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The mechanism of focus latitude enhancement for contact/via hole printing is explained by
approximating the axis intensity distribution of an image as a series of cosine functions to
characterize the interference between each pair of diffraction beams. It is found that a phase-shifting
mask (PSM) with symmetrical assist features improves the depth of fd®BF) by introducing
destructive interference to counterbalance the intensity fluctuation from constructive interference as
defocus. A simple formula was derived to represent the capability of focus latitude enlargement. It
shows that the extent of enhancement depends on the exposure wavelength and numerical aperture
of a projection lens only. Increasing the degree of partial coherence degrades the focal range
enlargement because a larger illumination angle elongates the destructive interference pattern in the
optical-axis direction to weaken its ability for intensity compensation. On the other hand, the lack
of constructive interference in dense hole imaging fails the mask pattern transfer, which limits the
application of the phase-shifting method to pattern pitch greater {2aiNA. A tiny amount of
spherical aberration results in prominent asymmetrical defocus behavior because the wave
deformation in the projection lens shifts the distribution of constructive and destructive interference
patterns to opposite defocus directions. The printing characteristics ofu@rilontact using an

18% transmission, rim-type attenuated phase-shifting mask are investigated to corroborate our
analysis of defocus behavior. The dependence of depth of focus on pattern duty is stressed to
elucidate the difference in mechanisms of focus latitude improvements for a sparse hole and
periodic dense hole. @001 American Vacuum SocietyDOI: 10.1116/1.1418398

[. INTRODUCTION In this article we thoroughly explained the working prin-
ciple of symmetrical phase-mask design for contact hole pat-
terning by projection optics. The correlation between focus
[Atitude enhancement and optical system parameters was
ea{nalyzed. A simple formula was derived as a metric to rep-
resent the capability of DOF enlargement. We also elucidated
the effect of illumination angle, pattern pitch restriction, and

fixed lenath. E tact-hol inting. the PSMs oft influence of spherical aberration on DOF improvement for
Ixed wavelengin. or contact-hole printing, the S Ol eq process applications. To verify our analysis, an 18%

have symmetrical phase-shifted assist features Surroundiqpansmission rim-type attenuated PSM was employed in 0.17
the main feature opening. Outrigger design in Levenson-type

. ; . . ) . 7Mum contact-hole printing, which corresponds to a Iy
PSMs and rim-shifter design with different transmission in . . .
. . f f 0. . The lith h -
attenuated PSMs have been applied to deep submicr actor of 0.38 in our exposure system. The lithographic per

tact-hol i . today’ Kh 248 YBrmances of a variety of contact features with different rim
con z;c i §°_§Ap“” 'Tg uj'ggsoh ETIy sbévor d (;rsehg th “Myidths and array pitches were evaluated under conventional
machines. “As explamned by Schellenbergnd socha,the purely off-axis illuminations. The dependence of DOF

contact PSM design is based on the principle of apprommat(—)n pattern pitch is confirmed experimentally. Possible ap-

ing the mask f“T‘C“.O” t_o a Bessel function, which _has .zjroaches to remedying the inability of this superresolution
transverse eIectnc. f'e.k.j mdepgndent of the propagation di fechnique for dense hole printing are also discussed.

tance, and thus significantly improves the DOF. However,
this coarse approximation is inconclusive for correlating the
defocus behavior with the optical system parameters anli: MECHANISM OF DEPTH OF FOCUS
mask variables. As the optical condition varies, tedious simuENHANCEMENT

lation work must be done to reoptimize mask parameters for Figure 1 shows the schematic view of image formation by

Large depth of focu$DOF) is required in projection op-
tical lithography to overcome the process issues like uneve
surface of a device and focus adjustment error. Phas
shifting mask? (PSM) is a popular superresolution tech-
nique to retain relatively large DOF while increasing the nu-
merical aperturgNA) for higher resolution capability at a

satisfactory lithographic performance. a projection lens. In Fourier optics, the calculation of ampli-
tude distribution in the ideal image platk(x,y) starts with
dElectronic mail: sychou.ee84g@nctu.edu.tw a Fourier transform of the complex amplitude of the mask
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Ob{eh:ta:sme Ui(x,y,d)
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Projection\]
Lens

Fic. 1. Schematic view of coherent image formation by the projection lensSince defocus accompanies the loss of intensity at the center

system. of the image patch, we observed the central intensity varia-
tion of an image spot to characterize the defocus behavior.
Calculating the square of Eq2) and lettingx,y=0, we
obtained the central intensity distribution with the form

’ ’
¢ '
’
'
' Qpp=22"%M =0 with m,n=0.

‘function, U, (X,y), proceeds with calculating the propaga- Vm?+n®<pNA/A Vu®+r?<pNA/)

tion of the Fourier components in the optical system, and [(d)= > > Anwt - f

ends with an inverse Fourier transfofmwith the consider- m,n=0 uy=0 o

ation of defocus gffect, since the focal_ length is_ sufficiently X cog 27(d/N) (V1= (m2+n?) (N p)2

large compared with the wavelengttof light to validate the

application of stationary-phase approximatiSrthe three- —J1=(u>+ 2 (Np)2))], ©)

dimensional amplitude distribution of image in the vicinity
. ) where
of the focal point can be expressed as follows:
=247 M= =3wW=4®) = with m,n,u,v=0.

a'r,nnw
In Eq. (3) the exponential term related to defocus behavior is
Ui(x,y’,d)= Fl[ F{U (x,y)}cire( /—af+o§/NA) trans_formeq into a cosine fur_lction. The period of eac_:h cosine
function is inversely proportional to the difference in the

component of the propagation vector between the two inter-
_ (1)  acted diffraction beams. For an isolated contact feature with
continuous diffraction spectrum at the pupil, its defocus be-
havior can be accurately approximated by a series of cosine
functions with a reasonable large array pitch for sufficient
Here o, and o, are the direction cosine of the plane waves.sampling points at the pupil. To reduce the redundant cosine
F andF ~! denote a Fourier transform and an inverse Fouriefunctions in Eq.(3) for a clear and simple illustration of
transform, respectively. The variabtespecifies the defocus defocus behavior, we choose a coarse mesh with only nine
distance from the ideal image point. The circle function circsampling points to represent the pufsee Fig. 2a)]. This
represents the pupil function of the projection system. Theorresponds to the case in which the pitch of the contact
defocus behavior of image is determined by the complexarray is so small that the projection-lens pupil samples only
exponential term in Eq(1). nine diffraction orders. Consequently, the central intensity
The Fourier transform in Eq1) is generally calculated by distribution of Eq.(3) reduces to
a computer by representing the complex exponential term in
the ooy plane using a discrete mesh with a reasonable num-

2
Xexr{i%d\/l—(aszrcryz)

I o(d) =3+ 16f 70 + 1631+ 8 gof (19

ber of samples. A similar sampling process occurs at the N T YA

pupil plane when the mask patterns are arranged in a repeti- xcog2m(dN)(1=VI=(Mp)T) ]+ 8foof 11

tive array, which gives a discrete Fourier spectrum composed X cog 27 (d/N)(1—1—-2(N/p)?)] (4)
of various diffraction-order beams. Since regular arrays of

holes are general in large-scale integratib8!) layout and +32f (10 f1ic0§ 27m(d/N) (V1—(N/p)?

often used as test patterns to evaluate the lithographic per- B m)]

formance, we assumed the pattern in the mask plane is a

periodic hole array with pitcip in bothx andy directions so ~ wheref ;4 equalsf,, andfy;.

that the object spectrum at the pupil becomes a dot array Since an aperture near or smaller than the wavelength
with a pitch of\/p. Let f ,,, denote the complex amplitude of diffracts light to fill the pupil almost uniformly, we assume
(m,n)-order diffraction light. The Fourier transform in Eq. all the diffraction beams collected by the pupil have an am-
(1) could be rewritten in the form of a double trigonometric plitude equal to unity to simplify calculation. Equatidd)
seriest! and the amplitude distribution of the image is ex- was graphed in Fig.(®) with the optical condition of =248
pressed as follows: nm and NA=0.55. The pattern pitch is 1.76NA for con-
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is required to maintain sufficient DOF as CD decreases.

Another more feasible method with full pupil utilization is
reversing the distribution of some of the cosine terms to
retard the intensity loss as defocus. This method can be ful-
filled by shifting the phase of the zeroth-order diffraction
beam by to reverse the distribution of cosine terrfiygf 10
and fyf 11 [see Fig. Zc)]. The corresponding central inten-
sity profile in Fig. 2d) shows a flat distribution around the
ideal image point, which infers a superior enhancement on
focus latitude than that from a finite-width annular aperture.
Since the flat distribution comes from the equilibrium of the
descending ternf,q)f1; and ascending termfyef 10y and
foof 11, the enhancement mechanism is no longer valid when
the cosine functioriyyf 1, Starts to descend after propagating
/ \ a half period from the focal point. This indicates the maxi-
3 2 4 0 1 2 3 324 0 1 2 3 mum extent of constant intensity can be represented by the

Defocus (um) Defocus (um) minimum period of these cosine functions. With reference to
(b) @ Figs. 2¢) and 2d), the cosine function with minimum period
Fic. 2. Sampling the pupil by a coarse mesh with nine data poias. 'e€Sults from the interference between the innermost diffrac-
Conventional method with all diffraction orders in phase, éndhe corre-  tion order(0,0) and the outermost diffraction ordér1,+1).
sponding central intensity distributiofic) Phase-shifting method with the The period of the cosine functiofy,f,; can be regarded as
zeroth-order diffraction beam 1807 out of phase, &fithe corresponding 53 gecyrate metric to evaluate the extent of focal range,
central intensity distribution. .
which has the form

A A
DOF~

forming the nine-beam-interference condition. Every cosine 1-V1-2(\/p)% 71— /1—(\/5)\/p)2

term in Eq.(4) (plus the dc valuest o+ 16f 1)+ 16f,,) is

Central Intensity
fo0)f11term

75+

-

Intensity
3
Intensity

8

/] \
foofioyterm

also plotted in this figure to demonstrate the interference A
between each pair of diffraction orders. Since the diffraction T 5
beams with indices 0f0,0), (=1,0), (0,+1), and (+1,+1) 1= V1-NAg

are all in phase, the cosine functions with coefficientsere NA, represents the effective NA at which the outer-
foof (10): foof 11, @nd f(10)f11 have synchronized distribution most diffraction orders locate. In fact, each cosine function,
near the ideal image point. Thus the central intenkitgle- i Eq. (3) can be regarded as the two-beam interference pat-
clines rapidly as defocus, which implies a small focus lati-tern from a pair of diffraction orders at the pupil. Equation
tude. (5) indicates that the focus latitude enhancement by a phase-

Figure 2b) indicates possible approaches to improvingshifted central order is related to the minimum period of the
the focus latitude. Regardless of the image fidelity in wafergestructive interference patterns.

plane, the most effective method is eliminating all cosine
terms that originate intensity fluctuation as defocus in Eq.
(4). This method can be fulfilled by inserting a thin annular”l' REALIZING THE MECHANISM BY PHASE-
aperture at the pupil plane so that only the diffraction eIe—SH”:TING MASK
ments with radial position equal to the radius of the annulus Figure 3 shows two symmetrical phase mask designs for
are collected. Theoretically speaking, this method generatesontact hole patterning: outrigger tygeand rim type'® By

a nondiffraction field with the form of Bessel functions in the properly arranging the dimension and location of the assist
image plane to provide infinite DO&:!® However, a finite  features, the low frequency components at the center of the
width of the annular aperture is required either to cover gupil are phase shifted by, which satisfies the requirement
wide range of pitch values or to let sufficient power transmitfor focus latitude enhancement as mentioned previously.
through the pupil to expose the photoredfsConsider an Note the spectrum energy is concentrated around the center
annular aperture with finite width that blocks the central or-and edges of the pupil. This confirms that the coarse nine-
der but let the other eight diffraction orders in Fi@Rpass; point mesh in the pupil plane can evenly sample the most
the resulting central intensity profile is determined by thesignificant characteristics of Fourier spectrum to approxi-
f10f11term only. Refer to Fig. @), thef o, term has less mate the defocus behavior correctly. The reconstructed im-
steep intensity variation then the superposed intengity ages have narrow, bright central spots with side-rings revolv-
which indicates a larger defocus tolerance than that withouing around, which indicate the resolution capability to print a
annular aperture. However, this enhancement is insufficierdeep submicron contact hole using 248 nm exposure tools.
when the target critical dimensiof€D) is so small that a Since the contact mask designs in Fig. 3 are composed of
tiny amount of intensity variation results in large consump-several rectangular apertures with different phase angle and
tion of the CD budget. A flatter central intensity distribution transmission, their Fourier spectrum at the pupil can be de-
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Pupil Plane Weder Rim-type Design  Outrigger Design

Modulus Phase Plane

Mask Plane

Amplitude Profile at the Pupil
Rim Width (um) Outrigger Width (um)

a=0.10pm 0=0.23um
5=0.45um 100% =

=
—_

0=027ym r=067um
fim width=0.20um

Cut e On-focus Intensity Profile

Fic. 3. Symmetrical phase mask designs for focus latitude enhancement. o N, ’ Rl e

The low frequency components in the Fourier spectrum are phase shifted by 12l _{_J/ d
7. The reconstructed images have a narrow, bright central lobe with a side- 06 I !
ring revolving around. Height=045 3 \
Biased CD=0.23

(Mask CD)

(=3
©
T

£ it
@ 0.4| Biased CD=0.27:]
8 (Mask CD) I'
c

Intensity
o
o

scribed in an analytical form by the operation of shifting and 02t
addition properties of Fourier transform. For the outrigger /- \\ 7\
design in a Levenson-type PSM, its Fourier spectrum, apart °%3<<%3% o0 05 —os %5 o3

03}

0.0 03 06

from a constant factor for energy conservation, is described Position(um) Position (um)
by (b) (e)
. , f . )
(04, 74) = O Sind O, sing Ocry) — 2ab 3 Central Intenity Profile
X cogcoy)sindaoy)singbay,) —2ab osl N 15}
. . 4 AT
X cogcoy)sindbay)singao). (6) Suel NG| AN 1‘5 ?-2‘
. . . . £ B N\ Y E o]
HereO is the width of the main feature opening;b, andc Bod ," .-;-.\\ c| B
i i 5 AR S osf
are geometrical parameters of the outrigger related to the § A Y R0 8
width, length, and separation from the main contact feature,  °*[ i/ ./ S\ et
respectively. Similarly, the Fourier spectrum of a rim-type o.ﬂz'..—’/.1 . AN 00 Eles
. . . . . . - - 1 2 - e
contact with intensity transmittangas described by Defocus (um) Defocus (um)
f(0y,0,)=0? sing Ocr,)sind O, © )
. 2 . Fic. 4. Variation of amplitude profile at the pupil, on-focus image distribu-
\/EI’ SIndrUX)quro-y) tion, and central intensity distribution with respect to different assist feature
. . sizes. The optical condition for simulation is a 0.55 NA projection lens and
+t0? sind Oc,)sind Oa). (7)
y 248 nm wavelength.

The dimension criterion to achieve the phase inversion of a
“zero-frequency” component can be decided by E@.and
(7). For the rim-type design, the rim width should obey theFig. 4b)]. Its central intensity profile in Fig.(4) has a gen-
fo”owing rule to achieve the phase-shiﬁ:ing effect: tler variation as defocus, which ImpIIeS a Sllght improvement
2 on focus latitude. This is because the amplitude distribution
1+ \/I 1 at the pupil is analogous to a grayscale annular pupil filter.
\/{ )

8) As the rim width further increases to exceed the dimension
criterion of Eq. (8), the amplitude of the zero-frequency
Figure 4 shows the variation of amplitude profile at thecomponent is intensified but phase shifted#ySimulation
pupil and the related intensity distributions of images withresults in Figs. &%) and 4c) show larger side-lobe intensity
respect to the different width of the assist feature under thend a flatter central intensity profile following the enhance-
optical condition of 248 nm wavelength and a 0.55 NA pro-ment of phase-shifted low spatial frequencies. Therefore the
jection lens. For the rim-type contact design with a Q2@ rim width should be properly adjusted to maximize the focus
(0.6 AM/NA) contact window, the low frequency components latitude enhancement while restraining the side-lobe inten-
at the center of the pupil almost diminish as a Oukh rim  sity from resist surface erosions. Figur&cyshows that a
width is assigned. Since the attenuation of low frequencyd.20 um rim width is an optimum design to provide the
components relatively emphasizes the high frequency conflattest intensity distribution around the ideal image point.
ponents at the periphery of the pupil, the resulting image hagvhen the rim width is over this optimum value, the central
a narrower central lobe than that without rim assignniseé  intensity is neither monotonic decreasing nor remaining con-

r-O0 O
rim width= ——=—
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stant but curves up in the vicinity of the focal point. Refer-  QOn-Axis lllumination  Off-Axis lllumination

ring to Fig. 4d), this anomalous distribution can be easily 9
comprehended in the nine-beam interference case if we in-
crease the magnitude of the phase-shifted central order s l l l l l l l / / / / / /
that the effect of the ascending tergf 10) and foof 15 Out-
weighs that of the descending teripyg)f1;. Consequently, Quartz Quartz
the curving-up characteristic is ascribed to the overemphasis
of the phase-shifted low frequency components at the centel ¢f Phase Shifter Cr
of the pupil. Figures @)—4(f) show that the increase of the £ o=sin6/NA f
outrigger width has a similar effect on the resolution im- oNA .
provement and focus latitude enhancement. ’ /\f }\ ¢ 1
In Sec. Il, the extent of focus latitude from the phase- l | \\

shifting method can be accurately approximated as the mini- \*/ ‘ Y (1-0)NA
mum period of destructive two-beam interference patterns.'NA fo il 5o NA
Since the diffraction pattern of an isolated hole fills the entire 0 0
pupil and its energy is concentrated at the center and periph- Fupil Plans
ery of the pupil, the estimated DOF of E¢p) should be  |fi+Af Ti“’” o+ A ”
modified by replacing the effective NA with a full lens NA, 1_“1:34 s I ST
which has the form f

A f 0 | 0

DOF~ m ©) Defocus Defocus
(a) (b)

Simulation data in Figs.(4) and 4f) demonstrate the valid-
ity of Eq. (9). This equation indicates that the capability of Fie. 5. Effect of illumination angle on the amplitude profile at the pupil
focus latitude enhancement using a symmetric phase magﬁder(a) on-axis illumination andb) off-axis illumination. The interference

. . pattern off, and f, under on-axis illumination is rapidly upward to com-
design depends on the optical system parameiwes/e- pensate intensity as defocus, while that under off-axis illumination behaves
length and projection-lens NAonly. as a slowly varying function of defocus.

IV. ISSUES FOR PRACTICAL APPLICATIONS the axis[Fig. 5(b)]. The two-beam interference pattern has a
A. Effect of illumination angle cosinusoidal distribution with a period described in the form

In previous discussions, the aerial image was considered eriods A
under coh_erent illumination to simplify the analysis qf opti- P |\/1—02NA2— \/1—(1—0)2NA2| '
cal behavior. However, a wafer stepper adopts partially co-
herent illumination by a source of finite extent because cowhereo denotes the ratio of the sine of illumination angle to
herent illumination implies an on-axis point source with zerothe projection lens NA. For on-axis illuminatidge=0), Eq.
intensity for exposure. Partially coherent illumination in- (10) reduces to Eq(9), and the destructive interference pat-
cludes a range of incident angles on the mask, both on axi®rn is exactly the oof 1, term in Fig. Zd), which is utilized
and off axis. According to the Abbe method of imaging, theto counterbalance the intensity loss as defocus. For off-axis
image from a source of finite extent is the incoherent sum ofllumination, sincef, and f; are on alternated sides of the
the coherent image from every point on the sources. Hencaxis, their radial distances become approximate so that the
it is important to understand the effect of the illumination period of the interference pattern is dramatically increased.
angle on the focus latitude enhancement for actual procedsence the destructive interference pattern behaves as a
optimization. slowly varying function of defocus. This is reminiscent of

As explained in Sec. IlI, the focus latitude enhancementhe principle of off-axis illumination for the DOF enhance-
under coherenton-axig illumination comes from the de- ment of a dense pattern formed by a few diffraction orders.
structive interference of the negative low frequency compoHowever, the image reconstruction of sparse patterns en-
nents at the center of the pupil and the positive high-counters a multiple-beam interference that both constructive
frequency components near the edge. In Figa) 5ve  interference and destructive interference are included in the
examine the two-beam interference pattern of the negativenage formation. Since enlarging the period of destructive
innermost Fourier component) and positive outermost interference, a larger illumination angle would dilute the
one (f;) along the optical axis direction to elucidate the in- phase-shifting effect for focus latitude enhancement of
fluence of oblique illumination because most of the spectrunsparse hole patterns.
energy is concentrated around these two spatial frequencies. Figure 6 shows the variation of the central intensity pro-
When the mask is illuminated by an off-axis point source,file with respect to the obliqueness of illumination. The
the diffraction pattern is shifted off optical axis so that theseshape of the illuminator is arranged to a ring for the symme-
two spatial frequencies are distributed on alternated sides dfy of image formation. The mask condition for simulation is

(10
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10

100 illumination with purely off-axis light fluxes and on-axis il-
lumination to elucidate the mechanism of DOF enhancement
under partially coherent illumination. For on-axis illumina-
tion, an excess rim width overemphasizes the destructive in-
terference so that its central intensity profile has the
curving-up characteristic in the vicinity of the ideal image
point. On the other hand, the central intensity under ring
- illumination with radiuse, of 0.3 declines monotonically as
Defocus ( um) defocus because a larger illumination angle dilutes the phase-
(@) shifting effect. Therefore, as disk illumination is applied, the
intensity distributions from on-axis and off-axis illumination
Fic. 6. () Central intensity profile under ring illumination with different are averaged out so that a range of constant intensity is ob-
radiusm: (b)_ The depeqdence of DOE for .10% intensity lossgn The tained again. Figure(B) shows the Corresponding on-focus
pattern size is 0.27m with a 0.20um rim width. . . . . . L . .
image profiles under the three illumination conditions in Fig.
7(a). The simulation results indicate that a larger illumination
the same as the optimum design of rim-type contact in Figangle diminishes the image sharpness but keeps the ratio of
4(c) with the flattest central intensity profile under coherentSide-lobe intensity to central-lobe intensity almost invariant.
illumination. In Fig. Ga) the flat intensity profile becomes Therefore, although an excess rim width can regain the focus
rounded as the illumination angle increases. We convert thititude enhancement under partially coherent illumination,
central intensity distribution in Fig.(6) to DOF in Fig. gb)  the enhancement of side-lobe intensity should be taken into
by the definition of 10% tolerance of on-focus intensity loss.account to avoid undesired dimple formation on the resist
Equation(10) is also plotted in this figure in log scale to Surface.
verify our explanation in the above paragraph. It shows the
DOF is drastically reduced as the illumination anglein- B. Minimum pitch restriction

creases from 0 to 0.5. Although the period decreases again as : . :
: o The foregoing discussion was focused on the performance
o, further increases from 0.5 to 1.0, only a negligible amount_, . I e
of isolated contact-hole printing. However, the phase-shifting

YRethod should be capable of improving the focus latitude of

illumination angle makes the distribution of spatial frequen-|_. , " i
. . . o high-density patterns to meet the real fabrication require-
cies at the pupil so asymmetric that the destructive interfer-

; . mqent. Figure &) is the coherent imaging result of a square
ence possesses a much smaller amount of intensity comparﬁOle array with a pitch ok Z\/NA in the mask plane. Its
with that of constructive interference. X

The influence of increasing illumination angle on the Cen_Founer spectrum at the puplil is the replica of Figcjzex-

. . I SR . cept the(=1,=1) order beams are just at the edge of the
tral intensity profile in Fig. @) is similar to that by reducing : - : o

X : : . pupil. In this nine-beam interference condition, the central-
the size of assist featurgBigs. 4c) and 4f)]. Intuitively, we : o i . L

. . . e intensity is stronger than the side-lobe intensity in the
may increase the size of assist features to compensate D

: : T . range of constant axis intensity distribution. The mask pat-
as partially coherent illumination is applied. Under conven- o
. N o : . tern can successfully transfer to the photoresist if the thresh-
tional disk illumination with a partial coherent factor of 0.3,

. . L : old intensity for developing is sufficiently high to prevent
the simulation results in Fig.(& show that a 0.25wm rim . _ o

width has a flat central intensity profile, which is similar to fr:de]c-lob?+p1r|rlt|1r;g. \(/theQ the p'ftCIT 'S tsr_ndallter: thdﬁ}‘.llNA’th t
that of a 0.20um rim width under coherent illumination in € four(=1,=1) order beams 1all outside the pupil SO tha

. S T . the image reconstruction changes from nine-beam interfer-
Fig. 6(a). We decompose the disk illumination into a ring ence toga five-beam casEig 8(%)] According to Eq.(4)

when the(*=1,=1) order beams are cut off by the NA of a

Ring lllumination gr

o
o
T

(wnr) pguad

Central Intensity
2

(=4
o

-
Q
-

-

Q

. ; ~ . , . projection lens, the cosine terms with coefficierigyf 1,
- Conv. luminaion v ?Z.a}(.)sm and.foof11 vamshes and only thiébgf(lo) term subsists. Slnce'
B ors {1 org MR | a single cosine term cannot maintain a constant central in-
- { Conv. [ [ ’ i
o ' = o tensity with defocus, the mechanism for DOF enhancement
c @ Ri 4\ =03 ; ; ; ; ;
%oAso N & osor Ring P Ve slo=0358 ] fails. What is worse, the side-lobe intensity exceeds the
£ f»' Oren A = I, =0.357 central-lobe intensity so that the pattern transfer is incorrect.
M N-AXIS: . . . .
8ozt /4 | umination AN S A S Therefore the coherent limit of array pitch can be expressed
/¢ Ringllumination % \} *" = as
A/ 0,=03 AN
0.00 L L L 0.0 Pi.r 1 L 2
-2 -1 [} 1 2 -0.6 -03 0.0 0.3 06 )\
Defocus ( um) Position ( um) Prmin= V2 <. (11
NA
(a) (b)

Figure 9 shows the dependence of DOF on the pattern pitch

Fic. 7. (a) Central intensity profile of an isolated contact hole under differ- for an 18% transmission rim—type attenuated PSM under
ent illumination conditions(b) The corresponding on-focus intensity profile

in the diagonal direction of rim-type mask contact. The pattern size is 0.27hi_§1h|y coherent iIIuminat.iorﬁa=0.3).. We mqnipulate t_he rm_‘
um with a 0.25um rim width. width to control the ratio of maximum side-lobe intensity
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9-beam Interference 5-beam Interference smaller thany2\/NA. To avoid side-lobe printing at the
cross space of the contact array, the rim width should be
Spatial Frequencies at the Pupil much reduced to suppress the phase-shifting effect. Hence

1.1 b s a the DOF declines drastically as the pattern pitch is smaller

Ao

(.1:1)_:’ ©-1) 11 ?('1'0) X’ 01 i( ) than \2\/NA. For a pitch between 1.4 and 2)INA, al-

4 w\i \ ) a s ni'é o, though the multiple-beam-interference condition is satisfied,

G : e bt s the DOF improvement is not as significant as we expected
= il —‘\"“‘“i, - and reaches a local minimum at a pitch of IMRA. This is
©0 ©0 because the interference of the secondary peaks of each hole
enhances the side-lobe intensity of a hole atfdf. Thus
OPE limits the focus latitude enhancement under consider-
ation to side-lobe printability. For a pitch larger than 2.0
MNA, the contact patterns are sparse enough that the inter-
ference from neighboring contact features only results in a
small amount of DOF fluctuation.

Figure 9 also demonstrates that E(®.and(11) could be
regarded as the performance guidelines of contact-hole print-
ing using the symmetrical phase mask design with highly

T
"P\;a‘

On Focus Image Contour at Wafer

Position (\/NA)

-1.0 -05 00 05 1.0 . . . ..
Position (\/NA) Position (WNA) coherent illumination. The trade-off between DOF and mini-

mum applicable pitch suggests that the NA is the most im-
portant parameter to determine the lithographic performance

-1.0 05 00 05 1.0

Intensity Distribution in Optical Axis Direction
60

3

central Intensity of this superresolution technique in fixed-wavelength lithog-
o i pointB  central Intenisty rath-
2 2
[7] [7]
§30 530
= L 515 I C. Influence of spherical aberration
A lens is seldom free from aberration. The primary lens

%6 0 00 10 20 aberration to affect the defocus behavior is spherical aberra-
Defocus (A/NA?) Defocus (MNA?) tion. To simplify the analysis, we assume the aberration re-
(a) (b) sided in the projection lens is purely spherical. Since the
_ o o _ phase deviation from spherical aberration is rotationally
Fic. 8. Comparison of the imaging characteristics betwe@mine-beam symmetric about the optical axis and depends on the radial
interference andb) five-beam interference with a-phase-shifted zeroth- : L . . L
order diffraction beam. distance only, the modified expression _of central |ntenS|ty is
analogous to Eq(3) except for an additional phase term in

every cosine function, which has the form
(I¢) to central-lobe intensityl() to monitor the side-lobe

. - . . . . 24+ nl<p. 2 2<p.
printability and examine the impact of optical proximity ef- VmEnT=p-NA/A VuTEr =p-NATL

fect (OPE on DOF. Since the highly coherent illumination ~ !c(d)= m%O u;éo nwf, 1,
spreads the diffraction beams at the pupil in a small range of ' '
angles, insufficient=1,=1) order beams are captured by the x cod 27 (d/N)(V1—(m?+n?)(\/p)?

lens to provide a strongdi,pf1; term as the pattern pitch is
P el patem P T (W F 0D NP + (Wonn— WA T}, (12

Hole Pitch (um) where
25 0.30 055 0.80 105 1.30 25 0.30 045 060 075 080 105 5 5 5
T hacoss — 2 1P® T e T T e m“+n<)(\/
_ NA-o.ss_ﬁﬁ NA=0.65] ;1 Won=W(pmr),  and po= ( )(Np) .
& 2.00§ E,c 2.00p NA NA
504 A . .
= T 1 Herew represents the aberration function gndenotes the
w oo ls/le upil radius normalized by the NA of the projection lens.
(0] 0.30
a_l —o—giig. o Since the spherical aberration in a great many optical sys-
o4 o tems is almost entirely fourth-order wave aberratidhird-
s m w20 2% 300 %s o 1% 2wz a0 order ray aberratignwe assume the aberration functiarin
Hole Pitch (L/NA) the projection system has the form of a Zernike spherical

aberratiort® Figure 10 shows the three-dimensional plot of a

Fic. 9. Dependence of DOF for 10% on-focus intensity loss on the arra ; : ; ; _
pitch. The contact opening on mask is QA with different rim width to Yzernike spherlcal aberration as pupll wave front deforma

keep the ratio of side-lobe intensity to central-lobe intensity congiant tiON. It is shown th_at a coarse nin_e-_point mes_h can ?Vemy
=0.3). sample the prominent characteristics of this rotational-
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. . _ — - 0412 0.112
Spherical Aberration (29) v\3“‘2‘0{0’.“0‘0“3‘6‘(6‘1,, 0.1 . : , 20 1 . .
W(p)=A(6p -6p°+1) “‘33‘2‘:2‘3‘3’3*324'324?:.,, 00 > %<0 Spherical Aberration (Z9)
e 22 E N —— No aberration
000,0,“‘::§ SN < WL S ~a o B
RIS S ROC T -
s § 02| D I
RIS s RN
@ s A YN
3 X \“\ «
O e
L-04 NN o8f
0 ~ .
2 — No aberration "~.2-< 7 ;
Spherical Aberration (28~~~ i—> fo <0
06 i n 1 0.4 'H 1 L
00 01 02 03 04 00 01 02 03 04
Rim Width (um) Rim Width (pm)
(a) (b)

Fic. 10. Shape of Zernike spherical aberrati@®) plotted as pupil wave-
front aberration. The contour map drawn beneath the three-dimensional pl#c. 12. Dependence @&) best focus position ang@) DOF on rim width of
shows that a coarse nine-point mesh can sample the most significant defagn 18% transmission attenuated PSM under the influence of spherical aber-
mations of this aberration. ration. The mask CD is 0.2Zm. The minimum rim width to shift the phase
of the zeroth-order frequency is 0.1}32Zn. (\=248 nm, NA=0.55, and
o=0.3).

symmetry aberration. Hence the nine-beam interference can
be utilized again for a clear visualization of the influence of
spherical aberration on defocus behavior. low 10% loss of central intensity at diffraction focus, and the

Figure 11a) corresponds to the case of a binary intensitybest focus position is defined by the midpoint of the DOF. In
mask in which all the diffraction components at the pupil arethe absence of spherical aberration, the DOF is significantly
in phase. Let a tiny amount of spherical aberration with amproved when the rim width exceeds the dimension crite-
coefficientAg of 0.02\ reside in the pupil plane. Since the rion of Eq.(8) to shift the phase of the zeroth-order beam by
spherical aberration shifts the cosine tergf 1) and 7. However, the presence of a spherical aberration results in
f(10)f11 to opposite defocus directions, the intensity variationan obvious focus shift for the rim width larger than the di-
of the image near focus is smeared and the best focus shift iaension criterion. Increasing the amounts of spherical aber-
inconspicuous. On the other hand, the same amount ahtion exacerbates the focus shift and degrades the DOF en-
spherical aberration results in a quite asymmetric central innhancement. For an aberration coefficient larger than\).82
tensity distribution as the zeroth-order beam is phase-shiftefhrge rim width instead leads to DOF degradation. This is
by = [Fig. 11(b)]. This is because the split distribution of because a larger rim width enhances the destructive interfer-
destructive cosine terrfiyof 10y and the constructive cosine ence so that the asymmetry of central intensity distribution
term f(,0f1; alters the equilibrium of the central intensity due to the misalignment of the constructive and destructive
distribution. The diffraction focus, which stands for the de-interference pattern is further deteriorated to cause a smaller
focus point with maximum irradiance, is significantly devi- DOF. No significant focus position variation and DOF deg-
ated from the ideal image point. In addition to the focus shift,radation are observed for a small rim width with a positive
the asymmetric central intensity profile also reveals the degzeroth-order beam. The simulation results show good agree-
radation of DOF. The above analysis suggests that the PSMhent with our inference by the nine-beam interference in
method is apt to be influenced by spherical aberration rathefig. 11.
than the conventional Cr mask.

Figure 12 shows the dependence of the best focus position
and DOF on the rim width with a varying amount of spheri- V. PRINTING EXPERIMENTS

cal aberration. The simulated DOF is the focus range to aly ~p_gefocus characteristics of 0.17 um contact-hole

printing
O ot imtendiy ) % Centrd) intensiy To corroborate our analysis in the previous sections we
Aberration-free  fofyyterm L/ Aberration-free investigate the printing characteristics of 0.4/ contact
S wa 'mens'tyb of T hesntralintensity e Wwhich correspond to a lokd value of 0.38 to access
2 fuofyrterm b7 T Bl TR _f"gfrm the resolution limit of our exposure system. X KrF step-
é * SR P - fodioterm g ) .f per with a NA of 0.55 and maximurr of 0.8 was used in
= Ll ydh N ;l T\* cad this evaluation. A 0.5zm-thick chemically amplified resist
A em & P fodfu was spin coated on a 200 mm wafer with a stack of @8-
o S o N o , " thick undoped silicon glagdJSG) and an antireflection coat-
20 10 00 1020 20 10 00 10 20 ing layer on silicon substrate. A rim-type attenuated PSM
Defocus { A/NA?) Defocus ( A/NA?)

consisting of MoSi single-layer shifters with transmittance of
(a) (b) 18.9% and averaged phase angle of 181.3° at 248 nm wave-
Fic. 11. Influence of spherical aberration on the central intensity distributionIength was adOpted in our experiments. Features for evalua-

of nine-beam imagine fofa) all diffraction orders in phase arth) zeroth ti(_)n inF|Ude a \{ariety of hole arrays whose matrix g7 .
order 180° out of phase. The aberration coefficiénts 0.02.. with different pitches. The mask CD was measured using
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0.19 — . . . 019 — . ; ; iz Pitch=1.70pum (ISO%
_ c=0.3 T c=04 T 20— a 0.6 e
g : o %o R oretl
v0.17 R g e A 15L* Conv.o=0.5 3 —a— Conv.¢=0.5
5 3 NES : .
© _ o g€ fo<9 3 00| g
S 0.15f \. Loasf ?’ . ] w 1o PN 1€
* [—°—010 T /_._8102v~m R 8 5o>9 8 i
= 5208um 2~ 0200um 0.5} 1 L04F f>0 | f<0
—o— 0.257um —o— 0.257um .'\A\A\A &
0.13 0.13 L L o
-1.0 05 00 0.5
Defocus um Defocus (pm) 00 o1 oz o3  °¥GooT oz o3
(a) (b) Rim Width (um) Rim Width (pm)
(a) (b)
Fic. 13. CD-defocus curves of an isolated 04 contact hole with four
different rim widths (18.9% transmittange (a) illumination cohernece
#=0.3 and(b) o=0.4. The mask CD is 0.278m (0.62\/NA). O?gCh =0.78um (1 73M NA?, o
20— 0.6
—o—Conv.c'—0.3 ; E 04 :832!5;3.:
— 15} ——Q ! ~
Holon EMU-200A SEM. All wafer CD measurements were VI e ] B oA
done using a Hitachi S8820 in-line CD SEM. * 10} fi<o /10T B oof Gy L
. . . —» 1 1
Figure 13 shows the experimental CD-defocus curves of aQ 1, ;0_ ! 2 :
. . . . . . [a] ° siddiond S «—i !
0.17 um isolated contact with different rim width assign- 05| it printing| (L -0.4 £,>0! £,<0 j’
ment. Compared with the zero rim-width conditit@r mask : sdélobe
casg, a 0.102um rim width slightly enhances the focus 0ol . sl s s
latitude but keeps the best focus position almost invariant o0 e 020 & 000 e 020 otiisTs)
atituc ps the best Tocus p : : Rim Width (um) Rim Width (um)
This is because the rim width is not large enough to shift the (c) (d)
phase of the zero-frequency component at the pupil. With
0=0.3, a 0.209,um rim width result_s. in a large DOF of Pitch=0.63um (1 401/NA)
about 1.5um with the best focus position at0.3 um defo- 20— . 0112 06 0112
cus[see Fig. 18)]. As the rim width further increases to e Conv.c=0.3 f, <0 £ o4 |
0.257 um, the DOF degrades to 06m with an unaccept- 1.5 —o—Quadrupole ~ fo>01 fo<0
" . . —s—Annular | § >
able best focus position at0.7 um. As explained in Sec. IV, ¢ % ool @
this anomalous CD-defocus characteristic is ascribed to the 2 1.0p fo>0 {e ~ é.
asymmetric central intensity distribution due to spherical ab- '5 oy g —e—Conv.o=0.3 i
: i : i H £ Qa 05} % 0.4r —o— Quadrupole 1
erration. As we increase the partial coherence of illumination A g o Annuiar side-lobe
from 0.3 to 0.4, the DOF of a 0.20@m rim width is de- S~ | @ e
creased from 1.5 to 0.2m [see Fig. 18)]. However, the 00550005 010 615048 000 005 010 015 018
DOF of the 0.257um rim width is increased from 0.6 to 1.2 Rim Width (um)  *D Rim Width (pm) ¢P
um and its best focus position is moved fror0.7 to —0.3 (e) ()

pm defocus. According to the explanation in Sec. IV, in- Fic. 14. Dependence of experimental DOF and best focus position on rim
creasing the illumination angle dilutes the influence of dewidth under different ilumination conditions for 0.1 hole printing with
structive interference. This implies that a larger illuminationa pitch greater than and equal to MNA. The designed mask CD is 0.27
angle can abate the asymmetry of central intensity distribusm (0-6 MNA).
tion due to the split distribution of constructive and destruc-
tive interference patterns caused by spherical aberration.
Hence increasing the degree of partial coherence to introduce70 um (3.87\/NA), 0.78 um (1.73N\/NA), 0.63 um (1.40
more off-axis light fluxes can alleviate the best focus shift. IN'N/NA), 0.54 um (1.20 \/NA), and 0.45um (1.0 M/NA). In
addition, the more symmetrical intensity distribution regainsaddition to conventional disk illumination, quadrupole and
some extent of DOF enhancement. This is why a 026V  annular illuminations composed of purely off-axis light
rim width shows better DOF performance under illuminationfluxes were applied for comparison. The quadrupole scheme
coherence of 0.4 than that of 0.3. Consequently, the illumihas square illumination poles located at the radius of (%7
nation condition and mask paramet¢é®D bias, rim width ~ with an area of 0.380.33. The annular configuration has an
should be carefully optimized to maximize the focus latitudeinner radius of 0.4 and an outer radius of QeBinular 1/2.
enhancement while minimize the best focus shift in the presThe experimental DOF was extracted from exposure-defocus
ence of spherical aberration. matrices at the definition 0f=10% CD deviation and 5%
exposure latitude. We categorized the five selected pitches
into two groups according to the coherent pitch limit of the
phase-shifting methody@N/NA=1.4 \/NA).

Five hole array pitches were selected to represent iso, Figure 14 shows the dependence of experimental DOF
semi-iso, and dense hole patterns in our evaluation, includingnd best focus position on the rim width for array pitches

B. Dependence on hole pitch and illumination type
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od
o

Pitch=0.54 um (1.20 A/NA) 20
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a — g —e—Conv.g=03 | Printing 04} {1 3
05 -A:____‘>As g ; 0.4y —o— Quadrupole 1 @
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0.0Ls . 08l A . , L,y M , , RN
goor o0y - D40 0(,3,41-5) g 06 D o(.|1_;}r5; 10 14 18 36 40 10 14 18 36 40
Rim w.?u; (nm) Rim V\I('gt; (pm) Hole Pitch (N4 Hole Pitch N4
a
Fic. 16. Dependence of maximum experimental DOF and the related best
. focus position on the array pitch under different illumination conditions.
Pitch=0.45um (1.00A/NA) P yp
20— r T 0.6 r
—e—Conv.c=0.3 ’ T o4l 150
g5 o Guadeoe ] 2 et from optical axis, and thus applies to a dense pattern formed
—a— Annular i s
E £,>0 :%00 %ﬁ; by a few diffraction orders. In Figs. 1& and 1%c), the
= 1ot il § o quadrupole illumination shows superior DOF performance
Q 3 o Tone than other illumination schemes. However, this modified il-
[a) A :(HT) S 04l —e—Conv.c=0.3 ] X i X . X
05 “ % | g | —o-Quadupole aky) lumination also brings the side effect of best focus shift due
7 @ [ e Amnder to its specific utilization of a lens pupil at some particular
0.0 .slde-lobe pnntm, al N . 0.21 .. .
~ 000 0.05 0.10 08550 0.05 0.10 pitches?>?1 The best focus position of the 0.54n pitch by
Rim Width (um) Rim Width (um) quadrupole illumination is dramatically shifted to 0.4fn
(c) (d) defocus[see Fig. 18)].

Fo. 15, Depend ; imental DOF and best f i ~ Figure 16 summarizes the experimental results in Fig. 14
iG. 15. Dependence of experimental and best focus position on ri . . . .
width under a different illumination condition for 0.1Zm hole printing nb‘nd Fig. 15 by plotting the maximum experimental DOF and

with a pitch less than 1.4/NA. The designed mask CD is 0.28m. their corresponding best focus positions as a function of
pitch. Under conventional illumination withr=0.3, the
phase-shifting method is effective in improving the DOF of

larger than 1.4/NA. The pattern size on mask is 0.2an  N°le pattemns with a pitch larger than IMNA. The differ-

(0.6 \/NA). The minimum rim width to shift the phase of the €NCc€ Of best focus position between dense hole and sparse
zeroth-order diffraction beam is 0.1%an in the light of Eq.  N0l€ reaffirms the weak immunity of the phase-shifting
(8). For conventional illumination, the experimental DOF is method against spherical aberratlon_. Th_e experlmental re-
effectively enlarged when the rim width is larger than 0.1125Ults also show that the quadrupole illumination and phase-
um. However, the best focus shift is also exacerbated wittfifting method are complementary to the dependence of
increasing rim width. Figures 1d) and 14b) show that in- DOF improvement on patter.n pltches. Moreover, these _tyvo
creasing the degree of partial coherence reduces the best f3PProaches have contrary distribution of best focus position
cus shift at the expense of DOF. In comparison, the DOF b)yarlat|on through pitches. In the prospect of a larger iso/

quadrupole and annular illuminations is slightly degraded ad€nse common  process window, ~a  customized
the rim width larger than 0.112m. No obvious focus varia- illuminatior?®#* combined with a phase-shifting method is

tion is observed from these two purely off-axis illuminations, Worth developing for balanced DOF enhancement through-
Note the hole pitch of 1.72/NA, which corresponds to the OUt all pattermn pitches and suppresses the best focus shift
critical pitch with a serious side-lobe printing problem due toffOM Spherical aberration.
OPE[see Fig. $ still a 1.3.-um DOF is achieved at a 0.20
wm rim width without side-lobe printingisee Fig. 14c)].
Figure 15 shows the dependence of experimental Doﬁll' CONCLUSION
and best focus position on the rim width for array pitches The mechanism of focus latitude enhancement for hole
smaller than 1.A/NA. It is remarkable that the illumination imaging using symmetry phase-mask design is clearly under-
type rather than the rim width dominates the focus latitudestood by our simple coherent analysis that decomposes the
enhancement. This is because the rim width should be cordefocus behavior into a sequence of cosine functions. The
trolled within a small value to avoid the undesired side-lobephase-shifting method improves the DOF by generating de-
printing due to a negative zeroth-order diffraction beam. Un=structive interference to counterbalance the intensity loss as
like the phase-shifting method to enhance DOF by counterdefocus. The DOF enlargement by this method is governed
balancing the constructive interference patterns and destruby wavelength and projection-lens NA. The extent of DOF
tive interference patterns for multiple-beam imaging, the off-can be correctively approximated by a simple form|ia;.
axis illumination enhances the focus latitude by relocating9)]. Increasing the illumination angle would dull the DOF
the diffraction beams at the pupil with equal radial distanceenhancement because the period of destructive interference
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