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Low-density polymer thin film formation in supercritical carbon dioxide
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We report a method for producing stable low-density polymer films by using supercritical carbon
dioxide (scCQ). Two different molecular weight polystyrene films with various thicknesses were
exposed to scC{along the density fluctuation ridge T phase diagram. The swollen structures
could be then frozen by flash evaporation of L£@ithout forming additional voids. X-ray
reflectivity data clearly showed that exposure to sgGfuld be used to produce uniform
low-density films of about R thick or less, whereR, is radius of polymer gyration. €003
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Increased miniaturization in the electronics industry hasments where the density profile of the vitrified films is mea-
produced a need for highly uniform ultrathin polymer coat-sured directly and correlated with other properties such as
ings with well-controlled optical and dielectric properties. the dielectric constant, index of refraction, and surface glass
Often the thickness of these films is commensurate with aransition.
few radii of gyration R;) of the polymer, and tight clear- Samples consisted of two kinds of hydrogenated poly-
ances impose very strict tolerances on surface roughnessyrene (PS (PS1M,=2.0x10°, PS2M,,=6.5x 10°)

This hlgh degree of confinement therefore makes it d|ff|CU|tW|th g|ass transition temperaturé’g: 100°C. Both po|y-

to satisfy the stringent uniformity requirements if we modify mers were obtained from Polymer Laboratories and their
the electronic properties by standard methods of gas foami”ﬁolydispersity indices were 1.05. Thin films were spun cast
or blending with other polymers or inorganic additives. Heregn HE etched Si substrates and annealedsfa in vacuum

we show an approach for producing stable, uniform, low-q¢ 106 Torr atT=150°C>T _in order to remove residual
density ultrathin polymer films by using supercritical carbong, . ent and spin induced st?ess. The films were then placed
dioxide (scCQ). We demonstrate that this method providesin a high pressure chamber containing s¢C® T=36°C

an efficient and environmentally safe mean for producingandP:S 2 MPa for 2 h, and then quickly depressurized to
materials with variable index of refraction and dielectric Con'atmospheric pressure within 10 s. This condition was chosen

stan;éor erzea(;trlc())rs:csbae%%llck?]t(l)?/\'/’]:.to be a “areen’ medium since they correspond to the density fluctuation ridge in the
Q 9 9 vicinity of the critical point and can be still tuned within

for polymer chemistry or material scientélnfortunately, its the experimental resolution. The XR measurements have

potential benefits have not been fully exploited since only % een carried out at the X108 beamline of the National Syn-

limited class of polymers can be dissolved in scC@®e- ) .
cently, usingin situ neutron reflectivity, we have shown that _chrotron Light Source, Brookhgven National Laboratory us-
ing photon energy of 11 keV, i.e., x-ray wavelendiy of

a wide variety of polymer thin films can swell as much as1 13 A

30%—-60% when exposed to scgWithin a narrow tempera- . h h . file f
ture and pressure regime, known as the “density fluctuation F!gure 1 shows the representative XR profile ora PS1
ridge” 2-* that defines the maximum density fluctuation am-thin film before and after exposure to sc&.dn the figure

plitude in CQ,. Furthermore, we found that thie situ film W€ Plot the scattering intensity(q,), as a function of the
quality, i.e., density, roughness, and film thickness, could b&"omentum transfer normal to the surfacg=4m sind/\
frozen by flash evaporation of GOThis process vitrifies the Where ¢ is the glancing angle of incidence. The dashed line
polymer without formation of micron-sized voids which are In the figure illustrates the shift of the Kiessig fringes to a
known to form in the bulk when scGQs forced under high ~ higher frequency after exposure, which indicates that the
pressures into polymers with which it is immiscibIe. layer has thickened. A three layer model used to obtain the
In this letter, we report x-ray reflectivitgXR) measure-  solid line fits to the data is shown in the ingaf, where we

plot the dispersion§) value in the x-ray refractive index
aAuthor to whom correspondence should be addressed. corresponding to the silicon substrate and the native oxide
bElectronic mail: tkoga@notes.cc.sunysb.edu and the PS layers. The dashed and solid lines correspond to
“Electronic mail: mrafailovich@notes.cc.sunysb.edu the profiles before and after exposure, where we see that the
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FIG. 1. Measured XR beforé]) and after(O) exposure. The solid lines g PS Z(A)
correspond to the best-fit to the data using the dispersion profiles shown in 8 i
the inset(a). The inset(b) shows AFM datdimage size of 1Qum>x10 um, »-S air J
height scale of 0-5 njrfor the exposed film. .g . 3 A
20 500 1000 0 500 1000
= z(A)

initial thickness, Lo=223 A has increased th=275A. 2A)

This corresponds to a linear dilatiorsi=(L—Lg)/Lg FIG. 2. (@) p vs L, for the exposed films: PS@O), PS2(0J). In the inset,
=0.23 which is much larger than the bulk swelling of 0907. Lo/Rq dependence op is shown.(b) Measured XR(O) and refinement
Exarmination of the data also shows that the dilation occurgiol 1% o e ok fozen FELIME 7 of measureds) and cac
without a significant damping of the Kiessig fringes. This is expanded near the surface area is shown.
consistent with the fitting model where we found that the rms
roughness(o) between the polymer and air layers remain .
unchangedo=4.6+0.4 A) before and after exposure. This XR spectra for the PS1 filmLo=930 A, S;=0.10) are
was further confirmed by measuring the x-ray diffuse scatShown in Fig. 2b) where we can see that the data shows a
tering of the films where no change in intensity or deviationPronounced beating pattern. Since we can observe many
from the usual capillary power law dedayas observed be- Ki€ssig fringes, a Fourier transfor(fT) analysis methot
fore and after exposure. These results show that no later¥f@s used to analyze the profile. The FT profile of the spectra
density inhomogeneity larger than the x-ray wavelength an@orresponding to the data in Figi is shown in Fig. 2).'°
less than the coherence length of the x-ray beanum) In this technique the XR and FT data are fitted simulta-
occurs due to exposure in scgOIn order to further check Neously using a dispersion model. The best/ftdid lines in
that large voidg>1 xm) were not present, the surface of the Figs. 4b) and 2c)] were obtained with the model shown in
film was scanned with atomic force microscopdFM) in Fig. 2(d) which consisted of six layers, silicon substrate, na-
series of 106100 m scans across the entire sample surdive oxide, and four different PS layers, based upon the num-
face. A typical scan is shown in the ingé where the sur- ber of the peaks in the FT profile. From the inset of Figl)2
face appears flat and featureless with5 A. Consequently, We can clearly see that a layer about 100 A thick is formed
it is reasonable to conclude that the films exposed tg @O at the polymer/air surface with a reduced density pof
the density fluctuating regime have an excessive amount of 0.83 g/cnt and a relatively sharp interface of about 10 A
the free volume and can be used to produce uniform, lowWith the layers beneath. The subsequent layers also have
density polymer films. In order to determine whether thereduced density, but these layers are more diffuse and decay
decrease in density is a function bf or molecular weight Over a region of approximately 200 A towards a uniform
(M,,), we performed similar measurements on films of dif-layer with the bulk density. This behavior, which was inde-
ferent thicknesses for PS1 and PS2. The results are plotted pgndent of My, was observed in all fims larger than
Fig. 2(a) where we see that the density of PS films can be4—5Rg, and for thickness of at least 200 nm, which are at
decreased from approximately 23% to 13% by varying thethe limit of our XR detection method. Hence, surface modi-
thickness of the film. It is interesting to note that the data carfication through exposure to scG@ppears to be a universal
be collapsed on a universal curve wHepis scaled byRy, phenomenon for all the polymer films regardless of thick-
expressed in terms of the polymerization indék, asR,  ness. This effect had not been previously reported since it
—6.7 AX(N/6)¥2 as shown in the inset of Fig(@. Hence, occurs on a nanometer scale and is difficult to detect when
when confined as a thin film on a surface, thickness as wetnly bulk properties are measured.
as molecular structure influence the density. The density ob- The reduction in density has several consequences re-
tained from then situ S value$*is plotted as a dashed line garding the material properties of the filn{s: A decrease in
in the inset of Fig. 2a), assumed that the polymer chains the density of a film can be correlated to a decrease in its
stretch only in the direction normal to the surfaceand theoptical index of refractionrf;) and dielectric constant. We
total mass is conservédThe fact that the results from the therefore measured the corresponding changes in the elec-
differing experiments are in good agreement indicates that itronic properties of the exposed films by using spectroscopic
the case of PS, rapid sublimation of the gas preservemthe ellipsometry** Figure 3 shows the refractive indices of the
situ dilation of the films. PS2 layers for the unexposeti =2R,) and two exposed
We also exposed films that were much thicker than sizdilms with Ly=1.3R, (S;=0.21) andL,=2R, (S;=0.16).
of polymer chain (&) in order to see whether dilation oc- From the figure we can clearly see that thevalues for the

curred in the absence of direct contacts with the surface. Thexposed films decreased with increasing $evalues over
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In conclusion we have found that exposure to se@D
the P—T range corresponding to a density fluctuation re-
gime, can be used to produce uniform low-density films of
approximately &Ry or less. For filmsy>2R,, a region of
low-density, about B thickness, is produced at the surface

154} ””“mﬂcnn@n:::q: , .
& Am:;m\ that then decays into the bulk. In this study we used PS,

1.52F8 5ol" _ where the miscibility of scC®is low and the dilation is
Eﬁo- & enhanced qnly by a f{;\ctor of 0.2 at the ridge. It is expected
150, i 1 that much higher dilations can be achieved in polymers such

L4sl 70 80 90 100110 | as Teflon and the acry_latés'l?his_ technique can therefore be
L TCO, . exploited to produce high quality films of low dielectric con-
500 600 700 800 stants, variable index of refraction, and enhanced adhesion at
Wavelength (nm) lower temperatures to other surfaces.

FIG. 3. Index of refraction for PS2: befotd) and aftef L,=2R, (O) and . .
Lo=1.3Ry (O)]. In the inset, AX vs T curves for PS2: exposged filmsy Support of this work by the NSF-MRSEC is gratefully

=1R, (O) andL,=6.4R, (A), and unexposed filrtdJ). acknowledged.
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