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ABSTRACT

Soluble metal chalcogenide precursors are used to fabricate arrays of metal chalcogenide nanodots by spin-coating. Nanodots are formed
after thermal decomposition of the precursors, which are collected in patterned nanowell arrays. These arrays are derived from block copolymer
patterns and may consist of the polymer itself or result from etching to transfer the pattern to an inorganic substrate. Etching provides
enhanced control over nanowell shape and the morphology of the resulting metal chalcogenide array.

A wide range of optical, electronic, and catalytic applications sembled block copolymer micell@ or thin film can be
have been demonstrated for inorganic nanopatrticles to takeimpregnated preferentially with an inorganic precursbin
advantage of their diverse size-dependent properties. Syn-each case, the inorganic precursor is limited in two ways.
thesis within the confines of substrate-bound nanoreactorsFirst, the local precursor concentration is limited based on
offers an alternative to solution-phase colloidal synthesis of solubility within the template. Second, reaction temperature
such nanostructurés® Nanoreactor synthesis can be ad- must be kept within the stability range of the organic
vantageous for some applications because the particles argemplate. Owing to these limitations, such soft templating
generated on a substrate, with the possibility of predefined approaches have been most successful for simple and mild
positional order or placement of the particles based on the synthetic methods such as the reduction of metal salts to
structure of the template. However, the common approachelemental nanoparticlés:” While subsequent chemical
of impregnating inorganic precursors into organic domains transformations can be applied to achieve compositionally
poses severe limitations on the synthetic reactions which canmore complex products, the limited stability of the templates
be executed within such nanoreactors. In this work, we remains restrictive. The nanowells reported here, which the
instead convert a block copolymer template to an array of precursor fills based on physical rather than chemical driving
nanowells that can be filled with precursors, leading to high- forces, overcome many limitations of micelle-like nanore-
density arrays of well-separated metal chalcogenide nanodotsgctors. Unlimited concentrations of precursor can be achieved
The nanowells are initially formed in polystyrene but can gpg complex precursors or mixtures can be sequestered in
be transferred to silicon oxide, forming arrays of nanoreactors gne step, simplifying the synthesis of nanostructures with
that are chemically and thermally stable. We demonstrate nore complex compositions. In addition, nanowells derived
the synthesis of uniform nanodot arrays by spin-coating from plock copolymers are on the same size scale as the
single-source precursors into these nanowells, followed by targeted nanoscale particles. As compared to filling larger
thermal decomposition, to form the metal chalcogenide of \ e s with dilute precursor solutiohthis creates improved
choice. Binary or ternary compositions can be achieved in a conirol over size and shape distributions and a greater density
single step. _ _ of nanostructures. Finally, in cases where the polymer walls
Commonly, nanoreactors consist of molecular or dendrim- o 16 nanowells are incompatible with reaction conditions,

eric micelles that sequester an inorganic precursor on they,o nattern can be transferred to many different inorganic
basis of preferential interaction with the center-facing organic substrated0-12

functionality#~® Similarly, one component of a self-as-

Several alternative “top-down” methods can also be used
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scale periodicity, from hundreds of nanometers to microme- [ S | Jresmasen
ters. Finer nanoscale features require either a soft X-ray lightp,
source (extreme ultraviolet or EU¥)or immersion lithog-
raphy with high-energy ultraviolet laser illuminatiénin
contrast, block copolymer nanowells can be prepared with
only a spin-coater and an oven and can be transferred to ar
inorganic substrate with a standard etch tool. Nanoimprint
lithography is capable of generating nearly arbitrary patterns
down to ca. 20 nm (10 nm in exceptional cases) when thed
imprint template is fabricated using electron beam lithog- | ## & S5 8 a8 S & S s e g

raphy*® However, imprinting large areas requires expensive T — RBAEIRE

large area templates and repeated imprinting steps. Large m
areas of 16-20 nm feature size may be patterned simulta-

neously using block copolymers without the need for rigure 1. Synthesis of free-standing GeSbSe nanodot arrays using
expensive templates. When precise positioning of nanoscalea PSb-PMMA template. (a) Scheme of template fabrication
features is required, combining top-down technigues with illustrating self-assembly, selective removal of PMMA, and etching

block copolymer patternirig ultimately offers the greatest to remove the random copolymer layer from the nanowells. (b)

. SEM of a completed PS nanowell template #Ht55°). (¢) SEM
potential for control over the nanowell template pattern and of the nanodot array after template removal. (d) Cross-sectional

therefore over the arrangement of the eventual nanostructureSyright-field TEM of the nanodot array demonstrating size and shape

In this approach, low-resolution lithography dictates the uniformity.
placement and_arrfangement of features while the nanor_‘net%rom a slight overetch of the PMMA-containing random
scale feature size is generated by self-assembly, resulting in

a patterning process that is both inexpensive and scalableCoIOOIymer at the base. The high surface density of the
P gp P GeShSe nanodots facilitated X-ray diffraction characteriza-

Nanowells formed from the block copolymer polystyrene- on of their crystallization temperature, which is reduced in
b-polymethylmethacrylate (PBPMMA) were used as a  comparison to a continuous thin filfiMeanwhile, intimate
template for the synthesis of uniform arrays of ternary metal contact with the substrate and the surfactant-free surface of
chalcogenide nanostructures. GeSbSe alloy films have re-the nanostructures open the possibility of low-resistance
cently been prepared by spin coating a mixture of-Ge electrical contact for further characterization in the future.
and Sb-Se precursors from solution, followed by low- |5 many cases, high temperatures or other process condi-
temperature thermal decomposititfiThis material exhibits  tjons, which are not compatible with organic templates, are
a thermally induced amorphous-crystalline phase transition, required for the synthesis of the targeted or highest quality
which may be useful for advanced memory applications. pnanoparticles. In this case, the nanowell pattern can be
Dense but well-separated arrays of GeShSe nanodots wergansferred to an inorganic substrate, forming a more robust
prepared on silicon substrates patterned with polystyrenegarray of nanoreactors. For this purpose, PS nanowells were
nanowells generated from a RSPMMA film (Figure 1). formed on a ca. 30 nm thick thermally grown silicon oxide
To form the template, a brush layer of PS-PMMA random |ayer on a silicon substrate. The ca. 20 nm diameter
copolymer was first deposited on the silicon surface. Then, nanowells could be etched into the silica with an anisotropic
a layer of block copolymer was spin-coated and annealed toetch based on CHFAr reactive ion etching (RIE} Upon
facilitate self-assembly. The PS block is longer than the spin-coating a solution of GeSe precursor and thermal
PMMA block so that PS forms the matrix. The random decomposition, the silica nanowells were completely filled
copolymer neutralized the interaction of the two components with GeSe and the surface planarized (Figure 2a). By
with the substrate, inducing the PMMA cylinders to orient reducing the concentration of the spin-coating solution, the
vertically in the thin film!° The PMMA can then be displaced  nanowells were again completely filled, but the thickness
by submerging in acetic acid, leaving an array of nanowells of the conformal layer connecting the nanodots was reduced
with a thin layer of random copolymer at their base. Finally, (Figure 2b). A low spin speed was required to slow the drying
this layer was removed with a mild oxygen plasma etch, rate in order to enhance the preference for filling the wells.
opening the wells to the silicon substrate below. The same Hence, nearly isolated nanodots in partially filled wells were
mixed precursor solution used for the deposition of GeSbSe achieved at low concentration and slow spin speeds (Figure
thin films was spin-coated onto the template, filling the 2c). When too fast a spin rate (2500 rpm and above) was
nanowells. Following thermal decomposition of the precur- used with such a low-viscosity solution, rapid drying induced
sors at 180C, the PS template was removed by liftoff, taking instabilities that led to nonuniform coating of the template
any superficial inorganic material with it. The resulting (Figure 2d). Such nonuniformities were never observed for
GeSbSe nanodots have a slightly tapered shape in crossigher viscosity solutions (50 mg/mL or greater) at least up
section (Figure 1d), implying that the template walls have a to spin speeds of 4000 rpm.
slight reverse taper. SEM of the cleaved template (Figure To achieve completely isolated metal chalcogenide nan-
1b) shows some evidence for this shape, which likely results odots, we etched the silicon oxide into broader nanowells,

been used to template nanorings and nanowirelewever, a . .
. . . LAY PMMARGATI PMMA Y
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Figure 3. Isolation of GeSbSe nanodots by controlled dewetting.
(a) SEM of silicon oxide etched into broad wells with sharp walls.
(b) SEM of nanodots in a sharp-walled template (30 mg/mL;
1500 rpm). (c) Tapping mode AFM topography of the same sample.
The sharp walls are artificially broadened by convolution with the
shape of the tip. (d) AFM phase image collected simultaneously
Figure 2. Synthesis of GeSeanodot arrays within silicon oxide ~ with (c). The material contrast between the GeSbSe and the silica
templates. (a) Cross-sectioratontrast TEM of a silica template  reflects the isolation of each nanodot from its neighbor.
completely filled and planarized with GeSesing a 90 mg/mL

precursor solution at a spin speed of 1500 rpm. (b) TEM of a silica however. shows contrast between the barriers and the
template filled with GeSgewith a significant conformal coating '

(50 mg/mL; 4000 rpm). (c) TEM of a partially filled template with nanodots, indicating a difference in interaction of the tip with
minimal conformal coating (25 mg/mL; 1500 rpm). (d) SEM of a €ach region of the surface (Figure 3d). Such contrast is strong
partially filled template with apparent nonuniform dewetting (tilt  evidence for clean silicon oxide barriers, separating isolated
= 45°) (25 mg/mL; 2500 rpm). (e) Bright-field TEM at low  GeSbSe nanodots.

magnification, demonstrating the uniformity of partial filing inthe gy yihegis of metal chalcogenide nanostructures in block
sample captured in (c). Some damage of the silicon substrate due

to overetching is visible as dark contrast in theontrast TEM copolymer-derived nanowells provides a route to uniform,
images (a-c) and as light contrast in the bright-field TEM image ~surfactant-free nanodots arranged in high-density arrays.
(e). Because the nanodots are on the same size scale as the wells,

their spacing and position is closely determined by the
leaving narrow, sharp walls between them. To achieve this template pattern. In addition, block copolymer self-assembled
shape of nanowells, we employed a less selective etch basegatterns can be induced to order over large length s¢afés,
on Sk RIE chemistry® (Figure 3a). In this case, the mixed or to align to lithographically patterned featuféd? 24 so
Ge—Se and SbSe precursor entirely dewetted the barrier that this approach could be directly applied to synthesize
between wells, leading to isolated GeSbSe nanodots withoutmetal chalcogenide nanostructures in predefined arrange-
a liftoff step (Figure 3b). The spin speed and therefore drying ments or locations. Even beyond the binary and ternary metal
rate are the same as in the case of the thin conformal layerchalcogenide structures demonstrated here, this method could
(Figure 2c and e), and concentrations were selected that yieldbe leveraged to make a variety of more complex nanostruc-
blanket films of comparable thickness (around 5 nm), tured materials. First, a wide range of inorganic materials
implying that the solution viscosities are comparable. The can be etched using block copolymer etch masks to serve as
key difference is the shape of the oxide barriers that separatehe matrix materiat!-124Second, the tunable partial filling
adjacent nanowells. The walls in Figure 2c,e are fairly of the nanowells reported here opens the possibility that
narrow, yet the top surface of the oxide remains unetchedvertical heterostructures of multiple metal chalcogenide
and therefore flat, with a very large local radius of curvature. materials could be fabricated within each nanowell, further
In contrast, the oxide film in Figure 3a has been largely expanding the range of functionality that could be achieved
etched away so that the radius of curvature at the top of thein the final nanocomposite film. Considering the generality
remaining walls is below 5 nm. The surface energy cost of of the synthetic approach, from precursor synthesis to
maintaining wetting over these sharp features is too greattemplate filling and decomposition, a very broad range of
and, as the solvent evaporates, the film of solution becomesfunctional nanocomposite materials can be prepared. Em-
discontinuous, wetting only the depressiéh3hese arrays  ploying only the class of single-source precursors used in
were further characterized by tapping mode AFM. The sharp this work, p- and n-type semiconductors with band gaps
walls were broadened through convolution with the shape ranging from the infrared to the ultraviolet could be prepared
of the AFM tip, but the topographic image otherwise echoes in nanodot array® 28 Furthermore, the use of thermally and
the SEM observations (Figure 3c). The phase image, chemically stable silicon oxide templates allows the pos-
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sibility for reactive synthesis to be carried out in the Acknowledgment. We acknowledge assistance with
nanowells. We have therefore demonstrated a generalizedTEM sample preparation and imaging by L. Krupp and T.
method for synthesizing arrays of metal chalcogenide nano-Topuria, some SEM imaging by C. Rettner, and oxygen
structures using block copolymer-derived nanoreactor arrays.plasma etching by M. Hart. Funding was provided by IBM

Preparation of Block Copolymer Nanowell Arrays. and by the Stanford Non-Volatile Memory Technology

Block copolymer nanowell arrays were prepared using PS- Research Initiative (NMTRI).

b-PMMA and PS-PMMA random copolymer from Polymer
Source by a previously described proc&sBriefly, a 1%

(w/w) toluene solution of random copolymer was spin-coated

onto a silicon wafer and annealed for 2 days at A@0then

rinsed to remove excess polymer. Then a 1% toluene solution

of the block copolymer (MW= 67 000 g/mol, 70:30 PS:
PMMA) was spin-coated and annealed at 280to permit
self-assembly. Following development with glacial acetic
acid, the random copolymer was removed with a mild
isotropic oxygen plasma (30 sccn,,B mTorr, 300 mW
ICP).

Preparation of Silicon Oxide Nanowell Arrays. Block

copolymer nanowells were prepared on ca. 30 nm thermally

grown silicon oxide, omitting the final oxygen plasma etch.
The oxide was etched using CEBnd Ar plasmas (typi-
cally: 20 and 5 sccm, respectively, 15 mTorr, 100 W) for
3—4 min utilizing the PS as the etch mask. Finally, the
residual polymer was removed with a 60 min Bdzone
clean.

Broad oxide nanowells were prepared similarly. The oxide
was etched using giplasma (typically: 20 sccm, 15 mTorr,
200 W) for 30-45 s, with the PS serving as the etch mask.
No residual polymer was observed by SEM.

Synthesis of Metal Chalcogenide Nanostructure Arrays.
The Sb-Se and GeSe precursors were synthesized as
previously reported Characterization by thermal gravimet-
ric analysis (TGA) guided the selection of thermal profile

used to decompose them within the nanowell templates. All
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