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We have developed a process method to suppress the effect of phase errors in alternating phase shift
masks. Our method uses double exposure at reversed focus offsets to nullify the intensity imbalance
caused by the phase errors. We have evaluated our technique using 120 nm half-pitch line space
patterns and found it very successful with remarkable improvement in usable depth of focus without
loosing exposure latitude. We also observed that our technique could bring immunity against the
lens aberrations such as defocus and astigmat&@005 American Vacuum Society.
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I. INTRODUCTION In this article, we present a process method to overcome
phase error issues in phase shift masks. Our method uses
The resolution enhancement in optical lithography usingdouble exposure at reversed focus offsets to nullify the in-
alternating phase shift mas&lt-PSM is well-known in the  tensity imbalance caused by the phase error. Using
semiconductor industry. It results in the best resolution enPROLITH (lithography simulator from KLA tencor we
hancement but at the cost of tremendous complications ihave simulated our concept for —10° phase error on 120 nm
data preparation and mask fabrication. Other than phase cohalf-pitch alternating phase line space patterns and found it
flicts, the issues in using alt-PSM are transmission and phage work. We have experimentally validated it using 120 nm
errors. The transmission error is mainly a result of impropemalf-pitch line space patterns on alt-PSM fabricated at HOYA
biasing between zero and phase apertures and, therefore, Corporation Japan and found remarkable improvement in us-
can be corrected easily. The phase error which is caused @ple depth of focusUDOF) without loosing exposure lati-
the deviation in quartz etch-depth is difficult to control pre-tude. We have also compared our method with the reversed
cisely. These errors cause intensity imbalance between zeR§)ase double exposure technique presented by 8haiji.”
and phase apertures which leads to critical dimengiop) ~ e observed that our technique could bring immunity
nonuniformity or misplacement of patterns on the wafer. against the lens aberrations such as defocus and astigmatism.
The side wall scattering in the etched trenches also play
role in the intensity imbalanc?éRigorous electromagnetic ﬁ THEORETICAL ASPECTS
theories have already been used to model the scattering in In imaging using alt-PSM, the diffraction orders are sym-
case of phase shift mask8 Dual trench method can be used metrically placed from the lens center at a distance of half of
as a partial solution, however, the image log sl¢penetric  the corresponding order with the binary mask having the
for aerial image qualificationdecrease®.The intensity im- S@me physical pitch. The reduction in angular separation of
balance issue is now overcome using a sidewall chrome a_f_he_ diffraction orders increases the resolut_lon._Fu_rtherm_ore,
ternating aperturéSCAA) mask’® which has a good perfor- in ideal alt-PSM the zeroth diffraction order is missing which

mance without shifter depth and space width adjustmentsr.esuns in improved contrast. Also, the missing zeroth order

However, the SCAA masks are very expensive due to Cc)mgreates the natural immunity to defocus when the image is

. . . 9 formed using only first diffraction orders, which is typically
pllcatgd mask fabrication steps. Shefial.” have suggested_a the case in optical lithography at the resolution limit. The
very simple reversed phase double exposure method which E

0 imol + but red the th hout t fourt ansmission or phase errors in the alt-PSM mask introduce
€asy fo implement but reduces the throughput to one Tourth, o, itfraction order which then also participates in the

of the Si”g'e_ exposure method. The 'Fhroughput reduction iﬁnage formation. The zeroth diffraction order due to trans-
due to splitting of the exposure field into two parts and €X"mission error acts like a focus noninteractive electric field

posing them one by one on top of each other. flare. The zeroth order due to phase error acts like a focus
interactive electric field flare. However, at zero defocus, it is
¥Electronic mail: navab@ime.a-star.edu.sg orthogonal to the first orders and, therefore, behaves like an
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mission error and are given by the following relatidizgs.

ence of phase error can be eliminated by the dual exposure
0_2'40 160 80 0 %0 160 240 process. The two exposures have to be with reversed focus
I_ocati(()n) in nm values.
b

(2) and(3)].
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2 whereE" is the complex conjugate d&.

From Eq.(1) it is obvious thatl 5;.of.10cusiS @ function of
the defocus angl&. Moreover, the change of sign of the
defocus angle from plus to minus and vice versa, changes the
sign of last the term in Eq(1), which is the only focus
dependent term. Therefore, one can write the equation for
0.8 average intensity in dual exposure as
0.7 1

‘é‘ 0.6 Iaverage: E{Iout—of—focuixv \ ) + Iout—of—focus(xv_ \ )}

£ 051 2 2

R= A W,

g 04 ~ (1—T‘P>|idea(x)+mp2<?s> : (4)

3 03

E 02 | Equation(4) is independent of the defocus term which shows

< 61 4 —e—F0.0 & that defocus related intensity imbalance caused by the pres-

---a--- (F-0.2+F0.2)/2

Fic. 1. PROLITH simulated normalized aerial image plots with a phase
error of —10°—alternate apertures with 170° phase transmission instead dfl. SIMULATIONS AND EXPERIMENTAL

180°. (a) Exposed at -0.2 and 0,2m focus offsets independently ario) L . . )
Zero defocus and opposite foci double exposure at -0.2 angu@,2 We did simulations using PROLITH on 120 nm line space

respectively. patterns in alt-PSM with —10° phase error—alternate aper-
tures with 170° phase transmission instead of 180°. The
aerial image intensity was simulated at the focus offsets of

intensity flare. Defocus makes the phase-error-generated ze0.2, 0.0, and 0.2um using single and double exposures. We
roth order to interfere with higher orders, which favors thevalidated our concept using a single trench alt-PSM reticle
zero-phase field on one side of best focus whilethghase ~ with 120 nm line space patterns at a duty ratio of 1:1. A
field is on the other side. This phenomenon, therefore, resul@lobal biasing of 20 nm was included besides undercut for
in reciprocal image intensity imbalance between zero phasthe = phase features at the time of reticle fabrication in an
andm phase apertures across the focus. Because of recipro@ﬂort to offset the transmission imbalance. The average and
ity across focus we found that the phase imbalance could b&@nge phase values on the reticle measured using MPM-248
eliminated by a double exposure technique that uses revers#ére 181.81° and 1.21°, respectively. We conducted all pat-
focus offsets on two different exposures. The intensity im-terning experiments on 8 inch silicon wafers using Nikon
balance created at one focus is compensated when a secdftF scanner S203 in line with a TEL Act-8 wafer track. The
exposure is performed with the reversed focus. highest numerical aperture of 0.68 in our tool was used with
In our article, we have only dealt with phase error throughthe lowest available partial coherence of 0.31. The wafers
double exposure. Chris Matkhas shown that the out of were first coated with 4100 A deep ultraviol®UV) resist
focus intensity could be given by the relationship in ED: on top of 600 A thick layer of bottom antireflection coating
5 5 (BARC). The focus exposure matricéSEMs) were exposed
A(P 2 WS . . .
loutof-focud X, V) = (1——)|ideaﬁx)+A¢ (_> on the wafers under three different categories, namely:
p Single exposure, reversed phase double exposure, and re-
W, versed focus double exposure. In single exposure the FEM
+ 2A¢<_S)Eidea(X)Sin(V), (1) was done using the standard FEM method by changing the
P dose and focus in rows and columns, respectively, or vice
wherews, p, Ap are the space width, pitch, and phase errorsyersa. The reversed phase double exposure was carried out
respectively. The symboV is the defocus angle which is by exposing the FEM twice but with 240 nmshift in the
proportional to the defocus distance for small values of desecond exposure with respect to the first. The shift value was
focus. TheE4ea(X) andliqea(X) are the electric field and in- equal to the pitch of the pattern in thedirection on the
tensity in case of an ideal mask without any phase and transvafer so that each trench could be exposed twice, first

JVST B - Microelectronics and  Nanometer Structures



542 Singh et al.: Process method to suppress the effect of phase 542

130

V|

v

¥
A

CDin nm

80 T T T T T T T T
03 02 01 0 01 02 03 04 05 06
Focus in um

(a) Fic. 2. Single exposure plots and im-
ages. The pitch value is 240 nm at a
duty ratio 1:1.(a) Focus plots corre-
sponding to 0 andr phases apertures
at a dose of 29 mJ/cinThe solid and
dashed arrowed horizontal lines repre-
sent the DOF corresponding to zero
and 7 phase trenches, respectively.
The thick horizontal line is showing
the UDOF,(b) the top view SEM im-
age at negative defocu®.0 um), (c)
the top view SEM image at best focus
(0.2 um), (d) the top view SEM image
at positive defocug0.4 um), and (e
the exposure dose plots corresponding
to 0 andw phases apertures at best fo-
cus(0.2 um).
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through zero field and the second time througlfield or  IV. RESULTS AND DISCUSSIONS

vice versa. The reversed fogus doublle exposure was carriggd validation of reversed foci double exposure

out by exposing the FEM twice but with opposite focus off- concept through simulations

sets. The focus value reversal was done by changing the sign o ) o

of the focus step in the second exposure. In both the double Shown in Fig. 1 are the PROLITH simulated aerial image
exposure methods the resist coating, soft bake, post exposufiots With a phase error of —10°—alternate apertures with
bake, and development were done only once and all thesk’0° phase transmission instead of 1&§0hder etch ofr
steps were kept the same for a direct comparison with th@hase spagelt is clear from Fig. 1a) that with ~10° phase
single exposure methods. Also the wafer was not unloade@ror a defocus of +0.zzm has created-0.1 intensity im-
from the stage after the first exposure to ensure the minimuralance between zero and phase apertures. At negative
misalignment between the two exposures. The total dose ¢fefocus the peak intensity through thephase space is more
double exposure was kept the same as a of a single exposutBan the peak intensity through zero phase space. The con-
In our experiment the focus step of +Quin was given with ~ verse is true at positive defocsot shown. It is the out-

a total exposure step of 1 mJ/&nmWe performed the CD come of constructive and destructive interference depending
measurements using HITACHI CDSEM S9200. For each fo-upon the phase. The effect of negative and positive defocus
cus and dose values we measured the trenches correspondinij interchange if the phase error is positive—over each of
to 0 andw phase apertures of the mask to study the effect othe = phase space. The zero defocus and opposite(f@cP

the interaction of focus and phase error on the patterning cénd 0.2um) double exposure simulation results are shown in
trenches. Fig. 1(b). As theoretically explained in Sec. Il, both the
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Fic. 3. Reversed phase double expo-
sure plots and images. The pitch value
is 240 nm at a duty ratio 1:1a) Focus
plots corresponding to 0 and phases
apertures at total dose of 28 mJ/cm
DOF of zero andmr phase aperture is
common and displayed as UDOF by
the thick horizontal line,(b) the top
view SEM image at negative defocus
(=0.1 um), (c) the top view SEM im-
age at best focu®.1 um), (d) the top
view SEM image at positive defocus
(0.3 um), and (e) the exposure dose
plots corresponding to O and phases
apertures at best focy8.1 um).
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curves are free from intensity imbalance despite the —10Zero andw phase. The top view SEM images corresponding
phase error in the mask. However, a little reduction in con+to negative defocu€0.0 um), best focug0.2 um) and posi-
trast is noticed in the case of the opposite foci double expotive defocus(0.4 um) are shown in Figs. ®)—2(d), respec-

sure method. A direct comparison of intensity plots in Figs-tively. The SEM images also reflected the CD imbalance

1(a) and Xb) demonstrate that the phase error generated in\,7vith focus. Based on these results, one may conclude that if

tensity imbalance could be eliminated using reversed fOC{ e wafer is exposed at a focus offset of @@, the CD

sgﬁgézﬂiﬁpgfs ltjf:les fgce:.d, we now present the experlment%qurmity on the yvafer Would be quite good if there is np
drift in focus and tilt, provided the wafer is flat. However, if
the wafer is not flat, or there are some drifts in focus or tilt,
the two adjacent trenchdgero ands phase could easily
Shown in Fig. 2 are the focus plots, top view SEM imagesnhayve CD differences in the range of 10—20 nm. Figue 2

and exposure plots of 120 nm half-pitch trenches usilng "?"t'shows the exposure plots at best fo¢0<L xm) on 120 nm
PSM with a single exposure. The focus plots shown in F'ghalf—pitch trenches using alt-PSM with single exposure. It

2(a) are quite interesting in the sense '_[hat at negative defocuéﬁsO illustrates a delta between the CDs of 0 anghase
(<0.2 um) the = phase trench is wider than zero phase

trench while the converse is true for positive defocus. This igrenches. Howevgr, the delta has Qecreased W'_th |nc-reasmg
qualitatively matching with negativé—10°) phase error dose. The reduction in CD delta with overdose is attributed

simulation and, therefore, is an indication of the under etc© the lowering of threshold towards the bottom of the aerial
of « phase trenches in the mask making. Because of thénage where the effect of phase error is least. This experi-
phase error the usable depth of fodWtDOF) has reduced ment thus demonstrates the presence of negative phase error
almost by 0.2um—change in DOF of zero ofr phase to  on the mask.

B. Effect of phase error in single exposure method
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Fic. 4. Reversed focus double expo-
sure plots and images. The pitch value
is 240 nm at a duty ratio 1:1a) Focus
plots corresponding to 0 and phases
apertures at total dose of 28 mJ/cm
DOF of zero andr phase trenches is
common and displayed as UDOF by
the thick horizontal line,(b) the top
view SEM image at negative defocus
(0.2 um), (c) the top view SEM image
at best focus(0.0 um), (d) the top
view SEM image at positive defocus
(0.2 um), and (e) the exposure dose
plots corresponding to O and phases
apertures at best focy8.0 um).
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C. Suppression of the phase error effects using D. Suppression of the phase error effects using
reversed phase double exposure method reversed foci double exposure method

Shown in Fig. 3 are the focus plots, SEM images and Shown in Fig. 4 are the focus plots, SEM images and
exposure plots of 120 nm half-pitch trenches using alt-PSMexposure plots of 120 nm half-pitch trenches using alt-PSM
with reversed phase double exposure method. In contrast teith reversed focus double exposure method. A focus-
the single exposure the reversed phase double exposuegposure matrix was constructed with same exposure dose
method is almost immune to the phase errors. The focuen both exposures but with the focus reversed. This led to the
plots shown in Fig. @) demonstrate that the 0 antlphase negative defocus overlapped with positive defocus of the
trenches have almost comparable CDs across the focus. Teame amount. As can be seen from focus plots in Hig), 4
UDOF has increased to 0/&m with a best focus at 0.Am.  similar to the reversed phase double exposure technique, the
The top view SEM images corresponding to negative deforeversed focus double exposure method is also immune to
cus (0.1 um), best focus 0.um, and positive defocus the phase errors. The zero andphase trenches have fully
(0.3 um) are shown in Figs. ®)—3(d), respectively. The overlapped focus plots. The UDOF is Qun, which is
SEM images show the elimination of CD imbalance as theD.2 um more than the single exposure case. The top view
adjacent trenches are equal in all the three images. HoweveSEM images corresponding to negative defott®.2 um),
as shown in Fig. @), the exposure latitudénverse slope of best focus(0.0 um) and positive defocug-0.2 um) are
the CD versus exposure dose pjoss slightly reduced in  shown in Figs. 4)—4(d), respectively. The SEM images also
comparison to the single exposure case. We have thus showshow the elimination of CD imbalance as the adjacent
that the effect of phase error on the mask could be weltrenches are equal in all the three images. The exposure plots
suppressed by reversed phase double exposure with vespown in Fig. 4e), demonstrate that the exposure latitude is
little loss in exposure latitude. comparable to the single exposure case. However, there is a
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posure technique could suppress the astigmatism effect on
the patterning. The Z5 and Z6 terms of the Zernike polyno-
mials are optical path differenc€®©PD) surfaces with the
shape of humps positively and negatively in two orthogonal
directions. In line space patterns, pure Z6 introduces a focus
difference between the lines in horizontal and vertical direc-
tions while Z5 introduces the difference in +45° and —-45°
orientations. We have seen the astigmatism effect in our
scanner lens as shown through Fig&)&nd 3b) by com-
paring the SEM images at negative and positive focus offsets
of an L bar pattern. At negative focus the vertical line space
patterning near the 90° bending is béatum between the
lines) while the horizontal pattering is bad at positive focus
offset. Shown in Figs. ®) and §d) are the top view SEM
images of the same L bar pattern exposed using reversed foci
technique. The suppression of the astigmatism effect is ob-
vious as the L bar patterning is the same on both sides of best
focus.

In term of CD nonuniformity suppression, our technique
could produce the results comparable to previously published
reversed phase method. Moreover our technique is superior
to reversed phase in term of throughput—the reversed focus
method can use full reticle field while the reversed phase can
use only half as duplication of pattern is required, and astig-
matism suppression. Once the phase imbalance is compen-
sated the remaining imbalance from transmission, the focus
noninteractive part, could be easily corrected by additional
biasing to one of the phases.

V. CONCLUSIONS

We observed that the CD nonuniformity caused by phase
error induced intensity imbalance in an alternating phase
shift mask could be corrected using the reversed foci double
exposure technique. The DOF of the opposite phases overlap
on each other minimizing the CD difference that showed up
as a result of phase imbalance. It also resulted in a consider-
able increase in usable depth of focus. The reversed focus
double exposure method has proved quite beneficial for com-
pensating certain lens aberrations that are focus dependent,
such as astigmatism. In this technique the effect of double
exposure on exposure latitude was also found negligible.
Lastly it can be said that this technique gives numerous ad-
vantages over existing methods and can be implemented

Fic. 5. The top view SEM images of L-bars showing suppression of astig-quite easily in a manufacturing environment.

matism using reversed foci double exposua Single exposure at negative
defocus (0.0 um), (b) single exposure at positive defoc(8.3 um), (c)
reversed foci double exposure at focus=-0r@, and (d) reversed foci
double exposure at focus=0wn.

uniform CD delta between zero antlphase trenches which
would require zero-r bias adjustment on the mask. Thus,

ACKNOWLEDGMENTS

Authors would like to acknowledge Hideki Suda, Takao
Kubota, Yasuki Kimura, and Hiroshi Kinoshita from HOYA
Corporation, Mask Division, Japan, for making the alt-PSM
reticle used for this study.

through this experiment we confirm that the effect of phase 'J. s. Petersoet al, BACUS News: Photomask, 14, Issué/ig 1998.
error on the mask could be well Suppressed by reversed focus%R. Kostelak, C. Pierrat, J. Garofalo, and S. Vaidya, J. Vac. Sci. Technol. B

double exposure with no loss in exposure latitude.

10, 3055(1992.
5C. Pierrat, A. Wong, and S. Vaidya, in Tech. Digest-International Electron

We observ_ed that_, in addition to the eIiminatiqn of phase pevices MeetingDec. 1992, pp. 53-56.
error related image imbalance, our reversed foci double ex-*A. Wong and A. Neureuther, IEEE Trans. Electron Deviotl 895

JVST B - Microelectronics and  Nanometer Structures



546 Singh et al.: Process method to suppress the effect of phase 546

(1994). M. D. Levenson, J. S. Petersen, D. J. Gerold, and C. A. Mack, Proc. SPIE
K. Lucas, A. Strojwas, K. Low, and C. Yuan, Proc. SPIP27, 438 4186, 395 (2001).

(1993. 8M. D. Levensonet al, Proc. SPIE4346, 817 (2002.

5T. Terasawa, N. Hasegawa, A. Imai, and S. Okazaki, Jpn. J. Appl. Phys., °Shoji Hottaet al, Proc. SPIE5377, 545 (2004).

Part 1 34, 6578(1995. Chris A. Mack, Microlithogr. World 12, 16 (2003.

J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005



