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A methodology is described for the experimental and theoretical study of surface rougBRess

and line-edge roughneg§isER) and their relation for solution and plasma developed resist schemes.
Experimental results for a negative-tone nonchemically amplified siloxane bilayer resist scheme are
shown. In addition, a molecular-type simulation of SR and LER is presented. The simulator can
follow the appearance of SR and LER after each process step and predict the roughness dependence
on material properties and process conditions. The simulation results are compared with
SR experimental data for a negative-tone chemically amplified epoxy resisR00® American
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|. FRAMEWORK FOR SR AND LER STUDIES Thus, at least for the solution development processtropic
) . . ) processthe LER has the same origin as the'S®Rth mainly
The lithographic processes for this decade are facing thgne aqditional element: It depends on the details of the latent

d_emar|1:ds of tf;}e S”bhl?jp nm _rangetﬁf charar(]:terlstlc fd'l_r:‘her]mage induced by the exposure system. However, for plasma
sion. or such smafl dimensions, the roughness ol oEjeveloped photoresists, and for the subsequent etching steps
graphic materials/processes places a significant limitation o

the quality of the printed lines and the critical dimension Pams.otroplf: pr-ocess)asSF\? and LER may differ in orlg-m.
(CD) control. It is suspected that even the size of polymelAny investigation should include measurements and simula-

chains and the conformation of a single segment of a chaifion of the whole spectrum of materials and processes shown

can affect roughness. Because of its importance in the la#f Fig. 1. In addition, questions related to the measurements
few years, several publications discuss the problem oféeded to characterize roughness, such as rms measurements
roughness$:® from atomic force microscopyAFM), fractal dimensions,
Surface roughnes$SR) appears after the spin coating of scanning electron microscod$EM) measurements, etd
the photoresist film, while line edge roughngs&€R) ap-  should be addressed.
pears after the development of the microstructure. However, Within the framework described above, our work includes
the two phenomena are closely related. Figure 1 shows laoth the experimental study of SR and LERr solution and
schematic of the origins of SR and LER. They are materiah|so plasma developed resis@nd roughness simulations, as
and process dependent. The final roughness is a convolutiqfe|| as investigation of the relation between SR and LER. In
of the roughness induced by each process step. The photorgg, |imited space of this article we will present our first ex-
sist film has a SR characteristic of the resist material. Th‘gerimental results from a class of bilayer resists, and our first

exposure and postexposure bake of the film induce chemic sults from a SR and LER simulator. which will be com-
changes, such as deprotection or crosslinking. These changes '

. . ared to SR data for a negative-tone solution developed

induce an increase or at least a change of the SR of th . o .

photoresist. Upon total or partial development, these change@em“:a"_y amP"_f'ed resisiCAR). )

are magnified and are observed as different SR as a function SCmetimes itis thought that plasma developed resists suf-

of dose. Thus, each processing step may induce an increaf&¥ from high (or at least higherLER compared to solution

or at least a change in the SR of the resist. Such steps inclug¢veloped systems. However, Si-containing polymers show

solution development, or plasma development, and the sulgreat promise as prospective materials for lithography at 157

sequent etching steps for the antireflective coating and them and below, provided that they exhibit good resolution

substrate. and CD control appropriate for nanopatterning. To shed
LER appears after solution or plasma development. If th&some light on the issue of roughness in silicon containing

latent image were ide&é.g., a square wave modulation with systems, we evaluate siloxanes in this work as materials for

values 0 and }i then the difference between SR and LER pjjayer Jithographic schemes, based on measurements of SR

would be that the former reflects the resist/air interface,,q | ER as a function of exposure dose and plasma devel-

while the latter reflects the exposed/unexposed resist 'meBpment conditions. Siloxanes are not aqueous-base devel-

face, which becomes a resist/air interface after developmen(t).ped resists, and thus will not be used for 157 nm lithogra-

phy. However, they are used here as simple model resists of
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Material Properties:
Polymer, MW, MW Distribution
Si Content

facturer, other resist materials can be simulated, provided the
details of the resist composition and chemistry are given.
The simulation work is described in Sec. IIl.

Materials

Exposure System Characteristics
(Latent Image Formation)

Processes
~~

IIl. EXPERIMENTAL STUDY FOR THE SR AND LER
OF SILOXANE POLYMERS

ing latent LR
= @ —*;%*9 For the study of SR and LER of bilayer resists we have
-~ . poeer am> used as model materials the siloxane resists, which could be

Sen

Oy Deveepment {5 ob..on‘éfz{":‘(g'ﬁﬁzs‘ep i LY useful for both e-beam and 157 nm lithography, provided
T —I®  they are copolymerized with polymers capable of aqueous
base development. In particular a commercial material
PDMS (by Aldrich) with a broad molecular weightM\W)
distribution M,,/M,=2), and a material synthesized at the
Fic. 1. Schematic of the origins of SR and LER for three lithographic polymer synthesis laboratory of the University of Athens
schemes. having a very narrow MW distributionM,,/M,=1.01)

were used. The averadé,, was the same for both polymers,

but obviouslyM,, is smaller for the Aldrich material. The
known properties and chemistry, based also on the expermaterials were used as bilayer resists on top of hard-baked
ence existing in our group headed by HatzaRid57 nm  novolac AZ5214 resist by Clariant coated on silicon wafers
resists could contain siloxane copolymers making this studwt a thickness of 500—1000 nm. After an initial bake at 90 °C
quite relevant. This work will be described in Sec. Il for 90 s, the resist was baked at 200 °C for 15 min. The final

A careful look at Fig. 1 also reveals that simulation of bottom resist thickness after the hard bake was 400—800 nm.

material, exposure, and other process related roughness isSabsequently 100 nm thick siloxane films were spin coated
huge task. In this work we take the first step to address then the bottom layer. The resist was exposed with a 50 keV
simulation problem. First of all, the exposure system charace-beam, solution developed in methylisobutylketone
teristics, which are extremely important for LER, will be (MIBK), and developed in an oxygen plasma at 10 mTorr
ignored, despite our suspicion that they might be the mospressure in a reactive ion etcher. Two conditions were tried:
important cause of LER. Although our simulator can easilyplasma development without and with a breakthrough step
accept as input the latent image of an electron beam or afBTS) (20% Sk+20% CHR+60% O, for 6% of the total
optical lithography simulator, we chose not to do this at thisdevelopment time In both cases, lines were observed by
stage: Instead, an ideal square wave-type exposure was cdBEM, and pads by AFM. Measurements from two AFM in-
sidered. We thus assumed that the transfer function of thstruments are reported: a Nanoscope Ill model 423h3 from
exposure system is unity, and tried to see what the effect dDigital Instruments, and a Topometrix TMX 2000 system.
materials and processes is on SR and LER and their relation. Figure 2 shows the results witho(bp) and with (bot-
As soon as the process steps and the material properties hateen) BTS for the commercial materighldrich). Similar re-
been taken into account and understood, the simulator casults were obtained with the synthesized material. Without
easily be extended to take into account the aerial image eBTS, the high LER and SR are due to the incomplete devel-
fects on LER. We will address this problem in the future.opment of the top layer for this bilayer system. Apparently
Molecular simulations provide one method for the estimationsome residues remain after solution development which,
of the microscopic structural changes which occur during thegiven the high Si content of the siloxane, caused a roughen-
lithographic proces$! A detailed description of the litho- ing of the surface in the subsequent plasma development step
graphic procedure including reaction propagation, acid diffuin the oxygen plasma. The SR is observed as LER at the
sion, cage effects, free volume effects, and developer seleedges of patterns since the residues at the edges of the lines
tivity can be included in such a model. In the present modelwill cause LER. At high doses the LER is reduced, however
an extension of our wofk! by inclusion of a developer SR increases due to the high extent of crosslinking of
module for a negative-tone CAR, and a SR and LER estimathe overexposed siloxane film with unequal lines and spaces
tor are employed. Our present model is applied only for so{L/S). This is confirmed by AFM observations and shows
lution developed resists. However, plasma developmentat LER and SR may not behave similarly. With a BTS, the
simulation is in our plans. Our simulations will be checkedLER is now greatly reduced to almost zero. Surface rough-
against experimental data from a negative CAR of knowmess is again high at high doses, due to strong crosslinking.
chemistry developed in our laboratory. It is an extremely Figure 3 shows the AFM images of the plasma developed
sensitive(1 uC/cn?) high-resolution epoxy containing no- siloxane surfaceéwith a BTS as a function of dose for the
volac (EPR,* which is however solvent developed. An commercial material. Similar results were obtained with the
aqueous-base developed version of this resist is now beirgynthesized material. The smallest dose is the lithographic
evaluated in our laboratory as a fast e-beam rédighe  useful dose. As the dose increases, a very large increase of
value of our simulation package is not limited to one particu-the SR is shown and the texture of the surface becomes like
lar resist, namely EPR. In collaboration with a resist manu-a rough “spaghetti” or better a honeycomb.

Wet Development
of Top Layer

Pattern Transfer
1 (Etching)

Bilayer Silylated Single Layer Single Layer

JVST B - Microelectronics and  Nanometer Structures



3294 Patsis et al.: Surface and line-edge roughness in solution 3294

e o 4 ree ;w/ﬂ-y-‘\w,;n ™y

Dose: 6.5 pC/em? Dose: 7 uC/em® Dose: 11.5 pC/em®

3.25 uClem’ 5.5 uC/em® 8.75 uClem’

Fic. 2. (Top) 100 nm thick poly(dimethyl siloxang (Aldrich), was e-beam exposed, solution developed in MIBK, and plasma 1@mT-400 W)
developed without a breakthrough step for the 800 nm thick bottom layer. Shown auen.BS. Notice the high LER due to residue and rough edges after
MIBK development. Notice also the high SR and the smaller LER at higher doses, which shows that SR and LER do not behave(BinitarlyL.00 nm
thick poly (dimethyl siloxang (Aldrich) was e-beam exposed, solution developed in MIBK and plasma {®mT-400 W) developed after a breakthrough
step(20% Sk+20% CHR+60% O, for 6% of the total development timdor the 400 nm thick bottom layer. Shown are Qub L/S. Notice the much
smaller LER of this process. Also notice again the high SR at high doses, where LER is almost absent, but the lines are overexposed.

In Fig. 4 the SR after 1 min oxygen plasma developmeniment process cannot maintain the tall grass as in the case of
without and with a BTS step is shown as a function of doseanisotropic plasma processes.
for the synthesized materigthe commercial material shows
an analogous behaviorn addition to SR data, the contrast
curve is displayed without BT8BTS slightly increases the lll. SIMULATION OF SR AND LER
contrast value, but the contrast curve is not shown to avoid Our SR and LER work includes detailed simulation of SR
cluttering in Fig. 4. AFM measurements show a minimum and LER formation. For the moment, the simulation is appli-
of SR at useful doses, and a high SR at high doses. Belowable only for solution developed negative-tone resists, and
approximately 1.5uC/cn?, the siloxane film is too thin and has been compared with experimental data for a CAR epoxy
breaks down during pattern transfer. Thus, SR increases abvolac resist EPR developed in our Institt#é3Due to the
low doses, while grass forms. To avoid damaging the AFMlack of space, we will attempt only a short description of our
tip, we did not measure SR after full development, but onlysimulation work.
after partial development, i.e., 1 min etching instead of 4 min In order to construct a molecular model of a complex
needed for the end point. The graph shows the large redu€AR resist system, a three dimensional square lattice is con-
tion of SR at low doses due to the BTS step, and helpsidered. The lattice size is equal to the mean radius of the
explain the relation between SR and LER and the role obpherical volume occupied by a monomer. Polymer chains
BTS, as follows: Assuming an ideal square-wave exposurand initiator molecules are placed randomly on that lattice
profile, the SR on the lines is close to the minimum, whileunder the following restrictions(a) the chains are self-
the SR for the spaces is high without a BTS. Thus, as onavoiding and populate the lattice to the same density as the
crosses from the lines to the spaces, SR increases, i.e., LERtual material(b) the polymerization length has a uniform
is present. On the contrary, after BTS the SR in the spaces distribution, and(c) each lattice site can be occupied by no
very small, and the transition from lines to spaces is smoothmore than one monomer and one initiator molecule. The lat-
i.e., low LER is observed. tice is filled with the polymer chains by a random walk pro-

From the literature resulfs* a rather universal character- cess, and the photoacid generafAG) is randomly distrib-
istic of the SR versus dose curve has been observed: SR goeted in the lattice according to its percent content in the
through a maximum as one crosses from very small to usefudctual materiat?
doses. In plasma developed systems, the SR maximum could The radiation-induced effects are simulated through the
actually be “infinite” i.e., of the same order as the thicknessuse of an initiation probability attributed to each of the PAG
of the underlayer, and is not measurable by ARMry high  molecules. The energy exposure profile can be given by an
grass. In solution developed systems, such large maximabptical lithography simulator or an electron beam lithogra-
have been observed in the literature only when partial develphy simulator. However, at this stage an ideal square-wave
opment was used, because the isotropic solution develognergy profile was used in order to examine the effect of
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Fic. 4. Contrast curvéempty diamondsand SR after 1 min partidR5%)
plasma development with BT®illed squares and without BTS(filled
circles as a function of dose for the synthesized PDMS material. SR has a
5.5uC/cm2, RMS SR 5.5 nm minimum at useful doses, and is large at high doses. At low doses SR is high
without a BTS, but is greatly reduced with a BTS step.

development time has elapge®artial or full development
can be simulated. While the development penetration is in
process, the polymer clusters that are surrounded by devel-
oper molecules are removed and the final surface line pattern
is determined by the developer profile. By isolating the outer
surface of the developed profile, it is possible to estimate SR
or LER of the resulting structures by calculating rms rough-

8}1C/cm2, RMS SR 13.1 nm ness and fractal dimension. All models are integrated to the
same graphical platform and run on a PC.
Fic. 3. AFM image of 2500 nm pads. Pétimethy! siloxang (PDMS) Figure 5 shows a typical simulation result for a series of

(Aldrich) was e-beam exposed, solution developed in MIBK, and pIasmaL/S_ Figure %a) shows the coordinates of the crosslinks

(0,—10mT—-400 W) developed with breakthrough stef20% Sk .

+20% CHR+60% O, for 6% of the total development timédor the 400 fo“_med, aﬁer gxposure and postexposure bake_‘ Itis clear how

nm thick bottom layer. The first surface at the smallest useful dose is flat an@ first indication of SR and LER can be obtained from the

the top silicon containing resist has successfully protected the lower layeuter coordinates of the structure. Figui®)shows the co-

As the dose increases the top layer becomes more and more crosslinko:-\(sil,.dinateS after the development process The developer has

Iting in high SR. . . : .

resuiing in g removed some clusters leaving behind the final true struc-

ture. Its outer coordinates are used to calculate SR and LER.
o ) v of Finally Fig. 6 shows our first SR and LER simulations as
materlgs and processes on SR anq LER independently O,thé?function of dose and their comparison with SR experimen-
latent image. The energy stored in each cell of the latticgy 415 of EPR. The contrast curve of EPR is also shown for

induces acid generation and subsequent reactions. By is0lgsterence. The calibration of the dose for our model is done

ing the outer surface of crosslinks, it is possible to estimat%y fitting the simulated contrast curve to the experimental

SR or LER before the development process. contrast curve of EPR, and by obtaining the relation between
The code is not necessarily limited to crosslinking Sys-y,qe and initiation probabilit}* Notice that the simulated

tems and no special change is needed for the consideration gh and LER have very similar values and show a maximum

systems based on protection/deprotection chemistry. In thaLaLt small doses. Roughness then drops very fast to below 3

case, the clusters would be interpreted as regions in the M@, The trends and values of the simulation results compare

terial where solubility change has occurred due to exposurg, | with the SR measured on EPR pads. This successful

A detailed model of the development process was alsg g gjction of the experimental data is indeed very encourag-
formulated for negative-tone CARs. Developer molecules,

are inserted in parallel, initially placed along the resist top

surface, and move step-by-step in all possible directions in

the lattice. Movement is prevented at sites occupied b)}v' DISCUSSION OF THE RESULTS

monomers or crosslinked monomers. The dissolution process A first comparison between the plasma and solution de-
is terminated when the whole range of permitted steps pereloped resists examined in this article shows that SR can
developer molecule has been completed., the specified have similar values at the useful dogsese Figs 4 and)6In
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350 Fic. 6. Contrast curve and roughness versus dose: Symbols stand for SR
300 experimental results of EPR resist containing 1% PAG, which was e-beam
250 exposed, baked at 110 °C, and solution developed in PGME&#tinuous
curve simulated SR for the same resistlashed curvesimulated LER.
200 The left reference point represents measurements of an unexposed surface
150 before development. Simulations refer to a single line of 500 nm wide
100 X 700 nm high.
50
50 100 150 200 250 300 350 400 development time, acid diffusion length, PAG concentration,
(b) and polymer structure. It is also possible to estimate the rms

roughness and the fractal dimension of the surface. For the
Fic. 5. Graphical representation of the simulation results. A series of linefuture, we expect to extend the models so as to incorporate

and spaces is show(e) after exposure and postexposure bake. The coordi-tha development of positive tone resists and the plasma de-
nates of crosslinks are shown and the latent “roughness” created by them. - . .
elopment of bilayer or silylated resists.

(b) After development. The coordinates of remaining crosslinks, i.e., resisy
profile are shown, and the resulting SR and LER.
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