JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 3 1 FEBRUARY 2001

Mathematical analysis of soft baking in photolithography
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The soft baking step of a photolithography process is analyzed theoretically, taking the effect of the
temperature dependence of the diffusivity of solvent into account. A coordinates-transform
technique is chosen to solve the moving boundary problem under consideration. The temporal
variation of the thickness of a film is predicted, and the result obtained justified by fitting
experimental data reported in the literature for both frathylmethacrylatefiim and Shipley

UVIII photoresist. We show that, depending upon the types of photoresist film and the operating
conditions, the transport of solvent may be controlled by the diffusion of solvent in a film or the
convective transport of solvent from the gas—film interface to the bulk gas phas00®
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I. INTRODUCTION retention, and adhesion failure occurs to a photoresist film.
Paniezet al.” proposed a relaxation time model for the tem-
The lithographic process is one of the most importantporal variation of photoresist thickness during soft baking. A
processes for microelectronic fabricatibvarious patterns linear relation between the thickness and the logarithm of
on a silicon wafer are formed through exposing and develtime was obtained. Paniez and co-workers later used the ex-
oping steps of a photoresist. The diffusion ability of a pho-perimental techniques of contact angle measuretnand
toactive compound contained in a photoresist film plays aneal-time in situ ellipsometry® to study the soft baking
important role on the photochemical reaction in a litho-mechanism. They found that the soft baking procedure is
graphic proces$.® Therefore, the control of the free volume affected by the glass transition temperature of polymer and
inside a photoresist film before its exposure to a light sourcehe hydrogen bonding of solvent. Paihal® found that the
significantly influence the quality of the lithography process.related delay-time effects such as contamination and critical
The adhesion of a photoresist film to substrate is also foundimension variations could be markedly reduced by an ap-
to be affected by its solvent content. In practice, the fregropriate selection of soft baking conditions. Maekal
volume (or solvent contentof a spin-coated photoresist film proposed a diffusion-controlled model to describe the solvent
can be controlled by appropriately selecting the basic parandistribution and resist thickness after soft baking. In this
eters, such as, baking temperature and baking time of a saffiodel, the diffusivity was assumed to be dependent on sol-
baking process. Apparently, a detailed understanding of theent concentration; some discrepancy between the experi-
soft baking mechanism is essential to a lithographic processnental data and simulated results was observed. In a recent
Intuitively, three mechanisms are involved in a soft bak-study Linet al** conducted a theoretical analysis of the soft
ing process: the diffusion of solvent to film—gas interface,baking procedure. The significance of the convective trans-
the evaporation of solvent, and the subsequent transport @bort of solvent from film—gas interface to the bulk gas phase
solvent vapor to the bulk gas phase. This implies that thevas discussed, and a lumped model describing the temporal
essential physical parameters that relate to a soft baking preariation of film thickness was derivéed.
cess are the diffusivity of solvent in photoresist film, the Although experimental results for the soft baking pro-
mass transfer coefficient of solvent at the film—gas interfacecess are ample in the literature theoretical investigations are
the baking temperature, and baking time. The significant roleelatively limited. In particular, a general model, which is
played by soft baking has stimulated several interesting andapable of taking all the possible mechanisms of the process
important studie§=*° Batchelder and Piatt, for example, re- into account, has not been reported. In the present study, the
vealed the importance of baking effects of positivelumped model of Liret al'®is extended to take the effect of
photoresistS. They found that a very high soft baking tem- the temperature dependence of solvent diffusivity into ac-
perature leads to a low dissolution rate of photoresist andount. The partial differential equation, which describes the
thus reduces the production rate of microelectronics. On theemporal variation of spatial solvent concentration in a pho-
other hand, a low soft baking temperature yields high solvenforesist film, coupled with a moving boundary condition is
solved analytically. The temporal variation of film thickness
3Author to whom correspondence should be addressed; electronic mailS €Stimated. The applicability of the result derived is justi-
8504009@ccms.ntu.edu.tw fied by fitting the available experimental data for doheth-
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ylmethacrylat¢ (PMMA) film and Shipley UVIII photoresist (a)
film in the literature.
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Figure 1 illustrates schematically the soft baking process Photoresist Film
under consideratiorL; andL, are the initial thickness of a '
photoresist film and the thickness of the corresponding Wafer _ z=0
solvent-free film, respectively. The solvent in the film is
driven out in thez direction by hotplate heating at the bottom Hotplate
of the wafer, and nitrogen gas blowing parallel to the film—
gas interface. The thickness of the film at titrie defined as
L:(t). Due to the variation in the solvent content in the film,
the location of the film—gas interface varies with time. Since ®
solving the moving boundary problem directly is nontrivial, = Gas Flow
a coordinate transformatith'® is conducted so that it re- 1 Solvent
duces to a fixed boundary problem. A schematic representa-
tion of the problem represented écoordinate is illustrated Surface £=L,
in Fig. 1(b). In the transformed coordinate, the amount of Photoresist Film e
polymer contained in a unit length @fis constant, and the £o0
thickness of the photoresist filil, is independent of time. Water —
For convenience, solvent is representedAyand polymer
Hotplate

by B. A mass balance on the amount Afcontained in the

interval £ to §+d¢ yields FIG. 1. (8) Schematic representation of the problem considered. Solvent

p diffuses in thez direction and leaves the film—gas interface through evapo-

A : . : ; L2

Nat —d A= A.dé, 1 ration and convectiorl.¢(t), L, andL, are film thickness at timg initial

A € ¢ ¢ oat " c ¢ @ film thickness, and solvent-free film thickness, respectivély. Trans-
formed coordinates used in the mathematical analysis. The film—gas inter-

wheren, andp, are the mass flux and the mass concentrasace is fixed at=L,.

tion of A, respectively, and\; is the cross-sectional area of

the film. Equation(1) leads to

any
nA_

9P _ _ @ Xa(£,0)=Xa;, (5a)
ot d€
The mass flux ofA can be expressed as 9xa(0) -0 (5h)
5 OXA 9
Npo=— pDAﬁ_f, (3)
aXA( I—p vt)
where p, X5, and DE are the mass concentration of the -D 9E =KmXa(Lp,1), (50)

solvent—polymer mixture, the mass fraction &f and the

diffusivity of A in B defined in¢ coordinate, respectively. wherek,, is the mass transfer coefficient for the transport of

Equations(2) and(3) lead to A from the film—gas interface to the bulk gas phase. Equation
Ipa 9 sXa| 0 5 IXa (Sa) implies that the initial concentration @is uniform and
T —pDAﬁ—é) = &—g(pDAa—§>- (4)  is denoted as,;, which can be expressed as

At a constant baking temperature, the diffusivity/in B is Ac(Li—Lp)ps (Li—Lp)ps

a function of free volume only, which is also the function of Xai= — =0 ,

the volume fraction oB.%6 In reality, D& is highly dependent Aclba=LplpstAckopp  (Li=Lp)pstLopy (5d)
upon solvent content. In order to simplify the solution, how-

ever, we assume that it is constant. ThaD&=D, whichis  where ps and p, are the densities of purd and pureB,

& independent. Also, since the solvent content in a photorerespectively. Equatiosb) suggests that the wafer—film in-
sist film after spin-coating is usually limitegh can be ap- terface is impermeable 1. Equation(5c) states that, at the
proximated by a constant. In this case E4.can be approxi-  film—gas interface, the rate of transport &fin the film is

mate by balanced by that to the bulk gas phase. For the high flow rate
X PPXp of gas flow, the solvent amount in the gas flow is usually
e D a—gz. (5) tiny, and we make a good assumption of zero solvent content

in the gas flow. Solving Eq(5) subject to Eqs(5a—(5d)
The initial and boundary conditions associated with thisyields the spatial variation in the mass fraction Af We
equation are obtain

Downloaded 21 Sep 2009 to 163.13.32.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 89, No. 3, 1 February 2001 Hsu et al. 1863

o 2.50
Xa(EF,T) =2Xp; co *
A(g T) A|mE:1 |:(B§1+ SZ+ S)Coi,gm) Sﬂmg ) st
xexp(— BA7) |, (6) 248
where the scaled symbols are defined &y=¢/L,, 7 é 2
=Dt/L?, and S .
<2
K
S= m, (6a) 2.40
T=140°C
and B, is the positive root of the equation 238 — ' 120°C
— BmSin(By) +S-cog By) =0. (6b) 2.36 | — T
The rate of decrease in the solvent content in a film can be 0 *o4 %0 B e e o

Time (sec)

described by

FIG. 2. Temporal variation in the film thickness of a PMMA film at various

dW, _ dW, _ d soft baking temperaturd®ef. 9. +: 120 °C, 4 : 140 °C. Solid lines are the
- W - dt - a[PsAC(Lf_ LP)] results based on the present model. The parameters usedpgare
=0.944 g/cmd, p,=1.188g/cd. L,=237.3x10" " cm for 120°C, and
d L; 238.8<10" " cm for 140 °C, respectively.
_pSACW
axa(Lp,t) 2XAiPp < 1
=—pAD —7—, (7) * | x_ ZTAIPD
ST L=l 2 | m=1%?
or
dL, p a(Lp,) x[l—ex;{—(m—llZ)zwz]]]. (12
=D ®
dt Ps 9€ Consider, next, the other limiting case wh&es small.
Equations(6) and (8) lead to This occurs, for instance, if the soft baking temperature is
. high which results in a high diffusion rate and the transport
dL _p IXa(1,7) of solvent through gas film becomes the controlling step. In
dr pg 0&* this case the distribution of solvent in a film is uniform ap-
2 5 proximately, andx,=X(t). Equations(5¢) and(7) lead to
XpiP E 2
= exp(— By |- 9 dL
e L+ S2+S m = pﬁkmxA(t). (13
S

Integrating this expression gives the temporal variation OKN h
film thickness. We have ave

Ac(l—f_l—p)ps . pski—pskp

2X 2 Xp= = .
L? * alle E {Bm+82+s[1—exp(—,8r2nr)]). A Ac(Lf_Lp)Ps+AchPp Pst+(Pp_Ps)|—p 14
(10 Substituting this expression into EG.3) and integrating the
Limiting cases resultant expression, we obtain
Two limiting cases deserve further investigation. The s Pp o
Sherwood numbeBis a measure of the relative significance ~ — (Li—L¢)+ In ﬁ) Knt. (15
of the rate of transport ofA through convection and that f
through molecular diffusion. Suppose tiis large, that is, A Similar expression was derived by Lat al.*®
the transport of solvent in photoresist film is the rate-
controlling step. This occurs, for example, if the rate of gas);; RESULTS AND DISCUSSIONS
flow is high. In this case Eq$6) and(10) can be simplified,
respectively, to The applicability of the model derived is justified by
(—1)m-t fitting the experimental data reported by Panezl?® for
Xa( €%, 7) = 2% E r—cos{(m—llz)wg*]{l PMMA film and Shipley UVIII photoresist. Their data and
(m—1/2) the results evaluated by the present model are shown in Figs.
2 and 3. As can be seen from these figures, the performance
—exq—(m—1/2)2772]}], (11 of the present model is satisfactory, though not perfect.
In the data fitting procedure, the thickness of a solvent-
and free film, L, needs to be estimated in the first place. For a
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FIG. 5. Variation of solvent diffusivity ire coordinate as a function of the
FIG. 3. Temporal variation of the thickness of Shipley UVIII photoresist weight fraction of solvent. The data of Fig. 2 at 120 °C are used.
film at various temperaturég®ef. 9. +: 115 °C, ¢: 130 °C,H: 150 °C,®:
170 °C. Solid lines are the results based on the present model. The param-
eters used areps=1.0g/cnd, p,=1.1g/cni. L,=486.5<10 " cm for . . . . )
115°C, 483.510 7 cm for 130°C. 4815107 cm for 150°C, and e's.tlm:?\ted by its thickness at which the second type of den
480.5< 10~7 cm for 170 °C, respectively. S|f|caF|0n occurs. _ o _
Figure 4 summarizes the variation of dj(as a function
of (1/T) for the results shown in Figs. 2 and 3. This figure
suggests that the temperature dependende fdllows the

PMMA film, its thickness usually approaches a constanty . b anius relation, that isD = A, exp(—E,/RT), E, and R

value after a long operating time. This value can be used %eing, respectively, the activation energy and the gas con-

an estimate f(_)!‘P " For Shipley UVIII films, however, tvx_/(_) stant, and), is a constant. The estimated activation energy is
types of densification may occur. The first type of densificag g KJ/mole, the order of magnitude of which is consistent

tion is mainly due to the decrease in its solvent content i hat of Dammelet all” The diffusivity of solvent rep-
through evaporation. If the operating temperature excee%sented irz coordinate DY, can by expressed %s
the glass transition temperature of a film, its thickness vari- A

ous continuously even if the solvent is evaporated com- DE

e . . DY=— " (16)
pletely due to the second type of densificatidiis mainly AT (1—vp)?
due to the thermal deprotection of polymer material. The h
evaporation of protecting molecules of a film yields the in-"/"€"€®
crease in its free volume, which in turn leads to the second Xalps XAPp an
type of densification. In this case thg, of a film can be A Xalpst (1—Xn)lpp  (pp—PXat ps

Equations(16) and(17) lead to

-23.4

-23.6 — ~
-23.8 —
o L]
z T o
. =
-24.0 — 3
<
L
-24.2 —
*
24.4 T i T [ . T .
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FIG. 4. Variation of logarithmic solvent diffusivity as a function of inverse €

temperature for Shipley UVIII photoresist film for the case of Fig. 3. The
value of the activation energy obtained by linearly regressiorEjs FIG. 6. Variation in the spatial variation in the mass fraction of solvent in
=8.9 KJ/mole. the PMMA film of Fig. 2 at 120 °C and at various times.
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TABLE |. The fitted values of the adjustable parameters for PMMA film justified by fitting the experimental data for both PMMA film

and Shipley UVIII photoresist at various soft baking temperatures. and Shipley uvil photoresist. The rate of removal of sol-
Type of film  TemperaturéC) D (cn?ls)  ky(cmfs) S vent is fou_nd to be control_led by. its diffusion in a fi!m, qu

an Arrhenius type of relation exists between the diffusivity

—11 —5 .
PMMA 120 L0 85x107°0 183 o solvent and temperature. The result predicted by the
140 3.4x 10 1.1x 10 77 . ) . X
present analysis provides necessary information for the as-
115 3.0% 10‘i 6.4% 10‘2 104 sessment of the performance of a photoresist film in photo-
Shipley UVIII 130 4.3x10"° 6.1x10° 72 lithography.
el 150 3.9x 10 65x10° 80 graphy
170 46x 107 59x 1075 62
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