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

T. Yamaguchi® 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 (ff@dsvolume holesin

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. @004 American Vacuum Society.

[DOI: 10.1116/1.1736647

[. INTRODUCTION model is based on the fact that the polymer density is slightly
) ) ) ) ) higher inside aggregates than outside them. That means that
Future nanolithography will require the delineation of yeyeloper molecules can penetrate the regions surrounding
dense, very fine patterns less than 10-nm wide. At such smal,e aggregates faster and dissolve them, with the result that
feature sizes, the line-edge roughne€sER) of resist pat-  5qregates appear on the surface. Once the surrounding poly-
terns is a critical issue because it could degrade the resolysars are completely dissolved, aggregates detach from the
tion and linewidth accuracylt is essential to elucidate the surface and float away, even if they themselves cannot be
origin of LER in order to find ways to reduce it. Itis known 1y gissolved. Thus, the existence of polymer aggregates is
that LER is related to factors involving the I|tfl(?graph'c SYS-strongly related to the dissolution process. This suggests that
tem, such as aerial image prgfﬂ%é’,shqt noise, andmask 5 fyrther understanding of the behavior of the polymer ag-
roughnes$;* and also to resist _materlals_ and their deve|0p'gregates during development is necessary for the elucidation
ment. Among these factors, resist materials and the develop; ihe origin of LER. Knowing how aggregates appear on the

ment process are very important because they are surely thesq|tion front during development will tell us how rough-
ultimate origin of LER. The LER of nonchemically amplified oq5 is generated.

resists has been studied with regard to molecular weight, s article examines the relationship between the size of
polydispersity, and the structure of base polyntefsand by developer molecules and the roughness of the dissolution
simulations of the development procedsThough the rela-  font in electron-beam positive-tone resist ZEP520. In addi-
tionship between these factors and LER were demonstrategon, from the results of the dependence of the roughness of
the origin of LER has not yet been definitely clarified. It is’_ the dissolution front on the dissolution rate and exposure
thought that LER is generated through inhomogeneous digjoses, we clarified that the size of developer solvent mol-
solution behavior at the nanometer scale. Therefore, an Unyqjes is a dominant factor in the generation of roughness.
derstanding of the mechanism by which the dissolution proyyg 4150 discuss the origin of the roughness of the dissolution

ceeds is necessary to elucidate its origin. _ _ front in terms of polymer aggregate behavior through devel-
Polymer aggregates, which occur naturally in reS'Stopment.

films,**~?are an important clue to this mechanism. Aggre-
gates form even without prebaking or electron-beam expo-
sure because they can clearly be observed in cross sections/bfEXPERIMENT
resists films before prebaking. According to the model of The resist used was a chain-scission-type positive-tone
aggregate extraction developmént®!® aggregates appear electron-beam resist ZEP52Rippon Zeon, which is a co-
on the surface of exposed resist after development. Thipolymer of methyka-chloroacrylat and a-methylstyrené?
The resist was spin-coated on a wafer to a thickness of 500
dElectronic mail: guchan@NTTBRL.jp nm and baked on a hot plate at 200 °C for 2 min. The resist
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1038 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1038

clearly seen in the figure, the dose to clear decreases as the
size of solvents becomes small. Moreover, solvent molecules

smaller than propyl-acetate make the unexposed regions of

resist films soluble.

Figure Xb) shows the logarithmic plot of the dissolution
rate versus the molecular weight of developer solvent for
various exposure doses. The dissolution rate decreases as the
molecular weightM increases. This means that the dissolu-
tion rate is related to the molecular size of developer. The
relationship between these two quantities can be expressed
empirically by S=k(1/My) #, where k and B are
constant$>~?8 As seen in the figure, the relationship can be
represented by two straight lines with different slopes for the

Normalized resist thickness

Dose (uC)
10*} >0 alkyl-acetate solvents. The exponghjumped from about 6
o to about 14 between ethyl- and propyl-acetate. This rapid

—=—60 change in the slope indicates that the dissolution behavior is

] largely different for acetates larger or smaller than the critical

molecular size corresponding to the bending point. More-

) N over, it is also found that the critical molecular size gradually
10° Ao 4t increases with increasing exposure doses. For example, the
60 70 8090100 200 critical molecular size corresponds to ethyl-acetate for unex-

Molecular weight M . .
posed resist, but to propyl-acetate for the resist exposed at 60

Fic. 1. (a) Contrast curves of ZEP520 films with a thickness of 500 nm for ,uC/sz.

the sevem-alkyl-acetate developers: methyl-acete8, ethyl-acetat€O),

propyl-acetatg A), butyl-acetatgA\), amyl-acetat¢l), hexyl-acetatd[1),

and octyl-acetatéV). Development time was 90 s except for methyl-acetate

(60 9. (b) Dependence of the dissolution rate on the molecular weight ofg  Effect of developer on surface roughness
developer solvents for various exposure doses. of exposed ZEP resists

—
<

T
Methyl
Ethyl
Propyl
Butyl
Amyl
Hexyl,

L

Dissolution rate § (A/min)

The dependence of surface roughness on the size of de-
films were exposed to an electron beam with an acceleratiopeloper molecules was investigated. Figure 2 shows the sur-
voltage of 70 kV. The exposure area was@# square. The face morphology of lightly exposed ZEP resists after devel-
exposed resist was then developed in varioagkyl acetates opment with a homologous series ofalkyl-acetate. As
at 23°C for 5-150 s. All samples were rinsed in 2-propanokhown in the figure, it is clear that surface morphology
for 30 s after development. The remaining film thickness instrongly depends on the kind of developer, or in other words,
exposed regions after development was measured with afe size of the developer. For octyl-acetate, many aggregates
interferomete(Nanospec 210XP, Nanometrjc3he dissolu-  appear on the surface due to aggregate extraction, as we have
tion rate was obtained from a linear slope in the relationshigeported®> For hexyl-acetate, which is our standard devel-
between the amount of dissolution and development timepper used to obtain a high resolution with ZEP residts,
Observation of the morphology of the dissolution front wasmany aggregates also appear. For amyl-acetate, this is simi-
typified by that of the morphology of an exposed region aftelar to what happens witih-hexyl-acetate, except that there
development. The surface morphology of exposed regionare fewer aggregates on the surface. For butyl- and propyl-
was observed with an atomic force microsco®M)  acetate, large undulation appears instead of the aggregates.
(SPI3800/SPA500, Seiko Instruments the dynamic force  This undulation is larger than the size of the aggregates ob-
mode. The scan area wasuin squareg(256x256 pixels for  served on samples developed with larger alkyl-acetates.
all samples. The magnitude of the surface roughness is d#fore interesting is that hardly any aggregates or undulation
fined as the root-mean-squéarens) value (1 o) of the mea-  can be observed for ethyl- and methyl-acetate, indicating that

sured height in the AFM image. aggregate extraction development does not occur with these
two acetates.
lll. RESULTS From these results, surface morphology can be divided to

three typesi(1) a very flat and smooth surface for methyl-
and ethyl-acetatg2) a rough surface with large undulation
for propyl- and butyl-acetate, an@) a rough surface with
The effect of the molecular size of the developer solvenpolymer aggregates 20—30 nm in size for amyl- to octyl-
on the dissolution rate was investigated. A homologous serieacetate.
of n-alkyl acetate between methyl- and octyl-acetate was The exposure dose dependence of surface morphology for
used to vary the size of developer solvent molecules. typical developer solvents of the above three types are shown
Contrast curves of 500-nm-thick ZEP520 films after de-in Fig. 3. For ethyl-acetate, the surface remains very flat
velopment with these solvents are shown in Fi¢p)1As  regardless of the exposure dose. For propyl-acetate, large

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

J. Vac. Sci. Technol. B, Vol. 22, No. 3, May /Jun 2004
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1039 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1039

(c) Propyl acetate

Fic. 2. AFM images of exposed re-
gions of ZEP520 films with a thick-
ness of 500 nm after development with
the sevenn-alkyl-acetate developers:
methyl-acetatd®), ethyl-acetatgO),

D =70 uC, TL=310 nm propyl-acetatgA), butyl-acetatg(A),
amyl-acetate(H), hexyl-acetate([]),
and octyl-acetat€V). For comparison,
AFM images of samples with the same
thickness losqTL) of about 300 nm
are shown. Exposure do$b) and TL
are shown in each image.

tomd

D =100 nC, TL= 270 nm D =120 uC, TL= 240 nm D =210 uC, TL= 320 nm

undulation appears because the dissolution no longer pro- The dependence of surface roughness on exposure dose
ceeds uniformly even at low doses. With increasing dose, théor various alkyl-acetates is summarized in Fig. 4. As ex-
number of undulations decreases and the surface becompscted from the surface morphology shown in Figs. 2 and 3,
smoother. For butyl-acetate, the situation is the same as th&dr methyl- and ethyl-acetate, the roughness is so small and
for propyl-acetate, although the undulation is smaller. Foremains almost constant, regardless of the exposure dose.
amyl-acetate, the number of the aggregates decreases whor other acetates, the roughness increases rapidly until the
increasing exposure doses. Although the surface morphologyickness loss approaches 100—200 nm. This increase is at-
is quite different, a characteristic common to developerdributed to the appearance of aggregates or large undulation
from propyl- to amyl-acetate is that the number of aggregatesn the surface, as shown in Figs. 2 and 3. For propyl- to
or undulations decreases as the exposure dose increases. hexyl-acetate, it is clear that the roughness gradually de-

(a) Ethyl acetate  (b) Propyl acetate  (c) Butyl acetate  (d) Amyl acetate

D=22.5 uC, TL= 100 nm

Fic. 3. AFM images of exposed re-
gions of ZEP520 films with a thick-
ness of 500 nm after development with
four n-alkyl-acetate developers. Expo-
sure dose(D) and TL are shown in
each image.

D= 18 uC, TL= 420 nm D= 42.5 uC, TL= 380 nm D= 75 uC, TL= 450 nm D= 105 uC, TL =370 nm

JVST B - Microelectronics and Nanometer Structures
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Fic. 4. Thickness loss dependence of surface roughness for varialkyl

acetate developers: methyl-acetd®), ethyl-acetate(O), propyl-acetate
(A), butyl-acetate(A), amyl-acetate(l), hexyl-acetate(C]), and octyl-
acetate(V). Exposure dose was converted to thickness loss.

creases after the rapid increase. This decrease corresponds to yya-st?
the decrease in the number of undulations or aggregates on (MaCA)-S2

the surface. On the other hand, octyl-acetate tends to mon
tonically increase.

Figure 5 shows the thickness loss dependence of the cor-

relation length [.) for samples developed with various ac-

Effect of developer molecular size on roughness

1040

TaBLE |. Solubility parameters for a homologous seriesnedlkyl acetate,
monomer, and polymer.

Solubility parameters

[(MP3)"?]
Component dp Sp o S
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)? 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
17.20 3.75 4.75 18.20
17.25 4.15 6.30 18.83
0- 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

etates. The_., which corresponds to the average period of*Each solubility parameter of a compound is assumed to be the average

roughness, can be obtained by a scaling anafjst:apidly

value of each parameter of its component.

increases as thickness loss increases. As expected from the

large undulation shown in Fig. 3, tHe, for propyl-acetate,

bility parameter,s, has three components: nonpoldisper-

whose value is over 100 nm, is much larger than that of th%ion) 8p: polar (permanent dipole—dipole momént.; and
other acetates. This result is evidence that the critical mohydrogén bondings,,. Their relationship is 6t)2:(,5D)2

lecular size is in between ethyl- and propyl-acetate for ZEP+(5P)2+(5H)2_ The degree of compatibility is characterized

resist.

IV. DISCUSSION
A. Dissolution rate

In general, the solubility of a polymer strongly depends
on its thermodynamic compatibility and on penetrability into

the polymer matrix, which is related to the molecular size of

the developer solverit:?2
First, we consider the thermodynamic compatibility. Ther-
modynamic compatibility is associated with interaction be-

tween the structural groups of the polymer and develope

solvent. The three-dimensional solubility parametefsare
widely used for predicting the compatibility. The total solu-

Correlation length Lc (nm)

100 200 300 400
Thickness loss (nm)

0
0 500

Fic. 5. Thickness loss dependence of the correlation lehgtfor various
n-alkyl-acetate developers: methyl-aceté®), ethyl-acetatgO), propyl-
acetate(A), butyl-acetatg /), amyl-acetatg M), hexyl-acetatg(]), octyl-
acetate(V). Exposure dose was converted to thickness loss.

J. Vac. Sci. Technol. B, Vol. 22, No. 3, May /Jun 2004
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by the solubility parameter “distanceR, between solvent
and polymer coordinates in solubility parameter space:
(R)?=4(6p2— 6p1)*+ (8p2— Sp) >+ (S~ Su1)?, Where 1
and 2 indicate solvent and polymer, respectiélyThe
shorter the distanc®, is, the higher the compatibility be-
tween them becomes.

For an evaluation of the compatibility between the base
polymer of ZEP resist and a homologous seriesafikyl-
acetate, their solubility parameters are needed. However, the
solubility parameter of the base polymer of ZEP resist is
unknown. We therefore use the average value of solubility
barameters of polynethylmethacrylate(PMMA) and poly-
styrene (PS) instead. This is because these structures are
similar to the monomer components of the ZEP polymer,
methyla-chloroacrylat¢ (MaCA) and a-methylstyrene
(aMSt).

Solubility parameters of a homologous serienedlkyl-
acetate, polymers and their monomers are shown in Table I.
For n-alkyl-acetate, the value of the polar component in-
creases as the size of alkyl group in ester decreases. For
polymers, the values of the polar and hydrogen bonding
components are larger in PMMA than in PS, as would be
expected from the existence of carboxyl group in PMMA.
Each solubility parameter of copolymefNPMA-St) is as-
sumed to be the average of each value of PMMA and PSt.
The difference in the solubility parameter between the co-
polymer RMMA-St) and the ZEP polymer is expected from
the difference of the solubility parameter of each monomer.
The substitution of a chlorine atom for a methyl group in the

copyright; see http://avspublications.org/jvstb/about/rights_and_permissions



1041 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1041

TasLE Il. Distance Ra between polymer and a homologous seriesatiyl TasLE lll. Calculated VDW volumes of a homologous series reailkyl
acetate. acetate and methyl ester group.
Distance Ra VDW volume®

Component A3
Component RaPMMA) RaP9S R4 P(MMA-St)]

Methyl-acetate 74.4
Methyl-acetate 7.104 12.11 9.128 Ethyl-acetate 91.4
Ethyl-acetate 7.721 11.35 8.885 Propyl-acetate 108.3
Propyl-acetate 9.128 12.49 10.22 Butyl-acetate 125.3
Butyl-acetate 8.958 11.33 9.437 Amyl-acetate 142.2
Amyl-acetate 9.294 11.37 9.625 Hexyl-acetate 159.2
Hexyl-acetate 9.639 11.44 9.830 CH,0CO- 55.5

a/DW radii used for calculation®’ C(1.70 A), H(1.20 A), and G1.52 A).
PCovalent bond length used for calculations: G+64 A), C=C(1.34 A),
a-position of methacrylate leads to the increase of the polarc'H(l'10 A, C-01.43 A, and G-0(1.23 A.
and hydrogen-bonding components. The effect of the substi-
tution of a methyl group for a hydrogen atom in the
a-position of styrene is not clear because only the total solu
bility parameter ofaMSt is known. However, it is obvious

Bondi’'s method”? based on the atomic hard-sphere model. In
this calculation, only the overlapped volume between the
irst nearest neighbor atoms was taken into account. How-

that the value of each component parameter Oif yer it has been reported that this simple method can calcu
-methylstyrene decreases because the value of the tot ! " i
“ YISy te the VDW volume within an error of 10%, although the

solubility parameter decreases. Then, the polar and hydrog f . . :
bonding component of MCA-aMSt would decrease as calculation depends on the VDW radii, bond distances, bond

compared with MrCA-St. Since the effects of the substitu- angles, and molecular geometry us€dhe calculated VDW

tion of a chlorine atom in methacrylate and that of a methylvom.medS .Of_l‘:’l BIO rr:ﬁlogous series walkyl acetate are sum-
group in styrene cancel each other out, it is fair to say thafhanzed in fabie 1.

the solubility parameter of the ZEP polymer is close to that For an estimation of the size of void regions, the reported
of P(MMA-St). Consequently, we use the value ¢MMA- values of polymers resembling ZEP520 were used because
St in place of that of the ZEiD polymer the size of voids regions in ZEP resist polymer itself is un-

The distance Ra between a homologous seriasakyl- known. The sizes of the void regions in PMNfAand PS

acetate and polymers are shown in Table Il. The distance Rlaave been measured by positron annihilation lifetime spec-
between these acetates and PMMA(FRMMA), decreases troscopy. Table IV shows the reported values of the mean
as the size of alkyl group increaséS' on tr,1e other handadius, mean volume, and volume distribution of the void

RaPS) is almost constant regardless of the ester size. As Legions in PMMA and PSt at room temperature. The mean

. ids i %or PMMA and 110 A for
result, R&P(MMA-St)) depends on the ester size as a Whole,V°|ume of voids is a_round 80 #or S
a )) dep PSt. Roughly speaking, the mean volume of the voids in the

reflecting the dependence of ®MMA), but the depen- L
dence is very small. This means that the compatibility beZEP polymer, whose monomer unit is close to that of both

tween FMMA-St), or the ZEP polymer, and acetates be- polymers, is at least between 80. and 110 A
comes slightly higher with decreasing ester size. Based on the above estimation, the dependence of the

So, we consider the relationship between the compatibilg'ssomt'on rate on solvent molecular size is discussed for an

ity and the dissolution rate. The compatibility, [RAVIMA- unexposed region first. As clearly shown in Fig. 1, there is a

SY], does not change rapidly around ethyl-acetate althougﬁritical molecular size of solvent molecules at which the dis-
the dissolution rate decreases with increasing ester size, e%g.h.mon .rate changes drgmatlcally. The reason why there is a
pecially showing a sharp drop around ethyl-acetate, as shomﬁ{'t'cal size can be explained by the relationship between the
in Fig. 1(b). This suggests that the dependence of the disscoiZ€ Of the solvent molecules and the size of voids. The criti-

' ' al size for unexposed films is about the same size as ethyl

lution rate on various alkyl-acetates cannot be explaine& . - L

merely from the viewpoint of thermodynamic compatibility. acetate. Theref.oreZ as shown in Table IV, the critical size is
Second, we consider the penetrability of a developer sol‘:’lboUt 90 &, which is in the expected range of the mean size

vent into a polymer matrix. The penetrability strongly de-

pends both on.the size of void regions in the polymer ”.‘atr'x ABLE IV. Reported values of the mean radius, mean volume, and volume

namely, the size of free-volume hole, and on the size Ofjsyipution of the void regions in polymers at room temperature.

solvent molecules. The dissolution rate decreases as the ma

lecular weight of the solvent increases and hence as solvent Radius  Volume  Distribution
molecules become larger. The relationship between the siZ&Ymer My My/M,  RA)  V(A) vV (A%)
of solvent molecules and that of void regions is the key topmma2 772,600 3.0 2.70 82.4 45-115
understanding the dissolution phenomena. pPst 17,500 1.21 2.92 104 70-150
For an estimation of the size of a solvent molecule, we 479,300 125 2.95 108 70-150

used the volume occupied by a molecule, called the van deggg get. 31
Waals(VDW) volume. The VDW volume was calculated by PSee Ref. 32.

JVST B - Microelectronics and Nanometer Structures
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1042 T. Yamaguchi and H. Namatsu: Effect of developer molecular size on roughness 1042

TaBLE V. Effect of developer size and exposure dose on the dissolution process and surface roughness.

Methyl Ethyl Propyl Butyl Amyl Hexyl Octyl

Developer

Molecular size 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

of voids in the ZEP polymer. Therefore, solvent moleculespends on this relationship. This characteristic will hold even
such as methyl- and ethyl-acetate, not larger than the criticalt the nanometer scale. If the size of the void regions varies
molecular size could easily penetrate the film through thdrom place to place at the nanometer scale, the dissolution
voids near the surface. As long as solvent molecules armte could also be different from place to place. Therefore,
smaller than the voids, the dissolution rate increases witthe exposed region does not dissolve uniformly and then
decreasing molecular size. Therefore, the dissolution rate faurface roughness is generated. As to why the size of void
methyl-acetate is higher than that for ethyl-acetate. On theegions varies, we have already focused on polymer aggre-
other hand, molecules larger than the critical molecular sizegates and proposed the aggregate extraction development
such as butyl-acetate, could hardly penetrate the film. So, th@odel. This model is based on the difference in dissolution
dissolution is strongly suppressed and the dissolution rateate between polymer aggregates and the regions surround-
drops rapidly as solvent molecules become larger. Thereforéng them, which is due to the difference between the size of
the bending point appears in the dependence of the dissolweids in the aggregates and those in surrounding regions. It is
tion rate on solvent molecules. Studies on the dissolution oéxpected that the size of void regions in the aggregates
poly(methylmethacrylate (PMMA) film in alkyl-acetate would distribute mainly in the smaller part of the volume
have also found that propyl-acetate has the critical moleculadistribution of void regions shown in Table IV, whereas the
size?®~28 These results are exactly alike in that there is asize of void regions in surrounding regions would distribute
critical molecular size in the dependence of the dissolutionn the larger part. This model provides a reasonable explana-
rate on the solvent molecular size. It is clear that the limitingtion of the dependence of the surface roughness on solvent
step of dissolution of unexposed films is not thermodynamianolecular size.
compatibility but penetrability of solvent molecules into the ~ As shown in Fig. 2, small solvent molecules, such as
ZEP resist film. methyl- and ethyl-acetate prevent aggregate extraction devel-
Next, the dependence of the dissolution rate for an exepment. That is, since these two acetates are small enough to
posed region is discussed. The ZEP polymer is a chaineasily penetrate deeply into aggregates, it can dissolve them.
scission-type resist, whose imaging mechanism is about th&s a result, hardly any aggregate extraction development oc-
same as that of PMMA. Electron-beam exposure fragmentsurs, and the surface roughness is small. This indicates that
the main chain of a polymer as a result of Norrish type ldissolution proceeds at the molecular level. On the other
a-cleavage of the ester side chain and the subsequeht@nd, since large developer molecules from amyl-acetate to
B-scission reaction. During fragmentation, volatile matteroctyl-acetates are too large to penetrate aggregates, aggregate
(CO, CO,, CHs, etc) evaporates from the resist fifhand  extraction development occurs and the surface becomes
then voids are formed. Therefore, the electron-beam expaough. This explanation means that the dissolution process
sure leads to an increase in the total number of void regionshanges from molecular-level dissolution to aggregate ex-
The size of voids formed after evaporation of the volatiletraction as developer molecules become larger and also that
matter is not less than the size of the ester side chaithe generation of roughness is deeply related to the dissolu-
(CH3;0CO-), whose VDW volume is about 60°AAlthough  tion procesgTable V).
this is smaller than the critical molecular size, the voids coa- The situation for propyl- and butyl-acetate is somewhere
lesce to form larger voids as the exposure dose increaseis. between. The size of these two acetate molecules is com-
Therefore, larger solvent molecules can penetrate the exyarable to the mean size of voids inside aggregates. There-
posed regions. This is why the critical molecular size in-fore, surface morphology no longer shows only the shape of
creases with increasing doses, as shown in Fig. 1. the aggregates. Since the voids have a size distribution in the
polymer matrix, these acetates can easily penetrate regions
with voids that are larger than these acetate molecules,
whereas they cannot readily penetrate those with smaller
The generation of surface roughness can be explained Ryigs. As a result, dissolution occurs in some regions but not
the relationship between the size of developer solvent moly, others. This would explain the appearance of the large
ecules and the size of the void regions. As mentioned aboveydulation on the surface.
the dissolution rate of the exposed resist film strongly de- Finally, we discuss the dependence of surface morphology
on exposure dose. As shown in Fig. 3, the number of the

B. Surface roughness
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