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Positive tone photoresist function is based upon modulation of the dissolution rate of an acidic
polymer in aqueous base developer. During dissolution, a negative surface charge accumulates at the
surface of the photoresist film as acidic sites on the polymer are ionized by the basic developer. This
negative surface charge causes a depletion of hydroxide ions in the developer solution immediately
adjacent to the film. One effect of this phenomenon is to reduce the dissolution rate relative to rates
predicted from the bulk base concentration. The depletion of base at the resist/developer interface
has been studied through the application of the Poisson—Boltzmann equation and through Monte
Carlo simulations. It is shown that the extent of depletion of hydroxide at the surface of the film is
related to the bulk developer concentration and the local geometry of the interface. Interfacial
geometry is found to be most influential on the length scale of 1-10 nm. When electrostatic effects
are considered in conjunction with the equilibrium of the acid—base reaction, the fractional
ionization of the surface of the film is significantly lower than previously calculated. Understanding
the relationship between the acid—base equilibrium and electrostatic equilibrium represents an
important step in our efforts to understand the fundamental dissolution mechanism of positive tone
photoresists. €2002 American Vacuum SocietyDOI: 10.1116/1.1521735

[. INTRODUCTION difficult to design an experiment that will yield an unambigu-
ous measurement of this vallleHowever, « is a macro-
Positive tone photoresist function is based upon modulascopic quantity that can theoretically be calculated based
tion of the dissolution rate of an acidic polymer in aqueousypon thepK, of the polymer and the concentration of the
base developer. Several empirical models for the developjeveloper solution.
ment process are able to accurately model photoresist The CI model has provided a satisfying explanation for
performancé,but the molecular level details of the underly- some fa|r|y Comp|ex experimenta| observations. For ex-
ing dissolution mechanism are not yet fully understood. It isample, the model correctly predicts that the dissolution rate
clear that the mechanism by which a single molecule of gs inversely related to the logarithm of the molecular weight
photoresist polymer dissolves consists (@t least three  of the polymer® that the dissolution rate is essentially zero
separate stepi§ig. 1).>~° First, hydroxide ions in the devel- pelow some critical, nonzero base concentrafidhat sur-
oper diffuse to the polymer molecule. Next, the hydroxideface roughness increases with increasing polymer molecular
ions deprotonate acidic sites on the polymer molecule Vigyeight!? etc. This relatively simple model also reproduces
acid—base reactions. Finally, the polymer molecule moves tehe particularly complex influence of adding salts to the de-
the bulk of the developer solution. Traditional theories foryeloper solution: The dissolution rate increases fairly linearly
dissolution of glassy polymer films state that the process iith the initial addition of salt and then decreases nonlin-
transport limited, either in transport of the solvent to theearly at higher salt concentratiohs.
polymer (step 3 or in transport of polymer into the bulk of ~ while the CI model matches these qualitative trends very
the solvent(step 3.°~® However, the dissolution of positive well, there have been persistent difficulties in achieving
tone photoresists is a very different process because the spgaantitative agreement with the experimentally observed dis-
cies in solution(a polyion is different from the polymer in  solution rates: Simulated dissolution rates are much faster
the film (a polyo). Chemical reactions of the basic developerthan measured values. To further understand the discrepancy
solution with acidic sites on the polymer chains enable dishetween experiment and simulation, we focus our attention
solution of the film. The critical ionizatiofCl) model for the  gn the determination of. Calculation ofa results from con-

dissolution of phenolic polymers in an aqueous BaStreats  sideration of the acid—base equilibrium between the polymer
photoresist dissolution as a reaction-limited process in whickynd the developer,

a critical fraction of repeat units on a given polymer chain
must be ionized before the chain becomes soluble in the POH+OH™ —PO" +H,0. 1)
developer solution. The input parameters to this model ar
fcriT, the critical fraction of sites on a chain that must be
ionized for dissolution to occur, and, the fraction of all [PO] 10PH—PKa
polymer sites exposed to the developer that are ionized at = [POH] T 11 10P7 PKa- 2
equilibrium. f g7 IS @ microscopic quantity; therefore, it is

Here, the quantities in brackets refer to concentrations of
¥Electronic mail: schmid@che.utexas.edu polymer repeat units that are in contact with the developer

The equilibrium of this reaction has been estimatetf by
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DEVELOPER static double layer at the interface between the resist and the
3 .
developet:® A negative charge accumulates at the surface of
the film as the acidic sites on the polymer chains become
ionized, but before the chains dissolve. The negative surface
charge causes a depletion of hydroxide ions in the developer
[ (2)

solution immediately adjacent to the film, such that the con-

= = P centration of the base at the ionized surface can be an order
of magnitude more dilute than the bulk concentration. For-

% mation of an electrostatic double layer greatly reduces the

(ﬂo,jMEﬁJ ionization of the surface of the film by decreasing the appar-

ent concentration of the developer solution.

Fic. 1. Dissolution mechanism of positive tone photoresists incluidges Th'_s work focuses on understz_;mdlng how electrostatlg _In'
transport of hydroxide to polymef?) reaction of hydroxide with polymer, ~ teractions can affect the dissolution performance of positive
and (3) transport of polymer to developer. tone photoresists. First, the Poisson—Boltzm&nB) equa-
tion is evaluated for several situations relevant to photoresist

lution. This analvsis empl veral standard roxim development. The results of these calculations are discussed
solution. This analysis employs several standard approximag, o s of the potential implications for industrial photoli-
tions that are strictly valid in the limit of infinite dilution:

. - . thography. A Monte Carlo simulation of the photoresist/
Th_e ".iCt'V'ty of water and the actlwty_ coefficient of .th.e developer interface is then described as an extension to pre-
unionized polymer have been set to unity, and the activitie

of other species have been approximated by molar ConC(j/iously reported computer simulations for photoresist
- - 14-16 : . -

. : ) . rocessing.~~°Results of this Monte Carlo implementation

trations. Equation(2) is plotted in Fig. 2 for the standard ?) d P

developer concentration of 0.26 N in hydroxide. As shown in::)eprggecshe nted to exemplify the distinct advantages of this
Fig. 2, this analysis predicts the complete ionization of the '
acidic polymer sites that are in contact with the developer]l. POISSON-BOLTZMANN EQUATION

based upon theK’s of typical photoresist resin polymers.  1hg pg equatiol is a nonlinear second-order differential
This, in turn, predicts very rapid dissolution and a procesg,qyation that can be solved to yield the electrostatic potential
that is independent of the reaction rate. More realistic dissO54 ion concentration in the vicinity of a charged surface:
lution rates are simulated if the degree of ionization is re-

duced to the range of 0.5—0.9 by either increasingptkg of VZ¢=«?sinh¢. 3

the simulated polymer or by decreasing the concentration ofjere, ¢ is the dimensionless potentide./k,T. The va-
the developer solution. Decreasiagthrough thesead hoc  |ence of the ions is represented hye, is the unit of electric

adjust'ment_s reduces the number of chains that rf@@{ at  charge, andy is the electrostatic potentiat. * is the Debye
any given time and, thus, slows the removal of chains fronycreening length, given by
the film. The disagreement between simulated and experi-
mentally observed dissolution rates suggests that (EQg. 1 \/ €€okT
overestimates the ionization of the polymer surface. 100@BNAZZ[Ci]"
The failure of the aforementioned analysis can be under\—Nhere is the dielectric constant of the medium is the
stood by recognizing that E@2) applies to equilibrium in a vacuur; ermittivity N is Avooadro’s number :YE)EJC-] is
homogeneous solution, but the photoresist development cerh P YiINA gac P
o . __the molar concentration of speciesThe summation is per-
ters around a solid—liquid interface. A recent theoretical S .
analysis has predicted the formation of a significant eIectroformed over all ionic components of the electrolyte solution
to calculate the ionic strength. In a 0.26 M solution of tet-

ramethylammonium hydroxidéTMAH) at room tempera-

4

10 ture, x 1 is approximately 6 A. The ion concentratiprat a
location where the electrostatic potentiak/iss given by the
_ 087 ® Boltzmann distribution
=} [
E 056 | = ‘E p=poe 2%V, )
% g g wherepg represents the ion concentration in the bulk of the
§ 041 = = solution.
g 3: Solution of the PB equation is complicated by its nonlin-
- 021 earity. The PB equation may be linearized in accordance with
the Debye—Huokel treatment by recognizing that sigh-¢
0.0 ' ' ' ' ' ' in the limit of $—0:
8 9 10 1 12 13 14 15
Polymer pKa V2¢= Kz(z'). (6)

Fic. 2. Fractional ionization of acidic polymer in 0.26 N TMAH developer, The_ CaICU|aFi0nS_ presented hgrein were Obtain.Ed by first
calculated using Eq2). This simple analysis predicts complete ionization. solving the linearized PB equatidiq. (6)], and using that
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Fic. 5. Depletion of hydroxide near the interface between a charged polymer
Fic. 3. Electrostatic double layer at the interface between 0.26 M TMAH surface(y~77 mV) and aqueous TMAH solution as calculated using the PB
aqueous solution and a charged polymer surface, calculated using the R®juation for various TMAH concentrations.
equation.

tential and ionic strength are shown in Figs. 4 and 5. At a

solution as an initial estimate for solving the full, nonlinear f|xed ionic strength, varying the electrostatic potential at the

PB equatior{Eq. (3)]. In all cases, solutions were obtained interface corresponds to varying the fractional ionization of

by the method of successive overrelaxafibiiilm surface the surface of the film. Higher degrees of ionization require

boundary conditions are noted when appropriate. Addition_c:orrespondingly higher concentrations of counterions at the
interface to balance the charge. These increases in counterion

ally, the electrostatic potential was taken to be zero at Iargg1 . . . :
accumulation at the interface are accompanied by reductions

distances from the film surface, and periodic boundary con: the local rati b Variati in the devel
ditions were applied to vertical domain boundaries. I the local concentration of base. variations In tne developer
concentration have a different effect. For a fixed surface po-
tential, lowering the ionic strength reduces the extent to

A. Uniformly charged planar surface which the surface charge is screened by the solution. Thus,
The general structure of the electrostatic double layer i§leviations from the bulk concentration are evident at greater
shown in Fig. 3 for a planar surface having a uniform poten-distances from the interface at lower ionic strengths. In prac-
tial of 77 mV, which corresponds to approximately 35% ion- tice, variations in ionic strength that result from changing the
ization of a planar polyhydroxystyren®HS surface. The concentration of the base will alter the ionization equilibrium
results presented are for an electrolyte solution of 0.26 Nf the surface. The relationship between the electrostatic
TMAH at room temperature. Positively charged counterionsequilibrium and acid—base reaction equilibrium will be dis-
accumulate at the negatively charged surface, while th€ussed later.
negatively charged hydroxide ions are repelled. Under these The results given in Figs. 3-5 apply to a uniformly
conditions, the concentration of the base at the surface h&harged planar film—a situation that is closely approximated
been decreased by a factor of 20 from the bulk value, and that the onset of development of a large area of the resist has
depletion effect is still significant at a distance of 1 nm fromreceived the same exposure dose. Under those conditions,
the interface. The distinct effects of variations in surface poihe surface of the film is nearly planar and the distribution of
ionizable sites is essentially uniform across the surface. The
structure of the electrostatic double layer will be different if

1.0 ——— there is a nonuniform distribution of ionizable sites across
0.1 ; ; ; ; ;
03 the resist/developer interface, or if the interface is nonplanar.
0.8 / )

1.0 B. Nonuniformly charged planar surface

0.6 1 30 Predevelopment processing of a positive tone chemically
amplified photoresist includes pattern-wise irradiation fol-
0.4 1 lowed by a postexposure bake step. This processing alters the

composition of the resist in irradiated regions; specifically,

Relative concentration of hydroxide

0.2 1 Numbers on curves indicate protecting groups on the polymer are converted to acidic
the value of gsurr = €. y/kT groups. Consequently, regions of the film that received a

0.0 r r high exposure dose have a higher concentration of ionizable
0 1 2 3 sites than regions that received less exposure. In a hypotheti-
Distance from surface (nm) cal limit, a sharp boundary separates a region containing no

Fic. 4. PB equation results showing the depletion of hydroxide near theIomzable sites from another region that contains some finite,

interface of a charged polymer surface and an aqueous 0.26 M TMAHHNIform concgntration of ionizable sites_, as seen in Fig.. 6.
solution. Here, the region-10<x/h<10 has a uniform electrostatic
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Fic. 6. Contour lines show the location where the concentration of the base -50 -25 0 25 50
has been reduced to 90% of the bulk value for a given valug=ofh?, x/h

wherel is the molar ionic strength of the bulk solution ands the scale of

the spatial dimension in nm. The surface of the film iszdt=0, with a Fic. 7. Contour lines show the location where the concentration of base has

fixed surface potentia¥y=k,T/e. (~26 mV) for x’h=—10 to 10 andy been reduced to 90% of the bulk value for a given valué=efh?, wherel

=0 elsewhere. is the molar ionic strength of the bulk solution ahds the scale of the
spatial dimension in nm. The resist surface exis®/lat=0 as well as at the
boundary of the shaded rectangle, with a fixed surface potential

potential(~26 mV) that corresponds te-10% ionization of ~ =ksT/€c (~26 mV).

a planar PHS surface; elsewhere, the electrostatic potential is

zero. The axes on the plot have been normalized toascalin\% investioated b lculating the electrostatic double laver
parameteh (nm), and contours on the plot show the location as investigated by caicuiating the electrostatic double laye

at which the base concentration has been reduced to 90% qu a grating topography of gqual lines and spagds. 7) A .
the bulk value, for a given value af=1h?, wherel is the surface potential of approximately 26 mV was applied uni-
molar ionic str,ength For example, fifis ta7ken to be 1 nm formly to the interface to isolate the effects of interfacial

then the plot represents equal lines and spaces exposure Wﬁﬁometrly. The axest;f( th(; pIo;cj havei again btf]en ln(:rn;ahzed
a pitch of 40 nm. In this cas&=0.1 corresponds to a de- 0 & scaling parametér(nmyj, and contours on he plot snow

veloper concentration of 0.05 M TMAH. At higher concen- Ijhe I(()jctatlggo/at fV\tIEICE tlrlle k:asef concgntratlor ha.;,f Egen re-
trations, the depletion of the base is only significant very uced to 6 of the bulk value, for a given valuetoff his

near the charged portion of the surfadowever, the sur- tgken to be 1 nm, th_en the plot represents a systt_am of equal
face potential has been fixed in these calculations and, thug_?gsl and spaceds Vf[”th ad pltclh of 100 nmt. I?. thlsfcoa%z, M
the concentration of the base at the charged portion of the = corresponds 1o a developer concentration of ©.

surface has been equally depleted in all cases3@% of the ?‘MAH. In regions where the local geometry of the interface

bulk value) The consequence of this phenomenon in term S concave with respect to the filfe.g., at the ba_se of aresist
of imaging performance is that regions of the resist surfac eaturg, the depletion of base extends further into the devel-

having a higher concentration of ionizable sites are exposeﬂrr’ler' Ct(;]nvgr;sell}/, thgre IS Iees(: depl?t't?]n ?f basde n refg|ons
to lower concentrations of the base. It is conceivable that thi&’ ere the intertace 1S convee.g., at the top edges of a

might detract from the desired dissolution performance: Théﬁs'tsihfeau#)a ;I'hg shr:ape to.fbthte E)roﬂleds n Ft')? 7hsuggests
regions of resist that are intended to dissolve most rapidl)y at this efiect might contribute 1o undesirable phenomena

are exposed to the lowest concentration of the developer. IR - o
P b at the standard developer concentration, the effect is minimal

ractice, most chemically amplified photoresist formulations : .
P y amp b xcept at very small dimensioriss5 nm). Topography on

contain polymer chains that are only 25% to 50% protected?his length scale is representative of surface roughness rather
Thus, there is always a fairly high concentration of ionizable an eg' ¢ foature 'l?'h' analvsi ost tha? COMVEX DIo
sites, even in regions that have not been exposed. In additioH? resis ures. This analysis suggests nvex pro-

the surface distribution of ionizable sites on a photoresis{ruslont_S frorfnﬂt]hebresstthsurft?]ce ar? efﬁosedfto a q_'rg].her:.cﬁn'
film will not have this sharp boundary. A more realistic rep- centration ot tne base than the rest o tne surtace. This nigher

resentation would be a sinusoidal variation in the Concemra(_:oncentratmn of the base can result in a higher degree of

tion of ionizable sites, rather than a step function. ionization of polyr_ner sites within the protrusmnz in which
case, the protrusions would be expected to dissolve at a

faster rate. In this case, it is conceivable that electrostatic
interactions can minimize resist feature roughness. If the
The electrostatic double layer will also be influenced bypK, of the polymer is very low or very high, the degree of
the presence of surface topography, including both shortionization of the polymer will not be affected by these rela-
range topographysurface roughnegsnd long-range topog- tively small changes in the base concentration. The calcula-
raphy (resist featurgs The influence of surface geometry tions presented in Fig. 7 suggest that the influence of the

C. Uniformly charged nonplanar surface
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local interfacial geometry is reduced at high developer con- Zizjez
centrations, such that all points on the surface are exposed to Uijj
the same concentration of base. It should be noted that we

have fixed the electrostatic surface potential independently of uj;=

the _base cor_1centrati0n at the s_urface. In reality, the elecmﬁere,zi represents the charge of ione is the elementary
static p‘.’tef.‘“a', at the surface wil d(.aper)d upon.thle local deE:hargefr is the relative permittivity of the dielectrigvaten,
gree of ionization of thg surface which, in twrn, is mfluencedand € is the dielectric permittivity of a vacuum. The radius
by the local concentration of the base. of separation of ions andj is denoted as;; , and the radius
of each ion is denoted by. These radii are taken to be the
IIl. MONTE CARLO ANALYSIS bare ion radii, except in the case of Hwhich is taken to

exist as hydronium ion, §0". Trial moves for the ions in

. we _have previously reported mesqscale Mon_te Carlq5_olution consist of random hops within a specified radius
simulations for several of the photoresist processing steps._q iy of the current ion location. The energy of the trial
g"”.‘ crgﬁﬂt_)&,'legﬁpor?ure, posttlaxposure bahke, dlss?jluFodn, ;%ove is calculated by summing the interactions of each ion

Lylng. ist il nt esehS|mud§1t|ons,. wel laV(_e mo ?r?_ td,ewith all other charged species within a specified cutoff dis-
photoresist fiim on a three-dimensional lattice, With indi- 00 The validity of this cutoff approximation is ensured by

vidual lattice sites representing specific chemical Compobhoosing a large cutoff distance-6« 1) and a large total

nents of the film. Some of the lattice sites represent pOIyme§imulation volume. Trial hops are accepted or rejected based
repeat units; these are strung together to model polymeﬁpon the standard Metropolis criteriéh

chains, Otr?er Iatt|c$] S|tes_c<j:orrespond o hmolecular codmpo_- The translational moves just described are responsible for
nelnts Squ as Ia P otoaC|Th generatolr, P ot%genekr)ate acgtablishing electrostatic equilibrium within the electrolyte
S0 vgnt, ree volume, gtc. Nese simu ations have been Usefy henveen the electrolyte and the polymer surface. Another
to S|mula.te changes.m resist performance that reS}JIt fron(ﬁéquilibrium must also be considered: That of the acid—base
changes in the chemical formulation of the photoresist. reaction between the acidic polymer and the hydroxide ions

In previous §|mulat|ons of photore_S|st development., thqn solution. This equilibrium includes the ionization of the
developer solution has been approximated as a continuuml.; yic polymer

with uniform concentration. It has now been shown that this
approximation introduces significant error into the ionization Ka . N

calculation. To address this error, a Monte Carlo approach to POH-PO +H", ®
simulating the electrostatic double layer has been adopte@s well as the dissociation of water

The so-called primitive model of an electrolf{e*?is em- K

ployed, wherein the developer solution is modeled with dis- |_|20<_V)VO|_|7Jr HY 9)
crete ions in a dielectric continuum of water. The polymer

component is represented on a lattice, but the ions are repréogether, these are written as

sented off lattice so that the fine structure of the electrostatic K;

double layer may be investigated. Off-lattice representation POH+OH™« PO+ H,0. (10)
of the ions also enables the investigation of the effect o
ionic radius on the performance of the developer. With thi

\Ej/li%%r;lacgl’ rl;{]elf sr?toe Zsz)cliotr%igorlzl?lfxrt(thgf L(;]rélzrztsl;)sr; Oc]:l 'r_]dl'polymer site denoted by POH aril, is the dissociation
boly 9 a POy constant of water, approximately equal to 1t at 25°C.

mer. The complex mechanism of surface roughness formafhese dissociation constants are used to determine the prob-

tion in the presence of the electrostatic double layer may also, .. ; ; : .
. o . ability of a trial Monte Carlo reaction, again using the Me-

be studied. Here, we will discuss details of the Monte Carlo L e
: . . X . tropolis criterion. Due to the equilibrium nature of the sys-
simulation, and then use the simulation to examine the dy:

namic ionization of an initially uncharaed planar film tem, it is necessary to consider all of the individual acid—
y geap ' base reactions that are present. A further discussion of these

A. Methods equilibria is given in the Appendix.

=——exp—«-ry) if rp,>0+0;;
47TEr60rij 3 ”) " : !

if (7

rij$0'i+0'j.

tI'he equilibrium constark; for this overall reaction is given
y Ka/Ky, WhereK, is the ionization constant of the acidic

Our treatment of the resist/developer interface approxi-
mates the resist as a three-dimensional lattice of cells, whilg
the developer is treated as a primitive model electrolyte so-
lution. The primitive model approximates the electrolyte so- This Monte Carlo approach has been used to simulate the
lution as a system of hard sphere ions in a dielectric conionization of a resist surface placed in contact with developer
tinuum of structureless solvent. This simplification facilitatessolution. Simulation of this interfacial region begins by gen-
simulation of the relatively large domains that are of intereserating a lattice model of the resist surface. In the work pre-
here (~10°—~1C° nn?). Interactions between charged spe-sented here, a purely planar surface of polyhydroxystyrene is
cies (ions and ionized polymer sitegonsist of both hard considered. The surface consists of a square array of 15
sphere, excluded volume repulsions and screened Debyex15 sites that represent an area~of15 nnf. It is assumed
Huckel interactions, summarized next: that all polymer sites are identical; that is, every polymer site

. lonization of initially uncharged planar film

JVST B - Microelectronics and  Nanometer Structures
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(MCMPI)”2 Fic. 9. Equilibrium fractional ionization of polymer: comparison of Monte

Carlo resultgpointg with the results of Eq(2) (curves. It is seen that Eq.
Fic. 8. Monte Carlo simulations results showing ionization of a planar sur-(2), which does not include electrostatic effects, overestimates the ionization
face of polymer sites witpK,=10 in contact with aqueous TMAH solu-  of the polymer.
tions of varying concentration.

The steady-state fractional ionization of the surface of the
has apK, of 10, independent of the ionization state of its fim has been plotted against develoget in Fig. 9. Also
neighbors. This approximation is valid for polyhydroxysty- shown are the predictions of the solution equilibrium analy-
rene because the ionizable sites are well separated from oBgs [Eq. (2)] for several values opK,. It is clear that the
another. lonization of sites that are near an already-ionizegolution equilibrium analysis, which does not consider elec-
site will be influenced by the electrostatic repulsion of hy-trostatic effects, overestimates the ionization of the surface.
droxide from the charged site, but not by a change imtlg  Electrostatic repulsion of hydroxide from the charged poly-
of the nearby sites. mer surface has effectively decreasedjtli, of the polymer

Having generated a film surface configuration, the nexby approximately 3K, units. Interestingly, this is approxi-
step is to add the developer solution. The interfacial domaimately the change required to regenerate a reaction-limited
considered here consisted of the film surface plus the portioprocess in our CI model.
of the developer solution that was within 20 nm of the sur-
face. The developer solution was created through sequentigf cONCLUSIONS
addition of hydroxide and tetramethylammonium ions to ran- . . . . :
dom locations within the space above the surface of the film The effects of electrostatic interactions during dissolution

until the desired bulk concentration was reached. The conlf POSItVE tone photoresists have been evaluated through the

figuration of ions thus generated was then equilibrated foP_OIUﬂOn of the PB equation and through the Monte Carlo

10° Monte Carlo moves per iofMCMPI) to establish elec- simulation. It has been shown that the concentration of hy-
trostatic equilibrium within the solution droxide at the surface of the film can be much lower than the

bulk concentration due to electrostatic repulsion of hydrox-

Many hydroxide ions are consumed at the film surface.d . f th tively ch d ol f Th
through acid—base reaction with the polymer. To prevent tnidd€ 10ns from the negatively charged polymer surface. The

process from altering the simulated bulk concentration 0]degree to which the concentration of hydroxide is depleted is

hydroxide, the region of the solution between 15 and 20 nn{elated to the developer concentration, which affects the

from the surface was held at a constant concentration of h>;gqui|ibrium of the acid—base reaction and also influences the
droxide by periodically adding or removing TMAH ion pairs Debye screening length of the solution. The concentration of

as needed to force the concentration in this region to matc ase at the surface of the film is also strongly influenced by
the desired bulk concentration the local geometry of the interface. This geometric effect is

Simulation of the surface ionization process was then perr-nOSt ewde_nt on the length scgle of sgrface_roug_hness_,. When
formed until the fractional ionization of the surface stabi-&/€Ctfostatic effects are considered in conjunction with the

lized. This was done for four developer concentrations in thenghbrmm Of the acid—base reaction, it IS seen t.haF Fhe frac-
range of 0.065—-0.52 M. Dynamics of the ionization processyonal ionization of the surface of the film is significantly

under these four conditions is shown in Fig. 8. The fractionagecreased' Understanding the relationship between the acid—

ionization of the film surface is plotted versus the square roo ase equilibrium and electrostatic equilibrium represents an
of simulation time, measured in units of MCMPI. Initially important step in our efforts to understand the fundamental
’ ' _dissolution mechanism of positive tone photoresists.

the fractional ionization increases linearly with the square
root of simulation time because the hydroxide ions must dif-
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research fellowship. A similar analysis is used to calculate the acceptance prob-
ability for the other individual reactions. For reactions that

result in creation of an ion, an attempt is made to add that ion

at a distance from the polymer site equal to the ionization

distance, in a random direction. If this attempt fails due to

‘hard sphere overlap, then the entire trial reaction move is

APPENDIX: MONTE CARLO TREATMENT OF
ACID-BASE EQUILIBRIA

Due to the equilibrium nature of the system, it is neces

sary to consider all of the acid—base equilibria that ar
present. The following reactions are taken to be sufficient to
capture the equilibrium of the system.
lonization of polymer by hydroxide
N

POH+OH™ PO +H,0. (A1)

Deionization of charged polymer site with water
1K;
PO +H,0«< POH+OH".
Polymer autoionization
Ka
POH-PO +H".
Deionization of charged polymer site with acid

UK,
PO +H* <> POH.

Dehydrolysis of water

UKy
H*+OH~ < H,0.

(A2)

(A3)

(Ad)

(A5)

Autohydrolysis of water is neglected due to relative infr
guency of the reaction.
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