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Optimum design of photoresist thickness for 90-nm
critical dimension based on ArF laser lithography*
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In this work, a 90-nm critical dimension (CD) technological process in an ArF laser lithography system is simulated,

and the swing curves of the CD linewidth changing with photoresist thickness are obtained in the absence and presence

of bottom antireflection coating (BARC). By analysing the simulation result, it can be found that in the absence of
BARC the CD swing curve effect is much bigger than that in the presence of BARC. So, the BARC should be needed
for the 90-nm CD manufacture. The optimum resist thickness for 90-nm CD in the presence of BARC is obtained, and

the optimizing process in this work can be used for reference in practice.
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1. Introduction

In lithography, because of the reflection at the in-
terface between photoresist and substrate, there has
been observed the standing wave effect!! 3! and the

[45] Upon reflec-

swing curve effect in the photoresist.
tion at the interface between photoresist and substrate
a phase shift occurs in the light reflected back toward
The path length that the

light travels through the resist determines its phase

the photoresist surface.

and whether the interference will be constructive or
destructive. Interference between the outgoing and
incoming light waves, owing to a phase difference be-
tween them, will result in a standing wave and swing
curve. This phenomenon is also called the thin-film
interference effect.l’’ With the trend toward smaller
feature size, it is more and more important to control
the resist thickness and uniformity to a tight tolerance
in order to minimize thin film interference effects on
the critical dimensions (CDs). The method of control-
ling the resist thickness was extensively studied, and
the traditional method is to deposit bottom antireflec-
tion coating (BARC) on the silicon surface for reduc-
ing the reflectivity.l5=2 However depositing BARC
cannot perfectly reduce the effect of the reflectivity,
and the swing curve effect cannot be avoided and it
still exists. In addition, depositing BARC can increase
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the technological process (the depositing process and
the removing process) and the cost. So we should
first ascertain whether the BARC is needed for the
CD manufacture, and then obtain the optimal resist
thickness.

In the present paper, we use the Hopkins’s partial
coherent image theory,!'®14 Dill’s expose model,!*?!
post-exposure bake model,l'®) and Mack’s develop

modell17]

for building the lithography simulation
model and realize this lithography simulation model
with the Matlab program. Using this model, the 90-
nm CD’s technological process based on ArF laser
lithography system is simulated. According to the
simulation result, we find that in the absence of BARC
the effect of the CD swing curve is very serious. So,
the BARC should be needed for the 90-nm CD man-
ufacture based on ArF laser lithography and the opti-
mal resist thickness for 90-nm CD in the presence of

BARC is obtained at a certain expose dose.

2. Simulation model of lithogra-
phy

Lithography simulation relies on models from two
fields of science; one is optics to model the formation of
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the aerial image, and the other is chemistry to model
the formation of the latent image in the resist.

The optical model used for calculating the aerial
image is shown in Fig. 1, which is accepted by most
commercial simulation softwares. As shown in Fig. 1,
the actual source and the condenser system are re-
placed by the equivalent effective source having an ir-
radiance distribution of r(xg,yo) where (zg, yo) refers
to the spatial coordinate of the normalized coherent
factor (sigma) on the effective source plane, and the
mask is considered to have a digital transmission func-
tion given by

1

, in clear areas,

(1)

t(wy,y1) = .
0, in opaque areas,

where (z1,y1) denotes the mask plane. According
to the discussion of coherent imaging in Hopkins’s
paper!13:14]

axis such that (zg,yo) = (0,0), after the point source

, if the point source is assumed to be on-

light is diffracted on the mask plane, the spectrum of
the mask is described by the Fraunhofer diffraction

et = [ :O / jtwhyl)

» e,gﬂj(fxzﬂrfyyl)dxldyl, (2)

integral

where f, and f, are the spatial frequencies of the
diffraction pattern defined as

/ /

T Yy
= -— d = —-—
fo= 2y and fy =2 3)

€(fs, fy) is the Fourier transform of the mask pat-
tern, (z/, y') denotes the aperture plane, (z,y) de-
notes the wafer plane, z; is the distance between the
mask plane and the first lens surface of the projection
system, and A is the wavelength of the source light.
For a general source point where (zo,y0) # (0,0), we
can make the approximation that the optical system
is shift-invariant such that the spectrum of the mask,
owing to the source point, can be described by

El(fmvfy):E(fm_anfy_y0)~ (4)

The image on the wafer plane arising from the source
point can be described by

I'(x,y) = |[FT 7 (for )P )Y (5)

NA
1, if1/f%+f5<T’
NA
0, if\/f2+f2> B

and

(6)

where P(fy, f,) denotes the pupil function of the op-
tical system, N A means the numerical aperture, and
FT~! refers to inverse Fourier transform. Since, by
definition, the effective source is equivalent to a self-
luminous source, the total irradiance at wafer plane
can be obtained by integrating over the entire effec-
tive source, and can be written as

Ia) = [ [ rtao )| PTG )P 5|
)

X da?odyo

- //T(Io,yo)‘FTfl{e(fx — 20, fy — Yo)

% Pf2 fy)}| dzodyo. 7

and,

0, if\y/z2+yd <o,
1, ifoy < \/m < 09, (8)
0, if oo <+/x3+y3,

where 7(z0,yo) is the annular effective source; o1 and

r(zo,Y0) =

o9 are the inner coherent factor and the outer coher-
ent factor respectively. Equation (7) is the principle
relation of a generalized Abbe theory, where the image
formation under partially coherent illumination of the
object is accounted for by a combination of coherent
imaging processes for perpendicular and obliquely in-
cident illuminating plane waves on the object. Since
only the image irradiance is of interest, it can be de-
termined without use of the coherence theory. For the
computation, the whole source is divided into a num-
ber of luminous point sources considering the imaging
due to each source acting as an independent coher-
ent image formation process. The contributions from
point sources do not interfere, so the net image irra-
diance is the sum of the irradiance from each source
point.

illumination
system

projection
system

wafer

effective
source ,-°
%

aperture

Fig. 1. Optics model for aerial image.
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The chemistry model is composed of the expo-
sure model, post exposure bake model, and develop-
ment model. In this work, the Dill’s exposure model
is adopted and defined as

% =—[A-M(z,2,t)+ B] - I(z, 2),
OM (x,z,t)
g = —C I(x,2) M(z,2,1). (9)

Here, M is the normalized PAC (photo-active com-

Re(ng) |T12 {exp [2mjRe(n2)z/A] + p237h exp [—27jRe(n2)z/A] }

pound) concentration function relating to its pre-
exposure value at any position and any time of expo-
sure: in the case of non-exposure, M = 1 and ¢t = 0,
and in the case of full exposure, M = 0 and ¢ is equal
to full exposure time. A, B, and C' are the parameters
of Dill’s model, and can be measured experimentally.
I(x,z) is the two-dimensional relative intensity dis-
tribution of light into the photoresist considering the
standing wave effect,['®] and can be given by

2

I(x,2) =1(x
(@,2) ( )Re(nl)
n1 — Ng o — N3
= y = s T =
P12 ni+n P23 ng + N3 12

where p1o and peo3 are the reflection coefficients; nq,
nso, and ng are the complex refractive indexes of air,
resist, and substrate respectively; 75 is the transmis-
sion coefficient; D is the resist thickness; 7p is the
internal transmittance of the resist; Re denotes the
selecting of the real part. Equations (9) are coupled
equations which can be solved simultaneously by resist
simulators.
The post exposure bake model can be given by

% =V (D, VM), (11)

and

Dy = D, e(~Pe/FT), (12)

where M is the normalized PAC concentration which
can be calculated by solving two-dimensional diffusion
according to Egs. (11) and (12), and ¢ is the bake time,
and D is the diffusion coefficient with the parameters
of D, and Dg.

The Mack’s develop model is selected, and can be

given by
_ (a+ 1) = M(z,2))"
R(m,z) - Rmax a+ (1 — M(x,z))”
+ Rmin; (13)
n+1 "
a= 2T (= M), (14)

where R(x, z) is the development rate of the photore-
sist, M (z, z) is the normalized PAC concentration dis-
tribution into the photoresist after exposure and bake,

)
ni + no

1+ p12p2sTh

2n4 27TjRe(n2)D] , (10)

TDZQXp|: b\

n is a selectivity parameter describing the sensitivity
of the developer to the exposed photoresist, M;y, is the
threshold normalized PAC concentration, R,y is the
development rate of a completely exposed resist, and
Rpin is the totally unexposed resist. The Mack’s de-
velop model can be realized by the Cellular Automata
algorithm.[*9]

3. Simulation process

According to the above model, we simulate the
lithography technique for 90-nm CD. The parameters
of each simulation model are given in Table 1, and
the parameters for 193-nm laser lithography are set
according to Refs. [18] and [20].

In order to verify the effect of the anti-reflectivity
of BARC, we compute the total reflectivity in the pres-
ence and absence of BARC. Because the thickness of
BARC also affects the total reflectivity, we should first
optimize the thickness of BARC. Figure 2 shows the
reflectivity varying with the thickness of the chosen
BARC. From Fig. 2, we find that the second mini-
mum reflectivity corresponds to the optimal thickness
of BARC. So we can choose this thickness. At this
thickness, the contribution to the total reflectivity can
be ignored. After ignoring the effect of the BARC
thickness, the reflectivity computational formula can

be given by[2"]

_ Ipual* + [pas|® e=2P + 2 |p1opas| e =P cos(4mRe(na) D/A — d1s + ¢as)

1 —+ |p12p23|2 e*O‘QD -+ 2 ‘p12p23| e*aD COS(47TR6(’I7,2)D/)\ -+ ¢)12 + (,2523) ’

2Tk
oa=—",

A

$12 = —i(Inp12 —In|p12), d23 = —i(Inpaz — In|pasl), (15)
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where R denotes the reflectivity, « is the absorption coefficient of the resist, and x is the imaginary part of no.

Table 1. Parameters of lithography simulation.

Parameter Value
Wavelength /nm 193
NA 0.75

Tlumination

annular 0.85/0.55 (out/inter sigma)

Substrate BARC (complex refractive index: 1.82 + i0.34 )
silicon (complex refractive index: 0.883 + i2.778)

Resist complex refractive index: 1.71 + i0.018

Air complex refractive index: 1

Dill’s exposure model A=0pum1,
Post exposed bake

Mack’s develop model

B =1.20 um™1,
D, =7.55x 10713 Dp = 3.34 x 1072, time = 60 s, temperature = 125 °C
Rmax = 0.1 pm/s, Rpyin = 0.0001 pm/s, My, = 0.5, n = 8, time = 60 s, steps = 6

C = 0.05 cm?/mJ, expose dose = 25.5 mJ/cm?

0.8
the first minimum reflectivity
0.6 1
by
2z the second minimum reflectivity
£ 0.4¢
[
E=
Q
~
0.2f
0 L L L
0 0.1 0.2 0.3 0.4

BARC thickness/um

Fig. 2. Reflectivity varying with the thickness of the cho-
sen BARC.

As shown in Fig. 3, the reflectivity in the absence
of BARC is far larger than the reflectivity in the pres-
ence of BARC, and the swing curve effect is also very
Adding BARC can reduce the reflectivity

and the swing curve effect, but cannot change the pe-

obvious.

riod of the swing curve.

0.8

-------- without BARC
—— with BARC

Reflectivity

0 0.2 0.4 0.6
Resist thickness/pm

Fig. 3. Swing curve of reflectivity.

Using the parameters in Table 1, we simulate the
changes of the 90-nm CD with resist thickness in the
presence of and the absence of BARC separately. The
deposited resist thickness varies from 0.1 pwm to 0.6 pm
in steps of 0.01 um. Figure 4 shows the simulation re-
sults under the two conditions. From Fig. 4, it can be
found that the swing amplitude of the CD linewidth in

0301 —o— CD swing curve without BARC
§ 0.24 - MR
~
T 018 fy AW
g I VAV
= 012 i @xu/ \&
= o A

0.06 /)' \@/

()~
0 i
0.1 0.2 0.3 0.4 0.5 0.6
Resist thickness/pm

030 ™, CD swing curve with BARC
g
E 0.24
5 o
2 0.18 AR
: N M?"‘ v
Z 012 pach
o [‘\5{ y&UR

0.06 [y

(®)
0 i

0.1 0.2 0.3 0.4 0.5 0.6
Resist thickness/pm

Fig. 4. Swing curves of 90-nm CD linewidth versus resist
thickness in the absence (a) and presence (b) of BARC.

the presence of BARC is smaller than that in the ab-
sence of BARC. As shown in Fig. 4(a), when the resist
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thickness is less than 0.11 wm, the CD is over-exposed;
when the resist thickness is greater than 0.28 pum, the
CD is under-exposed. So the optimal resist thick-
ness in the absence of BARC should be chosen to be
between 0.11 pm to 0.28 um. Furthermore, we find
that when the resist thickness is between 0.11 pm and
0.14 pm, the swing amplitude of the CD linewidth
is small, and the CD linewidth is closer to the ideal
value. So the range of the optimal resist thickness is
further shrunk to the range from 0.11 pm to 0.14 pum.
According to the similar choosing rules, the optimized
resist thickness for 90-nm CD in the presence of BARC
is found to be between 0.15 pm to 0.18 pm.

In order to obtain further accurate resist thick-
ness, the adding step of resist thickness in simulation is
set to be 0.0025 wm. At this increasing step, the swing
curves of the CD linewidth within the optimized resist
thickness ranges of the two conditions are obtained
separately by simulation, and the results are shown
in Fig. 5. As shown in Fig. 5, the swing amplitude

0.30 - i i i i o
________ —e— CD swing curve without BARC _|
E 0.4 f
3 ‘
5 ()
< 0.18
2
3
=
— 0.12
a N\ r
0.06 = /
0
0.11 0.12 0.13 0.14 0.15
Resist thickness/pm
0.30
_.—o= CD swing curve with BARC____|
g 0
: (b)-
=
2 0.18
3
0
=
— 0.12
8 a8 - ol
0.06
0
0.15 0.16 0.17 0.18 0.19

Resist thickness/pm

Fig. 5. Swing curves of 90-nm CD linewidth versus resist
thickness in the absence (a) and presence (b) of BARC.

of the CD linewidth in the absence of BARC becomes
bigger and exceeds 10%, but the swing amplitude of

the CD linewidth in the presence of BARC is less than
10% within the optimal thickness range from 0.15 pm
to 0.18 um. So, if the deposit resist thickness is within
the range from 0.15 pm to 0.18 pum in the presence of
BARC, the obtained CD linewidth will be accurate.
We separately select nine optimized resist thick-
nesses from the resist thickness ranges in the absence
and presence of BARC to simulate their development
and extract their profile images. The results are shown
in Fig. 6. Figure 6(a) shows the profile images of the
resist thickness ranging from 0.11 pum to 0.13 pm
in steps of 0.0025 um in the absence of BARC, and
figure 6(b) displays the profile images of the resist
thickness ranging from 0.15 pm to 0.17 um in steps of
0.0025 um in the presence of BARC. For profile im-
ages 1-9 in Figs. 6(a) and 6(b) their resist thicknesses
increase sequentially in steps of 0.0025 wm. As shown
in Fig. 6(a), the CD linewidth changes a lot with re-
sist thickness increasing in the absence of BARC. Also,

resist

_l__A__A_

silicon

_I_LL

(a)

resist

A R R

BARC

A R B
R R R

(b)

Fig. 6. Simulated CD profile images in the absence (a)
and presence (b) of BARC.

it can be found from Fig. 6(a) that the sidewall ef-
fect is very obvious in the absence of BARC, and the
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sidewall effect has an adverse effect on the etching
technics. On the contrary, in Fig. 6(b), the CD has
better profile images and changes little with the resist
thickness increasing in the presence of BARC; and the
sidewall effect is not obvious.

4. Conclusions

As for the ArF laser lithography system for 90-
nm CD manufacturing, the accurate CD linewidth is
hard to obtain with the silicon substrate because of
the big reflectivity and the big swing amplitude. So,
the BARC coating must be needed, and the BARC
coating can effectively reduce the swing curve effect of
the reflectivity and CD linewidth. The optimal resist
thickness for 90-nm CD of the simulation lithography
system, whose parameters are given in Table 1, is ob-
tained to be in a range from 0.15 um to 0.18 pum in
the presence of BARC. Using simulation of the lithog-
raphy process can reduce the cost and time in a wafer
experiment. In practical lithography, the further op-
timized resist thickness can be found through a few
wafer experiments in the range obtained by simula-

tion.
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