Why optical lithography will live forever
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A lithographic process capable of manufacturing state of the art chips faces many difficult
challenges. Not only must the process resolve the minimum feature size but overlay errors must be
held to tight tolerances, exquisitely complex patterns must be printed with high yield, and the overall
cost of the process must be acceptable. Achieving acceptable chip cost using an expensive exposure
tool is strongly linked to high throughput, and this in turn is linked to resist processes with high
sensitivity. In recent years, chemically amplified resist processes have dominated state-of-the-art
production because of their high resolution and excellent sensitivity. This article will consider
limitations of resolution for production lithography, both the resolution limits of the exposure tool
itself and the resolution limits of the resist process. Among the most important considerations for
production processes is the tradeoff between resist process sensitivity and resolution. Fundamental
reasons underlying the success of optical lithography for manufacturing integrated circuits will be
described. These considerations will illuminate the challenges and opportunities for future
lithographic methods. ©€2003 American Vacuum SocietyDOI: 10.1116/1.1619954

[. INTRODUCTION information, as illustrated in Fig. 2, beginning with the pat-
tern design in the form of a mask data file and ending up as

Over the years many lithographic patterning methodsa physically patterned device layer. Each step in the litho-
have been devised. Almost every type of exposure energy-graphic process holds the possibility of losing information,
photons of various wavelength or particle beams—has beethereby degrading the desired pattern. This article will focus
combined with innovative contact, proximity, or projection on two major parts of the process: the projection of the pat-
methods. There are myriad applications for such patterningern energy profile and the resist process. Section 1l will
in the research, development, and manufacture of electronidjscuss the resolution limits of production exposure tools,
photonic, and optical devices. This article will focus oni.e., the resolution of the aerial image profile. The Rayleigh
trends in the lithographic processes used for the high volumequation will guide this discussion focusing on the key pa-

manufacture of integrated circuits. rameters of exposure wavelengthprojector numerical ap-
The requirements of such processes are quite well knowarture (NA), and k;. Emerging design paradigms which
by chip manufacturers around the world, and include: maximize the patterning fidelity at low; will be discussed.

. . . . . . Multiple exposure methods will be mentioned as a way of
(1) working resolution, with adequate linewidth control in breaking thek;=0.25 half-pitch barrier. Section Il will con-

the presence of unavoidable exposure and focus. T . . .
variations: Sider the resolution limits of resist processes, with emphasis

(2) overlay capability, including the ability to compensate on r_ngh thr.oughput chemically amplified re.S'SF Processes.
for wafer size changes due to processing; Resist blurring, pattern collapse, and shot noise issues will be

PN . . discussed. Finally, Sec. IV will speculate on future opportu-
©) h'_gh fidelity, such that complex chip patterns are prlnt6dnities for optical lithography, beginning with an accounting
without defects; and

(4) economic considerations, especially high throughput,Of the fundamental strengths of optical lithography.

e.g., 100 wafers/h.

Chip manufacturing has shown steady improvements in §. PRODUCTION EXPOSURE TOOL RESOLUTION

variety of metrics over the past 3 decades. Many of these

metrics show exponential dependehteand are usually The fundamental limit of the resolution of an optical pro-
thought of as forms of Moore’s law. Figure 1 shows one ijection exposure tool is captured by the well-known Ray-

the most important such plots, where cost per function—bot/€i9h scaling equatioh

dynamic random access memofRAM) bits and logic

gates—are observed to decrease exponentially by roughly w,,=k

33% per year. While not scientifically fundamental, it is this

cost metric wh|ch_ drives the integrated C|rcu|t_ industry for- whereW,;. is the minimum linewidth of the printed feature,

ward, and has driven the steady progress of lithography. ) is the exposure wavelength, NA is the numerical aperture
The lithographic process can be thought of as a flow 0fyt the projection optics, an#; is a dimensionless scaling

parameter. Let us now consider the progress in each of the

3Electronic mail: tbrunner@us.ibm.com three factors which define the projector resolution.
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1.E+07 TaBLE |. Wavelengths for optical lithography. Resolutiof,,, usesk;
—&— cost/bit DRAM =0.3 and DOF usek;=1, assuming NA=0.9 for all wavelengths except
@ 1.E+06 1 A costbit ITRS2001— EUV, which assumed NAO.25.
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A plified resist systenfsvas a key enabling technology for KrF
1.E-02 ‘ ‘ ‘ ‘ manufacturing, and is firmly established in all advanced li-
1970 1980 1990 2000 2010 2020 thography production. Over the past 1-2 yr, ArF lithography

( : . , :
ear has begun to ramp up in production, with a 22% resolution

Fic. 1. History of cost per DRAM bit and cost per CMOS logic gate, along improvement over KrF. Roughly 10 yr of intense research
with roa_dma_p projections. This is Moore’s law which powers the progress Ofand development—particularly in the areas of resist pro-
production lithography. cesses, system contamination and optical degradation—were
needed to enable 193 nm production.
A. Exposure wavelength The F, laser, operating at roughly 158 nm, offers another
significant incremental 19% advance relative to ArF. Over
There is a strong motivation to shrink wavelength sinceyne past 5 yr, fundamental advances have been made in many
minimum linewidth scales proportionally. Table | lists sev- aspects of F lithography, especially the development of a
eral standard lithographic wavelengths. The fractiongimensionally stable fluorinated silica mask material, high
AMNprey represents the relative improvement in moving A optical designs which compensate for the intrinsic bire-
from a previous wavelength ., to the next generation fringence of calcium fluoride, and prototype fluorinated
wavelengthh =\, ~AN. For example, the 32% drop in nolymer resist materials. But significant technical challenges
yvavelength fro_n1 line to KrF Iithography was a hqge _driv- remain, most notably the production of Gafblanks” of
ing force, equivalent to roughly one integrated circuit gen-gyjtaple size and quality for building lens elements. It is not
eration shrink all by itself. The invention of chemically am- yet clear when overall Flithographic capability will exceed

ArF lithography.
Extreme ultraviolet(EUV) lithography offers a revolu-
tionary advance in exposure tool imagery, with a spectacular
ask writer 91% wavelength reduction over, fithography. In order to
& process make resolution comparisons, Table | also plots Wg;,
resolution for each wavelength, assumiqg=0.3 and a very
exposure
tool
wafer
reflections
resist blur
CA resist
develop
process
RIE pattern
transfer
rently in use for chip production. High NA optical systems
y must always face the problem of limited depth of focus

high NA of 0.9, except for EUV which assumes a more
achievable NA=0.25. Even at the smaller NA, the resolving

Fi. 2. Information flow in the lithographic process. Every step is an oppor-(DOF). The Rayleigh scaling of DOF, modified for validity

tunity to lose information or distort the desired pattern. at high NA%®is given by

capability of an EUV projector offers better than threefold

improvement over & Many challenges must be overcome

in order to use EUV lithography for chip production, espe-

cially tool throughput and other economic challenges. The
tool throughput issue has two intertwined aspects: a suffi-
ciently bright source coupled with a sufficiently sensitive

resist process. At the present time, only very simple circuit
patterns with a few ring oscillator gates have been printed
with EUV lithography.

Aerial Image

Latent Image

Resist Image

B. Numerical aperture

Full field optical exposure tools with NAO.8 are cur-
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A C. k4 scaling factor

A
DOF=k =K , 2
% SirR(6/2) 3x2(1—\/1—NA7) @

For line gratings, diffraction considerations dictate a mini-
mum pitch limit of 0.5N/NA, which is the same as k;
=0.25 limit for grating half pitch. Many state of the art

where 9=sim{(NA) is the maximum oblique wave angle manufacturing processes produce complementary metal—

and ks is a dimensionless factor of order unity which de- OX|de—sem|con_du_ctor(CM_OS) gate geometries _W'trkl
pends on the imaging details. The DOF decreases with in=0-29: and this is possible because the spacing between
creasing NA even more steeply than the traditional paraxia@at€s is larger than the gate linewidth. The factor is a
NA 2 Rayleigh scaling. The progress of increasing NA op- useful measure of the degree of difficulty of printing a par-
tics over the years has been driven by two aspects. One alicular feature. Wherk;>0.6, the lithographic process is
pect is the increasing skill of lens designers and lens buildergglatively easy and tolerant of process deviations. KAs
in realizing high NA optics with very low aberration levels. shrinks, the imaging process becomes increasingly difficult
The other aspect is the continued improvement in the chipvith small process deviations causing unacceptably large
building process, with progress in all aspects of process fopattern changes. Tremendous progress has been made in re-
cus control including wafer flatness, autofocus/autolevelingent years to reduck; through the use of resolution en-
systems, thinner resist processes, and decreased processHancement technologyRET) such as various phase shift
pography via advanced methods such as chemical mechanfask approaches, off-axis illumination, subresolution assist
cal polishing. features, optical proximity correction methods, and many
Furthe'r increases in NA are motivqted by the diffi.cultiesother approaches. Many RET methods are superb at printing
of changmg exposure wavelength. A_|r prme_ctor§ with NA grating test patterns, but become problematic when used with
v&\;i(tjﬁgl\?;\e;fiy L?];Zign;?;f?;gﬁg:ﬁg;?:;fs 'chli'itt?;?rtiphyactual circuit patterns. The fundamental reason for this is that
near thek;=0.25 half-pitch limit, the images are formed

the difficulties of the very low DOF, new issues arise with ust two diffracti d hich interf o f
such high NA. Polarization plays a fundamental role as thér,Om J‘%S Wo ) ! .rac |on. or .ers which intertere (_) orm ,a
iinusoidal periodic grating image. Recently, an interesting

angle of incidence approaches or exceeds Brewster’s ang gh ) , ; "
The transverse magneti@M) polarization component will design philosophyhas emerged, in which the critical pattern
have reduced image contrast due to vector effearsd this levels are designed to resemble periodic gratings. The great
will reduce the exposure latitude. The oblique propagatior¥irtue of this approach is that advanced RET methods can be
angle within the resist controls this effect, so resist material@pplied in a straightforward manner to print these patterns at
with larger index of refraction would improve the situation. high density.
Manipulation of the illumination polarization is another pos- A number of research thrusts have sought to break
sibility. Other unusual thin film interference and swing curvethrough thek;=0.25 half-pitch barrier. Direct optical ap-
effect$ are caused by the highly oblique waves. For goodoroaches include two photon lithogragRyr the use of en-
process control, a capable super-high NA resist process withngled photon$' but the capability to print patterns as com-
need a thin imaging layer to conserve DOF, an excellenplex as chip designs has not been demonstrated. Another
bottom antirefleptive coat Iayer to _control swing curve ef-class of approaches doubles the spatial frequency by printing
fects, anq p055|blly a top antwgflgcﬂv_e coat Iaye_r to improvesgch edge in the image as a line, including sidewall
the coupling of high angle radiation into the resist. _ lithography? where a deposition step controls the linewidth
the effective NA. While the fundamental principles havegand hybnd. Ilthographjf \.NhICh makes use of a unique re§|§t
-process with both positive and negative tone characteristics.

long been known, and are used every day in biological mi-

croscopy, it is only recently that the method is being seri-These frequency doubling processes suffer from profile

ously examined for production lithographyeor 193 nm li- asymmetries as well as design complications similar to those
thography, purified water is a suitable immersion fluid with ©f Phase edge lithography. Another class of approaches is to
n~1.44. There are a number of open issues with regard t§S€ multiple exposures. Unfortunately, in a normal resist pro-

chip production with immersion lithography including: cess where the intensity images of multiple exposures would
) simply add, it is not possible to break tke=0.25 half-pitch
(1) modgrat(_e tg severe loss of image contrast for the TM; it Through use of a multiple expose/multiple etch
2 fgincj:gcr)]nfyluid dispensing onto wafer: method, it is poss?blg to increase the spatial freqqgn_cy be-
(3) bubble formation and other optical distortion during wa- yo'nd.the ”0”‘?"“' limit. In one such scheﬁﬁ‘eq sacrificial
thin film layer is used to accumulate the total image pattern.

fer scanning; ) . ) .

(4) resist process interactions with fluid; and The major V|rt.ue of the mul.tlple gxpose/multlplg etch ap-

(5) lens contamination issues. proach is that it can be practiced with current equipment and
processes. Along with obvious cost issues, overlay errors and

It is too early to tell whether immersion lithography will play linewidth differences between the two exposures must be

a significant role in future chip production. tightly controlled to produce acceptable patterns.
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line represents the correlation noted by Tennant in Ref. 13, and represent?_ql . : .
) . R ' : G. 4. Resist blur function calculated for an ESCAP-type chemically am-
by the equatiorP~4.3R%, whereR is the resolution in nm an@ is the P y

A i ) lified resist process. The initial acid profile was assumed to the 1 nm wide
throughput in pixels per second. The three isolated points represent produfiy the pEg reaction diffusion creates a reacted polymer profile with
tion optical lithography tools, and illustrate the progress in both resolutlonFW,_WI of roughly 50 nm, similar to that of direct experimental measure-

and throughput. ment of the blur function.

[ll. PRODUCTION RESIST PROCESS RESOLUTION ) - ) i
ing the PEB shows that the solubility-changing reaction of

Section Il has described exposure tools and imaginghe catalyst is not entirely local, but rather spreads out spa-
methods which are capable of producing high resolutionjally. Figure 4 shows the one-dimensional blur function for a
aerial image profiles with the desired pattern information, butypical deep ultraviolet chemically amplified resist calculated
this must somehow be accurately converted into a physicaly such a rigorous methdd.The blur function resembles a
pattern on the wafer. Processes with very high resolution caporentzian line shape with a full width half maximum
be very slow. Tennant has characterized this resolutionfrwHM) of 51 nm. Recently, a direct experimental prbbe
throughput tradeoff over a wide range of lithographic applied a modulation transfer functigMTF) approach, in
methods. His correlation, modified from area throughput tocombination with interferometric lithography, to measure the
pixel throughput, is plotted as the solid line in Fig. 3. For resist point spread functioi®SH. A good matcf® was found
comparison, resolution and throughput data points are plotyetween the measured PSF blur function and the calculated
ted for three eras of optical lithography production tools.  resist blur function of Fig. 4. While resist blur functions have

The highest resolution imaging methods use the energeen known and used for many ye&tshe MTF experiment
profile to directly drive chemistry on the substrate. For ex-and reaction—diffusion calculation of Fig. 4 have provided

ample, patterns with several nm resolution have been Writtefhe most direct measurement and deepest understanding of
with e-beam inorganic resisfsor self-assembled monolayer this important phenomenon.

resists,’ although at very high doses on the order of 1 Clcm  Obviously, the resist blur function constitutes a
(e, in more usual units, £Q.C/cn?). Poly(methyl-  resolution-limiting aspect of production lithography; an en-
methacrylatg(PMMA) has been able to resolve 15 nm denseergy profile with resolution of 15 nm would be wasted in a
line gratings with e-beam exposure. Unfortunately, the doseesist process with 50 nm blur function. But this 50 nm blur
requirements of such nonamplified resists are orders of mags not fundamental, and can be improved upon. One ap-
nitude higher than those needed for production lithographyproach is to trade off resist sensitivity for resolution, by re-
Virtually all leading edge chip production resist processes argjucing the catalytic amplification factor. Unfortunately, the
chemically amplified, driven by the requirements of higheconomics of production are very demanding of resist sensi-
throughput lithography. The following subsections will dis- tivity. This is particularly true of EUV lithography, where
cuss several key aspects of production resist processes Whigm sources and losses in the optics create an extreme need
can limit resolution. for resist sensitivity.

A. Resist blur in chemically amplified resists

The chemically amplified resist process uses the energ
profile created by the exposure tool to drive the creation of
catalyst profile within the resist film. A subsequent postexpo- As dimensions continue to shrink, resist collapse has be-
sure bake(PEB) is used to drive the main solubility- come a much more important problem with state of the art
changing polymer reaction which is catalytically enhancedproduction processeflt is disheartening to the lithographer
One quantum of energy absorption creates one molecule ¢6 see a perfectly formed high resolution resist line of the
catalyst which can drive hundreds of solubility-changing re-proper dimension lying askew on the wafer surfache
actions, hence the marvelous sensitivity of chemically ampliroot cause of collap&is driven by surface tension effects
fied resists. But a rigorous, quantitative description of theduring the drying after wet development. Recent work at the
simultaneous chemical reaction and diffusion transport durUniversity of Wisconsif? has shown that the attainable as-

. Resist collapse
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2636 Timothy A. Brunner: Why optical lithography will live forever 2636

Benchmarking the Collapse Behavior of are a fundamental form of noise in the flow of pattern infor-
Different Resist Platforms mation, and are observed as line edge roughness and random
feature variations.

The amount of quantum noise is fundamentally tied to the
71 A 4 number of quanta per resolvable element. An insensitive re-
ol sl adk 4 | sist, like PMMA, requi_res huge num_bers of guanta to expose,
A A and quantum fluctuations are relatively unimportant. On the

51 A . 3 . other hand, a sensitive chemically amplified resist works
& "l .’ .,‘ 1 | with fewer quanta, hence more fluctuation. The resist blur
S .4‘ = function defines a natural resolution area within which to
3r A e COMA |1 count quanta. Table Il collects some quantum noise data for
oL : ige‘iR; i several types of lithography where a 50 nm square pixel was

. UV6 chosen to crudely approximate a typical chemical amplified

b A PMMA || resist blur. The number of quanta falling within the pixel is

0 L L L L L used to calculate as3dose variation. 193 nm lithography has

0 100 200 300 400 500 600

a large number of quanta within each pixel and the statistical
fluctuations are expected to be small. EUV lithography has a
Fic. 5. Collapse behavior of various resist platforms. The critical aspecSMaller number of quanta exposing a sensitive 1 mJtem
ratio for collapse(CARC) is defined to be the ratio of the resist thickness to sist, and statistical fluctuations are larger than at 193 nm. The
the linewidth where collapse woqld begin. CARC was found to decrease fo5( kV e beam and 100 kV ion beam face significant quantum
an:lavlg;tf;ag: \r,\e,issc'zissi:fé;”lr;?'St platforms studied by @aal. at the noise issues when used with sensitive chemically amplified
resists. The statistical fluctuation problems become worse as
pattern resolution improves and as the resist dose goes down,
pect ratio is decreasing with feature size. This unfavorabldoth nominally desirable trends for production lithography.
scaling has been observed in a number of resist polymdror example, if we choose a 25 nm lithographic pixel, the
platforms, as shown in Fig. 5. fluctuations increase by a factor of 4 relative to the 50 nm
Several strategies are being explored to avoid collapsenixel. The brief discussion herein has been qualitative and
The most obvious approach is to use a thinner resist filmpversimplified. Recent quantum noise work takes into ac-
which usually results in complications of the etch processount the quantum statistics of the chemical amplified resist
and the level integration scheme. Another approach is to reprocess; and should provide a better basis for understand-
duce the surface tension during development drying by using the tradeoff of resolution and sensitivity for chemically
of surfactants or solvents. The most powerful approach is teamplified resists.
reduce surface tension to zero by use of a triple-poiny CO

rinse?® but this is currently not production worthy. IV. EUTURE OPPORTUNITIES FOR OPTICAL
LITHOGRAPHY

We begin this section with a review of the fundamental
We tend to think of exposure energy profiles as smoothstrengths of 193 nm optical lithography for chip production.
continuous functions as assumed by most of our simulatiofhrough the use of high NA optics and sophisticated imaging
models. In fact, as features continue to shrink we are increasnethods, sufficient resolution to support ground rules for 65
ingly entering a quantum realm. The true exposure energnm node designs has been achieved. It is notable that this
profile is a discrete collection of energy quanta with randomnievel of resolution is being achieved at high throughputs, on
fluctuations, and the latent image inside the chemically amthe order of 100 300 mm wafers/h. Chemically amplified
plified resist is a finite collection of catalyst molecules. Justresist systems have been developed with the required com-
like the classic example of a photomultiplier tube, the statisbination of resolution and sensitivity. Many 193 nm quanta
tical fluctuations are dominated by the relatively small num-are used to form the image, so shot noise effects are rela-
ber of quanta before amplification. The statistical variationgively low. Precision, high-speed stages enable an overall

Spacing [nm]

C. Shot noise and quantum statistical effects

TaBLE Il. Quantum fluctuations of number of quanta in 50 nm square pixel for various lithographic approaches.

30 dose
Energy Resist dose No. quanta variation
Lithography (eV) (mJ/cnf) 50 nm pixel (%)
193 nm 6.4 20 500 000 0.4
EUV—13.5 nm 92 2 3400 5
X ray—1.3 nm 920 40 6800 4
e beam 50 000 15@® uClent) 470 14
lon beam 100 000 5(0.5 uClcnf) 78 34
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