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Effect of developer molecular size on roughness of dissolution front
in electron-beam resist

T. Yamaguchia) and H. Namatsu
NTT Basic Research Laboratories, NTT Corporation 3-1 Morinosato Wakamiya, Atsugi, Kanagawa
243-0198, Japan

~Received 23 January 2003; accepted 8 March 2004; published 4 May 2004!

This article describes the generation of roughness at the dissolution front of electron-beam
positive-tone resist. The effect of a developer solvent molecule on the surface roughness as well as
on the dissolution rate is investigated from the viewpoint of the size of a solvent molecule. The
relationship between the dissolution rate and solvent molecular size is represented by two straight
lines with different slopes in a homologous series of alkyl acetate solvents. A bending point, which
corresponds to a critical molecular size, exists between ethyl and propyl acetate. This indicates that
the dissolution behavior is largely different between acetates that are larger or smaller than the
critical molecular size. The size of a solvent molecule is the dominant factor determining the degree
of surface roughness. For a solvent molecule larger than the critical molecular size, the roughness
becomes large because polymer aggregates appear on the dissolution front. For a smaller solvent
molecule, on the other hand, no aggregates appeared and the dissolution front is flat and smooth.
The critical molecular size is about the same as the average size of voids~free volume holes! in
resist films. These results indicate that the roughness strongly depends on how a solvent molecule
penetrates the resist film through void regions inhomogeneously distributed in the resist polymer
matrix due to polymer aggregation. ©2004 American Vacuum Society.
@DOI: 10.1116/1.1736647#
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I. INTRODUCTION

Future nanolithography will require the delineation
dense, very fine patterns less than 10-nm wide. At such s
feature sizes, the line-edge roughness~LER! of resist pat-
terns is a critical issue because it could degrade the res
tion and linewidth accuracy.1 It is essential to elucidate th
origin of LER in order to find ways to reduce it. It is know
that LER is related to factors involving the lithographic sy
tem, such as aerial image profiles,2–8 shot noise,9,10and mask
roughness,2,11 and also to resist materials and their develo
ment. Among these factors, resist materials and the deve
ment process are very important because they are surel
ultimate origin of LER. The LER of nonchemically amplifie
resists has been studied with regard to molecular wei
polydispersity, and the structure of base polymers,1,12 and by
simulations of the development process.13 Though the rela-
tionship between these factors and LER were demonstra
the origin of LER has not yet been definitely clarified. It
thought that LER is generated through inhomogeneous
solution behavior at the nanometer scale. Therefore, an
derstanding of the mechanism by which the dissolution p
ceeds is necessary to elucidate its origin.

Polymer aggregates, which occur naturally in res
films,14–20 are an important clue to this mechanism. Agg
gates form even without prebaking or electron-beam ex
sure because they can clearly be observed in cross sectio
resists films before prebaking. According to the model
aggregate extraction development,15,18,19 aggregates appea
on the surface of exposed resist after development. T

a!Electronic mail: guchan@NTTBRL.jp
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model is based on the fact that the polymer density is sligh
higher inside aggregates than outside them. That means
developer molecules can penetrate the regions surroun
the aggregates faster and dissolve them, with the result
aggregates appear on the surface. Once the surrounding
mers are completely dissolved, aggregates detach from
surface and float away, even if they themselves canno
fully dissolved. Thus, the existence of polymer aggregate
strongly related to the dissolution process. This suggests
a further understanding of the behavior of the polymer
gregates during development is necessary for the elucida
of the origin of LER. Knowing how aggregates appear on
dissolution front during development will tell us how roug
ness is generated.

This article examines the relationship between the size
developer molecules and the roughness of the dissolu
front in electron-beam positive-tone resist ZEP520. In ad
tion, from the results of the dependence of the roughnes
the dissolution front on the dissolution rate and expos
doses, we clarified that the size of developer solvent m
ecules is a dominant factor in the generation of roughne
We also discuss the origin of the roughness of the dissolu
front in terms of polymer aggregate behavior through dev
opment.

II. EXPERIMENT

The resist used was a chain-scission-type positive-t
electron-beam resist ZEP520~Nippon Zeon!, which is a co-
polymer of methyl~a-chloroacrylate! anda-methylstyrene.23

The resist was spin-coated on a wafer to a thickness of
nm and baked on a hot plate at 200 °C for 2 min. The re
10374Õ22„3…Õ1037Õ7Õ$19.00 ©2004 American Vacuum Society
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1038 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1038
films were exposed to an electron beam with an accelera
voltage of 70 kV. The exposure area was 24mm square. The
exposed resist was then developed in variousn-alkyl acetates
at 23 °C for 5–150 s. All samples were rinsed in 2-propa
for 30 s after development. The remaining film thickness
exposed regions after development was measured with
interferometer~Nanospec 210XP, Nanometrics!. The dissolu-
tion rate was obtained from a linear slope in the relations
between the amount of dissolution and development ti
Observation of the morphology of the dissolution front w
typified by that of the morphology of an exposed region af
development. The surface morphology of exposed regi
was observed with an atomic force microscope~AFM!
~SPI3800/SPA500, Seiko Instruments! in the dynamic force
mode. The scan area was 1mm square~2563256 pixels! for
all samples. The magnitude of the surface roughness is
fined as the root-mean-square~rms! value ~1 s! of the mea-
sured height in the AFM image.

III. RESULTS

A. Effect of molecular size of developer solvent
on dissolution rate

The effect of the molecular size of the developer solv
on the dissolution rate was investigated. A homologous se
of n-alkyl acetate between methyl- and octyl-acetate w
used to vary the size of developer solvent molecules.

Contrast curves of 500-nm-thick ZEP520 films after d
velopment with these solvents are shown in Fig. 1~a!. As

FIG. 1. ~a! Contrast curves of ZEP520 films with a thickness of 500 nm
the sevenn-alkyl-acetate developers: methyl-acetate~d!, ethyl-acetate~s!,
propyl-acetate~m!, butyl-acetate~n!, amyl-acetate~j!, hexyl-acetate~h!,
and octyl-acetate~,!. Development time was 90 s except for methyl-acet
~60 s!. ~b! Dependence of the dissolution rate on the molecular weigh
developer solvents for various exposure doses.
J. Vac. Sci. Technol. B, Vol. 22, No. 3, May ÕJun 2004
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clearly seen in the figure, the dose to clear decreases a
size of solvents becomes small. Moreover, solvent molec
smaller than propyl-acetate make the unexposed region
resist films soluble.

Figure 1~b! shows the logarithmic plot of the dissolutio
rate versus the molecular weight of developer solvent
various exposure doses. The dissolution rate decreases a
molecular weightMs increases. This means that the disso
tion rate is related to the molecular size of developer. T
relationship between these two quantities can be expre
empirically by S5k(1/Ms)

2b, where k and b are
constants.25–28As seen in the figure, the relationship can
represented by two straight lines with different slopes for
alkyl-acetate solvents. The exponentb jumped from about 6
to about 14 between ethyl- and propyl-acetate. This ra
change in the slope indicates that the dissolution behavio
largely different for acetates larger or smaller than the criti
molecular size corresponding to the bending point. Mo
over, it is also found that the critical molecular size gradua
increases with increasing exposure doses. For example
critical molecular size corresponds to ethyl-acetate for un
posed resist, but to propyl-acetate for the resist exposed a
mC/cm2.

B. Effect of developer on surface roughness
of exposed ZEP resists

The dependence of surface roughness on the size of
veloper molecules was investigated. Figure 2 shows the
face morphology of lightly exposed ZEP resists after dev
opment with a homologous series ofn-alkyl-acetate. As
shown in the figure, it is clear that surface morpholo
strongly depends on the kind of developer, or in other wor
the size of the developer. For octyl-acetate, many aggreg
appear on the surface due to aggregate extraction, as we
reported.15 For hexyl-acetate, which is our standard dev
oper used to obtain a high resolution with ZEP resists24

many aggregates also appear. For amyl-acetate, this is s
lar to what happens withn-hexyl-acetate, except that ther
are fewer aggregates on the surface. For butyl- and pro
acetate, large undulation appears instead of the aggreg
This undulation is larger than the size of the aggregates
served on samples developed with larger alkyl-aceta
More interesting is that hardly any aggregates or undula
can be observed for ethyl- and methyl-acetate, indicating
aggregate extraction development does not occur with th
two acetates.

From these results, surface morphology can be divide
three types:~1! a very flat and smooth surface for methy
and ethyl-acetate,~2! a rough surface with large undulatio
for propyl- and butyl-acetate, and~3! a rough surface with
polymer aggregates 20–30 nm in size for amyl- to oct
acetate.

The exposure dose dependence of surface morpholog
typical developer solvents of the above three types are sh
in Fig. 3. For ethyl-acetate, the surface remains very
regardless of the exposure dose. For propyl-acetate, l

f

r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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1039 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1039
FIG. 2. AFM images of exposed re
gions of ZEP520 films with a thick-
ness of 500 nm after development wit
the sevenn-alkyl-acetate developers
methyl-acetate~d!, ethyl-acetate~s!,
propyl-acetate~m!, butyl-acetate~n!,
amyl-acetate~j!, hexyl-acetate~h!,
and octyl-acetate~,!. For comparison,
AFM images of samples with the sam
thickness loss~TL! of about 300 nm
are shown. Exposure dose~D! and TL
are shown in each image.
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undulation appears because the dissolution no longer
ceeds uniformly even at low doses. With increasing dose,
number of undulations decreases and the surface beco
smoother. For butyl-acetate, the situation is the same as
for propyl-acetate, although the undulation is smaller. F
amyl-acetate, the number of the aggregates decreases
increasing exposure doses. Although the surface morpho
is quite different, a characteristic common to develop
from propyl- to amyl-acetate is that the number of aggrega
or undulations decreases as the exposure dose increase
JVST B - Microelectronics and Nanometer Structures
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The dependence of surface roughness on exposure
for various alkyl-acetates is summarized in Fig. 4. As e
pected from the surface morphology shown in Figs. 2 and
for methyl- and ethyl-acetate, the roughness is so small
remains almost constant, regardless of the exposure d
For other acetates, the roughness increases rapidly unti
thickness loss approaches 100–200 nm. This increase i
tributed to the appearance of aggregates or large undula
on the surface, as shown in Figs. 2 and 3. For propyl-
hexyl-acetate, it is clear that the roughness gradually
-

h
-

FIG. 3. AFM images of exposed re
gions of ZEP520 films with a thick-
ness of 500 nm after development wit
four n-alkyl-acetate developers. Expo
sure dose~D! and TL are shown in
each image.
r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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1040 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1040
creases after the rapid increase. This decrease correspon
the decrease in the number of undulations or aggregate
the surface. On the other hand, octyl-acetate tends to m
tonically increase.

Figure 5 shows the thickness loss dependence of the
relation length (Lc) for samples developed with various a
etates. TheLc , which corresponds to the average period
roughness, can be obtained by a scaling analysis.20 It rapidly
increases as thickness loss increases. As expected from
large undulation shown in Fig. 3, theLc for propyl-acetate,
whose value is over 100 nm, is much larger than that of
other acetates. This result is evidence that the critical m
lecular size is in between ethyl- and propyl-acetate for Z
resist.

IV. DISCUSSION

A. Dissolution rate

In general, the solubility of a polymer strongly depen
on its thermodynamic compatibility and on penetrability in
the polymer matrix, which is related to the molecular size
the developer solvent.21,22

First, we consider the thermodynamic compatibility. Th
modynamic compatibility is associated with interaction b
tween the structural groups of the polymer and develo
solvent. The three-dimensional solubility parameters21,22 are
widely used for predicting the compatibility. The total sol

FIG. 4. Thickness loss dependence of surface roughness for variousn-alkyl
acetate developers: methyl-acetate~d!, ethyl-acetate~s!, propyl-acetate
~m!, butyl-acetate~n!, amyl-acetate~j!, hexyl-acetate~h!, and octyl-
acetate~,!. Exposure dose was converted to thickness loss.

FIG. 5. Thickness loss dependence of the correlation lengthLc for various
n-alkyl-acetate developers: methyl-acetate~d!, ethyl-acetate~s!, propyl-
acetate~m!, butyl-acetate~n!, amyl-acetate~j!, hexyl-acetate~h!, octyl-
acetate~,!. Exposure dose was converted to thickness loss.
J. Vac. Sci. Technol. B, Vol. 22, No. 3, May ÕJun 2004
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bility parameter,d t has three components: nonpolar~disper-
sion! dD ; polar ~permanent dipole–dipole moment! dP; and
hydrogen bondingdH . Their relationship is (d t)

25(dD)2

1(dP)
21(dH)2. The degree of compatibility is characterize

by the solubility parameter ‘‘distance’’Ra between solvent
and polymer coordinates in solubility parameter spa
(Ra)

254(dD22dD1)21(dP22dP1)
21(dH22dH1)2, where 1

and 2 indicate solvent and polymer, respectively.21 The
shorter the distanceRa is, the higher the compatibility be
tween them becomes.

For an evaluation of the compatibility between the ba
polymer of ZEP resist and a homologous series ofn-alkyl-
acetate, their solubility parameters are needed. However
solubility parameter of the base polymer of ZEP resist
unknown. We therefore use the average value of solub
parameters of poly~methylmethacrylate! ~PMMA! and poly-
styrene~PSt! instead. This is because these structures
similar to the monomer components of the ZEP polym
methyl~a-chloroacrylate! ~MaCA! and a-methylstyrene
~aMSt!.

Solubility parameters of a homologous series ofn-alkyl-
acetate, polymers and their monomers are shown in Tab
For n-alkyl-acetate, the value of the polar component
creases as the size of alkyl group in ester decreases.
polymers, the values of the polar and hydrogen bond
components are larger in PMMA than in PS, as would
expected from the existence of carboxyl group in PMM
Each solubility parameter of copolymer P~MMA-St! is as-
sumed to be the average of each value of PMMA and P
The difference in the solubility parameter between the
polymer P~MMA-St! and the ZEP polymer is expected fro
the difference of the solubility parameter of each monom
The substitution of a chlorine atom for a methyl group in t

TABLE I. Solubility parameters for a homologous series ofn-alkyl acetate,
monomer, and polymer.

Component

Solubility parameters
@~MPa!1/2#

dD dP dH d t

Acetate
Methyl-acetate 15.50 7.20 7.60 18.70
Ethyl-acetate 15.80 5.30 7.20 18.15
Propyl-acetate 15.30 4.30 7.60 17.62
Butyl-acetate 15.80 3.70 6.30 17.41
Amyl-acetate 15.80 3.30 6.10 17.26
Hexyl-acetate 15.80 2.90 5.90 17.11

Polymer
P~MMA-St!a 19.96 8.14 5.91 22.35
PMMA 18.64 10.52 7.51 22.68
PS 21.28 5.75 4.30 22.46

Monomer
MMA-Sta 17.20 3.75 4.75 18.20
~MaCA!-Sta 17.25 4.15 6.30 18.83
MMA 15.80 6.50 5.40 17.90
MaCA 15.90 7.30 8.50 19.45
St 18.60 1.00 4.10 19.10
aMSt ¯ ¯ ¯ 17.40

aEach solubility parameter of a compound is assumed to be the ave
value of each parameter of its component.
r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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1041 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1041
a-position of methacrylate leads to the increase of the p
and hydrogen-bonding components. The effect of the sub
tution of a methyl group for a hydrogen atom in th
a-position of styrene is not clear because only the total so
bility parameter ofaMSt is known. However, it is obvious
that the value of each component parameter
a-methylstyrene decreases because the value of the
solubility parameter decreases. Then, the polar and hydro
bonding component of MaCA-aMSt would decrease a
compared with MaCA-St. Since the effects of the substitu
tion of a chlorine atom in methacrylate and that of a met
group in styrene cancel each other out, it is fair to say t
the solubility parameter of the ZEP polymer is close to t
of P~MMA-St!. Consequently, we use the value of P~MMA-
St! in place of that of the ZEP polymer.

The distance Ra between a homologous series ofn-alkyl-
acetate and polymers are shown in Table II. The distance
between these acetates and PMMA, Ra~PMMA!, decreases
as the size of alkyl group increases; on the other ha
Ra~PSt! is almost constant regardless of the ester size. A
result, Ra~P~MMA-St!! depends on the ester size as a who
reflecting the dependence of Ra~PMMA!, but the depen-
dence is very small. This means that the compatibility
tween P~MMA-St!, or the ZEP polymer, and acetates b
comes slightly higher with decreasing ester size.

So, we consider the relationship between the compat
ity and the dissolution rate. The compatibility, Ra@P~MMA-
St!#, does not change rapidly around ethyl-acetate, altho
the dissolution rate decreases with increasing ester size
pecially showing a sharp drop around ethyl-acetate, as sh
in Fig. 1~b!. This suggests that the dependence of the dis
lution rate on various alkyl-acetates cannot be explai
merely from the viewpoint of thermodynamic compatibilit

Second, we consider the penetrability of a developer
vent into a polymer matrix. The penetrability strongly d
pends both on the size of void regions in the polymer mat
namely, the size of free-volume hole, and on the size
solvent molecules. The dissolution rate decreases as the
lecular weight of the solvent increases and hence as sol
molecules become larger. The relationship between the
of solvent molecules and that of void regions is the key
understanding the dissolution phenomena.

For an estimation of the size of a solvent molecule,
used the volume occupied by a molecule, called the van
Waals~VDW! volume. The VDW volume was calculated b

TABLE II. Distance Ra between polymer and a homologous series ofn-alkyl
acetate.

Component

Distance Ra

Ra~PMMA! Ra~PS! Ra@P~MMA-St!#

Methyl-acetate 7.104 12.11 9.128
Ethyl-acetate 7.721 11.35 8.885
Propyl-acetate 9.128 12.49 10.22
Butyl-acetate 8.958 11.33 9.437
Amyl-acetate 9.294 11.37 9.625
Hexyl-acetate 9.639 11.44 9.830
JVST B - Microelectronics and Nanometer Structures
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Bondi’s method,29 based on the atomic hard-sphere model.
this calculation, only the overlapped volume between
first nearest neighbor atoms was taken into account. H
ever, it has been reported that this simple method can ca
late the VDW volume within an error of 10%, although th
calculation depends on the VDW radii, bond distances, b
angles, and molecular geometry used.30 The calculated VDW
volumes of a homologous series ofn-alkyl acetate are sum
marized in Table III.

For an estimation of the size of void regions, the repor
values of polymers resembling ZEP520 were used beca
the size of voids regions in ZEP resist polymer itself is u
known. The sizes of the void regions in PMMA31 and PSt32

have been measured by positron annihilation lifetime sp
troscopy. Table IV shows the reported values of the me
radius, mean volume, and volume distribution of the vo
regions in PMMA and PSt at room temperature. The me
volume of voids is around 80 Å3 for PMMA and 110 Å3 for
PSt. Roughly speaking, the mean volume of the voids in
ZEP polymer, whose monomer unit is close to that of bo
polymers, is at least between 80 and 110 Å3.

Based on the above estimation, the dependence of
dissolution rate on solvent molecular size is discussed fo
unexposed region first. As clearly shown in Fig. 1, there i
critical molecular size of solvent molecules at which the d
solution rate changes dramatically. The reason why there
critical size can be explained by the relationship between
size of the solvent molecules and the size of voids. The c
cal size for unexposed films is about the same size as e
acetate. Therefore, as shown in Table IV, the critical size
about 90 Å3, which is in the expected range of the mean s

TABLE III. Calculated VDW volumes of a homologous series ofn-alkyl
acetate and methyl ester group.

Component
VDW volumea,b

Å3

Methyl-acetate 74.4
Ethyl-acetate 91.4
Propyl-acetate 108.3
Butyl-acetate 125.3
Amyl-acetate 142.2
Hexyl-acetate 159.2
CH3OCO- 55.5

aVDW radii used for calculations:29 C~1.70 Å!, H~1.20 Å!, and O~1.52 Å!.
bCovalent bond length used for calculations: C–C~1.54 Å!, C5C~1.34 Å!,
C–H~1.10 Å!, C–O~1.43 Å!, and C5O~1.23 Å!.

TABLE IV. Reported values of the mean radius, mean volume, and volu
distribution of the void regions in polymers at room temperature.

Polymer Mw Mw /Mn

Radius
R (Å)

Volume
V (Å3)

Distribution
V (Å3)

PMMAa 772,600 3.0 2.70 82.4 45–115
PStb 17,500 1.21 2.92 104 70–150

479,300 1.25 2.95 108 70–150

aSee Ref. 31.
bSee Ref. 32.
r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions



s.

1042 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1042

J. Vac. Sci. Technol

Download
TABLE V. Effect of developer size and exposure dose on the dissolution process and surface roughnes

Developer
Molecular size

Methyl Ethyl Propyl Butyl Amyl Hexyl Octyl

small — large

Exposure dose high — low

Size of voids large — small

Penetrability into aggregates easy intermediate difficult
Dissolution process molecular-level intermediate aggregate extraction
Surface roughness small large large
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of voids in the ZEP polymer. Therefore, solvent molecul
such as methyl- and ethyl-acetate, not larger than the cri
molecular size could easily penetrate the film through
voids near the surface. As long as solvent molecules
smaller than the voids, the dissolution rate increases w
decreasing molecular size. Therefore, the dissolution rate
methyl-acetate is higher than that for ethyl-acetate. On
other hand, molecules larger than the critical molecular s
such as butyl-acetate, could hardly penetrate the film. So
dissolution is strongly suppressed and the dissolution
drops rapidly as solvent molecules become larger. Theref
the bending point appears in the dependence of the diss
tion rate on solvent molecules. Studies on the dissolution
poly~methylmethacrylate! ~PMMA! film in alkyl-acetate
have also found that propyl-acetate has the critical molec
size.26–28 These results are exactly alike in that there is
critical molecular size in the dependence of the dissolut
rate on the solvent molecular size. It is clear that the limit
step of dissolution of unexposed films is not thermodynam
compatibility but penetrability of solvent molecules into th
ZEP resist film.

Next, the dependence of the dissolution rate for an
posed region is discussed. The ZEP polymer is a ch
scission-type resist, whose imaging mechanism is about
same as that of PMMA. Electron-beam exposure fragme
the main chain of a polymer as a result of Norrish type
a-cleavage of the ester side chain and the subseq
b-scission reaction. During fragmentation, volatile mat
~CO, CO2, CH3, etc.! evaporates from the resist film33 and
then voids are formed. Therefore, the electron-beam ex
sure leads to an increase in the total number of void regio
The size of voids formed after evaporation of the volat
matter is not less than the size of the ester side ch
(CH3OCO-), whose VDW volume is about 60 Å3. Although
this is smaller than the critical molecular size, the voids c
lesce to form larger voids as the exposure dose increa
Therefore, larger solvent molecules can penetrate the
posed regions. This is why the critical molecular size
creases with increasing doses, as shown in Fig. 1.

B. Surface roughness

The generation of surface roughness can be explaine
the relationship between the size of developer solvent m
ecules and the size of the void regions. As mentioned ab
the dissolution rate of the exposed resist film strongly
the
. B, Vol. 22, No. 3, May ÕJun 2004
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pends on this relationship. This characteristic will hold ev
at the nanometer scale. If the size of the void regions va
from place to place at the nanometer scale, the dissolu
rate could also be different from place to place. Therefo
the exposed region does not dissolve uniformly and th
surface roughness is generated. As to why the size of v
regions varies, we have already focused on polymer ag
gates and proposed the aggregate extraction develop
model. This model is based on the difference in dissolut
rate between polymer aggregates and the regions surro
ing them, which is due to the difference between the size
voids in the aggregates and those in surrounding regions.
expected that the size of void regions in the aggrega
would distribute mainly in the smaller part of the volum
distribution of void regions shown in Table IV, whereas t
size of void regions in surrounding regions would distribu
in the larger part. This model provides a reasonable expla
tion of the dependence of the surface roughness on sol
molecular size.

As shown in Fig. 2, small solvent molecules, such
methyl- and ethyl-acetate prevent aggregate extraction de
opment. That is, since these two acetates are small enou
easily penetrate deeply into aggregates, it can dissolve th
As a result, hardly any aggregate extraction development
curs, and the surface roughness is small. This indicates
dissolution proceeds at the molecular level. On the ot
hand, since large developer molecules from amyl-acetat
octyl-acetates are too large to penetrate aggregates, aggr
extraction development occurs and the surface beco
rough. This explanation means that the dissolution proc
changes from molecular-level dissolution to aggregate
traction as developer molecules become larger and also
the generation of roughness is deeply related to the diss
tion process~Table V!.

The situation for propyl- and butyl-acetate is somewh
in between. The size of these two acetate molecules is c
parable to the mean size of voids inside aggregates. Th
fore, surface morphology no longer shows only the shape
the aggregates. Since the voids have a size distribution in
polymer matrix, these acetates can easily penetrate reg
with voids that are larger than these acetate molecu
whereas they cannot readily penetrate those with sma
voids. As a result, dissolution occurs in some regions but
in others. This would explain the appearance of the la
undulation on the surface.

Finally, we discuss the dependence of surface morphol
on exposure dose. As shown in Fig. 3, the number of
r copyright; see http://avspublications.org/jvstb/about/rights_and_permissions
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aggregates or undulations appearing on the surface decr
with increasing dose. This behavior can be similarly e
plained from the viewpoint of the relationship between t
size of solvent molecules and that of voids. Void formati
by electron-beam exposure naturally occurs even inside
aggregates. With increasing dose, even large solvent m
ecules like amyl-acetate can penetrate deeply into the ag
gates and dissolve them. The aggregate extraction deve
ment is therefore prevented and the number of the aggreg
decreases. Similarly, the number of large undulations
creases as the exposure dose increases, as shown in F
because of the enlargement of voids inside the undulati
For much larger molecules like octyl-acetate, much hig
exposure doses are needed in order for enough voids t
made for the dissolution of the aggregate itself. Therefo
the number of the aggregates hardly decreases. Actually,
face roughness increases with increasing dose for oc
acetate, as shown in Fig. 4.

V. CONCLUSION

We have clarified the mechanism by which surface rou
ness is generated by considering the relationship betwee
size of developer solvent molecules and the size of vo
inhomogeneously distributed in the polymer matrix due
polymer aggregates. The magnitude of the surface rough
strongly depends on the size of developer molecules and
exposure dose. Even if a resist film contains aggreg
where there are smaller voids than the surrounding regi
solvent molecules smaller than the voids easily penet
both the aggregates and their surroundings and then diss
the film uniformly, resulting in less roughness. On the co
trary, since a solvent molecule larger than the voids can
penetrate the aggregates, aggregate extraction occurs, r
ing in more roughness. As the exposure dose increases
voids in the aggregates becomes larger, which makes ag
gates themselves easier to dissolve, thus reducing su
roughness. These results indicate that it is very importan
understand the relationship between the size of voids du
exposure and development and the size of developer m
ecules to suppress aggregate extraction development
thereby reduce surface roughness of the dissolution front
were unable to find a developer solvent that satisfies
needs for both high contrast and small roughness at the s
time in this study. However, we believe that the control
the size, number, and spatial distribution of void regions
resist films and the selection of an optimum developer s
vent is a promising way to reduce line-edge roughness.
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