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ABSTRACT

A new methodology has been used to create an extensive array of nanometer-sized features. The Ar* milling of Si/SiO, and gold surfaces
covered with a diblock copolymer mask with an intrinsic topological nanopattern yields transfer of the nanopattern. Mask removal was tracked
using XPS, and the final arrays were characterized by AFM and LFM. Friction contrast observed throughout the transferred pattern is associated
with a surface water layer.

The micromachining of materials with features in the 0.1 pattern-forming materials have been used as masks for the
nm to 100 nm rangdes of great interest for use in electronic  creation of surface nanostructures. Mo and co-workers
devices’ sensors (optical, pressure, electronic, €t and have shown that block copolymer reverse micelles deposited
separation science. Despite advances in lithography, it on a surface self-order and can be selectively derivatized to
remains extremely difficult and expensive to realize nano- provide etch contrasgf'® Register, Chaikin, and co-
meter-sized structures in an efficient and parallel process.workerd’-1? have been able to exploit the selective reactivity
Mask-based lithographic techniques, while being an entry of one component of a block copolymer mask (i.e., poly-
into the parallel fabrication of features, face considerable putadiene domains in polystyrene matrices) to yield a
challenges involving the interplay of the Rayleigh limit of versatile nanoscale mask system. Both these approaches rely
the impinging etch beanht, e”) and the chemical demands  on the mask having an intrinsic chemical pattern, whereupon
of the mask. These problems are compounded by thefollow-up chemical reactiviti?~2° yields the desired topo-
difficulty in creating a mask with the desired nanometer |ogical features in the mask. One variation involves using a
features in the first instance. Given these challenges, we haveyipjock copolymer that has intrinsic etch contréisEransfer
explored the use of self-organizing polymer monolayers as of these features then involves ion milling or reactive ion
a sacrificial etch mask. Building on our experience with the etching technologies. A more desirable configuration, which
phenomenon of 2D self-ordered arrays of self-assembledggsentially eliminates a step in the fabrication process of the
diblock copolymers, 4 we describe here a methodology in  yansferred pattern, is one where a mask with intrinsic
which a polymer film with an intrinsic topological pattern  y,q0gical contrast is used as a sacrificial mask in a
serves as a mask in the (nano)machining of SiS&I0,, chemicallyunselective etch process. Such a configuration
and gold surfaces._ The result is a hlgh—.fldehty transfer of was demonstrated by Clark and co-workers, where a 2D array
the mask features into the underlying solid surface, generat-¢ 5 terial proteins was an effective topological mask toward
ing an array of topplogmally d|§t!nct features that are ca. 50 an Ar* milling beam2223In this case, 6 nm features with 25
nm In diameter, with a perlodlmty.of 110 nm, and exhibit nm periodicity resulted over 1 chof surface. Several novel
friction contrast by lateral force microscopy (LFM).' etch masks have recently been employed to create nano-
There have been several successful demonstrations Whergtructures in solid surfaces. For example, gold nanopatrticles
* Corresponding author. E-mail: bruce lennox@mcgill.ca. deposited on Si act as condensation nuclei and after etching
IDepartment of Chemistry. lead to ca. 10 nm (diameter) by 100 nm (height) Si pilférs.
Department of Physics. Rigid rod-like protein assemblies (microtubules) provide a
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Substrate

Figure 1. Schematic side profile of a PS2VP surface micelle.

The PS core is ca. 4.5 nm high, and the P2VP corona is ca. 1 nm

thick.2°

and several microns lorf§.The successful introduction of

topological contrast to a surface using a phase-separated

polymer® suggests that the block copolymer surface micelle

mask could be used for pattern transfer in a manner similar

to that used in the protein mask system.

Surface micelles formed from symmetric amphiphilic
block copolymers at the air/water interface are circular in
nature and have aggregation numbers in the range of 100
1252 The (narrow) polydispersity of the unimer combined
with the distribution in aggregation numbers lead to the
formation of an array of surface micelles with a narrow but
finite size distribution. This surface micelle system has the
unique design capability wherein the dimensions of the

features in the desired mask can be tuned by choosing the

appropriate block lengths:2”

Langmuir-Blodgett (LB) monolayer films of surface
micelles were prepared by evenly spreading-800uL of
a 0.5 mg/mL chloroform solution of polystyrene(51®poly-
2-vinylpyridine(480) M./M, = 1.06, Polymer Source Inc.,
Dorval, Canada) in ca. gL drops onto a 18 MR water
surface (23C, KSV 3000). Twenty minutes elapsed after
spreading before the LangmtiBlodgett transfer began. The
LB film was compressed at a rate of 5 mm/min to a surface
pressure of 2 mN/m, and then transferred to a clean
substraté® at 1 mm/min (upward deposition). The resulting
LB films consist of a quasi-hexagonal array of surface
micelles composed of disk-like polystyrene (PS) cores
surrounded by a continuum of poly-2-vinylpyridine (P2VP)
coronae (Figure 13112*The monolayer-coated substrate was
then exposed to an Arion beam at 5 keVI(= 70 nA,
flux = 3.5 uAlcm?, 50° from surface normal) for a variety
of exposure times (60 to 900 s). The progress of the ion-
milling process was tracked by X-ray photoelectron spec-
troscopy (XPS) with a VG ESCALAB 220i-XL spectrometer
employing a monochromatic Al & X-ray source lfiy =

Figure 2. AFM images of a PSP2VP surface micelle film
deposited on Si/SiQobtained with tapping mode imaging using a
Si cantilever {; ~ 300 kHz, NanoSensors). (ayn x 5um area;
(b) 1 um x 1 um area (left) with cross-section profile (right).
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Figure 3. XPS relative intensities for the Si2p and N1s maxima
followed as a function of At beam exposure time (0 to 900 s).
Lines serve only as visual aids.

these dimensions for a much larger arealQ0 un?) is

1486.6 eV). The milled substrates were subsequently imagedhowever greater, where the average height is#4.5 nm,

using atomic force microscopy (AFM) and lateral force
microscopy (LFM) with a Digital Instruments Multimode
AFM (Nanoscope Il1A) using oxide-sharpened silicon nitride
tips (k = 0.58 N/m, Digital Instruments).

Figure 2 depicts typical AFM images of the PB2VP
surface micelle film transferred to a Si/SiGubstrate

the fwhm is 50+ 20 nm, and the periodicity is 114 30
nm.

Figure 3 shows the changes in relative intensity of the
N1s and Si2p maxima obtained by XPS throughout the ion-
milling process. Before ion milling begins, a prominent N1s
peak associated with the P2VP block is observed at 400 eV.

(Semiconductor Processing Inc., Ottawa, Canada). The300 s of ion milling leads to the almost complete disappear-
surface micelle pattern extends over the entire substrateance of this peak to background noise levels, which is

(several cr). A typical 1um? area of the symmetric diblock
(PSs10—-P2VRsg0) used here results in surface micelles whose
dimensions are 4.5 0.5 nm (height), and 58 5 nm full
width at half-maximum (fwhm), and which form a pattern
with a periodicity of 110+ 10 nm (Figure 2). The range of

132

consistent with the polymer mask being removed. The Si2p
peak (99 eV), corresponding to elemental Si, increases with
longer Art beam exposure, while the peak at 103 eV
(corresponding to the native Si oxide layer) diminishes to
the background noise level within 200 s of milling. In the
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Figure 4. 1 um x 1 um AFM (left) and LFM (right) images of
PS-P2VP mask transferred into Si/Si@fter 300 s ion milling.
Bright features in the AFM image correspond to higher height, and
darker features in the LFM image correspond to lower friction. Note
that the exact area imaged here is not the exact same area imaged
in Figure 2b.

150 s time frame the native oxide layer has been completely
milled away, exposing underlying bulk Si.

AFM and LFM were performed in order t0 assess the o o 5 1 4um x 1 xm AEM (left) and LFM (right) images of
topological and friction contrast which result from this pg_poyp pattern milled for 150 s into (a) Si/Si@nd (b) Au.
masked etching process. Experiments were performed in
ambient conditions (air, room temperature ca.°g). All

i . . we find that the friction is related in some way to the intrinsic
LFM images presented here were obtained by subtracting . . .
: . physical and/or chemical properties of the patterned surface.
the retrace from the trace scan in order to essentially remove

. ) : ; A second series of experiments was performed to establish
topography convolution. Figure 4 is a typical example of

the results obtained for the pattern milled into a Si substfate. whether the three regions of friction contrast (hill, yalley,
. . . _edge) are a feature of the nanoscale pattern or arise from
The AFM (topography) images suggest that the dimensions e
. another phenomenon. Si/SiCBiI/SIO,, and Au substrates
of the transferred pattern are not dependent on the milling were exposed to similar ion-milling conditions as above (5
time (60 to 900 s). The contact mode AFM topological P 9

2 -
images clearly show that the pattern formed in the Si§SIiO ée\:’ 2? ”A/;mt B 5?0 f:jomf tshurfaccle normal, Ill/l ETSETC|_2|’OOO
surface is a high fidelity replica of the original diblock atan Inc.) but instead of the polymer mask, a Super

copolymer. Both the feature dimensions and periodicity of mesh Cu TEM grid (7.5m holes separated byfn bars,

the mask are effectively transferred into the Si surface by 'CI': an_en;(z\)FanfL’Fl\Sﬂt'_ Laurent,f ;anada)lt_was u?ed asFa_l mask.
the ion-milling process. The differences noted between Figure ypica images of the resulting surfaces (Figure

2B and Figure 4 are within the limits of the feature size 6) reveal that the areas exposed to the ion-beam exhibit lower

distribution of the original polymer mask (see Figure 4 fncnon than do the masked areas. _A variation of this
caption). It is noteworthy that the chemically unselective ion e;xpenment was a_lso p(_er_formed wherein the sybstrates were
milling process used yields feature heights in substrates that/I'St Patterned by ion milling through a TEM grid mask, the
are similar to those of the mask. However, some variation Mask was removed, and the samples were reexposed to the

in the heights of the features can occur if the substrate has'®"-Milling beam for another 60 s. The substrates subjected
a significantly different ion-milling rate than do the com-

to this sequential milling show the same LFM characteristics,
ponents of the mask. establishing that increased ion-beam exposure leads to lower
LFM imaging yields an interesting contrast (Figures 4, 5, LFM-measured friction. The nanoscale roughness induced

6) that can arise from a number of sources. LFM contrast PY the ion-milling process is believed to promote the
can arise from contact-related forces (adhesion, friction) asformation of a thin water layer once the substrate is
well as capillary effecf&4! associated with tip-adsorbed reexposed to amt_)lent atmosphere. This Water_ layer gives rise
water interactions when imaging is performed under ambient 10 & lesser friction than that of the unmilled regions.
conditions. The LFM contrast observed in Figures 4 and 5b Moreover, the regions corresponding to the feagdgesn

is related to the surface topography amot to chemical bqth the nanoscale and microscale patterned Salﬁl_mples
contrast on the surfaces. Two series of experiments were(Figures 4 and 6a) have a pronounced lessening of the
performed to help determine the origin of the contrast friction.*® These results suggest that lower friction is linked
observed in the LFM image. First, nanopatterns were formed t0 the details of the topography (nanoscale roughness and
on both a Si@substrate (in the form of a 114 nm thick oxide curvature) of the surfaces.

layer on a Si wafer (AMC, Edmonton, Canada)) and a LFM-measured friction is known to be exceptionally
smooth 200 nm thick Au substrat&4 The observed LFM  sensitive to the thickness of the adsorbed layer of water. For
contrast (Figure 5) parallels that observed on the Si/SiO example a 3 Athick layer of water has been distinguished
substrate (Figure 4), suggesting that the difference in friction by LFM on a mica surface as having lower friction than mica
observed between the “hills” and the “valleys” in the itself3! It is thus very likely that the observed decrease in
nanopattern is not intrinsic to the substrate used. Insteadfriction at the etch edge region arises because it has a thicker

Nano Lett., Vol. 2, No. 2, 2002 133



topography introduced to the surfaces. Further work will
concentrate on the investigation of nonconformal wetting and
the adhesion of water onto the topological features, as well
as the application of this pattern-transfer methodology to the
generation of topologically anchemicallydistinct features

in an array.
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