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Abstract : Simulations of p hot oresist etching , aerial image ,exp osure , and p ost2bake p rocesses are integrated t o ob2
tain a p hot olit hograp hy p rocess simulation f or microelect romechanical system (M EMS) and integrated circuit ( IC)

f abrication based on t hree2dimensional (3D) cellula r aut omata ( CA) . The simulation results agree well wit h availa2
ble experimental results . This indicates t hat t he 3D dynamic CA model f or t he p hot oresist etching simulation and

t he 3D CA model f or t he p ost2bake simulation could be usef ul f or t he monolit hic simulation of various lit hograp hy

p rocesses . This is dete rmined t o be usef ul f or t he device2sized f abrication p rocess simulation of IC and M EMS.
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1　Introduction

As t he dimensions of integrated circuit s ( IC)
are scaling down to t he nanometer regime and the
complexity of micro2elect ro2mechanical system
( M EMS ) design and fabrication is increasing ,
t hree2dimensional ( 3D) p hotolit hograp hy simula2
tion has become necessary for accurate analysis of
complex st ruct ures such as contact s , corners ,
islands ,and 3D defect s[1 ] . Simulation aids in under2
standing t he effect s of parameters during p hotoli2
t hograp hy so t hat masks can be optimized and the
accuracy of critical st ruct ures and t he reliability of
devices can therefore be improved[2 ] . The simula2
tion of p hotolit hograp hy is a complex task t hat u2
sually includes p recise modeling in aerial image
simulation ,exposure simulation ,post2bake simula2
tion ,and p hotoresist etching simulation ( develop2
ment simulation) [3 ] . The etching simulation is usu2
ally t he most time2consuming step and greatly af2
fect s t he accuracy of the whole p hotolit hograp hy
simulation. So a fast and accurate 3D model for
p hotoresist etching is greatly desired for effective
p hotolit hograp hy process simulation.

Due to it s advantages such as ease in handling
topological changes , adaptive mesh met hods , and

t he simplest models for implementation in M EMS
and IC fabrication process simulation , t he cellular
automata model ,which was first p resented by von
Neumann following Ulam’s suggestions[4 ] , has
been successf ully applied to the simulation of vari2
ous fabrication processes such as p hotoresist etch2
ing[5～7 ] ,deposition[ 8 ,9 ] ,and silicon anisot ropic etch2
ing[10 ] . The 3D dynamical CA model for p hotoresist
etching simulation[11 ] , which is extended f rom t he
2D dynamical CA model [5 ] ,has been presented and
tested using well2known etching rate dist ribution
f unctions and is demonst rated to be accurate ,fast
and stable.

In t his paper , simulations of t he p hotoresist
etching process using t he 3D dynamic CA model
and t he post2bake process using t he 3D CA model
are integrated toget her for t he first time wit h an
aerial image simulation and an exposure p rocess
simulation to accurately describe the effect s of pa2
rameters during t he p hotolit hograp hy process. The
simulation result s agree well wit h available experi2
mental result s. This indicates t hat t he 3D dynamic
CA model for p hotoresist etching simulation and
3D CA model for post2bake simulation are accu2
rate ,fast ,and can be integrated with ot her p hotoli2
t hograp hy simulation step s. This will be usef ul for
t he simulation of t he device2sized fabrication
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process of IC and M EMS.

2　3D dynamical CA model

The photoresist is divided into l×m×n identical
cubic cells with side length a , and t he 3D Moore
neighborhood is adopted in the 3D dynamic CA
model ,as shown in Fig. 1. There are 6 adjacent cu2
bic cells ,12 diagonal cubic cells ,and 8 point cubic
cells in t he neighborhood of cell ( i , j , k) . A bound2
ary cell between t he internal p hotoresist and etch2
ant will be etched by etchant flowing f rom it s

Fig. 1　Moore neighborhood of the cellular automata

neighbors. Theoretically ,t he effect of etchant f rom
all neighbors should be taken into account when
t he state of cell ( i , j , k) is updated. But t he 8 point
diagonal cells do not significantly affect t he change
of t he state of cell ( i , j , k) . So t he effect of the
point diagonal cells is neglected in t his model. The
local state Ci , j , k ( t) of each cell at time t is defined
as t he ratio of t he etched volume V e ( t) to t he total
volume V c :

C i , j , k ( t ) =
Ve ( t )

Vc
(1)

The update rule is t hen given by Ref . [ 11 ] :
C i , j , k ( t 1 + T) = C i , j , k ( t 1 ) + 　　　　

Ve ( t 1 + T) adjacent + Ve ( t1 + T) diagonal

a3 (2)

Ve ( t 1 + T) adjacent = ( a - d ih - d il ) ×
( d jl d kl + d jl d kh + d jh d kl + d jh d kh ) +

( a - d yh - d yl ) ( d il d kl + d il d kh + d ih d kl + d ih d kh ) +
( a - d kh - d kl ) ( d il d jl + d il d jh + d ih d jl + d ih d jh ) +

( a - d ih - d il ) ( a - d kl - d kh ) ( d jl + d jh ) +
( a - d jh - d jl ) ( a - d kl - d kh ) ( d il + d ih ) +
( a - d kh - d kl ) ( a - d jl - d jh ) ( d il + d ih ) +

d il d jl d kl + d il d jl d kh + d il d jh d kl + d il d jh d kh +

d ih d jl d kl + d ih d jl d kh + d ih d jh d kl + d ih d jh d kh (3)

Ve ( t 1 + T) diagonal =
D
2

R2
i , j , k ( T + Tc i +1 , j , k + 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i + 1 , j , k - 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i - 1 , j , k + 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i - 1 , j , k - 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i , j +1 , k + 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i , j +1 , k - 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i , j - 1 , k + 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i , j - 1 , k - 1 ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i + 1 , j + 1 , k ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i + 1 , j - 1 , k ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i - 1 , j + 1 , k ( t 1 ) ) 2 +

D
2

R2
i , j , k ( T + Tc i - 1 , j - 1 , k ( t 1 ) ) 2 (4)

where V e ( t1 + T) adjacent and V e ( t1 + T) diagonal describe
t he effect s f rom t he adjacent and t he diagonal
cells ,respectively. Tc ( t1 ) is t he time compensation
value. The parameter D is adopted to describe t he
effect of t he diagonal cells ,and different values will
be used according to the state of the diagonal cells
and t he state of t he shared adjacent cells of these
diagonal cells and cell ( i , j , k) . The variables in
Eq. (3) are defined as

d il = R i , j , k ( T + Tc i - 1 , j , k ( t 1 ) )

d ih = R i , j , k ( T + Tc i + 1 , j , k ( t1 ) )

d jl = R i , j , k ( T + Tc i , j - 1 , k ( t 1 ) )

d jh = R i , j , k ( T + Tc i , j + 1 , k ( t1 ) )

d kl = R i , j , k ( T + Tc i , j , k - 1 ( t 1 ) )

d kh = R i , j , k ( T + Tc i , j , k + 1 ( t 1 ) )

(5)

　　In the 3D dynamic CA model ,only the bound2
ary cells are p rocessed ,and an interior cell t hat has
at least one f ully etched adjacent or diagonal neigh2
bor becomes a boundary cell . At the beginning of
t he simulation ,t he p hotoresist is divided into l×m
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×n cubic cells ,and all t he cells are in t he“0”state
( unetched) , and the time compensation value for
all cells is“0”. Initial conditions are imposed by
changing the states of some cells ,and t he etching
process start s along t he etch boundary cells. Some
boundary cells will gradually become f ully etched ,
and t hose f ully etched cells will be excluded f rom
t he boundary cell array during t he simulation. At
t he same time , some interior cells will become
boundary cells according to t he CA rules. These
new boundary cells will be inserted into t he bound2
ary cell array ,and pointers corresponding to t hese
new boundary cells are also created. Considering
t hat t here is always a t rade2off between simulation
accuracy and speed———namely , a large time step
will reduce t he simulation accuracy , whereas a
small time step will reduce t he simulation

speed———t he time step value in t he 3D dynamic
CA model of T = a/ 10 Rmax is adopted ,where Rmax is
t he maximum etch rate of t he cells.

The model has been tested using the well2
known etching rate dist ribution f unctions and has
been found to be stable ,fast , and accurate[4 ] . The
110μm ×110μm ×110μm p hotoresist was divided
into 100 ×100 ×100 identical cubic cells , and t he
test f unction is given by[12 ]

R ( x , y , z) = 4 x2μm/ s (6)

where x and y are t he distances on t he wafer ,and z

is t he dept h of t he p hotoresist . The 3D simulation
profiles corresponding to different etching time
step s are shown in Figs. 2 (a) and (b) . The simula2
tion time was found to be 35. 9s on a Sun Ult ra
work station.

Fig. 2　Simulation profiles with Equation (6) 　(a) and (b) correspond to different etching times.

　　The 3D dynamic CA model for t he simulation
of p hotoresist etching has been found to be accu2
rate ,fast ,and stable ,but it is necessary to integrate
simulations of aerial image , exposure , post2bake ,
and p hotoresist etching in order to accurately de2
scribe t he effect s of parameters during the p hotoli2
t hograp hy process. In t he following section , the
p hotoresist etching simulation using t he 3D dy2
namic CA model will be integrated wit h simula2
tions of t he aerial image , exposure p rocess , and
post2bake process.

3　Simulation and discussion

The general step s for p hotolit hograp hy simu2
lation are aerial image simulation ,exposure simula2
tion ,post2bake simulation ,and p hotoresist etching
simulation. The aerial image exposure pand and and
and and and and and image dist ribution on t he re2

sist2coated wafer . The exposure p rocess generates
acid in t he resist . During the subsequent post2bake
process , t he resist undergoes an acid2catalyzed
cross2linking reaction which determines t he etch
rate dist ribution in t he p hotoresist . In t he last
step ,t he p hotoresist is etched according to the etch
rate dist ribution obtained f rom t he two former sim2
ulation step s. The typical simulation step s for t he
p hotolit hograp hy p rocess of chemical amplification
p hotoresist s are shown in Fig. 3.

Fig. 3 　Typical simulation steps for photolithography

process of chemical amplification photoresist s

The new SPL A T[13 ] can efficiently express t he
influence of various parameters of t he image tool
for high numerical apert ure ( NA) lit hograp hy re2
sist s (NA > 016) . Wit h the parameters listed in Ta2

707



半　导　体　学　报 第 27卷

ble 1 , such as partial coherenceδ,focus ,and expo2
sure dose I , t he new SPL A T is successf ully em2
ployed to simulate the aerial image on the resist2
coated wafer , and bot tom anti2reflective coating
(BA RC) technology is implemented using AR3 an2
ti2reflectant . Then t he well2known Dill’s

Table 1　Parameters for hard2contact exposure process

of UV TM113 chemical amplification photoresist

Simulation step Parameters Reference

Aerial image

nsilicon = 11 577 , nresist = 11 786 ,

ksilicon = - 31588 , nAR3 = 1146 ,

kAR3 = - 01 47 ,focus = 0 ,

I = 13mJ/ cm2 , Kr F ,

NA = 0163 ,δ= 016

[ 13 ,15 ]

Exp osure

Dill A = 010746μm - 1 ,

Dill B = 015636μm - 1 ,

Dill C = 010411c m2/ mJ ,

[ PA G ] 0 = 1

[ 15 ,16 ]

Post2ba ke

Time = 90s ,

Te mperature = 125℃,

k1 = 01 7068s - 1 ,

k2 = 01 0001s - 1 ,

p = 1 , r = 1 , q = 1134 ,

[ B ] = 01264 , M0 = 1

[ 15～17 ]

Photoresist etch

simulation

N = 11 345 , Rmax = 01 8944μm/ s ,

Rmin = 51 8×10 - 5μm/ s ,

n notch = 221 367 ,

M th notch = 01 586 , Ti me = 45s ,

Temperature = 20℃

[ 18 ]

AB C model [ 14 ] ,w hich was f i rst p rese nted t o model

t he exp osure p rocess of diazo2t yp e resists , is e m2
p loyed t o model t he exp osure p rocess of che mical2
ly a mplif ied p hot oresists . Dill’s AB C model is

used t o desc ribe t he reaction duri ng t he exp osure

p rocess as

5[ PA G ]
5 t

= - CDill I [ PA G ] (7)

α = ADill [ PA G ] + BDill (8)

w here ADill (μm - 1 ) ,BDill (μm - 1 ) ,and CDill (cm2 / mJ )

are the parameters of Dill’s ABC model , [ PA G] is
a normalized concent ration of p hotoacid generator ,
and I is t he exposure illumination power density
obtained f rom the aerial image simulation. Equa2
tions (7) and (8) are used to calculate parameter
[ A ] and the normalized acid generated. Af ter the

exposure is calculated ,t he normalized acid genera2
ted is [ A ] (0) = 1 - [ PA G] ,which will be used as
t he initial condition for t he following post2bake
simulation.

The exact changes and mechanism during t he
po st2bake process are complex , but a relatively
simple t heory is p resented to explain t he reaction
mechanism[15 ] . According to t his t heory , t he reac2
tion occurring in the p hotoresist cells can be de2
scribed by a cellular automata model given by
m i , j , k ( t ) = m i , j ( t - T) - k1 [ A ] q

i , j , k ( t - T) ×
m i , j , k ( t - T) ×T (9)

[ A ] i , j , k ( t ) = [ A ] i , j , k ( t - T) - 　　　　　　
k2 [ A ] i , j , k ( t - T) ×T (10)

where T is t he time step in t he post2bake simula2
tion ,[ A ] i , j , k ( t) is t he normalized acid generated in
cell ( i , j , k) at time t , and t he initial value of
[ A ] i , j , k ( t) is [ A ] i , j , k (0) . Also , m i , j , k ( t) is t he nor2
malized inhibitor concent ration in cell ( i , j , k) at
time t , k1 and k2 are t he reaction rate coefficient s ,
and q is a parameter related to t he type of p hotore2
sist . The final normalized inhibitor concent ration
m i , j , k af ter exposure simulation and po st2bake sim2
ulation can be calculated using Eqs. (9) and (10) .
Thus , according to t he notch model [16 ] , t he etch
rate for all p hotoresist cells can be calculated by
R ( m i , j , k ) = Rmax (1 - m i , j , k ) n ×　　　　　　　

( a + 1) (1 - m i , j , k ) n notch

a + (1 - m i , j , k ) n notch + Rmin (11)

a =
( n notch + 1)

( n notch - 1)
(1 - Mt h notch ) n notch (12)

where Rmax is t he maximum etch rate of t he p hoto2
resist , Rmin is t he minimum etch rate of the p hotore2
sist , n is t he sensitivity of the developer ,n notch
is the sensitivity of t he notch , Mth notch is t he thresh2
old inhibitor concent ration where the notch occurs ,
and m i , j , k is t he final normalized inhibitor concen2
t ration in cell ( i , j , k) .

According to t he available parameter values of
UV TM 113 chemical amplification p hotoresist [16～18 ] ,
as listed in Table 1 ,t he etch rate for all p hotoresist
cells can be determined so t hat t he 3D dynamic CA
model can be employed to accomplish p hotoresist
etching simulation. Thus t he whole p hotolit hogra2
p hy of UV TM 113 chemical amplification p hotoresist
can be successf ully simulated.

Figures 4 and 5 show t he simulation profiles
of p hotolit hograp hy of UV TM 113 p hotoresist corre2
sponding to two different mask shapes. Figures 4
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(a) and (b) are 3D views of t he simulation result s
corresponding to different time step s. The etching
times are 22s and 45s for Figs. 4 (a) and ( b) , re2
spectively. Figures 4 (c) and (d) are cross2sectional
views of t he simulation and corresponding experi2
mental result s[18 ] . Figures 5 ( a ) and ( b ) show

cross2sectional views of the simulation and t he cor2
responding experimental result s[18 ] for 110nm/
220nm line/ space with a different focus value of -
012. The etching time in Fig. 5 is 45s. The above
simulation result s agree well wit h available experi2
mental result s.

Fig. 4　Simulation profiles of photolithography process for UV TM 113 chemical amplification photoresist 　(a) , (b)

3D view of the simulation result s corresponding to 22s and 45s ; (c) , (d) Cross2section view of simulation and corre2
sponding experimental result s[18 ]

Fig. 5　Cross2section view of simulation (a) and corresponding experimental (b) result s[18 ] for 110nm/ 220nm line/

space with a different focus value of - 012

　　Figure 6 shows t he p hotolit hograp hy simula2
tion result s for capacitor fabrication ,which also a2
grees wit h available experimental result s[3 ,7 ] . The
result s indicate t hat t he p hotoresist etching simula2
tion using the 3D dynamic CA model can be suc2
cessf ully integrated wit h other p hotolit hograp hy
simulation step s , so that the effect of parameters
during the p hotolit hograp hy process can be accu2
rately described.

Alt hough only t he p hotolit hograp hy process
of UV TM 113 chemical amplification p hotoresist is
simulated in this paper , since t he aerial image ,ex2
posure ,post2bake , and p hotoresist etching simula2
tions are relatively independent , t he 3D dynamic
CA model for t he simulation of p hotoresist etching
and 3D CA model for t he simulation of post2bake
can also efficiently simulate t he p hotolit hograp hy
process of ot her p hotoresist s.
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Fig. 6　Photoresist etching profiles for capacitor fabri2
cation　( a) and ( b) correspond to different etching

times.

4　Conclusion

The p hotoresist etching simulation using the
3D dynamic CA model and post2bake simulation u2
sing t he 3D CA model have been successf ully inte2
grated with aerial image simulation and exposure
p rocess simulation for UV TM 113 chemical amplifi2
cation p hotoresist . The simulation result s agree
well wit h available experimental result s ,indicating
t hat the 3D dynamic CA model for p hotoresist
etching simulation and 3D CA model for post2bake
simulation are accurate ,fast ,and can be integrated
with ot her p hotolit hograp hy simulation step s. This
will be usef ul for t he device2sized fabrication
process simulation of IC and M EMS.
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集成电路和微电子机械系统加工过程中的光刻工艺模拟 3

周再发­　黄庆安　李伟华

(东南大学 MEMS教育部重点实验室 , 南京　210096)

摘要 : 基于 3D元胞自动机方法实现了影像成形、曝光、后烘和光刻胶刻蚀过程等集成电路和微电子机械系统加工
过程中的光刻过程模拟模块的集成.模拟结果与已有实验结果一致 ,表明基于 3D元胞自动机方法的后烘和光刻胶
刻蚀模拟模块的有效性 ,这对于实现集成电路和微电子机械系统的器件级的工艺模拟具有一定的实用性.
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