a standexdation of the edge position one the order of one
two nanometers (Figure 2). While such small amewfiroughness could easily be ignored in an era of
100 nm feature sizes and larger, today the conseqaeof even a single nanometer of uncertaintién t
edge position of a feature is significant.

Figure 2. Examples of rough photoresist featurbsb@ing LER and LWR.

Some examples of processes that are fundamemt@bhastic and give rise to roughness in
lithographic features are:

» Photon count

* Photoacid generator positions

e Absorption

* Photoacid generation

» Polymer blocking group position

* Reaction-diffusion during post-exposure bake
e Polymer chain length

» Dissolution

e Etching
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The stochastic nature of some of these steps lameérstood. For others, very little is knownong of
these steps will now be described.

a) Photon and concentration shot noise, and photoacigeneration

Standard photon counting statistics is Poissondastribes the uncertainty in the intensity of
light. If <nphotons> is the mean number of photons incident on soma axer some time, then the

variance in the number of photons is also equa{n&0t0n3>. As an example, consider the 193-nm

exposure of a resist using a dose of 10 mA/cAt this wavelength, the energy of one photoahsut
1.03x 10" J. For an area of 1 nm1 nm, the mean number of photons for this do§& isThe standard
deviation of the number of photons is about 10 @heare root of the average), or about 10% of the
average. For an area of 10 nvl0 nm, the number of photons increases by a faftd00, and the
relative standard deviation decreases by a fadt@0oto about 1%. Since these are typical vafoes
193-nm lithography process, we can see that shisé montributes a noticeable amount of uncertaisty
to the actual dose seen by the photoresist whésinigat length scales less than about 10 nm.

Chemical concentration, the average number of codds per unit volume, exhibits counting
statistics identical to photon emission. dfis the average number of molecules per unit vol(tne
concentration), then the average number of moledulea volumeV will be CV, and the variance will

also equalV. The relative uncertainty in the number of molestin a certain volume will bé/\/C_V.
As an example, consider a typical 193-nm resist th@s an initial photoacid generator (PAG)
concentration ol(nO_PAG> = 0.042 molecules of PAG per cubic nanométém.a volume of (10 nmi) the
mean number of PAG molecules will be 42. The stashdleviation will be 6.5 molecules, or about 15%.

Exposure of a chemically amplified resist invohedsorption by the PAG followed by release of
an acid. The number of absorption events that teade reaction of a PAG has greater uncertahmmn t
the above photon and chemical concentration shisego Definingh as the concentration of acid relative
to the 8ig\itial concentration of unexposed PAG, ¥heiance of this acid concentration in some volufme
will be

2 <h> + [(1—<h>)|n(l—<h>)]2 <h> = g C{Eave) 1)

g, = ,
" < No-pPac > < MNy-pac >< n photons>

where (h) is the mean relative acid concentration resulfiogn exposure with an average dose

of (Eae), andC is the exposure rate constarffor the case of the (10 nif 193-nm resist given

above, the mean acid concentration will be abotiafid the standard deviation in acid concentratiiin

be > 20% of the mean acid concentration. Fordase, the impact of photon shot noise, absorpsiod,
exposure [the right hand term of equation (1)] imimal compared to variance in acid concentration
caused by acid position uncertainty.

For extreme ultraviolet (EUV) resists, exposureoimes a different mechanism. Photons are
absorbed by the polymer rather than the PAG, lgadina photoionization event and a cascade of
possibly several secondary electrons, each of wéachpotentially interact with a photoacid generé&bo
create an acid. The resulting acid concentratiiance will bé&’
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(@)

where the mean number of generated photoeIectrenénpi,owemm@=goe<nphotons>(1—e‘”'°),

(h)ze‘C<EAVG>, a = the absorption coefficient of a resist of thiekaD, and ¢ is the electron

generation efficiency (a number typical close to Epr EUV resist exposure, the two terms in
equation (2) are similar in magnitude, resultingimuch higher acid uncertainty than for a resist
with a direct photon absorption and reaction memarisuch as a 193-nm resist).

b) Reaction-diffusion resulting in polymer deblocking

The random processes described so far have nelatbmg mechanisms. The resulting noise is
white for all length scales down to the molecutarel. The reaction-diffusion deblocking of polynierl
chemically amplified resist does add a correlatimeghanism that smooths high frequency roughness.

For a chemically amplified resist, the acid getestafrom exposure acts as a catalyst for a
polymer deblocking reaction during a post-expodiaiee in a process that is generically called ati@ac
diffusion system. Acid diffuses until it comes kit the reaction distance)(of a blocked polymer site.
Then, with a certain probability a reaction takésce deblocking that site (and increasing the fribitya
that the polymer molecule will become soluble ineleper). The acid is regenerated in the deblarkin
reaction and is free to diffuse to a new blockdd and to participate in a second deblocking reacti
Since these two deblocking reactions are causeldebgame acid, they are not independent but ratleer
correlated.

One impact of the correlation caused by a diffgstatalyst is a smoothing of high-frequency
uncertainty, that is, a smoothing of the uncenaititlength scales smaller than about the diffutémgth
of the acid. A rigorous treatment of this reactibffiusion smoothing leads to an analytic expressar
the power spectral density (PSD) of the time-avedagcid concentration (called the effective acid
concentrationHey).™*

3

2
B :|__e—(77<‘f)2
PSD(f)=PSD (0){W]

wheref is the frequency, and the correlation length patanf is determined by the acid diffusion length
Opasé = \/EU’D . The zero frequency PSD in three dimensions is

312 23,2
'3

— Hat 3,2

Figure 3 shows a plot of this PSD.
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Figure 3. lllustration of how white noise, the artainty of the acid concentration after expostuens into the
PSD of equation (3) through the correlating mectrarf acid catalyst diffusion.

This smoothing reduces the uncertainty in effectigid concentration compared to the acid
concentration, though only at the high frequenciBise standard deviation of the effective acid
concentration is approximated’as

O'he‘_f = \/E(%Jah (5)

If the acid diffusion lengthdp) is greater than the trapping distamaoghe distance the acid must be to the
blocked polymer site before a reaction is possithen diffusion of the catalyst causes smoothing an
correlation.

The effective acid concentration is the time ageraf the diffusing acid. This acid causes
deblocking of blocked polymer sites. The blockidss(with relative concentratiam and a mean initial

number in a given volume G(ho_blocked>) have a random, Poisson concentration distributi@ombining
this uncertainty with the uncertainty of the delidiog reaction gives

02=—<m> +{(m nmza—he“2
= Ty () in(m) {%J (6)

Using the example of a typical 193-nm resist, wd assume a typical density of blocked sites of
1.2/nni. Consider the case ¢h) = <heff> = 0.3, ando/a = 5. For a (10 nmi)volume, oy, /(h) = 0.28

and Ot /<heﬁ > ~ 0.025. The remaining blocked polymer will be ased to take a typical value ém}
= 0.55, givingoy, = 0.023, or about 4.3%. For a (5 ﬁm()lume,am = 0.064, or about 11%.
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¢) Photoresist development

Of all the process steps in a standard lithogragpbgess, development is the least understood in
terms its impact on line-edge roughn&ss:** The highly non-linear nature of development letals
extremely skewed distributions of probabilistic d®pment rates. For example, if the underlying
concentrations of blocked and deblocked polymemnarenally distributed, the resulting developmerte ra
will approximately follow a generalized gamma dsttion!* Additionally, the motion of a rough
moving front at the resist-developer interface bendescribed using dynamical scaltif Both the
magnitude of the roughness and the developmenté@wicorrelation length grow with time (Figure 4).

One way in which the development process relabeshé other mechanisms of roughness
formation is through the volume over which the @as physical and chemical processes are averaged.
As the above examples have shown, averaging olemgar volume produces less uncertainty in every
step, from photon absorption to polymer deblockihglithography the averaging volume of importance
is the volume of one resist polymer molecule. 8itite polymer molecule must dissolve as a unis it
the average of its dissolution response over thtieeemolecule that controls its solubility.

More work is required to integrate our understagddf uncertainty and correlation in the steps
leading to development with the uncertainty andedation that derives from the development steglfits
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Figure 4. Simulations of open frame exposure aadekbpment of photoresist with surface roughnesg (

measured over an area oKl (a) the dynamical increase in surface roughress time, scaled to show a
universal scaling behavior, and (b) the increasthéncorrelation length of the surface roughnegsh dévelopment

time. From Ref. 13.

d) Measuring roughness

Measuring line-edge or linewidth roughness invsltlee addition of both systematic and random
errors to the measurement. The most valuable waharacterize roughness is with the power spectral
density (PSD}’ But the measurement of the PSD necessarily imgaiwo limitations: the measurement
extent is limited to a finite valuke, and the sampling distandy is must be greater than zero. The non-
infinite measurement length limits the low frequgmeformation and results in a systematic biasechll
spectral leakage. The non-zero sampling distandsithe high-frequency information and resultsin
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systematic bias called aliasing. The natural lersglale to compare to bothandAy is the correlation
length of the roughnesé,

Letting PDy (f ) be the discrete PSD as measured by sampling ttneonsPD, (f ), we find
that discrete PSD is equal to the continuous PSHiffad by two error termssyias andaeakag,e.16

<PSDd(f)> =P3D, (f )(1+5anas)(1+5|eakage) (7)
(&) (emféf -1 Ei _L,gj _( mfay "
WHETE Eemage = ( Lj[ (2mté) +1] "o L ¢ and aie sin(rzf Ay) 5

These errors lead to very significant systematasds in the measurement of PSD if not taken into
account. Leakage can be significantly reducedutiinche use of data windowing, and aliasing caatbe
least partially compensated for by setting the damgmlistance to be about twice the resolutionhs t
measuring instrumenit.

3. Impact of Line-edge Roughness on Linewidth Control

Line-edge and linewidth roughness are importasemiconductor manufacturing in ways that depend on
the purpose of the feature being manufactured. h Hiigquency roughness, for example, can lead to
current leakage when present on the gate of aistansor electrical failure for a contact holettigaclose

to another electrical feature. But it is low-fremey roughness that is the biggest concern in
semiconductor manufacturing. Low frequency rougiris indistinguishable from a linewidth error and
thus contributes as one random component to thg c@nponents of linewidth uncertainty.

Consider a rectangular feature of long lengthind small dimension CD. For roughness with a
typical PSD having a correlation lengfhroughness exponeHt, and total roughness standard deviation
(for an infinitely long line) ofgwg, the roughness-caused uncertainty in the CD @tale critical
dimension uniformity, CDU) will b¥

(2H +1)5[1 <‘j )

g, =0 -2
CbuU LVVR\/ L L
We wantocpy to be a small fraction of the nominal CD values this expression shows, the CDU is a
function not only of the magnitude of the LW ¢g) but of the correlation length and the roughness

exponent as well.

Equation (8) shows how linewidth roughness musiesto stay on track with Moore’s Law.
Typically, the linewidth control requirements faxal new technology generation remains about constan
as a percentage of the nominal feature size. Ammmmrule of thumb is that the feature size must be
controlled to within £10% of the target featureesiand this control limit is taken to be a Bmit, i.e.,
0< 0.033*target CD. Thus, if the target CD is reel by a factor of 2, thezpy must be reduced by that
same factor of 2, that igpy should scale with the CD. In general, scalingatisions in an integrated
circuit is roughly uniform, so thdt will also scale linearly with CD. Assuming thidtremains about
fixed for all processes, scaling the CD will reguthat giws Scale linearly with CD, and that the
correlation length€ scale linearly with CD.
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Scaling both the magnitude of the LWR and theeatation length of the roughness in proportion
to the scaled CD has proven extremely difficulthrdugh significant effort LWR has been reduced
somewhat over the last 10 years, but not neanbyaportion to the reductions in CD over that samet
period. As a result, roughness-induced CD erroesaagrowing percentage of the CD and may soon
come to dominate the sources of linewidth errogeimiconductor manufacturing.

4. Conclusions

For over 50 years Moore’s Law has enabled contimuedth in the semiconductor industry by providing
ever more powerful chips at ever lower prices. hagraphy scaling has been and continues to be the
dominant driving force behind Moore’s Law. Eveiyef years or so the feature sizes of our devices ar
reduced by a factor of 2. With this reduction ceraesimilar reduction in the control requiremeptsthe
manufacture of those features: feature size usiogytmust scale with feature size. Throughout36e
years of resolution improvement in semiconductbioljraphy there has been a lock-step improvement in
the ability to control those smaller features.

Stochastic variability is an inherent part of itography process. From the moment light
shines on a film of photoresist, every part ofdighaphy process has randomness that averages aut to
consistent result only in the limit of large feasr As feature sizes shrink, the scale over whieh
observe the average behavior of lithography shrasksvell. And with this shrinking scale comes the
increasing importance of the randomness of theodithphy process and its consequence, line-edge
roughness.

Unfortunately, line-edge roughness does not seatdly with feature size. To date, line-edge
roughness has been decreasing at a much slowethzact¢he feature sizes used to make our integrated
circuits for leading edge devices. As consequeweeare fast approaching the day when roughness-
induced linewidth uncertainty becomes the domifiactor in linewidth control. Ultimately, the phygsil
limits of resolution in lithography may be causeg diochastic uncertainty and line-edge roughness.
More work in formulating a comprehensive theory amodel of LER formation is required before these
limits can be fully understood.
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