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Abstract : Simulations of photoresist etching,aerial image,exposure,and post-bake processes are integrated to ob-
tain a photolithography process simulation for microelectromechanical system(M EMS) and integrated circuit (1 C)
fabrication based on three-dimensional (3D) cellular automata(CA) . The simulation results agree well with availa-
ble experimental results. This indicates that the 3D dynamic CA model for the photoresist etching simulation and
the 3D CA model for the post-bake simulation could be usef ul for the monalithic simulation of various lithography
processes. This is determined to be useful for the device-sized fabrication process simulation of IC and M EMS.
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1 Introduction

As the dimensons of integrated circuits(1C)
are scaling down to the nanometer regime and the
complexity of micro-electro-mechanical system
(MEMS) desgn and fabrication is increasing,
three-dimensional (3D) photolithography simula
tion has become necessary for accurate analys s of
complex structures such as contacts, corners,
idands,and 3D defects'” . Smulation aidsin under-
standing the effects of parameters during photoli-
thography so that masks can be optimized and the
accuracy of critical structures and the reliability of
devices can therefore be improved®. The smula
tion of photolithography is a complex task that u-
sually includes precise modeling in aerial image
smulation ,exposure smulation ,post-bake s mula
tion ,and photoresst etching smulation (develop-
ment smulation) ©®'. The etching smulation is usu-
ally the most time-consuming step and greatly af-
fects the accuracy of the whole photolithography
smulation. So a fast and accurate 3D model for
photoresist etching is greatly desred for effective
photolithography process s mulation.

Due to its advantages such as ease in handling
topological changes, adaptive mesh methods, and
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the smplest models for implementation in MEMS
and IC fabrication process smulation,the cellular
automata model ,which was first presented by von
Neumann following Ulam’ s suggestions® , has
been success ully applied to the smulation of vari-
ous fabrication processes such as photoresist etch-
ing® ! ,deposition'®*! |and silicon ani sotropic etch-
ing . The 3D dynamical CA model for photores st
etching smulation™  which is extended from the
2D dynamical CA model'® has been presented and
tested usng well-known etching rate distribution
functions and is demonstrated to be accurate ,fast
and stable.

In this paper , smulations of the photored st
etching process using the 3D dynamic CA model
and the post-bake process usng the 3D CA model
are integrated together for the first time with an
aerial image smulation and an exposure process
smulation to accurately describe the effects of pa
rameters during the photolithography process. The
smulation results agree well with available experi-
mental results. This indicates that the 3D dynamic
CA model for photoresst etching smulation and
3D CA modd for post-bake smulation are accu-
rate fast ,and can be integrated with other photoli-
thography simulation steps. This will be useful for
the dmulation of the deviceszed fabrication
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process of ICand MEMS.

2 3D dynamical CA model

The photores &t is divided into | x mx n identical
cubic cdls with dde length a,and the 3D Moore
neighborhood is adopted in the 3D dynamic CA
model ,as shown in Fig.1. There are 6 adjacent cu-
bic cells,12 diagonal cubic cells,and 8 point cubic
cellsin the neighborhood of cell (i,j,k).A bound
ary cell between the internal photoresst and etch-
ant will be etched by etchant flowing from its

/j
/,’.1,,'+1,k+1)/ (i”'+l,k+|)/i+lj+l,/(+l)
{ /(i-lj,k+l)/ (ij,k+l)/(i+l,j,k+1)

(-lj-LktD) | GyLht1) | GH1j-LktD) //
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i

Fig.1 Moore neighborhood of the cellular automata

neighbors. Theoretically ,the effect of etchant from
all neighbors should be taken into account when
the state of cell (i,j,k) isupdated.But the 8 point
diagonal cells do not sgnificantly affect the change
of the state of cell (i,j,k). So the efect of the
point diagonal cellsis neglected in this model. The
local state Gij,«(t) of each cell at time tis defined
as the ratio of the etched volume V. (t) to the total
volume V. :

Vel(t
Con(p) =it (1)
The update ruleis then given by Ref.[11]:
Cijx(tz+ T) = Cijw(ts) +
V T) ag \Y4 T
+ + (2)

+
a°
Ve(t:s + T)agacer = (@ - din - di) X
(djldkl + djidwn + djpdu + djhdkh) +

(a- dyn - dyl) (didu + didin + dindw + dindin) +
(a- dun - dkl)(dildj|+dildjh+dihdj|+dihdjh) +
(a- din- di)(a- du - dw) (dy + djn) +
(a- djn- djy)(a- du - dw) (di + din) +
(a- dw - duw)(a- dj - djpn) (di + din) +
didjdew + diudjdi + didjndw + diudjpndin +

dindjdu + dindjdin + dindjndw + dindjndn (3)

Ve(ti+ T) diagona = D R%.j,k(T"‘ TCi+1,j,k+1(tl))2 +

2
JZD' RY (T + TCisnjer(t))? +
le REj k(T + Teinjuer(t))? +
DR (T + Teray e (1))? +
J; RE (T + Teijerker (t1))? +
J; R (T + Teijenea(ta))? +
Jg R (T + TCijrwes(t))? +
DR (T + Tenes ()7 +
DR (T + Torn i (1))? +
DR (T + Tornni(1))? +
J; R (T + Teiin e (t1))? +
JSR%J.k(TﬁL Tcinj-1k(t1))? (4)

where Ve (t1 + T) agaent @Nd Ve (t1 + T) gagona describe
the effects from the adjacent and the diagonal
cells,respectively. Tc(t1) is the time compensation
value. The parameter D is adopted to describe the
effect of the diagonal cells,and different val ues will
be used according to the state of the diagonal cells
and the state of the shared adjacent cells of these
diagonal cells and cell (i, j, k). The variables in
Eq. (3) are defined as
di = Ri,j«(T+ Tci-1,j,x(t1))
din = Ri,j«x (T + TcCisr,j.x(t1))
di = Ri,jx(T+ Tcij-1.x(t1))
din = Ri,j« (T + Tcijer,x(t1))
du = Ri,j k(T + Tci,jk1(t1))
din = Ri,j (T + Tcij ke (t1))
In the 3D dynamic CA model ,only the bound-
ary cells are processed ,and an interior cell that has
at least onefully etched adjacent or diagonal neigh-
bor becomes a boundary cell. At the beginning of
the smulation ,the photoresist is divided into | X m

()
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x ncubic cells,and al the cellsarein the 0" state
(unetched) ,and the time compensation value for
al cells is* 0”. Initial conditions are imposed by
changing the states of some cells,and the etching
process starts along the etch boundary cells. Some
boundary cell s will gradually become fully etched,
and those fully etched cells will be excluded from
the boundary cell array during the smulation. At
the same time, some interior cells will become
boundary cells according to the CA rules. These
new boundary cell s will beinserted into the bound-
ary cell array ,and pointers corresponding to these
new boundary cells are also created. Consdering
that there is always a trade-off between smulation
accuracy and speed —namely ,a large time step
will reduce the smulation accuracy, whereas a
small time step will reduce the smulation

Depth/pm

Fig.2 S mulation profiles with Equation(6)

The 3D dynamic CA model for the smulation
of photoresist etching has been found to be accu-
rate fast ,and stable ,but it is necessary to integrate
smulations of aerial image, exposure, post-bake,
and photoresist etching in order to accurately de
scribe the effects of parameters during the photoli-
thography process. In the following section, the
photoresst etching smulation usng the 3D dy-
namic CA model will be integrated with smula
tions of the aerial image, exposure process, and
post-bake process.

3 Simulation and discussion

The general steps for photolithography smu-
lation are aerial image s mulation ,exposure s mula
tion ,post-bake smulation ,and photoresist etching
smulation. The aerial image exposure pand and and
and and and and and image distribution on the re-

speed —the time step value in the 3D dynamic
CA model of T=a/ 10Rmx is adopted ,where R iS
the maximum etch rate of the cells.

The model has been tested usng the well-
known etching rate distribution functions and has
been found to be stable,fast ,and accurate’’. The
L@mx1Q@mx1lQ@m photoresst was divided
into 100 x 100 x 100 identical cubic cells,and the
test function is given by'*”!

Rix,y,2 = 4X1,| m/s (6)
where x and y are the distanceson the wafer ,and z
isthe depth of the photoresist. The 3D smulation
profiles corresponding to different etching time
steps are shownin Figs.2(a) and (b) . The Smula
tion time was found to be 35. 9s on a Sun Ultra
work station.
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(a) and (b) correspond to different etching times.

dst-coated wafer. The exposure process generates
acid in the resist. During the subsequent post-bake
process, the resst undergoes an acid-catalyzed
crosslinking reaction which determines the etch
rate distribution in the photoresst. In the last
step ,the photoresi st is etched according to the etch
rate distribution obtained from the two former sm-
ulation steps. The typical smulation steps for the
photolithography process of chemical amplification
photoresists are shownin Fig. 3.

i Photoresist
o Evposure | [Posebale] ctching  [End
simulation] Simulation]”jsimulation| | g;mylation

FHg.3 Typica smulation steps for photolithography
process of chemica amplification photoresists

The new SPLA T can eficiently express the
influence of various parameters of the image tool
for high numerical aperture (NA) lithography re-
ssts (NA >0. 6) . With the parameterslistedin Ta
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ble 1,such as partial coherenced ,focus,and expo-
sure dose | ,the new SPLAT is succesdully em-
ployed to smulate the aerial image on the redsst-
coated wafer, and bottom anti-reflective coating
(BARC) technology isimplemented usng AR3 an-
ti-reflectant. Then the well-known Dill" s

Table 1 Parametersfor hard-contact exposure process
of UV TM113 chemical amplification photoresi st
Reference

Smulation step Parameters

Nslioon =1 577 ,Nres¢ =1 786,
Kslion = - 3 588 ,narz =1 46,
kars = - 0. 47 focus=0,

1 =13m)/ cm? ,KrF,
NA=0.639 =06

Aeria image [13,15]

Dill A=0 074 m-1,

Dill B=0.563¢/ m-*,

Dill C=0. 0411cm?/ mJ,
[PAGlo=1

Exposure [15,16]

Time =90s,
Temperature = 125
k1=0 7068s" 1,
k2 =0 0001s™ !,
p=1,r=1,q=1 34,
[B] =0 264,Mo=1

Post-bake [15 17]

N =1 345, Rmax =0 8944 m/s,
Rmin=5 8x10" ¥ m/s,
n_notch=22 367, [18]
M thnotch = 0. 586, Ti me = 45s,
Temperature =20

Photoresist etch
simulation

ABC model™ ,which was first presented to model
the exposure process of diazo-type resists,is em-
ployed to model the exposure process of chemical-
ly amplified photoresists. Dill’ s ABC model is
used to describe the reaction during the exposure
process as

JPAG]
ot

a = Aoin[PAG] + Boi (8)
where Apin U m’ 1) ,Bon 4 m” 1) ,and Goi (sz/ mJ)
are the parameters of Dill’ s ABC model ,[ PAG] is
a normalized concentration of photoacid generator ,
and | is the exposure illumination power densty
obtained from the aerial image smulation. Equa
tions (7) and (8) are used to calculate parameter
[A] and the normalized acid generated. After the

=- Cou I[PAG] (7)

exposure is calculated ,the normalized acid genera
tedis[A](0) =1- [ PAG] ,which will be used as
the initial condition for the following post-bake
smulation.

The exact changes and mechanism during the
post-bake process are complex, but a relatively
smple theory is presented to explain the reaction
mechanism'™ . According to this theory ,the reac
tion occurring in the photoresst cells can be de
scribed by a cellular automata model given by

mij«(t) = mi,j(t- T) - kl[A]iq,j,k(t - T) %

mijk(t- T) xT (9)
[Alii(t) = [Alij(t- T) -
ke[ Alij(t- T) x T (10)

where T is the time step in the post-bake smuler
tion,[ Ali.;.«(t) isthe normalized acid generated in
cel (i,j,k at time t,and the initial value of
[Alii«(t) is[A].;.«(0).Also,mi;«(t) isthe nor-
malized inhibitor concentration in cell (i,j, k) at
time t, ke and k. are the reaction rate codficients,
and gisaparameter related to the type of photore-
sst. The fina normalized inhibitor concentration
mij « after exposure s mulation and post-bake s m-
ulation can be calculated using Egs. (9) and (10).
Thus, according to the notch model™ | the etch
rate for all photoresst cells can be calculated by
R(mijkx) = Rmx(l- mij)" x
(a+1)(AQ- mijy) onoteh
a+ (l - mi,j,k)n_nomh

(n_ notch + 1)
a = —(1 - Mth_notch)n-nomh (12)
(n_ notch - 1)

where Rm IS the maximum etch rate of the photo-
resst ,Rmn iSthe minimum etch rate of the photore-
dst,nis the sendtivity of the developer ,n _ notch
is the sendtivity of the notch ,Minnten i S the thresh-
old inhibitor concentration where the notch occurs,
and mij« is the final normalized inhibitor concen-
trationincel (i,j,k).

According to the available parameter val ues of
UV ™113 chemical amplification photoresist'™® * |
aslistedin Table 1 ,the etch ratefor all photores st
cells can be determined so that the 3D dynamic CA
model can be employed to accomplish photores st
etching smulation. Thus the whole photolithogra
phy of UV ™ 113 chemical amplification photoresist
can be success ully smulated.

Figures 4 and 5 show the smulation profiles
of photolithography of UV ™ 113 photoresi st corre-
sponding to two different mask shapes. Figures 4

+ Rmin (11)
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(a) and (b) are 3D views of the smulation results
corresponding to different time steps. The etching
times are 22s and 45s for Figs. 4(a) and (b) ,re
spectively. Figures 4(c) and (d) are cross- sectional
views of the smulation and corresponding experi-
mental results™® . Figures 5 (a) and (b) show

cross sectional views of the smulation and the cor-
responding experimental results® for 110nm/
220nm line/ space with a different focus value of -

0. 2. The etching time in Fig. 5 is 45s. The above
smulation results agree well with available experi-
mental results.

O Depth/pm

Fig.4 Smulation profiles of photolithography process for UV ™ 113 chemical amplification photoresist

(@, (b)

3D view of the smulation results corresponding to 22s and 45s; (c) ,(d) Cross section view of smulation and corre-

sponding experimental results™*®!

Fig.5 Cross section view of smulation (&) and corresponding experimental (b) results™® for 110nm/ 220nm line/

space with a different focus value of - 0. 2

Figure 6 shows the photolithography smula
tion results for capacitor fabrication ,which also a
grees with available experimental results®” . The
resultsindicate that the photores st etching s mula
tion usng the 3D dynamic CA model can be suc-
cesdully integrated with other photolithography
smulation steps, o that the effect of parameters
during the photolithography process can be accu-
rately described.

Although only the photolithography process
of UV ™ 113 chemical amplification photoresist is
smulated in this paper ,snce the aerial image,ex-
posure ,post-bake ,and photoresist etching smula-
tions are relatively independent ,the 3D dynamic
CA model for the smulation of photoresst etching
and 3D CA model for the smulation of post-bake
can al eficiently smulate the photolithography
process of other photoressts.



710

27

Depth/pm

Depth/pm

Fig.6 Photoresist etching profiles for capacitor fabri-
cation (a) and (b) correspond to different etching
times.

4 Conclusion

The photoresist etching smulation using the
3D dynamic CA model and post-bake smulation u-
sng the 3D CA model have been success ully inte-
grated with aerial image smulation and exposure
process smulation for UV ™ 113 chemical amplifi-
cation photoresst. The smulation results agree
well with available experimental results,indicating
that the 3D dynamic CA model for photoresst
etching smulation and 3D CA model for post-bake
smulation are accurate ,fast ,and can be integrated
with other photolithography smulation steps. This
will be useful for the deviceszed fabrication
process S mulation of IC and MEMS.
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