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In the recent past, a variety of scanning-probe tech-
niques[1–3] have been employed to generate nanometer-size
structures on semiconducting,[4–10] metallic,[11,12] and organic
surfaces.[13–19] In general, these methods utilize the proximity
of the scanning probe to generate an intense electric field
(ca. 109 V m–1) by applying a relatively low bias of the order
of a few volts. The oxidation of silicon in air using surface ad-
sorbed water as the medium between tip and substrate has
been studied most extensively.[4–10] Field-induced techniques
have been employed to pattern larger areas in parallel
through the use of a stamp coated with conducting materi-
al.[20–22] The ultimate lateral resolution of field-induced litho-
graphy is directly related to the dimensions of the protruding
features of the stamp or the sharpness of the scanning probe.

Recently, there have been ongoing efforts to replace the
water in the tip/substrate gap with organic solvents in order to
explore novel field-induced chemical reactions.[23–29] For ex-
ample, the deposition of etch resistant features was previously
demonstrated in our laboratories[24] using common solvents
such as toluene, n-octane, ethyl alcohol, and dioxane as the
medium between the sample and the tip of an atomic force
microscope (AFM) operated in fluid. Similarly, recent work
was performed by Garcia and co-workers[23,26] using an ethyl

alcohol meniscus in the tip/substrate gap. Most recently, the
same group has achieved < 5 nm resolution using a solvent
meniscus condensed from octane vapour.[27] Of particular rel-
evance to our work, are the findings reported by Hersam and
co-workers[28,29] for contact mode patterning in hexadecane
on H:Si(111). Both the growth kinetics and the chemical be-
havior of the deposited features were consistent with field in-
duced oxidation (FIO) of silicon. The authors conclude that
oxidation of the silicon surface occurs in the meniscus formed
between the probe and the surface by the water dissolved in
the fluid, with minimal effects on the reaction from the sur-
rounding solvent. It is important to note that the water con-
tent in hexadecane is reported to be three-fold higher than
that found in n-octane at same pressure and humidity.[30]

In the present work, the role of surface hydrophobocity in
the high field scanning probe nanolithography in hexadecane
is investigated. A schematic representation of the setup em-
ployed is shown in Figure 1a. In this setup, both the probe of
the atomic force microscope and the sample are immersed in
the solvent to carry out the patterning and the initial imaging
of the nanostructures. For patterning, a potential difference is
applied between the probe and the sample (positive on the
sample) while the tip is translated across the desired location
kept in close proximity to the surface. The results obtained
after patterning both a hydrophilic silicon oxide surface (con-
tact angle ca. 0°) and hydrophobic TMS terminated surface
(contact angle 90°) were investigated using the process flow
shown in Figure 1b. The hydrophobic surface was obtained
via passivation of the surface of the silicon wafer with hexa-
methyldisilizane (HMDS).

When high field lithography in hexadecane was performed
on the hydrophilic surface, feature growth rates consistent
with FIO of silicon were observed.[4,28,29] In Figure 2a, the
1.5 nm tall features that are observed were fabricated at a
scan rate of 1 lm s–1 with a 12 V bias applied on the sample.
In contrast, when the HMDS surface-modified substrate was
used (Fig. 2b), the growth rate was significantly faster and
found to be consistent with what had previously been report-
ed for the high field decomposition of n-octane, toluene, ethyl
alcohol, and dioxane under the same exposure condi-
tions.[24–27] In Figure 2b, (2.2 ± 0.2) nm tall lines were fabri-
cated on the HMDS-protected silicon surface at a scan rate of
15 lm s–1 with a 12 V bias applied on the sample. A compari-
son of the relative scan speeds and heights of the features
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leads to an estimated 20-fold increase in vertical growth rate
when changing from the hydrophilic surface to a hydrophobic
surface.

Immersion of the patterns made on the hydrophilic surface
into a bath containing a mild ammonium fluoride based etch-
ant (10:3:100/NH4F:H2O2:H2O) leads to the formation of
shallow trenches as can be seen in Figure 2c and e. This again
confirms the suggestion that the original features were primar-
ily composed of silicon oxide, since silicon oxide is readily re-
moved by fluorinated etchants.[31] In contrast, the features
made on the HMDS-passivated surface displayed a complete-
ly different behavior upon immersion in the same wet etch
(Fig. 2d and f) as etching did not produce trenches but rather
tall posts ca. 10 nm in height as shown in Figure 2f.[32]

In order to better characterize the patterns made on the hy-
drophobic HMDS surface, high-resolution photoemission
electron microscopy (PEEM) was performed on microscopic
patches of material created as described above but on a larger

area enabling application of the PEEM characterization tech-
nique (Fig. 3a).

The larger features were then investigated for both carbon
content and type of bonding by performing electron yield ex-
periments at energies below and above the carbon edge. The
results obtained in these analytical explorations are shown in
Figure 3b and c. Figure 3b is an image of the carbon signal on
the sample after background subtraction to correct for any
geometric effects. As can readily be observed, the areas with
the highest carbon content (bright in the image) closely match
the two patches on the AFM image of Figure 3a. Spectral in-
formation is presented in Figure 3c. The colored spectra cor-
respond to the data taken from the PEEM after subtraction of
the background signal of the detector and pre-edge normali-
zation to compensate for different emission of the areas writ-
ten with the AFM and the variation of the X-ray illumination
across the image. The very strong dip in all the spectra corre-
sponds to carbon contamination of the beamline optical com-
ponents (e.g. gratings). Although there are only small differ-
ences in features of the local spectra, carbon content
information was obtained by normalizing the spectra taken on
the patches with the spectra in the background serving as an
I0 correction. It is important to note that the carbon contami-
nation of this sample is rather high due to the presence of the
organic monolayer on the surface.

The black line on the plot shows three distinct peaks, two
sharp and one rather broad. By comparing these peaks with
spectra taken on aromatic molecules on the same instru-
ment[33] we assigned the two first peaks to the transition of a
photoelectron from the K shell of carbon to the first and the
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Figure 1. a) Representation of the set up for high-field scanning probe li-
thography in hexadecane. b) Schematic of the two patterning routes de-
pending on surface hydrophilicity.

Figure 2. Atomic force microscope images and cross section of the dif-
ferent patterning steps. a) and b) AFM images of areas patterned using
high field lithography in hexadecane a) SiO2 lines patterned on the hydro-
philic surface at +12 V 1 lm s–1 rate b) carbonaceous lines deposited on
the hydrophobic surface at +12 V 10 lm s–1 rate, scale bars are 1 lm and
0.5 lm, respectively. c) and d) same areas after etch transfer in a solu-
tion containing NH4F + H2O2 note the tone reversal depending on the
material deposited. e) and f) average of the cross sections of the
patterned areas, black represents before and red represents after etch
transfer.



second unoccupied p* state of C�C double bond. These
peaks are a clear signature for a high content of sp2 hybridized
carbon atoms in the patches. Furthermore, the broader peak
can be identified with the transitions ending the excited r mo-
lecular states corresponding to a smaller but still significant
presence of sp3 hybridized carbon atoms. This analysis con-
firms the carbonaceous content of the patches and gives some
insights on the bonding network formed by tip exposure. The
etch resistance of the material formed by tip exposure also re-
sembles that achieved with materials having at least some aro-
matic or graphitic character. The transition of sp3 hybridized
carbon to aromatic compounds has previously been reported
in organic monolayers exposed with low energy electrons
(50 eV),[34] thus, it is not unreasonable to imagine the solvent
molecules incurring a similar transformation.

In summary, we have demonstrated that two possible chem-
ical pathways exist for tapping mode high field lithography in
simple materials such as hexadecane. On a hydrophilic sur-
face, the water dissolved in the solvent forms a meniscus be-
tween the tip and the sample due to capillary condensation
and displaces the solvent from the active region, this results in
local field induced oxidation of the silicon substrate. This is
consistent with previous reports of high-field lithography in
hexadecane on H:Si(111), where patterning in contact mode
affords a stable water meniscus even on a relatively hydro-
phobic surface (contact angle 79°).[28,29] Alternatively, when
patterning in tapping mode on the hydrophobic HMDS termi-
nated surface, water cannot form a stable meniscus and the
solvent present in the active region bears the brunt of the high
energy modification process. Under such high field conditions,
the solvent readily decomposes, depositing etch resistant
features rich in sp2 hybridized carbon. This study clarifies
the modes of tip-induced nanoscale patterning that are avail-
able using simple solvents as “resists”. It is particularly note-
worthy that a simple change in reaction conditions enables
the tuning of the imaging tone from positive to negative or
vice-versa.

Experimental

Si (100) substrates (Addising Engineering, p-type, boron-doped, re-
sistivity 0.02–0.03 X cm–1) were cleaned in a HF solution and a thin
oxide layer ca. 1–2 nm was grown in an oxygen plasma as previously
described [24]. Anhydrous hexadecane (0.0008 % water, Sigma–Al-
drich) was equilibrated in atmosphere prior to use. Patterning experi-
ments were performed using a Digital Instruments Multimode atomic
force microscope equipped with a fluid cell operated in tappingTM

mode. Silicon cantilevers (force constant 2 N m–1 and resonant fre-
quency ca. 75 kHz) coated with a conducting layer of Ti/Pt (Veecop-
robes) were employed. Patterning was achieved in hexadecane by ap-
plying a positive bias (7–12 V) to the sample while translating the
grounded tip across the desired locations on the surface. During this
process, the tip sample separation was reduced until the amplitude of
vibration of the tip reached 20 % of the imaging set-point. The hydro-
philic pristine surfaces were used immediately after oxidation with a
water contact angle of ca. 0°. The hydrophobic surfaces were pre-
pared by placing the freshly oxidized wafers into an enclosed contain-
er with a small pool of HMDS for several minutes. This resulted in a
well packed and clean monolayer with a water contact angle of
90° ± 2°. The spectromicroscopic characterization of the deposited ma-
terial was performed at the microscopy branch (PEEM-2) of the
beamline 7.3.1.1 at the Advanced Light Source at the Lawrence Ber-
keley National Laboratory in Berkeley, CA. The photon energy range
of this branch is 250 eV to 1300 eV with a spectral resolving power
between 1200 and 1800. The X-ray photoelectron microscope
(PEEM) is operated in total electron yield (TEY) with a maximum
spatial resolution of ca. 50 nm for elemental contrast imaging. Stacks
of successive near edge X-ray absorption fine structure (NEXAFS)
images over the photon energies containing the relevant C- edge were
acquired in the grazing incident geometry. All the raw spectra were
normalized to unity from 5 to 10 eV before the edge jump to compen-
sate for geometric effects, work function and conductivity differences
that foreshadow the chemical signal in the TEY mode.
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Figure 3. PEEM analysis of microscopic patterns. a) AFM image of two
microscopic carbonaceous patterns deposited on the hydrophobic func-
tionalized silicon surface, scale bar 10 lm. b) Carbon signal PEEM im-
age taken at 290 eV corrected for background by subtracting an image
taken at 270 eV of the same patterns. c) PEEM spectra acquired in the
depicted area. Spectra a-f are normalized data colour coded and acquired
in the boxes shown in image b), the dip is due to carbon contamination
present on the beamline optics. Spectrum f is the result of subtracting
the sum of the spectra taken in the background from the sum of the
spectra taken on the patches after renormalization of the spectra for in-
tensity correction.
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