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Influence of developer and development conditions on the behavior of high
molecular weight electron beam resists

D. G. Hasko,® Shazia Yasin, and A. Mumtaz
Microelectronics Research Centre, Cavendish Laboratory, University of Cambridge, Madingley Road,
Cambridge CB3 OHE, United Kingdom

(Received 1 June 2000; accepted 25 August 2000

The nature of the developer and development conditions of high molecular weight electron beam
resists is known to influence sensitivity, contrast, line edge roughness, and ultimate resolution.
These resist characteristics are explained using a dissolution model based on reptation theory and
predictions are compared with experimental results on high molecular weight
poly(methylmethacrylate developed in a range of solvent mixtures and conditions, including
ultrasonically assisted development. ZD00 American Vacuum Society.
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[. INTRODUCTION measured size of the aggregates was found to correlate with
the molecular weight of the resist used, being about 2-3
In order to predict resist pattern profiles with different times the expected radius of gyration, however, the linewidth
development conditions in electron beam nanolithographyfluctuation was found to be independent of molecular
experimentally determined contrast curves, with large featurgeight” This suggests that the origin of edge roughness was
sizes, are used to determine the resist dissolution rate aspat in aggregates formed during the film casting process but
function of exposure dose. However, it is not clear that suclin processes occurring during development.
dissolution rates are applicable to very small feature sizes. The interaction of the polymer with the solvents in the
Moreover, recent experiments with a range of resists haveleveloper, which controls the solubility and swelling of the
shown improvements in lithographic behavior through theresist, is central to understanding the nanolithographic be-
use of ultrasonically assisted development which cannot bRavior of a resist. The interactions of PMMA with different
explained using empirically determined contrast cufvés solvents has been widely investigafecespecially with
physical model for the polymer dissolution process is needefletone-alcohol developer mixtures. Here, the ketone acts as a
to fully explain the ultimate resolution and line edge rough-solvent and the alcohol as a nonsolvent, such solvent/
ness behavior of electron beam resist. nonsolvent combinations improve contrast and control of the
The ultimate resolution of conventional electron beam redevelopment process. Polymer/solvent interactions also re-
sists, such as polgnethylmethacrylate(PMMA), has been sult in the free volume and dissolution properties of polymer
widely investigated, including the effects of developer, de-resist films being dependent on the casting solvent and the
velopment conditions, such as ultrasonic agitafioand  postapplication bake temperature conditiéh this article,
polymer molecular weightIn general, ultimate resolution is we use a polymer dissolution model, based on reptation
improved through the use of higher contrast developers, ultheory, in order to explain resist behavior. Experimental
trasonic agitation, and through the use of high moleculaitneasurements on the dissolution of PMMA in methyl isobu-
weights. The use of membrane substrates to reduce the baait ketone:isopropandMIBK:IPA ) mixtures are used to test
scattered electron contribution to the exposure has beethe predictions of this model.
found not to improve ultimate resolution, as first thought, but
may improve the exposure dose latittdén the case of Il. RESIST DISSOLUTION
chemically amplified resists, the diffusion of the acid catalyst
during the postexposure bake makes an additional contribu- The dissolution of high molecular weight polymer resist
tion to the ultimate resolutiofiyve will not discuss this effect N an organic developer proceeds in three main stages. First,
further. Despite the considerable experimental evidence, thgolvent from the developer penetrates the glassy polymer
mechanisms leading to an ultimate resolution remain unfilm forming a rubbery and swollen gel layer at the resist
clear. surface. This process is often described by case Il, rather

Previous investigations have attributed the origin of linethan Fickian, diffusion as a result of the strain in the gel layer
edge roughness to aggregates in the resistfilnwas pro- ~ due to the solvent induced swelling. Second, the stress in the
posed that during development, aggregates in the resist fili§el layer relaxes by disentanglement of the polymer chains.
dissolved at a slower rate than the surrounding polymer maFinally, the released and now independent polymer chains
trix. As a result, the aggregate structure became exposed @iffuse through the developer away from the developing re-
the edges of featureS, SO Causing the edge roughness_ Tﬁlét surface. Each Stage in the dissolution process is accom-

panied by a large reduction in viscosity of the polymer—

aAuthor to whom all correspondence should be addressed; electronic mai_ﬁowerlt mixture as _the solvent fraction in the _pO|ymer
dgh4@cam.ac.uk increases. Except with developers composed of either very
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good or very poor solvents of the polymer, the rate limiting 1
step is the disentanglement stage of the development. A dis-
entanglement controlled resist dissolution process was previ-
ously described by Paparet al.'' who applied reptation
theory? to explain a resist dissolution raRgiven by
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where 4 is the time taken to disentangle one polymer chain
and the thickness of one monolayer was defined in terms of
the radius of gyration of the polymer. The disentanglement
time was derived from arguments based on the polymer self
diffusion coefficient, which in turn depends on the solventFic. 1. Experimental contrast curves, using dip development at 20 °C, for
volume fraction in the resist film. In contrast to the work of 100 nm thick PMMA(MW 1150 K) using developer compositions of 1:1,
Papanuet ., we adopt a more direct nterpretation of the L2 1% %14 1t midutes of MIIEA rspsctvel Contnuous unves
monolayer thickness and reptation time. Here, we take th@olume fraction has been obtained from E8). The friction term has been
thickness of one monolayer to be given by the bulk densitysed as a fitting parameter.

and molecular weight of the polymer and take the conven-

tional form for the disentanglement time from the reptation
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theony? as tively. y is the Flory interaction parameter characterizing the
(N3b* quality of the solvents in the developer with respect to the
=T 2) polymer andp is the bulk density of the polymer. For a given

polymer, Eq.(5) predicts a range of solvent volume fractions
where N is the number of monomers in the polymghe that depend largely on the solvent quality; in the case of
polymer molecular weighW is equal toN times the mono-  developer mixturesy usually >1) the solvent volume frac-
mer molecular weighiM ), b is the monomer lengtha is  tion is less than 0.3 and does not depend strongly on the
the lattice spacing, andis a friction term. The resist disso- Polymer molecular weight.

lution rate is then given by

72KTM?, Ill. EXPERIMENT
R= (pPNa) P32 ©)

Experimental contrast curves have been determined using
The friction term ¢ was modeled as an activated function 50 KV electron beam exposures in PMMMW 1150 K).

with the solvent volume fraction included to account for theDevelopment was carried out with four different MIBK:IPA
plasticization effect of the small solvent molecules within theMixtures, at three different temperatures, as shown in Figs. 1,

polymer matrix 2, and 3. The Flory interaction paramejewralues for these
developer compositions may be estimated from the solubility
(— c o Ea/kT (4  Or cohesion parameters for PMMA, MIBK, and IPAUN-
¢7 ' fortunately, the literature indicates inconsistent values for

these parameters so we have estimated valugo60.5 and

2 for MIBK and IPA, respectively; these values correspond
éo a good solvent in the first case and to a nonsolvent in the
second case. These values were then used to estimate the

whereE, is an activation energy, and a constant depend-
ing on the nature of the polymer. The solvent volume frac
tion ¢ is determined by consideration of the thermodynamic
of the swollen gel layer. As explained by Papastal., the
energy gain by the system, through the absorption of the
solvent by the polymer, is counteracted by the increase in
elastic energy through swelling. An equilibrium solvent vol-
ume fraction occurs when these two energies are equal, given

v
by the solution of the following equation: §0'8 ]
=<
Vs ) 2 0.6 1
0=RT|In(¢)+| 1= = |(1=¢)+x(1—= )"+ Vep = ]
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where M. is the critical molecular weight for the polymer | I A SN VAT WA
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and is given by the sharp increase in slope seen in viscosity
versusM plots due to the onset of entanglemeMsandV,
are the molar volumes for the solvent and polymer, respec- Fic. 2. As for Fig. 1, except using dip development at 25 °C.

Dose (microC/cmz)
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Fic. 3. As for Fig. 1, except using dip development at 30 °C. Inset: equilib-
rium polymer volume fractiodequal to - ¢ neglecting the free volume
from the solution of Eq(5) for PMMA. Solvent interaction parameter val-
ues corresponding to the developer compositions are marked by arrows.

equilibrium solvent volume fraction in the polymer for the
different developer compositions based on a volume fraction
weighted value fory in each case.

The continuous lines in Figs. 1, 2, and 3 show the model
predictions, using Eq9.1)—(4), with a correction term for
resist swelling(assumed to be proportional to the equilib-
rium solvent concentration, given by E&) and the solution
for PMMA is shown in the inset in Fig.)3 The degraded
polymer molecular weight was related to the electron beam
exposure dose by the equation given by Greert@iahd the
parameters determined by Monte Carlo modeling. The fric-
tion term was treated as a fitting parameter giving an activa-
tion energy of about 1 eV.

Deviation of the experimental points from the predicted
lines for some conditiongsee Fig. 2 cross¢sat doses ap-

proaching clearance may indicate phase separation which
would contribute to the line edge roughness. The evolution

of graininess within the developing resist is indicated in Fig.

4 where a contrast curve for a thicker layer of resist, dip
developed using 1:3 MIBK:IPA at 25 °C, shows the surface
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Fic. 4. Experimental contrast curves, using dip development for(3®)sor
ultrasonic for 5 g ¢), with 1:3 MIBK:IPA developer at 25 °C. Continuous
curves show the model predictions. Also shown are the root-mean-squal
roughness values measured from AFM images.
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(b)

Fic. 5. (a) Above AFM images (3umXx3 um) and below: height histo-
grams for the dip development shown in Fig. 4 forvi) doses of 275
(20-40, 350 (120—210, 375 (190-290, 400 (250-370, 425 (280-520
and 450uClcn? (285-525, respectively, where the values in brackéts
nm unit9 indicate the histogram height rangewer and upper heights for
50% of the modal value (b) As (a) except for the ultrasonic development
shown in Fig. 4 for(i) and (ii) doses of 400(16—32 and 575uClcn?
(36—63, respectively.

roughness from atomic force microscopFM) measure-
ments. In the case of dip development, the roughness in-
creases with dose, from the unexposed resist value, reaching
a maximum slightly below the dose to clear. Island structures
visible in the AFM images shown in Fig. 5, similarly in-
crease in size with increasing dose. Histograms of the rough-
ness indicate the appearance of two additional peaks, situated
above and below the background roughness. The roughness
@nd island size reflect the radius of gyrati@ependent on

the molecular weight and solvent composition of the devel-
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open, the viscosity of the developing polymer and the development rinse. The size of these regions will also be
amount available for island formation. Samples developedletermined by the radius of gyration and they will occur
with ultrasonic agitation show no change in surface roughpredominately at the edges of features. These phenomena
ness or appearance of island structure, see Fii, fdicat- make a significant contribution to line edge roughness.
ing that the conditions necessary for phase separation are The effect of ultrasonic agitation during development is
frustrated. Ultrasonic agitation also increases the developwofold. First, a reduction in viscosity occurs due to the
ment rate by about 3.5 times, compared to the rate for dighear-thinning effect commonly found in polymer—solvent
development at the same molecular weight, when using anixtures!® and results in more rapid development, particu-
power density of 5.8 10 W/m3. The sensitivity increases larly in the case of narrow features. Second, ultrasonic agi-
approximately linearly with ultrasonic power in this range. tation promotes mixing through the microstreaming effect.
The shorter development time and increased mixing during
IV. DISCUSSION development inhibits the phase separation that leads to line

In nanolithography, the exposed lines in the resist may b&49€ roughness, and reduces the resist swelling and dose
of smaller width than the radius of gyration of the polymer "€duired for complete development, so improving ultimate

molecules in the developer, which depends on the polymerf€solution.

solvent interaction parametey. In consequence, the In conclusion, the lithographic behavior of conventional
polymer—solvent mixture inside such a narrow line may ex1igh molecular weight polymer resist may be understood

hibit an increased viscosity, compared to the value in largelith the aid of a reptation based polymer dissolution model
features, due to restrictions on the degrees of freedom @nd the solubility parameters of the developer components.

motion of the polymer molecule by the close proximity of
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