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ABSTRACT

Nanometer-size menisci of organic liquids such as octane and 1-octene have been formed and used to confine chemical reactions. The
application of a bias voltage between a conductive scanning probe tip separated a few nanometers from a silicon surface allows the field-
induced formation of nanometer-size liquid menisci that can subsequently be used to fabricate nanometer-size structures. We report the
fabrication of sub-10-nm nanostructures in 0.1 ms. Growth kinetics studies reveal that the nanostructure composition and its formation mechanism
are organic-solvent-dependent. Both voltage polarities can be used to grow nanostructures, although the growth rate is significantly higher
for positively biased samples. These experiments allow us to produce in the same sample two chemically different nanostructures that are
easily addressed and positioned and have sub-10-nm features.

The past decade has seen the emergence of several scannimtgcane gave rise to structures that showed chemical and
probe-based nanolithographied. Among them, local oxida-  kinetic behavior consistent with field-induced oxidation in
tion or field-induced oxidation of semiconductor, metallic, air.?® Those structures were easily etched in hydrofluoric acid
and organic surfaces by atomic force microscopy (AFM) has (HF).
established itself as a robust, reliable, and versatile litho- In this letter, we form and manipu|ate nanometer-size
graphic method for the fabrication of nanometer-scale jiquid bridges of nonpolar organic solvents such as octane
structures and devicés!" In scanning probe-based oxidation, and 1-octene with a dynamic force microscope. The liquid
a water meniscus provides both the chemical species (0xy-meniscus is used to confine the growth of nanometer-size
anions) and the spatial confinement for the anodic oxidation structures as small as 8 nm in diameter. Nanostructures are
of a nanometer-size region of the sample surfdcBhe  fapricated at both polarities, although the resulting size is
process is rather general because many different materialolarity-dependent. Chemical behavior and growth kinetic
and/or surfaces have been patterned, such as semicondugtydies indicate that the composition of the fabricated
tors'21% metals}~®1* dielectrics} polymers;>*® and self-  strycture is organic-solvent-dependent. The controlled forma-
assembled and dendrimer monolayét$ among others. tion of nanometer-size liquid menisci from nonpolar organic
Furthermore, local oxidation can be scaled up by using solvents reveals the general character of the AFM nano-
stamps with multiple nanometer-size protrusihs: lithography based on the field-induced generation of chemical
We have also shown that nanostructures can also bereactions because it applies to both polar and nonpolar fluids
fabricated by using polarizable organic solvents such as ethylas well as vapor and condensed phases.
alcohol menisc#? In that case, the fabricated structures on
a silicon surface were no longer oxides but showed the
formation of silicon carbide and carbon?spompounds?
Those experiments were mediated by the field-induced
formation of nanometer-size menisci in a dynamic AFM
interface. More recently, it was shown that operating the
AFM in a liquid cell filled with n-octane gave rise to the
formation of nanostructures that could be used as etch-
resistant resist&. There the whole immersion of the tip in
the liquid precluded the formation of nanometer-size me-
niscus. However, similar experiments performed in hexa

The experiments were performed with a dynamic atomic
force microscope operated in the low-amplitude solution
(noncontac®f and with additional circuits to apply voltage
pulsest? The microscope was placed into an inner box with
inlets for dry nitrogen and organic vapors. The inner box
was enclosed in an outer box with an output to extract leaked
organic vapors. First, the AFM chamber was purged of water
vapor by flushing with dry Mfor about 30 min. This reduced
the relative humidity to below 2%. Then, the chamber was
filled with either octane or 1-octane vapors (Sigma-Aldrich).
" Those vapors kept the relative humidity below 2%. Non-

*To whom correspondence should be addressed. E-mail: rgarcia@ contact A_F_M nanoll'_chography was performed with doped
imm.cnm.csic.es. n*-type silicon cantilevers (Nanosensors, Germany). The
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Figure 2. (a) Sequence of local modification experiments for
different pulse times at a constant voltage (a) by forming octane
menisci at 16.5 V and (b) by forming 1-octene menisci at 26 V.
Figure 1. (a) Cantilever-tip oscillation (deflection) before (l),
during (Il), and after the application of a voltage pulse (lll, 1V) in - . .
an environment saturated with 1-octene vapor. Each dot representé*\FM tip in an oscilloscope screen (Figure 1a). Before the
the instantaneous AFM tip amplitude. Once the pulse is off, the application of a voltage pulse, the tip oscillates above the
octane meniscus holds the cantilever (Ill). Reestablishing the sample surface (I). The electrostatic interaction deflects the
feedback breaks the meniscus (IV). Because the electrostatic forcejp’s equilibrium position and changes the AFM resonance
is higher than the capillary force, the cantilever moves its average frequency, which leads to a reduction of the oscillation

position away from the surface when the pulse is off. The solid . . e .
line represents the voltage pulse. (b) Interpretation of the deflection @MPlitude (I1). Once the pulse is off, the oscillation amplitude

changes observed in part a and schematic of a single nanofabricatioiemains reduced because the capillary force of the organic
process. First, the tip is placed4 nm above the sample surface liquid bridge holds the tip (lll). Finally, the tip is retracted,
(1), and then a voltage is applied. The voltage deflects the cantilever,\which stretches and eventually breaks the bridge, and

reduces the oscillation amplitude, and drives the formation of a o,y ers jts initial amplitude (IV). The nanofabrication
liquid menisci (Il). The nanolithographic process starts, and a

nanometer-size feature is created (white box). After the voltage PrOCesS starts in Il by increasing the pulse duration. A
pulse is off, the attractive force of the liquid meniscus reduces the Schematic of the process is depicted in Figure 1b.

tip oscillation (IIl). Finally, the tip is retracted, and the original In the presence of the liquid meniscus, the same or another
oscillation amplitude is recovered (IV). voltage is used to initiate the nanolithographic process. The

force constank and resonance frequendy were about  application of a single pulse generates a dot whose size
35 N/m and 320 kHz, respectively. The cantilever was depends on the voltage strength and pulse duration. Figure
excited at its resonance frequency. The semiconductor2@ shows several dots fabricated by the application of a series
samples were p-type Si(100) with a resistivity of ©.1  0f 16.5V pulses (sample positive) for different times in the
1.4 Q cm. The numerical data presented in Figure 4 is the Presence of octane vapors. Each dot requires the formation
average of five nanofabrication experiments under the same0f @ nanometer-size meniscus. Dot lateral sizes are in the
conditions. The organic solvent menisci bridging tip and 20—70 nm range (full width). Figure 2b shows a similar
Samp|e were field induced by app|y|ng an external V0|tage experiment at 25 V with 1-octene menisci. Dot lateral sizes
between the tip and sample. The reference electrode for theare in the 8-50 nm range (full width).
voltage is the tip, so positive (negative) polarity means that We have studied the dependence of dot formation with
the sample is biased positively (negatively) with respect to bias polarity (tip grounded). Nanostructures were formed at
the tip. The protocol is similar to the one previously applied positive and negative polarities for both octane and 1-octene
to the field-induced formation of water and ethanol merfidci. menisci, although they were significantly smaller at negative
The formation of nanometer-size organic liquid bridges polarities (Figure 3). For the same pulse duration, positive
is monitored by following the instantaneous motion of the polarities produced nanostructures of about 7 nm in octane
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Figure 3. Dependence of the dot size with the voltage polarity. 101 ¢
(a) Topographic AFM image and cross section of dots obtained in 0 P S A A
octane at positive polarity (21 V and 2.5 ms). (b) Topographic AFM 10 10 time (5)10 10

image and cross section of dots obtained in octane at negative
polarity (—21 V and 2.5 ms). (c) Topographic AFM image and
cross section of dots obtained in 1-octene at positive polarity
(26.5V and 0.1 s). (d) Topographic AFM image and cross section
of dots obtained in 1-octene at negative polarity26.5 V and

0.1 s). Positive polarities significantly favor the formation of the
nanodots. nanolithographic process. Dots are the elemental features of
AFM nanolithographies. Second, the kinetics is highly
dependent on the chemical composition of the fluid. In
octane, there is a rapid initial growth that abruptly self-

Figure 4. Semilogarithmic dot height (a) and width (b) dependence
on pulse duration and liquid menisci compositidh= 16.5 and
26 V for octane and 1-octene, respectively.

(i.e., about 5 times higher than at negative polarities
(1.5 nm)). A similar ratio was obtained in 1-octene (3 vs

0.7Cnm) ional i f the fabri dd I terminates (before the process becomes uncontrollable),
¢ dro;s{-ssctmnﬁ |magefs do tt e 1a rlca}e dotstg ongs ' \yhereas in 1-octene the rapid initial growth rate slows down
study the dependence of dot Siz€ on pulse duration. ( '9Ur€4nd self-terminates smoothly. Third, nanostructures could be
4). The comparison among nanostructures qbtalned N OCtaneeasily formed with sub-0.1-ms pulses, which in turn would
and 1-octene menisci shows that the chemical nature of theimply faster overall nanolithographic processes. The above

:'Dqtf['d kl))r;d_ge dh?‘S atdetermlna?t Tfluen(;:erzl_orr: theTrc]joths[zer:].t kinetic results should also apply to experiments performed
oS obtained In octane grow faster and higher. The heignt; , liquid cell*?5 because once the meniscus is formed the

seems to saturate at about 0.01 s. Actually, the appllcat|0nIocal tip—sample environment is identical.

of longer pulses_produces a dramatic modﬁmatmn of the To gain insight into the physical and/or chemical process
sample surface with the uncontrollable formation of structures behind the formation of nanostructures, we analyze the data

over tr?T(\'/er?l m|;:{r?m:t(tar-fquar§q rleglc;ns. Hovyever, ﬂt]eplotted in Figure 4a with a power law parametrization that
growth kinetics o the dots formed in -octene environments ;. commonly used in analyzing kinetic processes in local

is quite §imilar to the Ipcal oxidatipn Kinetics of silicon oxidation experimentd
surfaces in aqueous environmefitghis is characterized by
a high initial growth rate that decays rapidly and finally
saturates. The main difference is that the local oxidation of h= bt’ 1)
the silicon surfaces starts at pulses one to two orders of
magnitude longer. Heights are measured with respect to thewhere h is the nanostructure height about the substrate
baseline defined by the silicon surface, and widths are baseline and is the duration of the pulse. Parametdys))
measured at the base of the nanostructure. characterize the growth processdepends on the voltage
The semilogarithmic plot of height and width versus time and liquid nature, angt depends on the chemical nature of
of Figure 4 emphasizes three major results. First, it gives athe fluid. For octane, we obtain (32 nm, 0.28), whereas for
protocol for obtaining dots of different sizes ranging from 8 1-octene we obtain (4.63 nm, 0.17). These values should be
to 70 nm, which would allow us to develop a reliable compared with the ones obtained in water and ethanol
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Figure 5. AFM topography images showing three arrays of dots

densation and subsequent polymerization of carbon chains.
The kinetics in 1-octene is very similar to field-induced
oxidation processes, which suggests an electrochemical
process. Second is the confirmation that scanning probe
nanolithography based on the field-induced activation of
chemical reactions is a general process that applies to both
vapor and liquid phases, polar and nonpolar solvents, and
contact and noncontact scanning probe microscopy interfaces.
Furthermore, scanning probe nanolithography mediated by
the formation and manipulation of liquid menisci allows us
to produce in the same sample a variety of nanostructures
of different chemical compositions that are easily addressed
and positioned and have sub-10-nm features.
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resistant, whereas structures in water and 1-octene are readily

etched.

environments (for similar voltages). Values of (9.3 nm, 0.32),
and (3.48 nm, 0.12) have been reported for ethyl alcohol
and water, respectivef?. The kinetic parametersby y)

deduced for octane are the highest ones measured by
scanning probe methods, whereas for 1-octene they are

comparable to, albeit slightly higher than, those of water.
The high p, y) values obtained in octane allow us to

conjecture a nonelectrochemical process where the formation

of nanostructures is a two-step processndensation of the
octane molecules in the vicitnity of the AFM tip and then
probably the polymerization of the hydrocarbon chains by
the strong electrical field. We estimate that the electrical field
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