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ABSTRACT

A new scanning probe lithography scheme based on a self-assembled dendrimer monolayer on thin Ti films is presented. The method relies
on the versatility of the functionalized dendrimer molecules to effectively function as etch resists by forming a densely packed self-assembled
protective monolayer on a Ti film. Patterning of the Ti surface is accomplished using an AFM tip either as an ultra sharp scribe or as an
electrical field point source to modify the monolayer. This, coupled to carefully selected etching conditions, allows the use of the dendrimer
monolayers as both negative and positive tone resists. Facile formation of TiO, features ca. 25 nm wide and 12 nm tall on silicon oxide and
ca. 50 nm wide gaps in a thin Ti film can easily be achieved. The dendrimer resist approach can be further developed in order to improve the
minimum feature size to the single dendrimer molecule level.

Top down lithographic techniques for patterning and fabri- contact with the surface instead of a single or array of
cating structures with resolutions in the range of a nanometercantilever probe&°This can effectively recreate the mask’s

to tens of nanometers are indispensable to future devicepattern on the surface in a single simple exposure. Novel
miniaturization. In addition to the classical Si/Si@edia  inorganic resist developments have also been recently made
used in microelectronic devices, high-resolution patterning using thin molybdenum metal films as a sacrificial layer for
of other substrates is also required for emerging applicationsspL. The enhanced solubility of molybdenum oxide with
in nanotechnology. Scanning probe lithography (SPL) is a respect to molybdenum in water has been exploited as a resist
promising approach for fabrication at the nanometer stcale, that can be fabricated via field-enhanced oxidation ima#ing.
with high-resolution imaging capability that affords nanom- - A surprisingly underdeveloped area in SPL is the fabrication
eter scale alignment accuracy for over layers. Extensive Work of nanostructures in thin titanium films. Titanium films
has been carried out to explore the potential of nanolitho- h4terned at the nanometer scale have several direct applica-
graphic writing using sharp probe tips with the atomic force yjong Electrodes with nanometer gaps can be fabricated and
mICroscope (AFM). The speed anq throughput of AF_M has used to measure single molecules or ultrashort channel
been improved over the years with parallel operations of nanotube FETS&! These devices can show effects such as

: N 4 .
probe—t|.p arrays: Impresswe progress has been made in Coulomb blockade and negative differential conductance,
developing a wide variety of AFM nanolithography schemes, . . .

introducing them as good candidates for molecular electron-

including field-enhanced oxidation? organic polymer/ .~ ) o :
) . ics?? Moreover, posts of titanium oxide nanostructures
dendrimer and self-assembled monolayer resist expésufe, . .
developed with our negative tone approach can be used to

mechanical plowing® and dip-pen AFM lithograph¥&”In _ . .
b g P graphy: create high surface area channels for organic semiconductor

particular, the speed and throughput of field-enhanced & Whi X
oxidation processes have been recently greatly improved byPased solar cell devicésWhile numerous attempts at field-
enhanced oxidation of Ti films via SPL have been magf*

using a large three-dimensional conducting mask, either a k ] -<!
DVD coated with metal or a TEM grid, that is directly in nanolithography on Ti has proven to be a difficult task as
the etch rates of both Tixand Ti in a wet fluoride etchant
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stanford.edu the capability of pattern transfer into underlying substrates
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Scheme 1. Synthesis of Target DendroB)( Attachment of (from the raw QCM data) and dividing by the density of the

the Triethoxysilane Functional Group to the Third Generation material (Figure 2). Figure 2 shows the microbalance fre-
Poly(benzyl ether) Dendrimer guency stabilization for the first 25 min of analysis, at which

@3 @ time the dendrimer solution was injected into the crystal’s
Q % 9 9 Q o 9 environment and the mass change observed over the fol-
QQ %@ L O Q‘@g O_ 9 J@p lowing 15 min could be correlated to surface coverage with
Q& @ ~Q j_)}c»@ a single monolayer.
QO e _

K?r i v o K? 2 Our method of patterning is based on the surface modi-

o . rr‘ fication of Ti thin films covered by the dendrimer monolayers

8 using the sharp tips of an AFM. Figure 3 shows two different

patterning schemes devised for dendrimer SAMs used as

O % 9 9 ®) ©§ Q 9 positive and negative tone resists, respectively. The samples
QQ ggﬁ Q% Q J@p were prepared by evaporating a 12 nm-thick Ti layer on top

£oc 5 o of a p-type Si(100) substrate with 500 nm thick thermally
k@ 0.5M CH,Cl, °~©Pf grown oxide. Lithographic field-enhanced oxidation, me-
?, 2 2({\ p, 3 chanical scribing of the surfaces, and imaging of the sample
J % zﬁ were all performed in the ambient (humidity-560%) with
,@éﬂ,\ an AFM operating in the tapping mode. Heavily doped
J

silicon cantilevers with integrated tips were used.

assembled monolayer (SAM) of organic molecules, such as 10 image the Ti surface in the positive tone mode, a simple
octadecyltrichlorosilane (OTS) to enhance the resistance ofMechanical scribing process using the AFM tip to locally
Ti to a fluoride etch. However, the etch resistance imparted émove dendrimer molecules from the SAM was exploited,
by commercially available organosilane SAMs is often insuf- followed by a wet etching step to transfer the features into
ficient for practical applications involving Ti/Tigsurfaceg? the underly'lng Ti film. For scribing, the vibration amplitude
Highly branched convergent dendréhwith appropriate of the cantilever was reduced to 5% of the imaging value
end groups have shown high resistance to fluorine-based(~1 A) while keeping the cantilever drive voltage constant.
etchants for the patterning of Siz6their focal point can be ~ This affords soft contact between the AFM tip and the
modified with different functionalities to attach to the titan- Substrate, causing a slight bending of the cantilever and
ium surface. We have now designed a dendrimeric resist thatdisplacing the organic monolayer without damaging the Ti
may be deposited as a monolayer on the surface of a Ti film. film or the tip. An AFM image of 35 nm wide lines scribed
Through both scribing and oxidation SPL techniques, we can into the dendrimer monolayer at a scan rate qird/s is
produce both positive and negative tone pattern transfer intoShown in Figure 4a. The depth of the lines, ca. 2 nm, is
the underlying Ti film with sub-50 nm resolution. This is the ~consistent with the thickness of the SAM as expected from
first report of an SPL resist platform that can readily afford the QCM measurements performed on the self-assembled
both positive and negative tone pattern transfer dependingdendrimer monolayer. The image was taken with the same
on the patterning technique employed. In addition, this is tiP used for scribing, showing minimum tip wear during the
the first report of a self-assembled monolayer resist capableSoft contact-mode mechanical scribing process.
of obtaining sub-100 nm features in Ti films via SPL. The patterned dendrimer SAMs on Ti were then etched
Convergent dendror8f was used to form the highly stable using dilute aqueous HF as the etchant. Figure 4b shows an
self-assembled monolayer on the Ti surface. A triethoxysilane image of a sample after etching in a 0.1% HF solution for 51
reactive group was chosen in this instance due to relatives. The dendrimer monolayer resisted the HF etch, while the
ease of monolayer self-assembly compared with more reac-regions where the dendrimer molecules were mechanically
tive silane functionalities such as chlorosilanes. Dend®n ( removed by scribing showed deep depressions as a result of
was synthesized as shown in Scheme 1 starting from theHF etching of the “deprotected” regions of the Ti film. Lines
known third generation benzyl ether dendr@h?® Reaction 50 nm wide etched to a depth of ca. 10 nm into the Ti film
of 1 with succinic anhydride using (dimethylamino)pyridine can be seen in Figure 4b. Such positive tone imaging with
as the catalyst afforded intermedi&ewhich was coupled  controlled etching was highly reproducible, indicating that
to (3-aminopropyl)triethoxysilane using 1-(3-dimethylamino- the dendrimer SAM affords excellent etch resistance, effec-
propyl)-3-ethylcarbodiimide hydrochloride (EDC) as the tively protecting the Ti surface it covers. In control experi-
reagent to afford3 as the main product. The dendrimer ments, bare Ti films without dendrimer SAM protection were
monolayer was then self-assembled on a thin film of Ti via completely etched away under the same HF etch treatment
covalent attachment between the triethoxysilane functional process. The quality of the Ti film remaining was determined
groups on the dendrimer and the surface hydroxyl groups by measuring the electrical properties of the dendrimer SAM
on the native oxide of the Ti film (Figure 1). The formation protected Ti film before and after immersion in the HF solu-
of a single dendrimer monolayer on a thin Ti film was char- tion. No change in electrical resistance was observed in this
acterized by a liquid-phase quartz crystal microbalance (QCM) control experiment as a result of the etch resistance imparted
measurement. An average film thickness of 20 A was by the dendrimer SAM. In contrast, bare Ti films without
evaluated by monitoring the change in mass per unit areadendrimer SAM protection were completely removed under
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Figure 1. Monolayer self-assembly & on Ti substrate.
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Figure 2. Monitoring the formation of a self-assembled monolayer
of 3 on Ti substrate by quartz crystal microbalance (QCM).
Patterning Techniques

Covalently bound
dendrimer monolayer

Positive tone on Ti Negative tone
resist resist
Scribing the Oxidizing the

monolayer

\ ronotaver Figure 4. AFM images of (a) 40 nm wide lines scribed into the
dendrimer monolayer, (b) 50 nm wide trenches after etching the
ﬁ deprotected Ti in a 0.1%HF solution for 51 s.

oxidation approach. A positive bias was applied to the
lr o NH.F+H0; substrate while the negatively biased AFM tip traversed on
the substrate along a designed path in a minimum 50%
- * relative humidity environment. The vibration amplitude of
the cantilever was set to at a constantl® A during writing
Figure 3. Schematic representation of the dendrimer-coated Tifilm to keep tip-sample proximityt—3 The scan rates and applied
with two alternative routes for imaging positive or negative tone voltages varied, with best results for oxide formation being
patterns. obtained at scan rates in the range of-014«m/s and bias
the same HF etching conditions, as confirmed by the observa-voltages between 10 and 12 V. Figure 5a shows a typical
tion of infinite electrical resistance due to the complete removal AFM image of the type of pattern obtained as a result of the
of the Ti film. Finally, contact angle measurements showed local oxidation of the dendrimerSAM covered Ti surface.
that after immersion in HF, the contact angle for SAM-covered The bright lines, presumably resulting from a field-enhanced
Ti films decreased slightly from 8o 70, perhaps due to  oxidation of the Ti film, are 20 nm wide and 2 nm tall. The
the presence of TiQin the etched areas, but a value still lines in the pattern were obtained with a scan rate @mls
higher than the contact angle of 6&easured for bare Ti.  with a bias voltage of 10 V using a 250 nm pitch. The
For patterning in the negative tone mode, the dendrimer patterned lines appear2 nm taller than the dendrimer
SAMs were used in conjunction with a field-enhanced monolayer background. Typically, the patterns become wider
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small and only allows for pattern transfer of 2 nm tall features
(presumably Ti@). These results suggest that the material
produced via oxidation of the dendrimer blanketed Ti film
plays an essential role in imparting excellent etch resistance
for negative tone pattern transfer.

In conclusion, we have devised new scanning probe
lithography schemes based on a self-assembled dendrimer
monolayer resist that enable the normally very difficult
patterning of Ti surfaces. The excellent surface coverage
afforded by the dendrimer resist is key to the imaging
process. In future work we plan to explore the nature of the
species that enable the formation of negative tone patterns.
For positive tone imaging, better results might be obtained
through the use of softer cantilevers and sharper tips. An
even more exciting prospect derived from the use of
dendrimer resists is the possibility that lithographic resolution
may be improved to the level of single dendrimer molecules.

[ 1] 1
11115
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