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Abstract: A thermal contact transfer technique is presented for the fabrication of nanoscaled to microscaled
patterns of polymer-insulated metal structures on ceramic surfaces using metal-coated, thermoplastic
stamps. The thermally activated formation of polymer—metal—polymer (PMP) heterostructures occurs
spontaneously when a metal-coated thermoplastic stamp is compressed against a ceramic substrate and
subsequently heated. The presented technique exploits the dynamics of ultrathin polymer films localized
at interfaces and interfacial forces to prompt local reorganization of polymer stamp materials during
processing. Intercalation of polymer stamp materials into the metal—substrate interface yields a cohesive
polymer layer that binds the metal layer to the substrate. Disproportionate adhesion between the bulk
polymer and the polymer layer at the stamp—metal interface leaves a capping layer upon separation of the
stamp from the substrate. Here we demonstrate this technique with single use, bilevel polymer stamps
which afford transfer of two distinct general products. The transfer of insulated submicrometer wide wires
from the raised stamp features affords patterns of trilayered PMP structures with uniform wire dimensions.
Concomitant transfer from the recessed stamp features allows fabrication of multilayered PMP architectures
with sub-100 nm spacing from microstructured polymer stamps. Thus, patterns with two different insulated
nanowire widths are readily fabricated in a single stamping process. A variety of ceramic substrates,
thermoplastic materials, and metals can be used; e.g., inexpensive gold-coated CD or DVD media can be
used as stamps, where the combination of materials dictates the relative interfacial forces and the processing
parameters.

Introduction the formation of an insoluble Prussian blue and water removes
the un-reacted salts. Subtractive methods are well-developed,
guite versatile, and are capable of creating structures that are
~10 nm wide to those that are many microns wide. Additive
methods are typified by the use of patterned stamps bearing
materials, usually on the raised features, which can be transferred
to an appropriate substrate by the differences in adhesive forces
among the material, the stamp, and the substrate. Exemplary
stamping techniques are capable of generating structures down
to ca. 10 nm wide but are generally limited to the parallel
transfer of one material at a timeStamps descend from
lithography wherein a pattern of an oily ink surrounded by a
film of water is transferred to paper by the greater affinity of
the ink to the paper than to the substrate. The use of AFM tips
to engrave (nanoshavirfghnd write (dip perf) nanoscaled
r;;)f:ltterns are also available and are analogous to hand-drawing.
In terms of soft lithographic techniqués’ these include
microcontact printing; 15 nanoimprint lithography®-24 soft
T College of Staten Island and the Graduate Center of the City University molding?® reverse nanoimprint lithograpK, laser-assisted

The miniaturization of electronics, sensors, displays, and other
functional devices has driven intense research and developmen
into new methods to form arrays of nanostructured features on
surfaces. Often, these applications require complex patterns of
features with multiple layers and multiple dimensions. There
are a variety of lithographic approaches available for the
formation of nanostructured materials on surfaces that, similar
to those used in the fine arts, can be divided into subtractive
and additive methods? Subtractive methods are typified by
the use of masks or stencils and electromagnetic radiation to
systematically etch or chemically alter components of a blank
that is comprised of various material layers with appropriate
properties for the final nanoscaled device or structure. These
subtractive processes are the progeny of photolithographic
methods such as blue printing, wherein a mask covers the pape
substrate impregnated with two iron complexes and light initiates

of New York. direct imprint?” cold welding nanotransféf;?® lithography
*Hunter College and the Graduate Center of the City University of New
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controlled wetting®® superlattice nanowire pattern transfér,
nanotransfer printing-3® molecular transfer lithograph,and

heterostructures on ceramic surfaces. The soft lithography
technique reported here beneficially exploits finite size effects

micromolding in capillarie§’~4° We recently reported a chemi-  of confined polymer films for the fabrication of multilayered
cal-mechanical method, which utilizes micromolded polymer polymer-metal-polymer (PMP) heterostructures on ceramic
stamps, for the synthesis and transfer of materials (e.g., surfaces. The technique involves multilayer thermal nanotrans-
malleable metals) to and from polyméfsThis chemicat fer. The thermal nanotransfer of polymenetal heterostructures
mechanical method, for example, allows the fabrication of detailed here enables direct fabrication of multilayer architec-
complex patterns of gold nanowires (and other structures) ontures in a rapid, parallel fashion without employing advanced
either polymer or ceramic supports. The processing parametersithographic tooling or “wet” chemistry for pattern development.
of each of these replica-based stamping methods dictate the typesiumerous multilayer architectures are available with this
of materials that can be used and the structures that can bemethod, and the potential exists for the fabricated structures
fabricated. Therefore, this array of soft lithographic methods and/or substrate to be processed further with conventional and

enables the fabrication of nanoscaled patterns of a variety of advanced lithographic techniques (e.g., etching,~Wigible
materials on a variety of surfaces. In general with most soft photolithography, e-beam and X-ray lithography).

lithographic methods, a single stamping/imprinting affords
patterns of a single material in two dimensions, which neces-
sitates additional (sequential) procedures to fabricate multilayer

heterostructured arrays.

The formation of nanostructured arrays of thermoplastic
materials on substrates, using liquid monomers that are later
polymerized or solid plastic “inks”, has been reportéf2-52
Allyl monomers can be used in nanoimprint lithography as

We now demonstrate that the unique behavior of ultrathin heating during the imprint process cures the polyfa@apillary

polymer films provides another element of tailorability that can

forces can be exploited to place polymer solutions into recessed

be exploited to pattern arrays of self-aligned micro- to nanoscale stamp feature& and for nanoimprint methods of thin filn453
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The squeezed flow of polymers into cavities has been modeled
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strated'® and the transfer of polymers from molds to substrates
has also been discuss€dThe processes wherein a solid
polymer is transferred from the stamp to a substrate have some
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exploit wetting/dewetting dynamiesand the unique proper-
ties of interfacial polymer films (see below). The use of
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that a single processing step yields a product with three distinct

layers (PMP structures) with submicrometer dimensions. ..L‘:;f‘;'i"f;iw (A)

The formation of micron to nanometer scale arrays of Raised m
insulated gold heterostructures is enabled by the physics of  "Level I" Gold ----.....
ultrathin polymer films and differential adhesion forces arising | SiI Mical Glass etc.
from polymer reorganization at the stargold film interface. Heating Element
Since the seminal work of Cory, Keddie, and Joff&3, (1) Compress (0.5 to 6 MPa)
numerous studies have examined the thermophysical properties (2) Heat and Hold under Load (1-10 mins.)

of ultrathin films, e.g., the glass transition temperatdig &nd (3) Cool and Separate

expansivity, and the general conclusion is that as the film

thickness If) approaches scales on the order of the macromol- Two General Products

ecule’s radius of gyrationRy), the film’s physical properties (B) (C)
diverge significantly from that of the bufé=7° This dimensional “Single Level” "Multi-Level"
dependence of the thermoplastic properties of polymers at PMP PMP
interfaces is key to existing and future polymer technologies _"’
that exploit the fundamental performance capabilities of these

Polymer

materials. For example, the wetting/dewetting, friction, adhesion, _"Capping Layer"_
and fracture properties of polymers will continue to be tested - - — Polymer m
as they serve critical functions in coatings, lubricatand rineriayer” |
emerging technologies such as nanoimprint lithograpand ; y :
data storagé? “Level I* “Level " “Level I"
The thermal nanotransfer of polymemetal-polymer het- Gold Gold Gold
erostructures exploits the unique cooperative Self-organizationalFig“re 1. Schematic of the multilayer thermal nanotransfer process where

. . . . polymer—metal heterostructures are fabricated from a bilevel polymer stamp
properties of polymers at interfaces described al5éwégure coated with a thin Au film. The coated polymer stamp is brought into

1 illustrates the steps employed in the method discussed herecompressive contact with a substrate (e.g., mica, glass, silicon, ITO) and
(1) a thermoplastic polymer stamp is coated with a discontinuous Subsequently heated<45 °C < Tq < 10 °C). Depending on the applied

Py ; . load, duration of heating, and the soak temperature, two general trilayer
thin film material (e.g. gold) to be transferred to the substrate; products can be formed on the substrate. In both instances the trilayer

and (2) the coated polymer stamp is compressed against astructure is comprised of a polymer interlayer, a Au film layer, and a
substrate, briefly heated, and subsequently separated from theolymer capping layer. (b) Depicts the PM#toduct, where only the Au
substrate after cooling. From a single polymer stamp this processand polymer from the “raised” portion of the polymer stamp are transferred
bles fabricati f disti d PMP d to the substrate (termed a single-level transfer). (c) Depicts the, ,PMP
epa es fabrication of two distinct nanostructure il products, product, where Au and polymer from both the raised and recessed stamp
Figure 1b and c, through transfer of both the thin film and a features are transferred to the substrate (termed a “multilevel” transfer).
portion of the outermost surface of the polymer stamp to the (d) Depicts the repeat grating structure of commercial CD and DVD stamps,

substrate. The resulting architecture of the PMP structures Which possess a recess depthdf50-200 nm.
depends on both the initial stamp geometry (i.e., relating to the 4 initial stamp geometry and, thereby, falls into two general

number of topologically unique raised and recessed stamp cqeqories: (1) material is transferredly from the raised stamp

features), as well as processing parameters (e..g., applied ,Ioadfeatures (termed a single-level transfer), corresponding to,PMP
processing time, and temperature; see Supporting Informat'on)'products (Figure 1b); and (2) material is transferred fimoth

The _polymer stamp depicted in Flgure_ 1 possesses a “bllev_el” the raised and recessed stamp features (termed a “multilevel”
architecture, where each stamp level is defined by the r6|at'vetransfer) corresponding to PMPproducts (Figure 1c). In
stamp feature heightraised and recessed. The final pattern of gonerg) structures fabricated with polycarbonate stamps on
the fabricated multilayer arrays on the substrate correspond Opicq oxidized silicon wafers, and indium tin oxide substrates

(59) Chin, B. D.: Suh, M. C.. Kim, M. H.: Kang, T. .. Yang, N. C. Song, M. have a a trilayer ar(?hltecture W|.th (1) an uI'Frathln polymer
W.; Lee, S. T.; Kwon, J. H.; Chung, H. K.; Wolk, M. B.; Bellmann, E.;  interlayer that has diffused and intercalated into the metal

Baetzoldb, J. PJ. Information Display2003 4, 1-5. ; :
(60) Keddie, J. L.; Jones, R. A. L.; C%ryxz R.?jEurophysics Lett1994 27, substrate interface, (2) a metal film layer (e.g., gold), and (3) a

5964, ) ) polymer capping layer that coats the metal film.
(61) Keddie, J. L.i Jones, R. A. L. Cory, R. Karaday Discussion2.994 In terms of a general mechanism, the observed multilayer
(gg) Ellison, (JZ /i-_: I;olrkell(S_O\;L J. NN}é(lt_uge Materi:jlsF%QOS 2,h695§E00. e formation and transfer is enabled by several phenomena acting
( ),_gtr{elsgtge'w': D eress, K; Stevens, J. R.; Dutcher, Bhigs. Re. in concert including the unique interfacial properties of ultrathin
(64) Forrest, J. A.; Dalnoki-Veressb, Kdv. Colloid Interface Sci2001, 94, polymer films89-70.73 Qualitatively, this may be described
167-196. . . : i
(65) Fukao, K.; Miyamoto, YPhys. Re. E 200Q 61, 1743-1754. further according to the final multilayer product: (1) the
(66) Kawana, S.; Jones, R. A. Bhys. Re. E 2001, 63, 021501, spreading and self-organization of the polymer interlayer, (2
(67) Sharp, J. S.; Teichroeb, J. H.; Forrest, JEAt. Phys. J. 2004 15, 473~ P g. 9 w poly " yer, (2)
487. the formation of a polymerpolymer “interface” between the
(68) Soles, C. L.; Douglas, J. F.; Jones, R. L.; Wu, Méacromolecule2004 capping layer and the bulk stamp, and (3) cohesive failure at

37, 2901-2908. ., ;
(69) Soles, C. L.; Douglas, J. F.; Wu, W. L; Peng, H.; Gidley, D. w. the polymet-polymer “interface” between the capping layer

Macromolecule2004 37, 2890-2900. :_ i H
(70) Tseng, K. C.; Turro, N. J.; Durning, C. Bhys. Re. E 200Q 61, 1800~ f"‘”d the bulk stamp. The spon_taneous self organlzatlon of the
1811 interlayer can be understood in terms of wetting phenomena

(71) ggggggfgggdbook of Nanotechnolo@hushan, B., Ed.; Springer: Berlin,  anqd the spreading of an ultrathin polymer precursor film on the

(72) Durigi, U.; Cross, G.; Despont, M.; Drechsler, U.; Haberle, W.; Lutwyche,
M. I.; Rothuizen, H.; Stutz, R.; Widmer, R.; Vettiger, P.; Binnig, G. K.; (73) DeMaggio, G. B.; Frieze, W. E.; Gidley, D. W.; Zhu, M.; Hristov, H. A.;
King, W. P.; Goodson, K. ETribology Letters200Q 9, 25—-32. Yee, A. F.Phys. Re. Lett. 1997 78, 1524-1527.
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high surface energy metaydoiq ~1800 mN/m at 145C)™.7 PC Stamp Post PCIGold/PC Tri-Layer
and substrateyfica ~144 mN/m¥ surfaces. Such favorable "Single" Level Transfer Structures on Mica
interfacial interactions promote intercalation of polymer stamp
materials into the metalsubstrate interface. This ultrathin
polymer interlayer is an integral component of this transfer
process as it acts to bind the metal film to the substrate and,
therefore, must be sufficiently robust to withstand the tensile
forces exerted during stamysubstrate separatidh Retention

of the multilayer structures by the substrate is also a consequence
of cohesive failure at the capping layestamp “interface”. In

light of the fact that the capping layer and stamp are compo-
sitionally the same polymeric material, it is surprising that

adhesive failure would preferentially occur at this interface rather Rocessed S‘;Rar'seg"Fge ;
than at the substratenterlayer interface. There are several S, €8iie  Sampfeare  POAWRC Tr-ayer

possible explanations for this cohesive failure, with the most
intriguing centered on the developing description of ultrathin
films of polymers introduced abové.One proposal suggests
that confined polymer films possess a three-layered architecture
comprised of “dead”, “bulk”, and a “liquidlike” layer at an
interface’0:61.65.66.73The molecular properties that give rise to
these three phases are still under discussion. However, this
model could account for the observed formation of both the
interlayer and the capping polymer layer of the PMP product,
provided that cohesive anisotropies exist between the three
layers. The question of which specific properties are accountable
for this anisotropy is difficult to ascertain at this point; however,

a number of effects are likely acting cooperatively (e.g., thermal
expansion mismatch, dewetting, density gradiéhtand en-
tanglement variations between each layer). Structural analysis
of the multilayer PMP products presented below provides
evidence for the role of cohesive anisotropies in thin polymer
film systems.

Single-Level Transfer: PMP, Microstructure Fabrication.
We have evaluated the multilayer thermal nanotransfer of
polymer—metal heterostructures using a number of polycar- (D)
bonate (PC) stamps. Figure 2 illustrates the products of a single-
level transfer to a mica substrate employing a compression
molded polycarbonate stamp (Lexavi,, 24 kg/mol by GPC,
PDI ~2.1;Ty= 151°C, nominal unperturbeBy ~7.1 nn&79,
Lexan stamps possessed a minimum feature widilxm and
a 500 nm recess depth. Here the PC stamp was coated with a 15 20
10 nm Au film and processed at 148 for 1 min under an Distance (pm)
applied pressure 0f-0.9 MPa. Due to the wide range of sub- Figure 2. PMR trilayer (PC/Au/PC) microstructures fabricated on mica
Ty processing temperatures, it is important to note that the using a compression molded Lexan PC stamp coated with 10 nm of Au.
processing times stated herein only account for the time spentFabrication was conducted at 146 for 1 min under an applied pressure

: f 0.85 MPa. (a) Optical micrograph of the PC stamp post-single-level
at the soak temperature (the soak time and temperature refer tcé)ransfer. Here the recessed stamp features continue to possess the Au film,

the period in which the stamp is held at constant temperature) while the Au film that resided on the raised stamp features is noticeably
and does not include the time required to heat and cool the absent. (b) Optical micrograph of the single-level RMffuctures on mica.

sample. Typically it takes-2 min for the aluminum heating (c) AFM topography micrograph of the trilayer structures possessing a total
| h f 45C to 145°C and . v 2 mi height of 23+ 3.4 nm. Etching of the Au layer (which also removes the
plate to heat from to and approximately 2 min to PC capping layer) reveals an interlayer thickness af 9 nm. From this

cool from 145°C to 100°C. More details on the thermal history  we estimate the capping layer thickness to be ca. 4 nm.
(i.e., a typical temperature program) are described in the

Height (nm)

Supporting Information. Figure 2a is an optical image of the bilevel PC stamp
postprocessing and illustrates that the Au film has been
(74) ngTaak' J. S.; Kuhimann-Wilsdorf, D. Phys. Cheml968 72, 4150~ transferred solely from theaised stamp feature to the mica
(75) Mays, C. W.; Vermaak, J. S.; Kuhlmann-Wilsdorf, Surface Scienct968§ substrate. The resulting PMPnicrostructures, given in the
(76) :Igzdrtgt‘;r]{g%. MJ. Appl. Phys1981, 52, 4795-4800. ,Optical (Eigure 2b) apd AFM topography (Figurg 2¢ and d)
(77) Eur. Phys. J. E2002 8, 101-261. images, illustrate uniform pattern transfer for micron-scaled
(78) L1, D.: Han, B Huo, Qs Wang, J.; Dong, Blacromolecules2001, 34, structures with processing times less than 10 min. Topography
(79) Maeda, N.; Norisuye, TPolymer1993 34, 3475-3480. measurements (Figure 2d) reveal a total height of the PMP
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trilayer to be~23 + 3.4 nm. Subsequent etchiigpf the Au
film layer (hay = 10 nm, RMS roughness-1.1 nm), which
also removes the PC capping layer, exposes the PC interlayer
and reveals an interlayer thicknesstgferiayer~9 Nm=+ 2 nm.
Taking the difference therefore provides an estimate.gf~4
nm for the mean capping layer thickness. Notably, the interlayer
and capping layer thicknesses are comparable to the “dead” layer
persistence lengths-4—13 nm) extracted from thin film studies
of polycarbonaté? A general and unexpected observation is
the ability to fabricate PMP structures at temperatures well
below a polymer’s bulkTy. For example, pattern transfer has
been achieved at temperatures as low as 4Odor Lexan
polycarbonate, which is-51 °C below itsTy of 151 °C. Such
a finding supports the importance of ultrathin film phenomena
in the described multilayer thermal nanotransfer technique,
considering that the metal film acts as a physical barrier (Au
films = 10 nm) that obstructs penetration of the polymer into
the Au—mica interface, and thereby requires a considerable
amount of polymer diffusion in order to form the interlayer.
Although the presented technique employs a loaded contact,
such results lend credence to the presence of a mobile liquidlike e 05 1
interfacial polymer layer (i.e., precursor fi#f) that spreads even . _ _ .
at subT, processing temperatures. Our findings further imply Figure 3. PMR trilayer (PC/Au/PC) microstructures fabricated on mica

. . . . . using a bilevel polycarbonate compact disk (CD) stamp coated with 15 nm
that the unique dynamics of the interfacial polymer chains are ot o Fabrication was conducted at 186 for 10 min under an applied
accompanied with a discernible change in the polymer’s pressure of 1.3 MPa. (a) AFM topography and (b) SEM micrograph of the
interfacial (adhesive and cohesive) properties. In fact, it has beenmultilayered structures on mica. (c) The trilayer structures possess a total

- height of~27 nm as illustrated in the AFM topography profile. Incomplete
suggested, from modeling of unentangled polycarbonate on aspreading, dewetting, or fracture of the capping layer leads to the serrated

nickel surface, that interfacial polymer segregation could pattern in the SEM image and a ledge in the topography. The capping layer
compromise cohesion between the adsorbed (“dead”) andthickness is estimated from this ledge tolbe-8 nm, which provides an
adjacent bulklike macromolecul@s. upper limit for the thickness of the polymer interlaydr 4.2 nm)
.SingIeTLeveI Trgnsfer: PMP, Microstrqcture Fabrication gggisé?:é'?,?tLheaLf:)ffillgl_te capping layer may exist on "exposed" areas as
with Optical Media. Commercially available polycarbonate
compact disks (CDs) and digital video disks (DVDs), possessing ] ) )
a rectangular grating structure (Figure 1d) with a recess depth molecular weight or the polymer). As illustrated by the different
~150-200 nm have also been employed as stamps for Processing parameters used to form the PMP heterostructures
multilayer thermal nanotransfer of polymemetal heterostruc-  7om gold-coated PC (e.g., temperature, soak time, and pressure),
tures. Procedures for the preparation of CD and DVD stamps the physical properties of the polymer (e, surface energy,
were previously describéH and are also available in the and dopants) have§13|gn|f|c_ant effect on pattern fidelity, surface
Supporting Information. The single-level transfer products of Morphology, and trilayer thickness. _
Figure 3 were fabricated on mica with a Au-coated (15 nm)  USing Lexan as the thermoplastic polymer stamp results in
CD stamp. Topographic imaging (Figure 3a) reveals that the products with greater.covergge and pgttern f|QeI|ty than the
PMR trilayer height is~27 nm (excluding the prominent,85 products generfated with opt|9al recor(.jmg media. Vyh|le. C[?s
nm, polymer edge feature). A serrated structure is evident in @1d DVDs provide access to inexpensive stamps, high fidelity
the SEM image (Figure 3b) and corresponds to the ledge in theStructures using these stamps are generally I|m|t_ed to numerous
topography profile (Figure 3c). The ledge is thought to arise SMall domains £2 mn¥) within the patterned region (0:2.5
from incomplete spreading or dewetting and/or an asymmetric cmP). Defect structures and incomplete structures are instructive
fracture of the capping layer on the gold film during fabrication. @S they reveal information about the potential resolution
Assuming that the ledge nominally corresponds to the top of achievable with this approach and reveal information about the
the gold film surface, then the measured thickness of the cappingmeCha”'Sm- For mstance,_ some of the defective sFructures are
layer is ~8 nm and the inferred thickness of the polymer n_oteworthy as they result in PM@tru_ctures possessing lateral
interlayer ishieriayer ~4 NM. This estimated thickness of the dimensions smaller thqn the defln{ng rgllef ;tructure of_ the
interlayer serves as ampper limit considering that a finite stamp. Incomplete multilayer formation with this characteristic
capping layer (perhaps on the order of the Au film RMS is observed and appears as an edge effect where local pressure
roughness~1.2 nm) may indeed exist on the led§eThe gradients and/or poor contact parallelism lead to the formation
difference between the interlayer heights measured for the ©f locally asymmetric stampsurface contacts and polymer
structures of Figure 2 and Figure 3 may arise from several diffusion. This effecF is clearlyllllustrated in the AFM (Figure
factors including differences in stamp composition (e.g., the 4&-C) and SEM (Figure 4d) images of the PMtructures

presence of glass fillers in the CD stamps and differences in fabricated on mica with gold-coated CD stamps. Completed
wires should possess a line width ofl um, such as the case
(80) Glick, D.; Thiansathaporn, P.; Superfine, Ropl. Phys. Lett1997 71,

35133515, in Figure 4a, corresponding to the CD raised stamp feature
(81) Abrams, C. F.; Site, L. D.; Kremer, ®hys. Re. E 2003 67, 021807. width. As shown in Figure 4bd, edge transfer effects yield
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Figure 4. Various PMPR trilayer (PC/Au/PC) microstructures fabricated
on mica using Au-coated CD stamps. AFM topography images)and
SEM micrograph (d) illustrate an edge transfer effect where incomplete
multilayer formation can yield structures with a line width that is smaller
than the Jum width of the raised CD stamp feature. Structures in (a) are
consistent with the stamps raised feature width, while thedjbfeatures

are of varied completeness. The smallest line width of roughly 100 nm
illustrates the current resolution capabilities of this technique.

this edge eﬁ_eCt are-100 r_‘m (Figure_ 4d), corresponding tQ a Figure 5. AFM topography images of PMP“multilevel” structures
width reduction of ~10 times relative to the stamp relief fabricated on mica using a polycarbonate (DVD) stamp coated with 15 nm
dimension. This observation gives insight into the potential of Au. Fabrication ])Nas CO”?UCteg S)t 140 f0f§r:"";] U”delf an apparent A

. - applied pressure of 3 MPa. (a an Low- and high-resolution topography
resolution the thermal .nanoll.thography Of_ polymenetal images of the trilayer structures transferred from the raised and recessed
heterostructures can achieve with the appropriate nanostructuredamp features (as labeled in Figure 5b). (c) AFM profile of the PMP

polymer stamp. structures where the raised and recessed structures possess a mean height
Multilevel Transfer: PMP ; Nanostructure Fabrication of ~23 and 45 nm, respectively. An interlayer thicknéss-5 nm was

. . . . . measured for both the raised and recessed trilayer structures. The capping
with Optical Media. The second main multilayered product layer thickness is noticeably larger for the recessed structb[g'g?s(ed~25

corresponds to the “multilevel” PMParray, depicted in Figure - m) than the raised structureBZ™ ~ 4 nm ~ RMS roughness). (d)
1c, where materials are simultaneously transferred from both Topography image of the DVD stamp post “single” level transfer with the
stamp levels, i.e., fronboth the raised “level I” and recessed raised and recessed features clearly represented. A decrease in the raised

“ " . . feature height from 150 to 90 nm is observed. Portions of the Au film that
level II” features. The low- and high-resolution topography have not been transferred to mica and are retained by raised stamp features

images of Figure 5a and b show a mixed array comprised of are also noted. (e) Topography image of the DVD stamp post-‘multilevel”
the level | and level Il structures fabricated on mica with a transfer. The stamp is devoid of its initial grating structure and is nearly
bilevel DVD stamp (Figure 1d) coated with a 15 nm Au film. Planarized with an RMS roughness of 13 nm.

Single-level PMPstructures, where transfer occurs only from

the raised stamp features, are the exclusive product present irappreciably larger than the thickness of the level | structure
the lower right corner of the images. However, RMifructures, (hg;ed~5 nm). This distinct topology is most often found near
where transfer occurs from both the raised and recessed stamphe boundary of the two product regimes (e.g., Figure 5).
features, predominate in the upper left corner. Comparatively, However, at the center of the PMR@rray (Supporting Informa-

the level | and level Il structures possess mean heights of 24tion, Figure S7), the transition between the two surface structures
and 45 nm, respectively. This height variation is found to arise is more subtle and is taken to be representative of the
from a thickness variation in the capping layer, as the interlayer equilibrated PMP architecture, vide infra.

thickness I ~5 nm) appears equivalent for both structures from  Inspection of the DVD stamps post single-level transfer
etching and nanoshaving experiments. The detailed mechanisn{Figure 5d) reveals that although the raised and recessed features
leading to similar interlayer heights for both level | and Il are clearly represented, there are noticeable topological changes.
structures is not understood but must arise from the Au and Most evident is the inelastic deformation of the stamp, where
substrate surface energies, which are the principle drivers ofthe relative feature height is found to decline frer'50 nm to
interlayer formation, coupled with polymer reorganization and ~90 nm. Also readily observed in this topography image are
stamp deformation mechanics. Here the mean capping layerportions of the Au film that were not transferred to the substrate
thickness for the level I structureshrci“;esse" ~25 nm) is (Figure 5d). In contrast to the morphology after single-level
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transfer, AFM imaging of the DVD stamp post-multilevel readily accessible method provides a means of fabricating dense
transfer (Figure 5e) reveals a topology that is markedly different PMP arrays with sub-100 nm feature spacing and/or with
in that the stamp is essentially devoid of its initial grating different micro/nanowire widths. The batch-to-batch reproduc-
structure and is nearly planarized, with an RMS roughness of ibility for the thermal nanolithography of polymemetal
only ~13 nm. Strikingly, a complex “residual” morphology is  heterostructures is good when using the same processing
observed on the stamp after multilevel transfer, which gives conditions, the same polymer/gold/substrate compositions, and
access to the initial stamp feature position and may also providethe same stamp structures; i.e., the PMP products have the same
information about the processes active during this procedure.morphologies, defect densities, and the same surface coverage.
The details of the plastic yield mechanics and rheology Thus for a given system the technique is robust. Of particular
associated with PMPstructure fabrication are central to the importance is the occurrence of shear deformation during
further development of this aspect of the technique. processing and the deleterious effects it has on structure
The plane projection of both stamp levels to the substrate is continuity and fidelity. Such effects become most prevalent
one of the most attractive aspects of the RM#rays, as it under higher processing temperatures (for examild0 °C
enables generation of the small gap that separates the level Wwith Lexan polycarbonate stamps) and represent an important
and level Il structures. Previous work by Rogers et al. also parameter in future efforts to maximize structure fidelity with
illustrated the utility of a compliant polymer stamp step-edge the single use stamps (batch mode processing) described herein.
(phase edge) by beneficially employing it in near-field phase  Since many metal wires, polymers, or substrates are incom-
shift lithography®8? In the work described herein, the fabricated patible with chemical etchants, this multilayer thermal nano-
multilevel heterostructures possess a level | and level Il transfer method expands the possible materials that can be used
separation distance comparable to the former work. SEM in nanofabrication of functional structur&&®* The polymer
imaging within the center region of a PMRrray reveals a  interlayer formed between the nanowire and the substrate is
separation of ca. 100 nm (Supporting Information Figure Sl 7A). generally less than 13 nm and is a result of thermodynamic
Sample charging during image acquisition precludes a more self-organization of the polymer into the metalubstrate
detailed examination of this interface with SEM. From the AFM interface during the stamping process. Special tooling is not
images (Figure Sl 7b) the estimated structure gap of ca. 65 nmrequired with this technique nor does it require advanced
is consistent with SEM measurements. As previously mentioned, material formulations, as readily available CD, DVD, and Lexan
the topology of PMR structures vary from the center to the polycarbonate stamps have been used to demonstrate this
periphery (Figure 5). At the center, AFM imaging shows an technigue. In contrast to many stamping methods, the fabrication
array with a prominent polymer edge feature that is similar to of smaller nanoscaled PMP products occurs with greater
that found in the PMParrays of Figures 3 and 4. In general, structural fidelity and greater yield in terms of coverage than
these large edge structures are more frequently observed in thaising the same materials and conditions to produce micron
products from DVD and CD stamps while less frequently with scaled features.
Lexan stamps. As noted above, a likely cause of the topological  acknowledgment. We gratefully acknowledge support from
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implement, and is capable of fabricating ultrathin PMP archi-

tectures that range from microns to the nanoscale regime. This Supporting Information Available: - Sample and stamp prepa-
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