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BULK IMAGE EFFECTS OF PHOTORESIST IN THREE-DIMENSIONAL PROFILE 
SIMULATION 

Tatsumi ISHIZUKA 
Fuji Research lnstitute Corporaもion

3・2・12，Kaigan， Minato-ku， Tokyo 108， JAPAN 

Ah単昌弘~ 3D bu1k image effects in high-NA 1ens lithography are studied through 3D 
exposure and deve10pment simu1ations by applying乱 Mackmode1 to出e3D exposure 
process. 

1. lNTRODUCTION 

Extensive research h嗣 beencarried ouもonlithography because iもisess白色ial旬chniqueby 
which to miniaturize semiconductor inもegratedcircuiもs.ln particu1ar， photolithography 
h制 b田 nwide1y used in組 effortto improve七hereso1ution property for reason of i旬
industrial refinem阻 tand productivity. The resolution of 0.3μm is required to realize the 
next generation， 64・megabiもdynamicr叩 domaccess memories. To achiev1刊e也isresolu叫1刈も“io∞，n叫1， 

' 
i加ma噸g副in略gs町ys叫も旬加e釘ms
imaging systems have become crucial foαl' hi吋ig酔hト)-1'閃唱唱明e田s叩olu泊も討10叩nphot加01肱i抗も出hogra乱叩2叩.phy乱拙sthe feature 
sizes of ultra 1arge scale integration (ULSI) clevices are continuously being scaled down. 
ln general，出eincrease of NA for.lens systems improves the resol叫ioncapability of an 
exposure sysぬm，while iもbrings乱，bouもclecre乱sein出edepth of focus. Therefore， iもisan 
urgent prob1em to exact1y evaluate the focus effects on finφline photoli出ographyby means 
of numerical simu1ation. Asymmetry effecもswith 抑制 to出efocal plane (bu1k image 
effecω) have not been incorporated in the ligh七intensiもycalculation at the phoもoresisも
surfaces. In order to simu1ate the bulk im乱geeffects exact1y， C.A. Mack has proposed a 
mode1 [1] (Mack model) byexもendinga ve1'tical p1'opagation model (VP model) adopted 
in SAMPLE [2] or other conventional simulators， and applied iももotheもWか dimensional
(2D) sin叫 ationof phoもoresistcross-sectional f，巴atures[2]. However， in出esubmicron 
region it is di盟cu1tto make appropr泊teestimations of photo1'esist p1'ofiles by using出e
simul叫orsfo1' 2D c1'oss sections because the 2D simul前ionneg1ecぬもheedge effec旬 dueto
前 rialimage dist1'ibuもion[3]. Th1'e争 dimensional(3D) development simul叫ionshave been 
developed [3-8). For 3D topography calculation， we have developed a new algo1'ithm cal1ed 
theneもwo1'kmethod， which automatically avoids singu1a1' loops du1'ing也ecalculation姐 d
enabl邸 usもomake a stable and accu1'ate 日 lculationof complicaもed3Dphoもo1'esi凶 images
[9-10]. The netwo1'k method is applied in出iswo1'k. 

ln this pape1'， the ∞mputational methods of the 3D exposure叩 d出e3D developm叩 t
simulation a1'e described in section 2; 3D bulk image effecもsin high-NA lens lithography 
are studied也1'ough3D exposure乱nddevelopmen七simulationsapplying也eMack model 
to the 3D exposu1'e p1'ocess in section 3;叩 dthe 1'esult of analysis is summarized in section 

4. 
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2. COMPUTATIONAL METHODS h
m
m
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2.1 3D aerial ima伊 insidephotoresist 

In reducti叩 projectionlithography，出posureoccurs through a reticle (mask) set between ! 

an optical source and a photor四 istfilm as shown in Fig.1. In the image space of the i 
optical projection system， photoresist m乱，ybe placed as semi-infini何回fractivemedium. :1 

As shown in Fig. 2，もhelighもintensityonもhez' plane in the photoresist is equivalent to 
that on theもhez plane in air [1] ，[11]. The relationship betw田 nz and z' is given by 

z = R+ Zo + z'jn'， 
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where R is出eradius of the exit pupil， Zo is the dis七ancebetween the resist surface and 
the Gaussian image plane， z' is the depth into the photoresist layer， and n' i自由eresisも
refractive index. z is exactly rede五nedas th巴 distancebetween the exit pupil and the image 
pl叩 escaled in air. As a result， the 3D aerial im乱geproblem in the photoresisもreducesto 
2D calculation. The 2D aerial image calculation here is b乱sedon the method proposed by 
Yeung [12]. In出ismethod， an illumination source is divided into a number of m1山lally
incoherent point sources， and the image intensity due to par七ialcoherent illumination is 
C乱lculatedby summing the coherent images formed by each source element. The image 
intensity l，，(x，y) on the image plane is written in th巴 followingform: 

whl 

cali 
a:ffE 

Thi 

乞iIAi・JJ:F(f-P;/入，gーの/入)・ κ(f，g).exp{2πj(f. x + g. y)}dJdgl10¥ 
I z(ZJ)=.(2)1  

LiIA;l2 

2.3 

Al 

In eq. 2， :F(f，g) is the Fourier transform ofthe amplitude transmittance at mask F(x， y)， 
Ja吋 9are spatial frequencies，λis the wavelength of illumination light， (pi， qi) isもhe
unit vector described as the direction cosine of illumination light corresponding to the 
i-th source element wi吐1amplitude Ai， a吋 j2=-1.κ(f，g) is the Fourierもransformof 
the coherent transfer function rel叫 edto the pupil function， P(X， y)， ofthe projection lens 
which can be written as follows: 
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κ(f，g) = P(一入.z. J，一入 .z.g).exp{21i'j.W(一入・ z.J，一入・ z.g)jλ}， (3) 
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where W(x，y) represents the wavefront aberra 

2.2 Exposure calculation 

Acco凶 ngto the previous approach， the image intensity l(x， y， z') inside the re自もisequal 
to l，，(x，y) if the 間 sisもisof semi-i凶出ethickne此 Independentof the above discussion， 
we can obtain the one-dimensional s七回dingwave interference pattern Vx，y(z'， t) due to 
the complex refractive indi問自 nx，y(z'，t)insicle the re討stand the underlayers，剖suming
也前出eexposed light is normally incident inもoもheresist [2]. In the resist layer， nX，y{z'， t) 
is expr四 sedas 

η叫 (z'，t) =η'-J n:J(zV). 
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.1. In the image space of出e¥ 
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between the resisもsurfaceand 
esisもlayer，and n' is the resisも
en the exit pupi1 and the image 
n in the phoもoresisもreducesもo
ed on the method proposed by 
led inもoa number of mutually 
l紅色ialcoherer凶illuminaもionis 
::h source element. The image 
wing form: 

bj(f. x + g. y)}dJdgl2 
. (2) 

r組 S凶悦叩ceat mask F(x，y)， 
uminaもionlight， (p:川'i)isもhe
on lighもcorrespondingto the '1 

g) is the Fou印刷nsformof 
P(x，y)，ofもheprojection lens 

ぃz.J，ーλ.z. g)jλ}， (3) 

，u，z')insideもheresisもisequal 
rlde叫 ofthe above discussion， 
聞 cepa'ももern九，y(zソ)due to 
nd也eunderlayers， assuming 
1. Inもheresi抗 layぽ ，nW，y(z'， t) 

(4) 
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The imaginary part of nW，y(z'， t)，もheextinction coe茄cienもnZぷz，t)， is varied as exposed 
time. The extinction coe錨cientn~，y(z ， t) can be calculated using the phoもosensitizer
concentration M(x，y，z'，t) [13]. 

n~，y(z' ， t) = (λj47r)・{A・M(x，y， z'， t) + B}， (5) 

where A and B are light absorption constaI巾 givenby Dill et叫.'smodel [13]. The 3D 
aerial image intensity ID(x， y， z'， t) inside the resist with the st姐 dingwave effect can be 

written as 
ID(x，y，z'，t) = I(x，y，z')・V""官(z'，t). (6) 

Equ前ion6∞邸主itutesthe principal relation of七heMack model， which separaも創出e
effects of defocus叩 dinterference [1]. Using the light intensity ID(x，y，z')， we express出e
bleaching reaction inもheresisもas

θM(x，y，z'， t)jδt = -Iv(x，y，z'，t) .M(x，y，z'，t)， (7) 

where C is the reaction rate constant [13]. 
When ID 組 dM are given at posiもion(x，y，z') and exposed time t， M and n" can be 

calculated atもimet + dt using eqs. 5 and 7. The complex refractive index n 叫 timet+dt 
affects the standing wave inぬ:rferenceV aももhisもimestep and ID is obtained by eq. 6. 
This calculation loop has been made toもheend of exposure time. 

2.3 Topography calculation 

A new ly devel叩 ednetwork method [9・10]is乱ppliedもo出e3D photoresist development 
simulation in this work. The idea of七henetwork method is as follows: A resist layer 
is divided into cubic elemen旬 calleda unit U;jk and the uniもismore divided into six 
tetrahedrons called a cell Cijkl・Theensemble of all阿佐ahedr∞s'edge lines L;jkm may be 
called the network. In Fig. 3出ecell decomposition of出eunit U;jk and the relationship 
of ver七i四 SP;jk姐 dedg郎 Lijklin the unit Uijk are shown. The advance of de刊 lopment

is位 pressedbヴ themovement of points Q(t) on the network which defineもhed肝 eloped
phoもoresistsurface， and t is developmenもtime.The development rate of each vぽ texis 
calculated beforehand. The development rate on the edge line is linearly interpolated 
by r抗esof two vertices which de五neもheedge line. The one-dimensional solution of the 
developme叫 timeandもheposiもionis described [9] in the appendix， which is appliedもo
the moveme叫 ofthe point∞the network. We intl'吋uce出edevelopment index 1 ( P ) 

ofve山実 P，出edevelopment direcもi∞index]{ ( L ) of edge L，もheedge刊 Cも町 E(L ) of 
edge L，もhedevelopment fracもionA( L ) of edge L and the paraIllet釘 qof developm則
自nenωs.I( P ) is 。町 1if刊訪問 Phas been developed or has noもbeendeveloped yet， 
respecもively.K( L ) is -1，0 or 1 definedω 

K(L) = I(見)-I(昆)， (8) 

whereA叩 dP2 are two v凶 icesof the edge 1. If K ( L ) is equalω0， there is no Q on L. 
Then，出町eis unique Q on吋gelines if it exi山.Cons問U叩t1y，出釘e出 istsno討ngul町
loop. The edge刊 dω E(L ) is defined剖

E(L) = ]((L)・(P2-P1)， (9) 
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whereA阻 dP2 are the position vectors ofもheedge line. The edge vector E( L ) has same 
l叩がhas edge line L， and出edirecもionof the vec七orequals the direction of development. 
The developme叫 fractionA( L ) varies from 0 to 1 and is expressed制

A(L) = 1 -(developed length of L) j (lengもhof L). 

The parameter q of developmenも五Ilenessvarip fromopもolessもhan1.0. Ifもhecondition 
that A( L ) is lessもhan(1 -q) is satisfied， l(九)or l(九)is changed from 1も00and edge 
line L has been developed. The interface vector W F is defined制 shownin Fig. 4(a). The 

directions of normal vectors W";j for all planes spanned by vectors WJ宇Fwhich c∞o叩n巾担も也hee 

poin叫も P= Q(t肋tの)on edge L are selected ωfollows: 

日T'ij= WFiXW乃，

W;j = sign(l， (E(L). W'ij))' W';j， (12) 

where sig叫a，b) is 1 or -1 if the sign of a equals the sign of b or not， respectively. The 
direction of developmenもatP is 

やWi;
W(P) =ーぅム

1 L: l列il

The development rate r( P ) at P on L is evaluated as 

q. [V(P2) + {V(P1) -V(P2)}・A(L)]・IE(L)I・IW(P)I
r(P) = 司司 (14) 

I(E(L)・W(P))I

where v(民)is the development rate on the verもexP;. These relations are shown in Fig. 
4(b) and (c). In the initial state， alll( P ) of vertex P on出eresist surface are zero. 

The adv叩 ceof Q(t) is done in time凶epdt which is determined by minimum dt of every 
Q(t)もoreach the verもex.The七“山ime
七heappendix. 

In Fig. 5， calcul叫edprofiles are shown. The s七rongs七andingwave effect in phoもoresisも
on a直前 subs七ratehas been successfully simulated. 

3. BULK IMAGE EFFECTS 

The resolution R in photolithography is given from the optical diffracもiontheory as fol1ows: 

R =](1・(入jNA)，

where NA is the numerical aperture of the projection lens and λis the waveleng出 of
exposure light. Theoretically，七hevalue of ](1 is 0.61. However， the value equal to or 
above 0.61 is empirically adopted when the total performance of the lithography process 
including development is considered. In this case， ](1 is an empirical constant， and is called 
the process coe飽cIent.The resolution R represents a linewid出 whichcan be resolved in 
actual 1ithography pro回路es. Assu凶
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d by minimum dt of eve1'y 

luaもedby吐leequa七ionin 

~ wave effect in phoもo1'esist

ff1'action theo1'Y as follows: 

(15) 

ld λis the wavelength of 
ve1'， the value equal to 01' 
of仕1e1ithog1'aphy process 
'ical const乱nt，and is called 
1 which can be 1'esolved in 

he i-line (入=0.365μm) 
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reduction projection exposure system wi出品 0.42NA lens， we obtain R=0.52μm. The 
depもhof focus Df， which is very importan七inactual device fabrication processes， is 
expressed by the following equaもion:

Df = 0.5・(入jNA2). (16) 

Df becomes 1μm assuming that入is0.365μ171 anc1 NA is 0.42. Ifweincr回 sethis N A value 
to improve the resolution ofもheexposure systel11， the depth of focus decreases rapidly as 
predicted from巴q.16， anc1 i七isan urgent problel11 to exacもlyestimate the focus effec臼
w hen D f is smaller 出品nthe step height on the c1巴vicesurfaces. The resul七ofdevelopment 
simulaもionby changing NA and defocus， which means Zo in eq. 1 is shown in Fig. 6. The 
C乱lculationconditions were乱ssumedas follows: The l11ask pattern was 0.6μmXO.6μm (de-
velopl11ent simulation w乱scarried 0叫 fora qua巾 rof the patもernare乱).The i-line 1ight 
was irradiated from a light source with a coherence factor ofσ=0.5. Photoresis七thickness
was 1.2μmand出esubsもratewas bare silico孔 Dillet al. 's photobleaching pa日 meters[13] 
A， B， and C were 0.52，0.062，品吋 0.018，respectively [3]， andもhedevelopment par乱，meters
[13] El' E2' and E3 were 8.09， -5.32， a凶・0.01，respectively [3]. The exposure dose was 
72mJ j cm2 • Figure 6 shows th前 cl四 1gein c1efocus (+ or -) causes signi五cantdifference 
in the dev巴lopedprofiles when NA is high. COl11pU七edchange in吐lecritical dim巴nsionis 
also shown in Fig. 7 for v釘 i巴dexposure c10s巴s.The resulもsclearly indicate an asymmetric 
pro五lewi出 respectto the focal pl乱，ne，and出efocus latituc1e can be estimated frol11 Fig. 7. 

4. CONCLUSIONS 

The resolution perform乱nceof an i-line stepper is il11proved as NA of lens sysもemsbecomes 
higher while the depth offocus becomes shallower. To sil11ulate七hisphenomenon exactly， 

3D exposure anc1 development sil11ulations w巴recarriec1 out by extending the Mack model 
to three dimensions. This extenc1ec1 model enables 118 to exactly simulate the asymmet-
rical ch乱ngein the resist pro五leswith respect to defocus and七oevaluate the focus laもitude.
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One-dimensional solution of clevelopment time 
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It is a critical problem for accuracy of七opographyof resisωto estimate the developme叫
time in a uniform gradient of development rate， because the development rates are 
calculated at discreもepoints， and linear interpolations are assumed in spacial 
development rates. The relation of surfac巴positionto development time is solved 
analytically in one-clim吉田ionalspac巴 Wl七ha uniform gradient development rate [9]. The 
development rates of position Pαand Pb are αand b， respectively. The distance between 
P a and Pb is L. v(t) and x(t) ar巴 thefunctions of clevelopment rate and position with 
respect to development time t. The relationships are follows: 

り(0)=α， 

v(s) = b， 

x(O) = 0， 

(17) 

(18) 

(19) 
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x(s) = L， (20) 

where s is development time for L. The above notations and relationships are shown in 
Fig. 8. The uniform gradient in the spac巴 isexpressed 

dv/dx = s， (21) 

where s = (b-α)/ L. Equation 21 is deformecl with respect to time t: 

dv/dt -s・dx/dt= O. (22) 

We solve eq. 22 under the conclitions of巴q.17 to 20: 

り(t)=α・exp(s・t)， 

x{t) = (α/s)・{exp(s・t)ー 1}，

s = ln(b/α)/ s. 

(23) 

(24) 

(25) 

Resist surface 
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Fig. 1 Schematic diagram of optical 
projection printing system. 

m
 

u
 

-
-

J
u
 

ou m
 

G
U
 

V
 

-
1
 

-ru 
p
u
 a

 

i
v
i
 

唱

し

弘

、
』

P
し

e
a
 

油
凶

n
y

釦

s

p
n
e
-

-
I
L
l
 

m
即

no
一

寸

A
-
m
 

2

d

 
c
 

g
b
a
 

i

l

 

F

P

 



『司司司-

Tatsumi lshizuka 

y
A
l
z
 

396 

(b) Cell C.;.， (.) Cell C;， .. 

(d) Cell C "  .. (c) Cell Cilk3 

(1) Cell C ;... 

(a) Cell decomposition of the 1山 tUψ ・

(e) C.II C;; .. 

① L ; i k 1 

② L ; i k 2 

@; L; ik3 

④ L ; i k1 

@; L; jk5 

⑥ L ; j k 6 

⑦ L; i k7 

j + 1 k 

k + 1 

k+1 

1 p， 

2 P '+1 j 

3 P'+IHjk 

4 P; 

5 P; 

6 P '+J j 

7 P'+Ji+lk十

8 P; 

3 

j + I k+ 1 

(b) Relationship of vertices and edges in the unit Uijk. The numbers 1 to 8 are the 
vertices，乱ndcircled numbers 1 to 7 the edges. 

Fig. 3 Cell decomposition and relationship of vertic巴sand edges in山eum七Uりわ



① L i i k I 

CID; L iik2 

③ L 1 j k 3 

④ L j k4 

@; L i jk5 

@; L 11k6 

⑦ L 1 j k7 

umbers 1 to 8 are出e

~es in the un訪日jk.

P ， 
I (P，) 

P2 
I (P2)=1 

Bu1k加agetd.知 的 初 3Dpro.file simulation 

PS 
I (PS )=0 

A (PsP，)= 0 
A (P2Ps)= 1 P2P. 1/1 P2PsI 
A(p;P，)=IP2PAI/IP2P，1 

J>l: Position vector of the vertex Pl・

I(Pi): Development index. 

A(PiPj): Development fraction of the edge line PiP1・

(a) Interface vector on the face of the tetra担edralcel1. 

(L) 

397 

(b) Development direction W at J> 

calculated by interface vectors WFi. 

(c) Development rate r(L) at J> 

evaluated on the vector ~(L). 

Wl1=WFlXWFI: The normal vector of the surface spanned by WFl and WF;， 

where ij=12，23， 34，41. 

W =}: W i j /1 }: W i j 1: Development direction at J>. 

，，=，，(J>2)+{，，(J>1)-，，(J>2)}・A(L):Development rate of J>=Q(t). 

，，(J>i): Development rate of edge point J>l・

Cl: parameter of fineness. 

Fig. 4 Interface vectors and development directions. 
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(a) t= 6sec. 

(b) t=12sec. 

(c) t=18sec. 

(d)七=24sec.

(e) t=30sec. 

Hached parts: perfect opaque 

Resist thickness: 1.0μm 

i -line was used. 

NA: 0.42. Defocus: 1.0μ皿. Coherent factor: 0.5 

Dose:72皿11cm2

lndex of resist: 1.72 

Compex index of substrate: (7. O. -2. 16) 

A.B.C: 0.52/μ皿. 0.062/ pm. O. 018cm2 Im1 

E1 • Ez. E3: 8.09. -5.32. -0.01 

(f) Mask patt巴rnof 0.5-J1m-wide line a吋 space.
Fig. 5 Calculated photoresist profiles. t is development time. Decomposed number of 
units is NX・NY. NZ=60x60x50 and the parameter of fineness is 0.95. 

一『司・-



C. 

~t opaque 

OJlm 

1. OJlm， Coherent factor: 0.5 

72 

，trate: (7.0， -2.16) 

32/μm， 0.018c皿2/1日1

l2，一0.01

. Decomposed number of 
mess is 0.95. 

Bulk image e.ffects in 3D projile simulation 399 

(a) NA=O.35， defocus=1.2μm (b) NA=O.35， defocus=-1.2μm 

(c) NA=O.52， defocus=1.2μm (d) NA=O.52ぅ defocus=・1.2μm
Fig. 6 Developed photoresis七pro:filesfor different NAs and focal depths. 
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t :;; 0.1 

一二LJ匡

Resist profile 
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ヘ |/7
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ご 4目1
................. & 口試

u --'J;. _À~必?///  • 90mJ/cm' 
ローロ~口句、 2』dJ 34 

企 120皿J/cm'x明『翼 口
-0.2 -x_ー圃-x・圃圃角

• 150mJ/cm' 

Substrate 
x 180mJ/cm' 

-2.0 -1.0 0.0 1.0 2.0 

D e f 0 C u s ・rr 0 r (問)

Fig. 7 Critical dimension vs focus. 
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Fig. 8 Development rate in one-dimensiona1 space. 


