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Abstract. The emergence of immersion lithography as a potential alter-
native for the extension of current lithography tools requires a fundamen-
tal understanding of the interactions between the photoresist and an
immersion liquid such as water. The water concentration depth profile
within the immersed photoresist films is measured with neutron reflecto-
metry. The polymer/substrate interface affects both the water concentra-
tion near the interface and the surface morphology of the film. Immersed
films are not stable (adhesive failure) over the course of hours when
supported on a silicon wafer with a native oxide surface, but are stable
when the substrate is first treated with hexamethyldisilazane (HMDS).
The bulk of the polymer films swells to the equilibrium water concentra-
tion, however, a gradient in water concentration is observed near the
polymer/HMDS substrate interface with a concentration of approximately
17% by volume fraction and extending up to 50 Å into the film. Thus,
polymers that absorb more than this amount exhibit depletion near the
interface, whereas polymers that absorb less exhibit a water excess
layer. These concentration gradients extend approximately 50 Å away
from the interface into the film. As the total film thickness approaches this
length scale, the substrate-induced concentration gradients lead to a
film-thickness-dependent swelling; enhanced or suppressed swelling is
witnessed for the excess or depleted interfacial concentrations, respec-
tively. The substrate also influences the surface morphology of immersed
thin films. The film surface is smooth for the HMDS-treated substrate, but
pin-hole defects with an average radius of 1969 nm are formed in the
films supported on the native oxide substrates. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1861852]
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1 Introduction

The development of immersion lithography is of growin
interest due to the challenges facing the next generation
optical lithography. Immersion lithography enables an
crease in optical resolution without changing the expos
radiation wavelength by introducing a high-refractive-ind
fluid between the optics and the photoresist film.1 For
193-nm immersion lithography, water has been selecte
the high-index fluid due to its optical transparency at
exposure wavelength and compatibility with current p
cessing protocols~aqueous developer, deionized wat
rinse!. However, exposure to water could introduce ad
tional difficulties that are not encountered for dry photo
sists. For example, variations in the water content in a p
toresist film can change the rate of the deprotect
reaction.2 More importantly, it is necessary to understa
the uniformity of the water absorption in the photores
during immersion. Heterogeneities in the concentrat
profile throughout the film thickness could lead to spa
variation in absorbance, nonuniform acid diffusion, lar
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sidewall roughness, or other undesired features. Uniform
of the small molecule additives, such as photoacid gen
tors ~PAGs!, within photoresists remains an issue becau
segregation of material to either interface potentially ca
effects such as undercutting, T-topping, and/or resid
layers.3 Absorbed moisture can increase the mobility
these molecules or extract them from the resist, potenti
exasperating segregation problems. Finally, the immers
of the film may induce defects in the film that could lead
device failure.

The distribution of water within thin polymeric films ha
been studied previously for applications such as adhesi4

electronics packaging,5 and microelectronics.6 In all these
cases, excess water was observed at the polymer/subs
interface. However, these studies involved the absorptio
water vapor into the film. In this paper, we present the fi
direct measure of the water concentration in a model p
toresist using true immersion conditions, where the sam
resides in a liquid environment. The photoresist polym
used in this study are model 248-nm resists, poly~4-
hydroxystyrene! ~PHOSt! and its protected analog, poly~4-
tert-butoxycarbonyl-oxystyrene! ~PBOCSt!. Although these
polymers are not directly used for immersion lithograph
they are well-understood systems and useful for addres

a fundamental understanding of immersion issues.

-1 Jan–Mar 2005/Vol. 4(1)
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Vogt et al.: Water immersion of model photoresists . . .
In this paper, the influence of the silicon wafer substr
on the moisture absorption profiles in and surface morph
ogy of PBOCSt and PHOSt films is explored under bo
immersion~liquid water! and saturated water vapor. Bo
hydrophilic silicon wafers with the native oxide surface a
hydrophobic wafers treated with hexamethyldisilaza
~HMDS! were studied. HMDS is used as an adhesion p
moter in the semiconductor industry to prevent the re
from delaminating from the wafer under the action of t
aqueous base developer. The water distribution norma
the film is probed using neutron reflectivity~NR!. The lat-
eral heterogeneity is probed using an atomic force mic
scope~AFM! through changes in the surface topology
immersion in liquid water. Together these results illustr
several important considerations for immersion lithograp
irrespective of any particular resist and immersion fluid

2 Experiments

The PHOSt (Mr ,n58000 g/mol) used in this study was ob
tained from Triquest.~Certain commercial equipment, in
struments, or materials are identified in this paper to
equately specify the experimental procedure. Su
identification does not imply recommendation or endor
ment by the National Institute of Standard and Technolo
nor does it imply that the materials or equipment are n
essarily the best available for the purpose.! The PBOCSt
was synthesized by protecting the PHOSt via free rad
addition of t-butylene 4-vinylphenyl carbonate to the pa
position of the aromatic ring.7 The films were prepared b
dissolving PHOSt or PBOCSt in propylene glycol meth
ether acetate~PGMEA!, filtering through 0.2-mm-pore-size
solvent-resistant filters and subsequently spin coating o
silicon wafers with either native oxide or HMDS-treate
surfaces. The wafers were prepared by first cleaning in o
gen plasma for approximately 5 min, followed by oxid
etch using buffered HF solution~a 7:1 NH4F:HF ratio by
mass!, and then a thin, uniform oxide layer was regrown
an ultraviolet ozone~UVO! chamber with approximately 3
min of exposure. The films denoted with native oxide s
faces followed this procedure. For HMDS-treated su
strates, the same cleaning procedure was used, but fol
ing the UVO step, the wafers were exposed to control
pressure of HMDS vapor for approximately 3 min
120°C. The water contact angle was found to be
64 deg for the HMDS-treated substrates. The water u
for the immersion was either purified by a MilliQ filtere
system~Millipore Corporation! for AFM measurements o
deuterium oxide~99.9%, Aldrich! for NR measurements
Prior to all measurements, the films were baked at 120
for 2 h under vacuum to remove residual solvent.

The NR measurements were performed at the Cente
Neutron Research~NCNR! on the NG-7 reflectometer a
the National Institute of Standards and Technology~Gaith-
ersburg, Maryland! in the following configuration: wave-
length (l)54.768 Å and wavelength spread (Dl/l)
50.025. The reflectivity was measured with the beam pa
ing through the bottom side of the wafer, rather than the
that may be covered with water. The reflectivity of the film
were measured both in the dry state and after the film
immersed in D2O for greater than 4 h. With HMDS treat
ment, delamination of the films from the silicon substra
013003J. Microlith., Microfab., Microsyst.
l
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was not observed over the course of 12 h. The uncertain
are calculated as the estimated standard deviation of
mean. In the case where the limits are smaller than
plotted symbols, the limits are left out for clarity. Fits of th
reflectivity data are made by a weighted least-squares
gression algorithm.

A Digital Instruments AFM~Dimension 3100! was used
for the AFM measurements. The images were obtained
contact mode using a spring constant of 0.12 N/m2. For the
measurements in water, the sample was immersed in a
large water droplet. A fluid cell was used to protect t
electronics from the liquid environment. Samples were i
aged at 25°C.

3 Results and Discussion

Figure 1 shows the reflectivity profiles~symbols! and cor-
responding fits~lines! for a 15.5-nm-thick PBOCSt film on
a HMDS-treated substrate, both before and after immers
in liquid water. The inset indicates the scattering leng
density~SLD! profiles in terms ofQc

2 ~with units of Å22)
corresponding to the best NR fit. In this inset, the origin
assigned to be at the polymer/substrate interface and
creasing with distance into the resist film. The value ofQc

2

rapidly decreases toQc
250 Å22 or increases toQc

253.3
31024 Å 2, indicating either the dry or immersed in D2O
film surface, respectively. From Fig. 1, the film swells fro

Fig. 1 (a) NR profile for 15.5-nm-thick PBOCSt film before (bottom)
and after (top) immersion in liquid D2O. The profiles are not offset.
(b) SLD profiles as a function of distance from the substrate corre-
sponding to the best fit of the NR profiles for dry (solid) and wet
(dashed) films.
-2 Jan–Mar 2005/Vol. 4(1)



Vogt et al.: Water immersion of model photoresists . . .
Fig. 2 Water concentration profile within PBOCSt films on bare sili-
con (dashed lines) or HMDS-treated surface (solid line) as deter-
mined by NR. The interfacial water concentration is depressed by
the presence of HMDS. The bare silicon data is from Ref. 6.
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Fig. 3 NR results on PBOCSt film show that the (a) film-thickness-
dependent swelling is a result of a (b) thickness-independent excess
layer. The values in (b) correspond to the initial film thickness.
of

unt
oxi-
nd
r is
ur-

cess
er-
ing
ced
e
ell-
ial.
x-
ex-
n in
en
’’
es
n a
ing
erfa-
pro-
the
-
ed
fa-
r

15.5 to 18.1 nm on immersion, as clearly shown from
SLD profile. Note that the SLD in the bulk of the film
increases on absorption, and that this increase beco
more pronounced near the polymer/silicon interface. Th
the immersed data could not be quantified by a single la
of uniform SLD contrary to the dry film. The observe
increase in SLD arises from the absorbed D2O, which has a
significantly higher SLD than the PBOCSt. The volum
fraction of absorbed D2O at any given distance into the film
is a linearly weighted average of the pure component SL
Therefore, these data suggest an excess concentratio
absorbed water near the interface.

Previously, a similar excess was found at the polym
silicon interface for water absorption from the vapor st
into PBOCSt films supported on untreated silicon wafe6

Water accumulation at the silicon oxide interface is n
surprising because the oxide surface is very hydroph
creating a thermodynamic driving force for water to acc
mulate at the surface interface. The HMDS-treated surf
is generally viewed as hydrophobic however~nonwetting
water contact angle of 6964 deg), making the excess wat
accumulation at the surface less obvious.~Note that the
data throughout this paper and the figures are prese
along with the standard uncertainty~6! involved in the
measurement based on one standard deviation.! However,
the water accumulation at the HMDS surface is rationaliz
when realizing that the water contract angle on a p
PBOCSt film is 8362 deg; the HMDS-treated surface
actually more hydrophilic than the PBOCSt polymer. Th
water accumulates at the PBOCSt/substrate interface
the HMDS as well. The water affinity for the HMDS su
face is reduced from native oxide, as expected. This is
illustrated by a comparison of the water concentration p
file in PBOCSt on either the HMDS~solid line! or native
oxide ~dashed line! surface shown in Fig. 2. These conce
tration profiles were determined using the fitted SLD p
files and a rule of mixtures between pure D2O and dry
PBOCSt. Figure 2 shows that the water concentrat
within the bulk of the film is less than 2% by volume
However, near the polymer/substrate interface, there
d

r

t

significant increase in the water concentration. The amo
of excess water at the interface decreases from appr
mately 30 to 17% by volume between the native oxide a
HMDS-treated substrates. This reduced interfacial wate
consistent with the improved adhesion of the HMDS s
face treatment photoresist development.

Excess moisture absorption presumably leads to ex
swelling of the interface. This implies that the excess int
facial water can also be determined indirectly by measur
the film thickness dependence of the moisture-indu
swelling. For relatively thick films, the contribution of th
interfacial excess is negligible and the measured film sw
ing would be close to expected values for the bulk mater
However, deviations from the bulk-like swelling are e
pected as the film thickness approaches the size of the
cess layer. The thickness-dependent absorption is show
Fig. 3~a!. Note that the changes in film thickness have be
converted to a volume fraction by assuming the ‘‘mixing
of the water and the polymer are additive; this facilitat
comparison with the SLD measurements, which are o
per volume basis. As anticipated, the degree of swell
increases as the film thickness decreases due to the int
cial excess. The relative invariance of the water excess
file ~both in magnitude of the excess and thickness of
interfacial layer! with decreasing film thickness was con
firmed with NR, corroborating the notion that the enhanc
swelling with decreasing film thickness reflects the inter
cial excess moisture. Figure 3~b! shows a series of fou
-3 Jan–Mar 2005/Vol. 4(1)
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Vogt et al.: Water immersion of model photoresists . . .
PBOCSt films on the HMDS substrate, ranging in thickne
from 15.4 to 161.9 nm, revealing very similar interfaci
excess regions. Over all four films, the average concen
tion at the interface was determined to be 0.1760.03 by
volume fraction with a width of 40610 Å. In the thickest
film, there was some difficulty fitting the reflectivity profil
because the film thickness approached the instrume
resolution. The water concentration profile of the thick
film, which appears to have substantially less water at
interface, is therefore not as reliable as that of the thin
films; the reduced interfacial excess in the thick film cou
either reflect difficulties in fitting the data or possibly su
face energy variations due the quality of the HMDS co
ing. There is good agreement in the interfacial water dis
bution for the other films, confirming the generality of th
interfacial segregation effect.

Knowledge of an interfacial region of excess moistu
absorption could be extremely important in lithography
other thin film applications. While NR measurements m
be difficult from a logistical perspective, NR is not require
to measure the thickness-dependent swelling behavior.
parent enhancements in the thin film behavior swell
from simple thickness measurements, such as x-ray re
tivity or spectroscopic ellipsometry, appear to be gene
signatures of the phenomenon. However, NR is require
verify and quantify the characteristics and profile of t
excess layer.

Previously, it was found that the water concentration
the interface was independent of the polymer coating
both PHOSt and PBOCSt films on native oxide surface6

The extension of these results to HMDS surfaces is sho
in Fig. 4 with the reflectivity profile and corresponding
for a PHOSt film before and after immersion in liquid w
ter. As seen from the corresponding SLD profile shown
the inset, there is no longer an excess of water at the in
face. In fact, the SLD decreases near the substrate, ind
ing interfacial water depletion. This indicates that the s
face is less hydrophilic than the polymer film. If th
mechanism is correct, there should be a decrease in
extent of water-induced swelling as the total film thickne
is reduced and becomes comparable to the thickness o
interfacial deplete zone. Figure 5 confirms this reduc
swelling in the thin PHOSt films on the more hydrophob
~relative to PHOSt! HMDS substrates.

The moisture absorption of PHOSt from the liquid pha
on the HMDS surfaces reported here is qualitatively v
different from the vapor phase absorption on the silic
oxide substrates reported earlier. For the oxide, enhan
absorption in the thinner films indicates excess water at
interface,6 whereas on HMDS surfaces, the absorption
diminished in the thinnest films. Additionally, the equilib
rium absorption in the thickest films~where interfacial ef-
fects are negligible! is significantly different between th
two data sets. The vapor state leads to an equilibrium
take of 0.06260.011 volume fraction, whereas the liqu
state results in a volume fraction of 0.23660.031. The re-
duced uptake in the saturated vapor in comparison to
immersed liquid could arise from the heat of adsorpt
corresponding to this initial step of by water molecules d
fusing from a vapor into a solid film. The difference b
tween the liquid and saturated vapor swelling in the th
PBOCSt films, however, was within experimental err
013003J. Microlith., Microfab., Microsyst.
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The difference between PHOSt and PBOCSt could be
tributed to strong hydrogen bonds between PHOSt and
ter that are not present within PBOCSt. However, it is i
portant to realize the potential for this discrepancy
immersion applications if the film swelling is an issue; t
swelling associated with the saturated vapor does not n
essarily correspond with the swelling from immersion
the liquid.

Fig. 4 (a) NR profile for 13.6-nm-thick PHOSt film before (bottom)
and after (top) immersion in liquid D2O and (b) SLD profiles corre-
sponding to the best fit of the NR profiles for dry (solid) and wet
(dashed) films.

Fig. 5 Film-thickness-dependent moisture absorption for PHOSt im-
mersed in D2O. Depletion near the polymer/substrate interface
leads to the decrease in absorption for the thinner films.
-4 Jan–Mar 2005/Vol. 4(1)
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Vogt et al.: Water immersion of model photoresists . . .
Quantifying the water concentration depth profi
through the PHOSt film is not as straightforward as in
the PBOCSt case. It is readily understood that the PH
hydroxyl group can exchange its proton with the deuteri
in the D2O, meaning that the SLD no longer increases
cording to simple rule of mixtures. It is not possible
quantitatively extract the water concentration from the
films. In the previous vapor phase work, it was assum
that all the hydroxyl protons exchanged, giving a low
limit on the water concentration that corresponded wel
the average water concentration determined by the
swelling.6 In this case, however, the depletion of water ne
the interface limits the ability for the PHOSt acidic proto
to exchange with D2O, leading to a concentration depletio
near the interface. An additional difficulty is that the SL
difference between the silicon substrate and the deple
layer is small. Nevertheless, the interfacial layer size can
constrained by physical limitations. Despite these pr
lems, qualitatively the existence of water depletion near
HMDS surface is obvious from the NR through results,
evidenced by the decrease in the scattering length den
of the film near the substrate and the reduced swelling w
decreasing film thickness. The depletion layer was found
extend 15 to 50 Å into the film, irrespective of the film
thickness, indicative of a substrate-controlled concen
tion.

To understand this phenomenon, it is helpful to first e
amine the simple, but related HMDS-treated surface in
action with water. The effect of HMDS treatment on th
surface interactions with water has been well studied~see
Ref. 8 and the references therein! with the surface coverag
of the silica surface sterically limited to 2.5mmol/m2.9

This leads to a substantial residual concentration of sur
silanols, which are active site for water adsorption on s
con oxide~see Ref. 8 and references therein and Ref.!.
HMDS leads to a decrease in the available silanol sites
water adsorption. However, due to the incomplete cov
age, the heterogeneous surface is polarized through
variation in charge between the hydrophilic and hydrop
bic regions. The polymer dependence on water depletio
excess at the buried interface is due to the interplay
tween these competing interactions and the water con
tration present in the bulk of the film. For the native oxi
of silicon, approximately 30% by volume of water was l
cated at the interface,4,6 but this excess concentration
decreased here to 0.1760.03 when the surface is modifie
with HMDS. As for the polymer/silicon oxide interface,
appears that the maximum water concentration at the in
face is largely unaffected by the polymer coating. This
difficult to fully confirm due to problems in resolving th
concentration profiles for the immersed PHOSt. Nonet
less, the depletion of water at the interface for PHO
would be expected as the solubility in the bulk ('25%) is
greater than the interfacial concentration (1763%) ob-
served for the PBOCSt.

The concentration gradients near the polymer/subst
interface can potentially limit lithographic resolution. Fro
the NR measurements, the depth profile of the water c
centration was determined as a laterally averaged con
tration in the plane of the film as a function of the distan
from the substrate. The morphology of the excess laye
the lateral dimension, to which NR is largely insensitive,
013003J. Microlith., Microfab., Microsyst.
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also important. An AFM can be used to examine the late
homogeneity of immersed films, but it is sensitive primar
to the top surface. From the NR measurements, only
buried interface is affected by the concentration gradie
However, this buried interface may influence the surfa
morphology. The influence of surface treatment on the s
face morphology during immersion was examined us
two ultrathin PHOSt films ('15 nm), one on HMDS and
the other on native oxide. The AFM micrographs are sho
in Fig. 6 for these PHOSt films. The film on the HMD
surface remains smooth on immersion but holes are
served across the film on the oxide surface. These feat
appear almost instantaneously on immersion and do
appreciably change dimension with time. Dynamics of t
feature formation are not accessible due to the limited sc
ning rate of the AFM cantilever, which limits the time sca
to several minutes. The holes in Fig. 6 are circular with
average diameter of 1969 nm. Prior to immersion, the film
showed no visible defects, as determined by the AFM.
ter immersion, the hole formation is irreversible. Simil
results have been shown for water immersion of polys
rene supported on a silicon substrate where the sur
‘‘blisters.’’ 10 Although the physical mechanism for the fe
ture formation on immersion of the PHOSt films on th
silicon oxide surface is not understood fully, we infer fro
the combination of the NR results and AFM measureme
on different surfaces that these features are associated

Fig. 6 Surface morphology of 8K PHOSt film immersed in water on
native oxide (a) and HMDS-treated (b) substrates. The micrographs
are 535 mm.
-5 Jan–Mar 2005/Vol. 4(1)
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Vogt et al.: Water immersion of model photoresists . . .
excessive water near the polymer/substrate interface.
suggest that these structures result from an in-plane p
separation between water and polymer to create patt
similar to those observed in thin polymer blend films u
dergoing phase separation.11 It is unlikely that the phenom-
enon is a result of dewetting due to the stability of the ho
in time. The displacement of PHOSt from the substrate
water during the phase separation, mediated by the sur
energy of the wafer, could mechanically induce instabilit
in ultrathin films and manifest as irreversible defects in
film. It is, however, important to realize that the holes a
not the source of excess interfacial moisture evidenced
NR. It is true that NR lacks the lateral resolution to det
mine if the interfacial excess is uniformly distributed acro
the film or an average of pockets of pure water~touching
the interface through the holes! and bulk like water in the
rest of the film. Such a mechanism would be inconsist
with the x-ray reflectivity~XR! swelling studies which are
not sensitive to the occasional pin-hole; the enhance sw
ing is indeed uniform laterally across the entire surface

4 Conclusions

The surface treatment of the substrate has a significan
fluence on the water concentration profile and the surf
morphology for PHOSt films immersed in water. The tre
ment of the silicon substrate with HMDS results in
surface-induced water depletion layer for the PHOSt fil
that extends 15 to 50 Å into the film. This water depleti
phenomenon was directly observed from the neutron s
tering length density profile determined by NR. A decrea
in the film swelling with decreasing film thickness wa
found in association with this phenomenon. Conversely,
excess of water near the HMDS/polymer interface was
served for PBOCSt films with a maximum concentration
0.1760.03 by volume and the gradient extends 40610 Å
into the film. Note, however, that the maximum water co
centration near the interface decreased in compariso
that observed for PBOCSt on native silicon oxide from a
proximately 30% for the oxide to 17% for the HMDS
treated surface.6 These different water distributions near th
buried polymer/substrate interface have potential influen
on the processing of these resists through the nonunif
optical constants of the immersed film and the moist
enhanced acid diffusion rate during the postapply bak2

The moisture excess at the interface is especially wo
some as the enhanced acid transport could lead to un
cutting. The free surface morphology of the polymer fi
can also be influenced by the chemical nature of the un
lying substrate. For PHOSt films on HMDS-treated su
strates, immersion in water does not change the sur
morphology. However, if the substrate surface is not mo
fied from the native oxide, defects are observed in the
013003J. Microlith., Microfab., Microsyst.
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mersed film. These defects with an average dimension
1969 nm are not acceptable for the feature sizes ant
pated for structures produced by immersion lithography
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