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In air, or vacuum environments, liquid polystyre(S thin films (thickness,h<<100 nm supported by
SiO,/Si substrates are structurally metastable or unstable, depending on film thickness. They rupture and
eventually form droplets on the Si{B5i substrategsdewe} due to the influence of destabilizing long-ranged
van der Waals dispersion forces. We used scanning force microscopy to examine the structural stability of
liquid PS films in the thickness range 5 rifn<<100 nm in liquid and in supercritical carbon dioxi¢€0,)
environments. All films in this thickness range were metastable; holes developed throughout the films and over
time these holes grew, impinged, and eventually formed droplets. The rate of destabilization is controlled by
three factors: film thickness, temperature, and, @@ssurgwhich dictates C@volume fraction in the filmg
Calculations of the effective interface potentials suggest that the energy barrier for nucleation and growth of
holes in CQ is larger than that in air, and in the limit of vanishingly low PS volume fraction the films should
be stable.
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I. INTRODUCTION tial. Some of the most common representations of these
forces are exponentially decaying functions of the thickness
Liquid and supercritical C@processing of thin polymer h or Lennard-Jones type of potentials.

films has important technological implications. Both liquid In nonpolar films, the long-range forces are normally
and supercritical C@are known to plasticize many poly- taken as dispersive van der Waals forces and as such are
mers, including polystyrengl,2]. In lithographic processes accounted for by the effective Hamaker constanof the
CO, could function as spin-coating solvef8] as well as a system. Hence, for a nonpolar film it is commonplace to
drying agent to prevent collapsing of small feature sizes inwrite the interaction free energy as
photoresist films, a problem associated with the use of or- 5 8
ganic solvents, and in the removal of etch residues from low AG(h) == A(127h7) + b/h®, L)

k dielectrics[4-8|. Moreover, CQ is a viable nontoxic re- \yherep s the strength of the short-range interactions. As
placement for organic solvents in nanopatrticle |mpregnat|0réxpected from Eq(1), the equilibrium morphology depends

of polymers[9] and in the formation of nonporous films ' the initial film thickness. For the specific situation involv-
through foaming[10]. The density and solvent quality of ing PS on SiQY/Si substrates, the form of the van der

supercritical carbon dioxide can be tuned markedly with onlWy/a 15 contribution to the interface potential is modified to
small variations in pressure and/or temperature. Thus, MmOy c|yde the additional interface created by the silicon ox-
est changes in the processing conditions can enable effectiyge layer of thicknesgl,
manipulation of the interfacial, thermodynamic, and trans-
port properties of polymer films. Anir-ps-siq,  Aair-ps-siq ~ Aair-ps-si

An important issue associated with the use of thin poly- AF(h)=- o T 3

, . ) e . rh 127(h +d)

mer films in various applications is the tendency of these
films to exhibit thickness fluctuations at the surface thatThe excess free energy of PS films with air as surrounding
would eventually become unstable, and the film wouldmedium is a combination of a long-range repulsion and an
“break up” into droplets, dewetting. One of the best knownintermediate-range attraction. That is, the Hamaker constant
cases of this phenomenon involves polystyr¢R® films  between the film and the wettable silicon substrate is nega-
supported by silicon substrates with a native oxide layer inive, signifying a long-range van der Waals repulsion. On the
air, or vacuum[11-16. Numerous studie$13,15,17-28  other hand, the positive value of the Hamaker constant be-
propose that the stability, morphology, and dynamics of polytween the nonwettable silicon oxide coating and polystyrene
mer films can be understood in terms of an excess intermds a result of an intermediate-range van der Waals attraction
lecular interaction free energy per unit area, or equivalently25]. The inclusion of short-range interactions, such as Born
an effective interface potentiddG(h) between the external repulsion, leads to the global minimum at a finite thickness,
interfaces(free surface and substrat@oth short- and long-  as illustrated in Fig. 1. This scenario will produce spinodal
range intermolecular interactions are accounted fdr@th).  instability at intermediate thicknesses whéf\G/oh?<0.

The short-range repulsive forces close to the solid surThicker films are stable with respect to a spontangspin-
faces may stem from chain adsorption and compression, aretla) process and dewetting of the films occurs by nucleation
Born repulsion[24]. These forces, however, are often ill de- and growth of holes.
fined and are usually assigned a general analytical represen- Researchers have examined the interplay between long-
tation to capture the effect they have on the interface poterand short-range forces by employing a range of strategies,

(2)
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Opurell, Barnsteadand dried with nitrogen gagvatheson
: Gas Products;>99.999%. The wafers were then soaked in
95% sulfuric acid (Mallinckrodt, analytical grade for
i 30 min, rinsed once more with deionized water and dried.
t The silicon substrates had a native gildyer of approxi-
mately 1.7 nm as measured by spectroscopic ellipsometry
%, (J.A. Woollam Co., Ing. The surfaces of the films were flat
and smooth, exhibiting no topographical features, when spun
from solution. Prior to annealing, the polymer films were
scored to expose the underlying substrate.

The samples were then loaded into a fixed volume cell,

Effective Interface Potential

—— AIir/PS/SiOx/Si . - .

" sl which was subsequently sealed and pressurized with carbon
—=—Air/PS/SiOx L . o .
_______ Air/PS/Si dioxide (Air Products,>99.999% using a manual pressure

generatorHigh-Pressure Equipment Gaand heated to the
desired temperature in a water bath. The pressure was con-
trolled with a strain gauge pressure transdu(®ensoter
calibrated to within +7% 1073 MPa. Vitrification in these
systems is determined by pressure and temperature. We note
that, at the conditions studied, 25 °C, 35 °C, and 50 °C and
FIG. 1. Schematic of the thickness dependent effective interfac&nd a CQ pressure of 31 MPa, all the G&S systems are in
potential of a PS film on an oxide covered silicon substrate, illus-a plasticized statd¢1,2]. The cell was cooled to approxi-
trating long- and short-range contributions. There is a long-rangenately 25 °C and depressurized by venting,G3 a vapor
van der Waals repulsion between the substrate and PS. The dispérom the top of the cell after processing samples for a period
sive attraction between silicon oxide and PS is of intermediateof 120 h. In the process of depressurization and cooling, the
range when the oxide layer in the substrate is thin. A short-rangéilm returns to the glassy state and the morphology of the
repulsion near the solid surface leads to the minimum in the potenfiim is frozen.
tial curve. Some additional samples in the same thickness range
were processed for shorter periods of tigi® and 40 h
including grafting polymer molecules onto the substrate toSince it was observed that the exposure time changed the
form a brush26], varying the thickness of native oxide layer dewetting pattern(the stage of structural evolutipnin
on the substratf27], changing the substraf@Q], or replac- samples otherwise identical, we are able to confirm that the
ing the medium(air) by liquids such as water or ethylene morphology encountered is not an effect of the depressuriza-
glycol [28]. In this paper we are particularly interested in thetion process.
influence of a C@ medium on the stability of liquid PS The samples were probed with Autoprobe CP scanning
films (h<<100 nm) supported by SiQSi substrates force microscopySFM) from Park ScientificEx situimages

Thickness

(CO,/PS/SIQ/S). of the surface morphologies were taken with the SFM oper-
We examined the structural stability of PS films ating in the contact mode. _ _
(5 nm<h<100 nm) supported by SiQJ Si substrates in lig- Finally, contact angles were approximated by taking the

uid and supercritical CQenvironments over a temperature radial cross section of the droplets using SFM. The contact
range from 25 °C to 50 °C. The PS films, which are plasti-angle measurements were obtained from the macroscopic di-
cized in this temperature range, were found to be metastab|€)en5i0ns of the droplets since local forces can distort the
wherein holes nucleated and increased in size. Calculatior®ape in the vicinity of the contact liff@9]. Measurements

of the effective interface for the system suggest that the baiof the drop radius and heightH yield the “macroscopic”

rier to nucleation is higher in CQthan in air and at vanish- contact angle using tat/2=H/r.

ingly small PS volume fractions the films should be stable.
We propose that the kinetics of destabilization are controlled

by three factors: film thickness, G@ressuréwhich dictates Hll. RESULTS
the amount of C@mixed in the film), and temperature. Generally, we found that ultrathin liquid PS films dewet
the substrate at a much more rapid rate than thicker films in
Il. EXPERIMENTAL SECTION CO, environments, which is not unexpected. Liquid PS films

of comparable thickness annealed in vacuum at 130 °C,

Thin films with thicknesses between 5 and 90 nm were30 °C above the glass transition temperature, ruptured and
prepared by spin-coating toluedEM Science solutions of  dewetted completely over similar time scales. At higher tem-
polystyrene (M,,=90 000, M,,/M,=1.04), purchased from peratures the process was more rapid, as one would antici-
Pressure Chemical, onto silicon substrg@msentation 109.  pate.
The silicon wafers(Wafer World Inc) were previously We now describe our data in supercritical £& 50°C.
cleaned by soaking in a 1:dv/w) methanol(EM Scienc¢ ~ SFM images of the topographies of PS films of varying
hydrochloric acid(EM Science solution for 30 min. Subse- thicknesses, processed in €& T=50 °C for 5 dayqCO,
quently, they were rinsed with deionized wat@lAN- density of 0.88 g/cr), are shown in Fig. 2. Holes nucleated
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FIG. 2. Three-dimensional SFM images of the thickness depen-
dent stability of PS films annealed in supercritical S50 °C and
31 MPa, after 120 h. The calculated volume fraction of,@®the films in liquid CO, at 25 °C and 31 MPa after 120 h of annealing.

films is 0.14. Films of thicknes§ =33 nm dewet the substrate. The volume fraction of C@in the films is 0.17. The thinnest film,

Prior to annealing, the polymer films were scored to expose the . . ~ . . : )
underlying substrate, as seen on the film with thickrtes89 nm. with thicknessh=5.8 nm, showed hole formation. Films with thick-

nessh=10 nm showed only the score made prior to annealing.

FIG. 4. SFM images of the thickness dependent stability of PS

in films in the thickness range 22 neh=<33 nm, whereas

the thinner films,h<10 nm, completely dewet, forming energy,kgT. However, there are three other factors to con-

droplets. On the other hand, films b£89 nm show no evi- sider.

dence of rupturing during this period. The PS films are plasticized by G@nd the CQ solubil-
Experiments conducted at=35 °C reveal qualitatively ity increases with decreasing temperature. In fact, thg CO

similar results, as shown by the representative topographiegompressibility is a maximum near 35 °C.

presented in Fig. 3. Samples lof=30 nm annealed at 35 °C Moreover, this phenomenon is film thickness dependent,

(CO, density of 0.94 g/crf) show no signs of rupturing after Where the effect of plasticization increases with decreasing

5 days, while films of thickness<21 nm exhibited signs of film thickness.

dewetting during this period. Finally, with regard to PS films  The shape of the effective interface potential is influenced

annealed in liquid CQat a temperature of 25 °@ensity of by CO, volume fraction, and as we show later, as the,CO

0.97 g/cnd), films thinner than 10 nm ruptured and dewet- volume fraction approaches 1, the system should become

ted, whereas thicker films remained flat and smooth aftethermodynamically stable.

annealing for 120 h, as shown in Fig. 4. In the following section, we calculate the effective inter-
Overall, these results indicate that the kinetics of destabiface potential for these systems and discuss the issues of

lization increased with increasing temperature. Second, thwetting of PS on SiQY Si substrates in air/vacuum and in

thickness range of apparent kinetic stability increased wit{°O, environments. We subsequently discuss the issue of

decreasing temperature. thickness and temperature dependence of the kinetics.
Naively, one might interpret the former statement as an

obvious one, namely, that the kinetics increase with thermal
A. Calculations of the effective interface potential

The van der Waals free energy of interaction per unit area
for the three interface system GS/SiQ/Si has the same
functional form of Eq.(2), but with Hamaker constants of
the film on the oxide layer and on the substratgs .ps sio,

andACOz_pg_Si, respectively,

Aco,-pg-sio, . Aco,-pg-sio, ~ Aco,-Pg-si

AF(h) = -
" 127h? 127(h + d)?

3

FIG. 3. SFM images of the stability of PS films in supercritical 1n€ prime on PS indicates that the sorption of carbon diox-
CO, at 35°C and 31 MPa after 120 h. The approximate volumeide within the film is considered in the calculation of both
fraction of CQ in the films is 0.16. Films ruptured wheh constants.
<21 nm. Thicker filmsh=30 nm, showed only the score made to ~ The following combining relation was used to calculate
monitor changes in thickness with respect to the bare substrate. these nonretarded Hamaker constants:
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I e Tn i i = 8
Agzp= (VA - VA3 (VA — VA9, (4)  aBorn-like repulsion termAG=AF+b/h". The constanb of
- - ) the short-range contribution was estimated by measuring
The values taken for the silicon and silicon oxide constantsgontact angles of PS on the substrate. That is, with the sur-
Asi.si=21.1X107%%J and Asior-sio=5%102%J, agree well  face tension of the polymer, we obtained the values of the
with experimental measurements reported in literaturgree energy at the thicknesses where the minima lie by using

phase, we used a simplification of the Lifshitz theory
AG(hmin)

through which the Hamaker constants of two identical cosf=1+
macroscopic phases interacting across vacuum are given - Yo
by [31],

()

Then, we adjusted the value bfsuch that the value of the
g1-1\% 3hy, (NP-1)? minimum, AG(h,,,), as obtained from minimizing the
e +1 + 16\s"§(nf+ 1)32° 4 Gibbs free energy expression, matched the value calcu-
lated with Eq.(7).
The dielectric constants are 2.55 for R&], 1.518 for CQ The measured contact angle of PS abByevas 28.5+2°,
at 31 MPa and 50 °C, and 1.570 for g@t 31 MPa and over a temperature range of 140 —180 °C. For films annealed
25 °C[33]. The refractive indices are 1.557 for #$2], in CO, at 35°C the average contact angle was 47°+3°,
1.228 for CQ at 31 MPa and 50 °C, and 1.207 for ¢&  while at 50 °C it was 45° +4{in the case of PS films an-
31 MPa and 25 °Q34]. The Lorentz-Lorentz mixing rule nealed in CQat 25 °C it was not possible to measure contact
was used to calculate the refractive indices of the,d3  angles, since no droplet formation was observed in any
mixtures from the pure component indices, assuming ideatamplg. This means that there was no appreciable change in

A= 3/4kT<

mixing, the contact angle between the two temperatures within ex-
2 9 perimental error. Consequently, the contact angle for the cal-

(i =1 _ v (=) ()  culation of the depth of the minima in all GEPS/SIQ/Si
(Nix + 2)° (i +2% systems was fixed to a value of 46°. It is noteworthy that the

wheren; is the refractive index ane, is the volume fraction contact angle_ o_f P.S d.roplets in G@ con§_|derably higher
of component. than 'that in alir, indicating that the_ Wettaplllty of polystyrene
For the purposes of our calculation, we will assume that" ?'O‘/S'hSUbStratei de(r:]reasek? Im E?T:S srt]atEmen]E Ialso
) X T o confirms the notion that the stability of the thick PS films in
the concentration of COin the film is uniform. This is not CO, must be dictated by the dispersive properties of the

an unreasonable assumption since any excess i@@he . . :
vicinity of the interfaces occupies a very narrow region ofzﬂgztgg’ regardless of the short-range interactions with the

thicknesg(~1 nm) compared to the film thickness. The ideal
mixing assumption mentioned before is not entirely accurate
since volume changes of a few percent are expected in these IV. DISCUSSION
systems. However, the influence of the volume expansion on The effective interface potential curves predicted by the
the value of the effective Hamaker constant should be a segg|culations are presented in Fig. 5. As in the case of liquid
ond order effect. The volume fraction of G@ias estimated pgs in air, the curves for the GIPS /SiO,/Si systems at
to be approximately 0.14, 0.16, and 0.17, at 50 °C, 35 °Cgg °C and 25 °C describe metastable films that result from a
and 25 °C, respectively, in each filf85]. combination of dispersive long-range repulsion with shorter-
The refractive indices of the 14 vol% and 17 vol % range attraction. However, in the case of PS in,Cte
CO,/PS mixtures were 1.518 and 1.511, respectively. Bycyryes shift to smaller values bfas the CQ content in the
replacingn with 2 in the mixing rule expression, we esti- fjim is increased. We also observe that the magnitudes of the
mated the dielectric constant of the mixtures to be 2.419 atyaxima in the potential curves of PS in €@nvironments
50 °C, and 2.397 at 25 °C. With the dielectric constants anGre greater than that of PS in vacuum. As the height of the
refractive indices of all the phases in each system, we wergaxima rises with increasing G@ontent, a higher barrier to
in a position to compute their respective Hamaker constantgycleation will be established that effectively opposes dew-
with Eq. (5). Thus, the system at 50 °C and 31 MPa hasetting of the films. Furthermore, the shifts in the effective
Aco,co,=1.44X107%°J and Apg.pg=7.52x107%°J, while  interface potential curves imply that spinodal stability
the system at 25°C and the same pressure A@s.co,  (°AG/dh?>0) of the PS films should be achieved in thinner
=1.73x102°J and Apg pg=7.35X10%°J. These con- regimes when C@acts as a bounding fluid, as illustrated in
stants, along with Eq(4), allowed us to obtain the long- Fig. 6. Unfortunately, we were unable to confirm this obser-
range contribution to the interface potential. At this point, itvation experimentally, since the films that would lie in the
is important to note that the Hamaker constants were alsgpinodal regimes are too thin to form smooth, continuous,
calculated using the complete Lifshitz theory by constructingfilms when spun from solution.
the dielectric response function of each material using refrac- It is important to mention that a wetting layer was experi-
tive index versus. wavelength data. This procedure yieldedhentally observed in all COPS /SiO,/Si systems as seen
similar results as the one described above. in Fig. 7, which confirms the existence of a minimum in the
The repulsive interactions that prevent divergence of thénterface potential. Its thickness, however, is larger than the
dispersive forces whelmapproaches zero were modeled with value ofh,,,, predicted by the calculations.
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------- b. CO,/PS/SIOx/Si, T=25C
— c¢. CO,/PS/SiOx/Si, T=50C
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FIG. 5. The calculated effective interface potential as a function

of film thickness for a model PS film in silicon substrate with & yith respect to film thickness for a PS film on a silicon substrate.

native oxide layer of thicknes$=1.7 nm. Curve(@) represents the  The parameters used to calculate each curve are presented in cap-
case where the bounding fluid is aips.s=—4.87<102°J,  4ionin Fig. 5.

Anirps-siq=2.93X 10720, yps 4;=31 mJ/nf, §=28.5°. In curve

b) the bounding fluid is liquid C@at T=25 °C andP=31 MPa: . . . ) .
,(Ag R 798X 10720 ch02 p? 60=6.63x 10213, $=0.17 that the difference in morphologies of the films at the differ-
- -Si . ' -PS-SiOx— Y- y P—VU. ’

Yosco[41]=8 mI/n?, ¢=46°. Curve () has supercritical ent temperatures should be primarily related to kinetics.
CO2 at T=50 °C and P=31 MPa: Aco pg.5=-3.02X 1020 J, In air or vacuum environments, the kinetics of destabili-
Aco,ps-sio,=7.81x 10721, $=0.14, .ygs_cq[41]:10_5 mJ/m,  Zation should be largely dictated by two parameters: thick-
¢9=46°. The inset presents an enlarged view at small potentialsN€SS, and thermal.energgéT. One can envision that in GO
environments a third parameter may come into play, namely,

Quialitatively, the model suggests that the barrier to nucIe—COZ pressure. More specifically, if the vitrificatidhquid to

ation of holes in PS films in the CCenvironments is larger glassf trans(l;uon preds_surehlﬁgkt_hen_,AP;Zg IS ab!T.ey paran;- h
than that in atmospheric environments. In fact, further in-ﬁrﬁ]rs ql'rhlijsnisesrj(taaig g(%l”tniﬁedlr:ﬁt:‘zsrtr?er g::aail It;é?c::zn of the
creases in the CQOcontent of the film, achieved by increas- ' '

ing the pressure or decreasing the temperature, have the ef-

fect of increasing the magnitude of the maximdwarrien in

the interface potential. In the limiting case where the volume
fraction of PS is negligible, we would effectively have a
layer of pure CQ. Since the Hamaker constant of a
Si/SiQ/CO, system is negative for a wide range of process-
ing conditions, one would expect stability of the Clayer.
Therefore, in principle, one could achieve complete thermo-
dynamic stability if the uptake of carbon dioxide reaches a
critical value WhereAAir_ps/_Siox becomes negative. However,
in practice, it becomes increasingly difficult to augment the
content of CQ because the slope of the sorption isotherms
above the compressibility regime is very smarv].

The model also suggests that the behavior of the films ai
25 °C and 50 °C should be similar, since in reality the dif-
ference in CQ absorption between the two temperatures is
small (approximately 3% That is, identical samples of a
given thickness should exhibit similar morphologies at equi- FiG. 7. 5x5 um SFM image of a 89 nm thick film in super-
librium, regardless of which temperature is chosen to annealitical CO, at 50 °C and 31 MPa, after 120 h. In the image we can
the films. Nevertheless, experimentally we observe an appagiscern between the bare substrate exposed by the scoring made
ent increase in the structural stability of the samples in therior to annealing, and the wetting layer that has ruptured and
time scale of our experiments. We are therefore led to believesrmed droplets.

OFTTITTITITIT[TITTTITITT
o by byl iy

FIG. 6. Second derivative of the effective interface potential
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0@ T rrrrrrrrrrrrrrrrTrl TABLE I. To the left, the pressures at which the films become
N plasticized are shown for different temperatures. To the right, the
> pressures beyonBy at which films are processed are shown for

* AN liquid different temperatures.
\ s -M- Condo Bulk

80 N ~
‘o . -®- h~17nm h(nm) Py(MPa) AP(MPa)

N > 25°C 35°C 650°C 25°C 35°C 650°C

T(C)

60 N AN 5.5 0.9 1.2 1.0 301 298 300
N ) 10 2.2 3.1 24 288 280 286

Q Y 20 35 4.3 3.6 275 267 274

\ \ 30 4.0 4.6 40 270 264 270

40 N v
'Y s 90 4.8 5.2 4.5 26.2 25.8 26.5
o
’

[
o L B L L ent thicknesses and at isotherms of 25, 35, 50, and 75 °C. A
2 4 6 8 10 representative curve of their data at a thickness of 17 nm is
P (MPa) presented in Fig. 8. ThBy thickness dependence was fitted

to a modified version of the empirical equation proposed by
FIG. 8. Vitrification envelope for a PS thin film with a thickness Keddie[38],

of h=17 nm(circles and for bulk P§Condo and co-workergl]
are shown h(ere. Films outside the relevant envelope are plas)ticized Pg(h) = Pgbulk[l - (A/hﬁ)]' (8

(liquid). The lines drawn through the data are guides to the eye. with adjustable parametess and 8. The equation describes

It is well established that th, of a polymer film exhibits the Py versus film thickness data for PS, at our experimental

a thickness dependence under atmospheric environmerigotherms and film thicknessee Table), reasonably well.
when the thickness is sufficiently smgB8—44. In a similar As mentioned before, the kinetics of destabilization of the

fashion, the CQ pressure at which devitrification of a poly- films are determined by the G(ressure, the temperature,

mer film occurs,P,, has also been found to be thicknessa@nd the film thickness. From Table | we see thd? de-
dependent. Specifically, it has been found that lower, COCréases with increasing film thickness. Hence, in addition to
pressures are required to plasticize thinner fil#s). This  the disjoining pressure, the increasidg with decreasing
dependence can be rationalized in terms of the effectivlilm thickness contributes to an increase in destabilization
amount of CQ in the film, which is responsible for the plas- kinetics. ,

ticization of the polymer. For several polymers, like poly- It is interesting to note that there should be an enhance-

(dimethylsiloxang (PDMS) and PS, there exists an enhance-ment of the kinetics of destabilization at lower temperatures
ment of CQ sorption [42,43 in thin films due mainly to due to the increased solubility of G@t these conditions that

excess CQ at the boundaries. As the thickness of a film leads to lower viscosity of the films. On the other hand, the

decreases, the effect of the boundaries on the overall contefficréased solubility at lower temperatures also helps in sta-

of CO, becomes more pronounced and a decrease dPghe bilizing the films towards hole formation, as suggested by
relative to the bulk can be observed. calculations. Despite these two effects, it appears in this case

In addition, bulk and thin film systems may exhibit atypi- that temperature has a larger impact on the destabilization
cal vitrification effects under CQenvironments. Some poly- kinetics, with the largest kinetics observed at the highest
mers, like polymethylmethacrylate(PMMA), undergo the (emperature 50°C.. . o
expected vitrification when decreasing the temperature iso- e can get some insight into the relative contributions of
barically, due to loss of configurational entropy. However,the effects of CQvolume fraction compared to that of tem-
upon further cooling, they devitrify because of the increasé®@rature. This can be accomplished using a model developed
in the solubility of CQ with decreasing temperature at a Py Chow[43] to predict the depression g due to sorption
given pressurgl]. The phenomenon is known as retrogradebPy @ 9as. The model predicts that

vitrification, and it is characterized by a vitrification enve In g = B[(1-6)In(L-6)+61n 6],
lope below a maximum pressure on a pressure versus tem- Ty(Weo, = 0)
. . . 2
perature plot, as seen in Fig. 8. It has been observed in bulk
and thin film PMMA and polyethylmethacrylate(PEMA),
but does not occur in bulk PS. Recent experimental work, 9= Weo, 9)
however, has shown that retrograde vitrification does indeed 1-weo, ’

occur in thin film PS systems. A detailed account of these

results and their implications can be found in the work ofwherewco, is the weight fraction of CQ and parameterg

Pham[44]. and « are constants that depend on the polymer and the gas.
In the aforementioned work, measurements of theValues of and« used to calculate th&, depression were

CO,-induced devitrification of PS were performed at differ- taken from the literaturg¢46] (8=0.635 anda=0.972 for
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CO, sorption in PS. We now proceed by considering theof the polymer on the substrate in G®nvironments. Esti-
thick films, where Ty is independent of thicknesgh mates of the effective interface potentials suggest that a
~90 nm). At temperatures of 50, 35, and 25 °C the thick higher barrier to nucleation exists in the €énvironments
films should be approximately 30, 27, and 24 °C above theithan in air. In fact, at vanishingly small PS volume fractions
T, respectively. According to this model a thinner film, of in the films, the film should become stable.
h=14 nm, should be 43, 39, and 35 °C aboveTjjsat 50, 35 In air, increasing the thermal energy of a system results in
and 25 °C, respectively. The observed increasing kineticécreased kinetics of destabilization. However, in liquid and
with increasing temperature is consistent with the notion thain supercritical CQ environments, competing factors control
the effective viscosities should decrease as the temperatuéestabilization of the film. The decreased Lédlubility at
increases above thEg,. high temperatures causes slower destabilization kinetics, but
It is clear from the aforementioned that PS films can beaugments the stability of the film because of an increase in
processed at low temperatures compared to those requiréde effective barrier to nucleation. On the other hand, in-
for processing in air. In fact, to achieve the same conditiongreases in thermal energy lead to faster kinetics as the vis-
in air (or vacuun), our estimates suggest that the experi-cosity of the film decreases. Thus, there is a delicate inter-
ments would have to be conducted between 130 °C anglay between effects due to G@orption, and those due to
140°C, where they are at comparable temperature differencégmperature. In this case the effects of temperature control
above theirT,’s. the kinetics of destabilization of the PS films.
In any event, it is clear that the morphological structures
V. CONCLUSIONS observed in CQ are similar to those in air. However, the
main advantage of processing PS in £@at films can be
We showed that thin liquid PS filméh<100 nm sup-  processed at much lower temperatures with similar results.
ported by SiQ/Si substrates in liquid and in supercritical

CO, (_anvironments are metastable. Holes nucleate throughout ACKNOWLEDGMENTS
the films, grow, and eventually form droplets on the sub-
strate. The contact angle of the PS droplets in, @@viron- This work was supported by the National Science Foun-
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