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A variety of alternative approaches to lithography have been investigated to address the many challenges
currently associated with scaling of feature sizes. One of the more cost-effective techniques has been to
use the intrinsic self-assemblying properties of AB diblock copolymers to make polymer thin films as
nanometer etch masks. A more etch-resistant film can be fabricated through enrichment of domains within
the block copolymer thin films with metals such as silicon. In contrast to previous methods for mineralizing
polymer thin films, we demonstrate here a biomimetic approach for synthesizing two-dimensional silica
nanopatterns at neutral pH and mild temperatures within polystyrgrady-4-vinylpyridine thin films.

We further show that one can employ these benign synthetic conditions to fabricate sub-20 nm features
of phase change materials (PCM) while keeping the PCM film in its amorphous state in order to study
the effect that scaling these materials has on their crystallization temperatures.

Introduction or base catalysts are used in conjunction with the polymer
templates and these are either sequestered within one of the
polymer block domains or introduced in the vapor pHasE.
Because the presence of acids or bases may affect the
roperties of the underlying substrates, their exclusion
om the self-assembly process would greatly facilitate the
use of block copolymer thin films as etch masks. Further-
more, because of the difficulties in confining a catalyst to

With the continual shrinkage of dimensions in microelec-
tronics, there have been numerous efforts to discover novel
cost-effective methods for fabrication in the sub-50 nm
regime. One approach has been to use the self—assemblyin§
properties of block copolymers because of their natural ability r
to phase separate? Thin film morphologies of polystyrene
(l;onttl';\ininghAlB diEIockIcopoFl))g-n:I\rAsl\,AXCISUGdin? polystyérbene- only one of the block domains without diffusion into the

-polymethylmethacrylate ,>8 polystyreneb- X
por;ye);hylen)éoxide (P);S-PE(O)Z and po)lyst)r;rezé)ypolyvi- other, development of a meth().d".[hat dogs not require a
nylpyridine (PSb-PVP)? have been studied in detail in recent  catalyst would enable reproducibility and improve manu-
years. All three families of block copolymers have further- facturing.
more been used as templates to seed silicon and transition Some of the difficulties of using either highly reactive
metal oxide growth selectively within the PMMA, PEO, or precursors or acidic or basic environments can be precluded
PVP domains. The oxide chemistries employed in the PS- by using a biomimetic approach. In nature, biosilicification
b-PMMA and PSbk-PEO systems often use highly reactive has been demonstrated to occur through enzymatic catalysis,
metal halides (SiG) TiCl,) as precursors, which are difficult ~ a process that transpires at neutral pH and ambient conditions
to handle and contrdl:1° When more stable silicon precur-

sors, such as tetraethylorthosilicate (TEOS), are used, acid (9) kim, H.-C.; Jia, X.; Stafford, C. M.; Kim, D. H.; McCarthy, T. J.;
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starting with stable silicon precursors such as TEOSn S

this basis, researchers used block copolypeptides containing

nucleophilic groups in one of the blocks to both catalyze §

silica sok-gel reactions at neutral pH and act as direct

templating agents to produce well-defined silica structéftes.
We demonstrate here that these biomimetic schemes car

also be applied to block copolymer thin films where silicon

alkoxide precursors such as TEOS are delivered to catalytic

sites within the polymer films. Specifically, two-dimensional A

silica nanopatterns were synthesized using thin films of

polystyreneb-poly-4-vinylpyridine (PSk-P4VP) as nano-

patterned catalytic templates to synthesize silica from TEOS

both at neutral pH and selectively within the pyridine

domains. We furthermore show that all of the reactants can

be delivered to the polymer film in the vapor phase, thereby

removing any potential negative effect bulk solvent might

cause, such as polymer delamination from the substrate anc

side sot-gel reactions. In contrast to pu_blished Iitgrgture, Figure 1. (A) Height-mode AFM image of a PSsch-PAVP; e after

we also found that the 4-vinylpyridine units are sufficiently exposure to toluene vapor for 12 h followed by an overnight immersion

nucleophilic to catalyze TEOS hydrolysis and condensation in methanol. (B) Height-mode AFM image of a 88«-b-P4VPsex thin

inless than 4 i Finall, we demonsirate that the mineral- 117, 167 eeing tder hune uopor lewed by eposure o €05

ized silica-polymer films can also be used as patterned Figure 1B.

inorganic-organic bilayer resists for reactive ion etching

(RIE) or ion milling into underlying substrates.

0.0 m

o

Experimental Section

Chemicals and Materials. All PS-b-P4VP copolymers were
purchased from Polymer Source. TEOS (Sigma-Aldrich) was used
as received.

Preparation of PSH-P4VP Thin Films. Dilute solutions (0.5-1
wt %) of PSh-P4VP were solubilized in either filtered toluene or A B
cyclohexanone and spun-coat onto 1 in. silicon wafers. The polymer Figure 2. (A) SEM image of sample shown in Figure 1C after 50 s,CO
films were annealed under toluene vapor at°€0for 12 h. To RIE. (B) Higher-magnification image of sample shown in Figure 1A.
image in height mode by AFM, we either immersed some of the

films in filtered methanol overnight or exposed them to water vapor milled th(_a PCM filmsfor 70 s to reveal a nanopatterned GeSb film
(60 °C) overnight whose dimensions were on the order of 12 nm.

Preparation of Silica—Polymer Composite Films.After char- . .
acterization by AFM, the films were next exposed for variable Results and Discussion
lengths of time (516 h) to TEOS and water vapors. The vapors

were created by placing two 1 mL glass vials with TEOS and water, . o S
respectively, inside a larger glass jar. The films were then placed solutions (0.5-2% wiv) onto UV-ozone-treated 1 in. silicon

in between the TEOS and water vials and the glass jar was thenWafers and solvent-annealed at temperatures ranging from
sealed and placed in a 8@ oven for 5-16 h. After mineralization ~ 25 t0 65°C to promote phase separation and long-range
using the sphere-forming PSP4VP polymer, the polystyrene  order! Spherical PS-P4VP morphologies (RSsk-b-
domains were selectively removed by ©®active ion etching. In P4VPR; k) were annealed under toluene vapor for 12 h and
the cylindrical PS-P4VP systems, the polymers were removed immersed in filtered methanol for another 12 h to promote
after exposure to TEOS and water by heating the samples atchain rearrangement of the poly-4-vinylpyridine chains; this

Thin films of PSh-P4VP were spun cast from dilute

450°C _Un0_|er nitrogen for 2 h. _ _ also allowed characterization by height-mode atomic force
Fabrlcatlng Sub-20 nm Features in PCM Films.Ten nanom- microscopy (AFM) (Figure 1A) The imaged films were then

eter films of diamondlike carbon were first deposited or-20 exposed to TEOS and water vapors at°€Dfor variable

nm sputtered films of amorphous GeSh. Thin films okR&b- lengths of time (416 h).

P4VPB; g« were next spun directly onto the dic films and toluene- . . L L .
annealed for 12 h at 60C. The films were then exposed to TEOS S|m|i§r to the earlier blomlme_tlc silica work using nu-
and water vapor at 66C for 12 h. The polystyrene domains and  cleophilic block copolypeptideX,it was reasoned that the

dic between the silica nanospheres were removed by a 50,s CO 4-Vinylpyridine moieties of P®-P4VP would be sufficiently

RIE treatment. Using the nanopatterned dic as a mask, we ion-catalytic to facilitate the hydrolysis of TEOS at neutral pH.
Because the introduction of solvents can either swell or cause

(20) Cha, J. N.; Shimizu, K.; Zhou, Y.; Christiansen, S. C.; Chmelka, B. delamination of thin polymer films from substrates, both

gé; ggjlck%/ééa. D.; Morse, D. EProc. Natl. Acad. Sci., U.S.A999 TEOS and water were delivered to the polymer surfaces in
(21) Cha, J. N.; Stucky, G. D.; Morse, D. E.; Deming, TNature 200Q the vapor phase. Because polystyrene is highly hydrophobic

403, 289-292. and TEOS hydrolysis and condensation can occur only in
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Figure 3. (A) Height-mode AFM image of a Rgox-b-P4VPi3 2 film after annealing in toluene and water. (B) SEM image of the silica pattern obtained
after exposing the Rgok-b-P4VPi3 2« film to TEOS followed by calcination at 458C. (C) Height-mode AFM image of a B&sk-b-P4VPsek film after
annealing in toluene and water. (D) SEM image of the silica pattern obtained after exposingd¢bePB4VPRss« film to TEOS followed by calcination

at 450°C.

the presence of a catalyst such as 4-vinylpyridine, the sol masks, a single layer of silica nanospheres is desired; this
gel reactions should occur exclusively within the pyridine was achieved by systematically tuning the film thicknesses
domains. As is demonstrated in panels B and C of Figure 1, such that only a single layer of RSP4VP spherical micelles
after exposure of the PIBP4VP films to TEOS and water is obtained on the substrate. It is furthermore well-understood
vapors for 4 h, silica polymerization was clearly visualized for PSh-PVP block copolymers that a brush layer of PS-
by both AFM (Figure 1B) and scanning electron microscopy b-PVP assembles first at the silicon substrate because of
(SEM; Figure 1C). Auger electron spectroscopy quantified PVP’s affinity for the native oxide surface. Because of the
the atomic concentration of silicon in the films to be 22%. presence of this PVP brush layer at the polyrsrbstrate
Height-mode AFM analyses revealed that the spherical P4VPinterface, it is likely that exposing the REP4VP films to
domains had become filled with silica and that the reaction TEOS and water vapor also caused a uniform layer of silica
conditions did not appear to alter the original order or to form at the polymersubstrate interface. Although this
nanostructure of the polymer thin film (Figure 1B). Interest- was not clearly observed by cross-sectional TEM analysis,
ingly, leaving the films under TEOS and water vapor for as the presence of a thin silica layer at the polymsubstrate
long as 24 h did not appear to cause major changes to thanterface may explain the longer lengths of time needed to
overall film quality as well as block copolymer nanopattern. both RIE and ion mill into the underlying substrates, as will
However, leaving the films under TEOS and water vapor be shown later.
for extended periods of time up to 96 h visually showed a  aAg with the sphere-forming polymer, thin films of
significant amount of silica overgrowth on the film. Because cylindrical (PSyocb-P4VPis2) and inverse cylindrical
the synthesis conditions here seem mainly dependent on thqps_,o_SK_b_p4V%6K) morphologies of P®-P4VP block co-
reaction temperatures and the time exposed to TEOS andyolymers were spin-cast onto silicon substrates, solvent-
water vapors, it may be possible to quantifiably control the znnealed under toluene and water, and characterized by AFM
silica synthesis by varying these parameters. (images A and C of Figure 3). The thin films of the
As will be discussed later in more detail, cross-sectional cylindrical and inverse cylindrical forming P$P4VP block
transmission electron microscopy (TEM) of these films copolymers were next exposed to TEOS and water vapors
showed a monolayer of10 nm silica spheres embedded for 5 to 16 h, followed by calcination of the samples at
within the PSb-P4VP micelles; the silicon enrichment of 450°C for 2 h under nitrogen. As opposed to the spherical
the PVP micelles afforded visualization of the PVP domains PSh-P4VP system, because the silica growth in the cylindri-
without the need to prestain the polymer film (Figure 4B). cal and inverse cylindrical films occurred throughout the
After exposing the sphere-forming BSx-b-P4VR; e« thin entire thickness of the P&P4VP film, all of the polymers
films to TEOS and water vapor, we selectively removed the could be removed by calcination, leaving behind silica
polystyrene domains by RIE, producing hexagonal arrays nanopatterns that directly reflected the P4VP morphologies
of silica dots approximately 2015 nm in size. To use such  (images B and D of Figure 3). In the cylindrical PS24VP
sphere-forming organieinorganic nanopatterns as etch thin films, hexagonally packed 50 nm silica posts remained



842 Chem. Mater., Vol. 19, No. 4, 2007 Cha et al.

e B R
.:F‘S GeSb GeSb -
A
r 10 nim

BCP + 5102 l (27 nm |

-

Figure 4. (A) Schematic diagram of the process flow used to fabricate 20 nm features in PCM films. Ten nanometer films of diamondlike carbon (dic) are
first deposited on thin, sputtered films of GeSb. Thin films 0§32 b-P4VP; ek are next spin-coated onto the dic layer, and silica was selectively mineralized

in the poly-4-vinylpyridine domains from TEOS and water vapors. The polystyrene domains and the dic between the silica spheres was then etched for 60
s using a highly directional CQreactive ion etch (RIE) tool (Unaxis), leaving behind nanopillars consisting of oxide and dlc on top of the GeSb layer. The
pattern was next transferred into the PCM film by ion milling with Ar ions (300 eV, VEECO) at 10 degrees for 90 s while the sample was rotated. (B)
Cross-sectional TEM image of a 20 nmd2§-b-P4VR; g film on dic on GeSb after exposure to TEOS. (C) Cross-sectional TEM image of the nanostructured
GeSb layer after ion milling.

after calcination of the polymer (Figure 3B); in the inverse copolymer films to produce sub-20 nm domains of PCM is
cylindrical film, a porous silica template containing ap- very ideal.
proximately 20 nm pores was observed (Figure 3D). To develop a pattern-transfer method for phase-change
One traditional method for using block copolymer thin materials, thin films of the sphere-forming PSP4VP were
films as pattern-transfer masks has been to translate thespin-cast onto 10 nm films of diamondlike carbon (dlc) that
nanometer features into underlying inorganic substrates, suchwas deposited on H20 nm sputtered amorphous germa-
as silicon dioxide or silicon nitridé Another route recently  nium antimony (GeSb) films. GeSb has been shown to be a
demonstrated by Cheng et al. used the silicon-containing promising phase-change material because of its high crystal-
block copolymer, poly(styrenb-ferrocenyldimethylsilane),  lization temperature of250°C with good scaling behavior
where the latter block acted directly as an etch resist to for thin films.23 As before, the polymer films were solvent-
produce magnetic nanopattern arréy/8ve show here that  annealed in toluene and then exposed to TEOS and water
selectively incorporating silica into the pyridine domains of vapors at 60°C. The ability to induce order in the RS-
PSb-P4VP thin films also produces inorgariorganic P4VP thin films using solvent annealing was ideal here
bilayer resists that can be used to etch nanometer featureecause the low temperatures use6@ °C) prevented any
into an underlying substrate. crystallization of the as-sputtered amorphous GeSb thin films.
To demonstrate this application, the silicon-enriched PS- In this way, any effects scaling the GeSb structures below
b-P4VP films were used to pattern high-density sub-20 nm 20 nm might have on the crystallization temperature could
arrays of phase-change materials (PCM) for nonvolatile still be investigated.
memory applications. One of the key fundamental questions  The silicon-enriched micelles of the spherical BS4VP
regarding the use of phase-change materials for devices isilms provided enough etch resistance to RIE that the block
their scaleability and in particular how the feature sizes affect copolymer patterns could be transferred into the dic layer,
the materials’ amorphous to crystallization temperatures. To which in turn could act as a further resist for ion milling
execute these X-ray diffraction studies, we require high- into the underlying GeSb film. Cross-sectional TEM imaging
density nanopatterned arrays of phase-change material largepf the films after TEOS exposure clearly shows the silicon-

than a few millimeters; because obtaining long-range order enriched domains within the two-dimensional BB4VP
is not a prerequisite, using such silica-enriched block

(23) Raoux, S.; Rettner, C. T.; Jordan-Sweet, J.; Deline, V. R.; Philipp, J.
(22) Cheng, J. Y.; Ross, C. A.; Chan, V. Z.-H.; Thomas, E. L.; Lammertink, B.; Lung, H.-L. Proceedings of the European Symposium on Phase
R. G. H.; Vansco, G. JAdv. Mater.2001, 13, 1174-1178. Change and @onic Science2006; pp 127134.
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micelle arrays (Figure 3A). After undergoing RIE for 50 s more, because all of the reactants were delivered in the vapor
followed by ion milling for 70 s, a nanostructured GeSb film phase, any negative effects bulk solvent might have on the
showing 10 nm features was clearly visible by cross-sectional block copolymer films were removed. Finally, we also
TEM (Figures 3B). A more systematic study using various demonstrated that selectively enriching the 4-vinylpyridine
RIE and ion milling times is currently underway to ultimately domains with silicon produced a composite inorganic
produce well-separated high-density sub-20 nm arrays of organic film that can be used as an alternative resist etch
phase-change materials. In summary, we have demonstratednask to produce sub-20 nm features in other materials, such
here the feasibility of using nucleophilic block copolymer as those used for memory applications.

films as biomimetic templates to produce silica nanopatterns
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