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Abstract
A technological gap in nanomanufacturing has prevented the translation of many nanomaterial
discoveries into real-world commercialized products. Bridging this gap requires a paradigm
shift in methods for fabricating nanoscale devices in a reliable and repeatable fashion. Here we
present the optimized fabrication of a robust and scalable nanoscale delivery platform, the
nanofountain probe (NFP), for parallel direct-write of functional materials. Microfabrication
of a new generation of NFP was realized with the aim of increasing the uniformity of the
device structure. Optimized probe geometry was integrated into the design and fabrication
process by modifying the precursor mask dimensions and by using an isotropic selective dry
etching of the outer shell that defines the protrusion area. Probes with well-conserved sharp
tips and controlled protrusion lengths were obtained. Sealing effectiveness of the channels was
optimized. A conformal tetraethyl orthosilicate based oxide layer increased the sealing
efficacy while minimizing the required thickness. A compensation scheme based on the
residual stresses in each layer was implemented to minimize bending of the cantilever after
releasing the device. The device was tested by patterning ferritin catalyst arrays on silicon
dioxide with sub-100 nm resolution. The optimized probes increased the control over the
parallel patterning resolution which enables manufacturing of ordered arrays of nanomaterials.

S Online supplementary data available from stacks.iop.org/JMM/23/125014/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Tip-based nanofabrication (TBN) has established itself over
the past decade as a powerful technique for patterning a
diverse range of nanomaterials [1–4]. The spatial accuracy of
scanning probe-based systems provides the control necessary
for repeatable assembly in the 10 to 1000 nm range in
a reproducible manner. Conventional CMOS fabrication
techniques have demonstrated nanoscale structures but at
an ever increasing cost [7]. TBN, along with template-

based approaches such as nanoimprint lithography, is one
of the primary techniques benefitting the development and
prototyping of nanodevices by making nanopatterning possible
with reasonable-cost equipment and in small lab facilities [5,
6]. At the same time, other fabrication techniques have not been
able to address the critical challenges of nanomanufacturing
[5] that must be met for a nanofabrication or assembling
technique to be economically viable: (1) control of the
size, position orientation and properties of materials at
the nanoscale; (2) multi-scale integration and interfacing
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Figure 1. SEM images of the fourth generation NFP. The NFP chip consists of four reservoirs (a) that are each connected to six parallel
microfluidic cantilevers. The reservoir membrane distributes the ink into the embedded microfluidic channels (b), which deliver the ink to
the writing probe tips (c).

with the ‘device architecture’; (3) scalability for large-scale
production; and (4) robustness and reproducibility for a
reasonable cost [5]. Addressing these challenges will enable
the transition of nanotechnology discoveries from laboratory
benches to consumer markets [6, 8, 9] in fields ranging from
nanoelectronics, nanomedicine [10], defense to energy storage
[11, 12]. Similar to e-beam patterning, TBN has a weak point
in the slow speed of patterning, which can be addressed in
part by parallel patterning with arrays of tips. The approach
demonstrated here addresses this problem by using a linear
array of 12 probes.

The nanofountain probe (NFP) is a device with
integrated microfluidic channels that enables high throughput
bottom–up direct-write patterning [13, 14]. NFP has been
used to pattern DNA [15], proteins [16], gold [17] and
diamond nanoparticles [18] with sub-100 nm resolution.
The NFP operates as a miniaturized fountain pen such
that an ‘ink’ containing material in aqueous suspension is
loaded into the reservoir (supporting information available
at stacks.iop.org/JMM/23/125014/mmedia) and delivered by
capillary forces to an aperture probe tip via an embedded
channel in the cantilever body (figure 1). When the sharp
apex of the probe contacts a substrate, a meniscus forms
and the liquid is then deposited and diffuses on the substrate
surface. Analysis shows that the size of the meniscus is a strong
function of the probe protrusion [16].

NFP patterning is a scanning-based method allowing
both top–down and bottom–up fabrication. The integrated
microfluidic reservoir and channels allow ink material to stay
in a hydrated state through the entire delivery process from
inking to patterning stages. This unique NFP feature allows the
NFP to operate submerged in both air and liquid environments
[19]. It shares similar capabilities with dip-pen lithography
[20, 21] (DPN) in term of resolution and registration but
also its serial limitations. Nevertheless, successful DPN
patterning using 55 000 pen arrays [22] at an estimated
0.05 cm2 min−1 rate demonstrated the method’s scalability.
An NFP patterning rate of 2.66 × 10−6 cm2 min−1 was
measured in this work. Operation in parallel along with
on-going fast-scan AFM development promises to increase
the throughput toward large-scale nanomanufacturing. Along

with the integrated continuous molecular feeding, a current
parallelization scheme, consisting of two 1D arrays of 12
cantilevers integrated on a single chip, allows maskless parallel
fabrication of extensive patterned areas in a single pass and
reduced process time by eliminating molecular loading steps
and ink kinetic dissolution at the tip meniscus [23]. Scaling-
up schemes similar to the 2D probe array demonstrated with
DPN [22] are envisaged to increase the throughput of the
NFP. In contrast, commercially available systems, such as
e-beam [24, 25] (EBL) and nanoimprint lithography [24,
26] (NIL) can reach 10 nm resolution, although at very
different patterning rates. EBL is also a serial method with
reported rates up to 0.001 cm2 s−1. NIL relies on embossing
and thus is privileged by large-scale and faster templating
capabilities but it requires a mold for each desired pattern. Step
and repeat methods using NIL have reached patterning rates
between 0.002 and 0.3 cm2 s−1 [27]. E-beam lithography offers
orders of magnitude faster patterning and is currently the best
candidate to replace traditional lithography for semiconductor
industry. The scanning probe-based patterning such as DPN
and NFP on the other hand allow patterning of a library of
materials that cannot be patterned directly by EBL such as
proteins, nanoparticles and biomolecules. Furthermore, the
integrated microfluidic delivery of the NFP enables patterning
of materials that require delivery in a hydrated state.

In this paper, we present the approach taken to increase
the throughput and resolution obtained by NFP patterning. The
following sections present the design and fabrication process
of the fourth generation of NFP. Using knowledge from the
fabrication and use of the previous generation devices [14, 28],
the probe geometry was redesigned and the fabrication process
was adapted to increase uniformity across the wafer, while
improving the probe profile, and to increase the resolution and
performance for parallel patterning applications. We discuss
modifications to the dispensing probe, including sealing of
the microfluidic channels and beam stress compensation to
avoid residual probe curvature. Characterization of the device,
including the probe geometry, cantilever bending and stiffness,
are then presented. Application of the device is demonstrated
by patterning arrays of catalyst nanomaterials.
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Figure 2. Illustration of the fabrication process: (a) Mask precursor
patterning; (b) definition of sharp silicon tips; (c) successive
deposition, lithography and patterning to form the channel core and
the envelope; (d) definition of the dispensing tip by locally etching
the probe outer shell; (e) release of the channel; ( f ) sealing of the
side channels; (g) reservoir and chip body definition.

2. Fabrication

The fabrication process, shown in figure 2, consists of three
major steps for delineating: the volcano-shaped tips, the

microchannels, and the chip body with reservoir area. The
process begins with the formation of sharp silicon tips onto
silicon on insulator (SOI) wafers. A masking layer of thermal
oxide is grown (∼200 nm thick), followed by lithography and
dry etching on the front side to form the tip precursor mask
(figure 2(a)). Then, silicon tips are created by wet anisotropic
etching of the device layer in 40% wt. tetramethyl ammonium
hydroxide (TMAH) (figure 2(b)). Sharp tips are formed by fast
etch planes appearing through convex corner undercutting of
the thermal oxide mask [29].

The fabrication of microfluidics-embedding cantilevers
is realized by successive deposition, lithography and etching
of the layers composing the channels (figure 2(c)). First, the
cantilever body is outlined in the buried oxide. The SiO2 is
patterned using a thick ∼9.5 μm photoresist (SPR220-7) then
defined by wet isotropic etching in buffered oxide etch (BOE).
A post-exposure bake of the resist increases the adhesion and
limits the diffusion of fluoride ions through the photoresist
mask. The bulk part of the cantilever is fabricated as in
previous generations [28], a summary of which follows. A
layer of low stress silicon nitride (∼380 nm thick) is deposited
by low pressure chemical vapor deposition (LPCVD). The
channel floor is formed through contact lithography of the
Si3N4 using Shipley 1813 spun at 3000 rpm and patterning by
CHF3+O2 reactive ion etching (RIE) (Oxford Plasmalab 100,
Oxfordshire, UK). The sacrificial core of the channel is formed
by depositing a 500 nm silicon dioxide by plasma-enhanced
chemical vapor deposition (PECVD) (GSI) and patterning
using buffered oxide etch BOE, using the same lithography
procedure used for the buried oxide. Finally, a second low-
stress silicon nitride (∼750 nm) layer is deposited by LPCVD.
Subsequently, the ceiling of the channels and access holes
are patterned using Shipley 1813 spun at 3000 rpm s−1 and
CHF3:O2 RIE.

The outer shell of the volcano dispensing tip is formed
by removing the nitride layer from the tip apex. For this, a
thick SPR220-3 photoresist is spun over the wafer at spinning
speed of 1000 and 1250 rpm leaving the tips protruding out
of the resist by approximately 0.4 to 1 μm (figure 2(d)).
The exposed nitride is etched by inductive coupled plasma
reactive ion etching (ICP-RIE) etch (Oxford Plasmalab 100)
using a 50:2 sccm mix of CHF3:O2 gases at 40 mTorr with
ICP and RIE power of 1500 and 110 W, respectively. After
removing the residual photoresist, the channels are released
by etching the sacrificial PECVD oxide in BOE (1:6) for
400 min (figure 2(e)). A critical point dry follows to avoid
collapsing the channel due to capillary forces during drying.
The channels are sealed by covering them with a 2.8 μm
oxide layer (figure 2( f )). Tetraethyl orthosilicate (TEOS)-
based oxide is deposited for this purpose by PECVD at 365 ◦C
followed by an additional 450 nm thick layer of undoped oxide
deposited at 400 ◦C to balance the stress in the cantilever.

At last, the reservoir and chip body are defined by deep
reactive ion etch (DRIE, STS LX Pegasus) using a commercial
Bosch process (figure 2(g)). Trapezoidal trenches 40 μm deep
are etched in TMAH solution beforehand at the location of
the reservoir well. The recess compensates a micro-loading
effect, causing a difference in etch rate between the chip body
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Figure 3. SEM images illustrating evolution of the probe during fabrication. (a) Probe precursor mask with corner compensation beams
used to define pyramidal tips by anisotropic wet etch; (b) sharp silicon tip resulting after etch once the precursor mask is removed; (c) tip
covered by three nitride layers that form the microfluidic structure; (d) the dispensing probe, with an inner tip protruding from the outer
shell, that forms after the nitride layer is partially etched.

and reservoir. Wafers are handle-bonded on a support wafer
using thermal paste (Cool-Grease CGR7016, AI Technology
Inc.) to lengthen the etch after the first punch-through event
due to non-uniform etching. The DRIE etch is carried out until
all of the double nitride membranes in the reservoir well are
visible. Finally, wafers are de-bonded and cleaned in a piranha
solution. The resulting NFPs are rinsed with deionized water
and then methanol and dried on a hotplate at 150 ◦C before
storage.

3. Results and discussion

The new design and fabrication strategies focused on
controlling the geometry of the dispensing tips, improving
the effectiveness of the channel sealing after release, and
compensating for the residual stress in the multilayer to avoid
cantilever bending after processing.

3.1. Optimization of the dispensing tips

NFP-patterning resolution is partly defined by the probe
geometry. Along with the sharpness of the probes, previous
models [16] suggested that the resolution could be controlled
by the meniscus shape, which depends heavily on the length
by which the inner tip protrudes from the outer shell.
Consequently, the precursor mask was redesigned and the outer
shell etching process was modified to improve the control of
the probe dimensions and improve tip uniformity across the
wafer.

The precursor mask dimensions are redesigned to allow
the vertical etch front to reach the oxide layer before the
horizontal etch front converges to a single point. The buried
oxide acts as an etch-stop layer limiting the probe height to
the thickness of the device layer of the SOI wafer (10 μm).
This etch stop balances the etch rate variation across the
wafer during the final release by DRIE and increases the
tip height uniformity. The mask consists of a square mesa
of side Lmesa with four 〈1 1 0〉-oriented compensation beams
(figure 3(a)). The length l and width w of the compensation
beams are optimized to reach the required etch depth
H [30, 31]:

H = R〈100〉

2R〈411〉

(
l + w

2 tan α
+ Lmesa

2
tan α

)
. (1)

The first two terms account for the depth etched by
undercutting the compensation beams, while the last term
accounts for undercutting the mesa. The etch-rate (R) ratio
between the {4 1 1} fast undercutting place at the convex
corners and {1 0 0} silicon wafer surface is 1.72 at the TMAH
concentration used [30]. α accounts for the 30.96◦ angle
between the 〈1 1 0〉 direction of the beams and the 〈4 1 0〉
direction, which correspond to a line intersecting the {4 1 1}
plane and the {1 0 0} plane [31]. The ratio of the width of
the compensation beam to the length of the main structure
is kept below 1

4 because wider blades lead to a decrease in
apex sharpness [32]. Etch tests were carried out to verify the
models and qualitatively compare the resulting tips in terms of
height, sharpness and aspect ratio. Precursor caps of various
dimensions were prototyped on oxidized bulk silicon wafers
with a laser pattern generator (Microtech LW405, Palermo
Italy). Eventually, optimal structure dimensions for L, l and w

were set at 21, 16 and 3.5 μm, respectively, for 10 μm high
tips. Since the structure relies on a transitional etching profile,
monitoring is essential to stop the etching at the moment
the etching facets meet, to preserve the tip height. The etch
progression is observed on precursor caps of increasing size,
placed on the device wafers as test patterns. Once the caps
of largest dimensions fall off the tips, the pyramids are fully
formed (figure 3(b)) and the wafers are removed from the etch
solution.

Shaping the outer shell surrounding the core tip is a critical
step that influences the patterning resolution of the NFP. First,
the sharpness of the inner Si3N4 tip needs to be preserved
throughout the process. Second, the shell-core tip protrusion
length should be controlled to a certain length. Previous
modeling studies investigating the flow of liquid through
the probe show that protrusion length affects the patterning
resolution [16]. Probes with protrusion length between 400
and 1000 nm result in a narrow and well-defined meniscus, and
therefore, an optimal patterning resolution. Above this range,
the meniscus is discontinuous, whereas below this range the
liquid spreads to the outer shell and results in uncontrollable
patterning.

The outer shell is defined by locally etching the tip apex.
To form the shell opening, a thick photoresist is spun to cover
all features except the apex of the tips. Spinning speeds of
1250, 1100 and 1000 rpm are used to reach protrusion lengths
within the range defined by the fluid models described earlier
in the paper of 400, 600 and 1000 nm, respectively. The outer
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shell is plasma-etched using a fluorine mixture of CHF3 and
O2. Its high selectivity for nitride over silicon [33] (up to
300:1) along with the isotropic etch enables the control of the
protrusion length and avoids any dulling of the tip apex from
over-etching. A fluorocarbon film forms during steady-state
etching conditions, leaving a reaction layer at the interface
with the nitride where the etching occurs [34]. Silicon surfaces
lead to a much thicker fluorocarbon film, limiting the ion
flux and therefore lowering the etch rate of the substrate [34].
Consequently, the outer shell is selectively etched while the
geometry and sharpness of the silicon core tip is preserved.

Inductively coupled plasma (ICP) etching is used instead
of simple reactive ion etching (RIE) because it can produce
a selective, largely isotropic etch. Increasing the ICP source
power of the high-density plasma boosts the etch rate. The
higher concentration of reactive neutrals generated increases
the chemical component of the etch mechanism and/or the ion
flux, which increases both the bond breaking efficiency and
the sputter desorption of etch products from the surface [35].
The isotropic nature of the chemical etch is also a safeguard
to preserve the probe geometry while effectively removing the
nitride material uncovered by photoresist. A power ratio of
ICP to RIE was set at 1500:115 W. Using an RIE power above
100 W was necessary to provide a voltage bias above 100 V
and overcome the byproduct passivation layer covering the
nitride. Little to no etching was observed when using lower
RIE powers probably due to the very low voltage bias. Previous
studies evidenced a faster etch rate on inclined surfaces with
increasing bias voltage [34], which indicates that etching of
the nitride on the slopes of the tip proceeds faster than on the
nearly vertical surfaces. Scanning electron microscope (SEM)
images (figure 3(d)) of the probes after ICP etch and resist
stripping show a well-defined outer shell with tapered edges,
which denotes an isotropic etch. Furthermore, the geometry of
the inner tip is preserved throughout the process.

3.2. Sealing of side channels

The oxide material used for sealing the side channels
was selected beforehand by testing and imaging several
deposition oxide layers. Side channels are designed with
openings to allow access for wet etchant to release the
main channel from the tip to the reservoir. These cavities
are hermetically sealed afterward by oxide film deposition.
Because uneven sealing was observed in previous NFP
generations, several sealing materials were considered and
tested. Oxide material was ultimately chosen for its etching
selectivity with respect to the cantilever nitride materials. In
the present fabrication process, PECVD oxides from silane
and TEOS are sequentially deposited on the cavities. Sealing
efficacy was tested incrementally by observing the flow of
water from the central channel into the side beams under a
stereomicroscope as described in previous work [36]. SEM
cross-sections of the cavities (figure 4) show that deposition
with the two silicon oxide sources results in a significant
difference in film coverage and gap filling. Differences in the
molecular transport mechanism lead to a distinct deposition
profile. For silane-based oxide (figure 4(a)), growth kinetics

(a) (b)

Figure 4. Sealing. SEM images and schematic illustrating the step
coverage for different types of oxide deposited by PECVD.
(a) Silane-based SiO2 growth kinetics is favored at the edges
resulting in thicker step coverage while (b) TEOS results in a
smoother conformal film, filling the inside of the cavity as well as
edges, and requiring a much lower thickness to achieve sealing than
the silane-based oxide.

is highly favored at high energy surfaces such as edges
[37, 38], leading to heavier deposition on the overhang and
poor conformity (78% of the nominal thickness).

Sealing occurs when the deposited oxide overhangs came
into contact at thicknesses of 4.7 and 4.3 μm for silane-based
oxide deposited at 400 and 200 ◦C, respectively. TEOS-based
oxide (figure 4(b)) deposition at 365 ◦C is more conformal with
a bottom and sidewall coverage up to 112% of the nominal
thickness. The low sticking coefficient that is characteristic of
TEOS precursors results in more collisions with the walls of
the structure [39], which allows TEOS to reach less accessible
areas. Consequently, sealing occurs when the growth front
from both sidewalls and the bottom of the cavity chemically
bond. Therefore, TEOS-based oxide requires a much lower
thickness of 2.8 μm to achieve a seal due to its conformality
and gap filling ability, and therefore was selected as the optimal
sealing material. In the end, this result demonstrates one can
reduce the sealing factor, i.e. the ratio of the sealing layer
thickness to the gap thickness, from 3.6 to 2.15 and improve
the gap filling by selecting a deposition method with the lowest
sticking coefficient.

3.3. Prevention of cantilever bending

In addition to sealing quality, the materials considered for
sealing were also compared in terms of residual stress because
the sealing layer can also be used to compensate for bending
that occurs in the multilayered cantilever after release from the
substrate. The residual stresses of oxide materials considered
for sealing were characterized using the Stoney equation and
the measured wafer curvature [40]. Oxide from the silane-
based source deposited at 200 and 400 ◦C yielded 152 and
391 MPa of compressive stress, respectively. TEOS-based
oxide deposited at 365 ◦C has 51 MPa of compressive stress.
To assist in the final choice of material and thickness, bending
across the length of the cantilever is predicted as a function of
the sealing oxide thickness (figure 5). From Euler–Bernoulli
beam theory [40], the deflection profile of a cantilever can be
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Figure 5. Bending results from residual stresses for each type of
oxide. Plots of the deflection height (in μm) at the end of the
cantilever for a sequence of increasing thicknesses of different
PECVD oxides on a single sample: silane-based oxide deposited at
200 ◦C (green) and 400 ◦C (red) and TEOS-based oxide deposited at
365 ◦C (blue). TEOS was selected because of the lower thickness
(2.85 μm) required for the sealing compared to the two others 4.2
and 4.9 μm. The corresponding dots represent the thickness at which
a complete sealing was experimentally achieved. An additional layer
of silane-based oxide was deposited at 400 ◦C (see inset) to balance
the internal stresses of the multilayer and reach a deflection close to
0 (black star). Deflection data measured experimentally by SEM for
both probes from the third and fourth generation are also plotted.

calculated by solving the following second-order differential
equation for the beam curvature with appropriate boundary
conditions:

∂2u

∂x2
≈ ρ = − M(x)

EI(x)
with u(x = 0) = 0; ∂u

∂x

∣∣∣∣
x=0

= 0, (2)

where u is the deflection, ρ is the radius of curvature, M is
the applied moment, E is the Young’s modulus of the beam
reference material, and I is the moment of inertia of beam
cross-section.

The moment applied on the beam is generated by the
internal stresses present in each layer according to the
following equation:

M =
∑

Mi =
∫

z dF =
∫ wi

2

− wi
2

σix dy
∫ zi+ ti

2

zi− ti
2

z dz, (3)

where wi, ti, σ i and zi are the width, thickness, axial stress and
distance to the neutral axis for each layer ‘i’, respectively.
The resulting deflection height is obtained by numerically
integrating the differential equation (2) twice and imposing
zero displacement and no slope at the anchor of the beam.

The equivalent moment of inertia I(x) is calculated using
the parallel axis theorem:

I =
∑

Ii =
∑

i

wit3
i

12
+ wi(x)ti(zi − zneutral)

3, (4)

where the equivalent neutral axis zneutral is a function of x
because of variations in the layer width along the cantilever

length,

zneutral(x) = 1∑
i witi

∫ ∑
ti

0
wi(x)z dz. (5)

Plots in figure 5 show results from numerical integration
realized in Matlab that compare the evolution of the bending
for an increasingly thicker layer of silane-based oxide
deposited at 200 and 400 ◦C, TEOS-based oxide, and a
porous silane-based oxide sealing layer used in previous
NFP generations [14]. The experimentally measured sealing
thickness for each tested layer is indicated by a dot. The
thickness required for compensating the residual stresses with
TEOS is larger than the minimal sealing thickness. A thin
layer of silicon oxide is added over the TEOS-based oxide
after sealing of the channel to achieve a near zero bending
at minimal thickness (figure 5 inset). Silane-based oxide
deposited at 400 ◦C was selected as an additional layer to
minimize the total thickness and reduce the stiffness of the
cantilever.

3.4. Characterization of the optimized device

The probe geometry has been characterized by SEM imaging
after processing. Over 71% of the tips across the wafer were
found with pyramid facets converging in a single point and
radii smaller than 500 nm. These tips were categorized as
sharp. Figure 3 shows an inner tip with a well-preserved
sharpness. A statistical measurement of the radius of the
inner tip gives on average 341 ± 68 nm. The measured
radius corresponds to the thickness of the first silicon
nitride covering the inner probe indicating no over-etching
of the inner probe occurs during the protrusion definition.
Nevertheless, the later layer reduces the sharpness of the
silicon tip. Experiments show that additional dry etching of
the nitride of the probe reduced its radius down to 29.3 nm
(figures 6(a) and (b)). Protrusion length of 749 ± 110
and 433 ± 74 nm, respectively, are statistically measured
for corresponding photoresist spinning speed of 1000 and
1250 rpm s−1. Some of the measured variation inherently
originates from the non-uniformity of the tip height across
the wafer. Switching the fabrication method from transitional
etch profile characterizing a pyramidal tip to a self-limited etch
profile characterizing pyramidal pit with a subsequent molding
process instead would increase the tip height uniformity.

Side-view SEM imaging of the probes showed no
curvature of the cantilever. Bending is measured at 3.6 ±
11.3 μm as reported in figure 5. Variation likely comes from
the over-etching of the buried oxide layer during the DRIE
step. Additional measurements using a laser interferometer
(Zygo NewView 7300) reveal a progressive bending along
the cantilever and a flat surface near the probe (figure 6 (c)).
No bending variation from parallel probes is detected. All
cantilevers bend with standard deviation of 0.5 μm, which
correspond to the range of the probe height variation itself.
Unlike previous generations, no tilt is required when mounting
the probes on atomic force microscope (AFM) to obtain signal
from the laser reflection on the back of the cantilever to the
photodetector.
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(a)

(c)

(b)

Figure 6. Characterization of NFP. (a, b) Side-view SEM imaging of probe geometry after additional dry etching. Close-up of the probe
shows the inner tip protruding from the shell has retained its initial sharpness. (c) Map of the height of the cantilever and chip body obtained
by laser interferometry in μm. Plot shows a progressive bending up to 18 μm relative to the chip body. The cantilever area where the probes
sit is flat.

Finally, the stiffness of the cantilever is characterized by
static deflection of reference cantilevers. The two 1D arrays of
cantilevers (on opposite sides of the chip with different length)
yielded 3.43 and 1.62 N/m, respectively. The additional buried
oxide layer explains the rigidity of the cantilevers compared
to the previously reported stiffness [28].

4. Application of device

The newly fabricated probe functionality is demonstrated
by patterning arrays of ferritin catalyst. This protein ink
was selected to study the patterning resolution of the new
generation of NFP for sub-100 nm scale. Ferritin is a common
catalyst used for carbon nanotube growth (CNT). The protein
consists of a spherical shell made of 24 polypeptide subunits.
The central core stores up to 4500 iron atoms in the form
of ferrihydrite. The proteins have a consistent diameter of
approximately 8 nm for the core and 12 nm for the shell.
The protein shell prevents the nanoparticles from aggregating
in solution. Clusters of larger catalyst were linked to yield
significantly smaller growth yield of CNT [41].

A 0.14 mg ml−1 solution of ferritin protein diluted in
80% vol. water 20% vol. glycerol is loaded in the backside
reservoir. The wetting of the channels from the reservoir to
the tips is confirmed by observing the displacement of the
meniscus in the microchannels under an optical microscope.
The NFP device is then loaded in an AFM (Dimension3100
DI Instruments) and the probes are engaged on the substrate

after aligning the photodetector laser on a single cantilever.
Arrays of catalyst dots are patterned, on a silicon substrate
with a 200 nm thermal oxide layer, under ambient conditions
(25 ◦C and 30–35% RH). Patterns are characterized by AFM
tapping mode imaging with silicon AFM tips (TAP300Al-G
300 kHz, Budgetsensors).

The effect of protrusion height on the meniscus shape
and patterning is investigated through experiments and
modeling. The capillary profile at the apex of the tip is
modeled using multiphysics finite element analysis software
(Comsol Multiphysics) for different probe geometry and
different surface wetting conditions. Two-phase flow model
for incompressible fluid is used. During the analysis, inertia
effects are ignored due to the small volume in the microchannel
of the NFP. The results of the analysis summarized in
figure 7(d) show the evolution of the meniscus at equilibrium
for protrusion heights of 200, 400, 600 and 800 nm. The
surface wetting conditions are set by the substrate–ink–air
of 30, 50 and 90 degrees corresponding to highly hydrophilic,
hydrophilic and hydrophobic surfaces.

Modeling results show a ‘flooded tip’ for a protrusion
length of 200 nm. The meniscus spreads to the outer shell
in each case although the meniscus width varies from
0.95, 0.74 to 0.57 μm for contact angles of 30, 50 and
90 degrees, respectively. Uncontrolled patterning is expected
for such writing probes. The meniscus formed by humidity
condensation at the tip–substrate interface and the meniscus
at the channel opening are connected for protrusion heights
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(a)

(b)

Figure 7. (a) Plot shows dependence of the meniscus width at the
substrate surface to the protrusion height and the ink–substrate
contact angle for hydrophobic (90◦), highly hydrophilic (30◦) and
hydrophilic substrates (50◦). (b) Meniscus at the tip apex resulting
from the modeling of the ink(red)/air(blue)/probe(white)
interphase for increasing protrusion height.

of 400 nm as well as 600 nm although the later has only
a fine monolayer connecting both interfaces. The meniscus
interface becomes discontinuous for protrusion heights of
800 nm.

The modeling results are then compared to experimental
patterning results with similar conditions. Probes with
protrusion heights of 390, 500, 644 and 1009 nm are identified
beforehand by SEM imaging as described earlier. The probes
are used to pattern ferritin arrays for increasing dwell time
on untreated oxidized substrates. Experiments are repeated
three times under nominal conditions while tracking the
contact force on each identified probe. The ink-oxide contact
angle was characterized by a static sessile drop method at
56◦ ± 4◦. Experimental results shown in figure 8 for different
protrusion heights can be partly explained by the meniscus
shapes obtained by modeling. A probe with a protrusion
height of 390 nm yields very large dots dimensions (∼2 μm
in diameter) as seen in figure 8(a) independent of dwell

time which is characteristic of flooded tips (i.e. meniscus
spreading to the outer shell) as predicted in prior work
[16]. Probes with 500 nm high protrusion lead to dots of
increasing diameter with the dual concentration regions as
seen in figure 8(b): a core with high density of protein
surrounded by a monolayer region with randomly dispersed
ferritin. Probes with 644 nm high protrusion patterned dots
similar to the 500 nm probes although the diameter of the
dot core is significantly smaller comparatively (figure 8(c)).
For a protrusion height of 1009 nm, no pattern was detected
indicating that the meniscus forming at the apex of the tip
stayed disconnected from the liquid–air interface at the shell
preventing the ink diffusion from the tip to the surface.

Sub-100 nm patterning was achieved using probes with
644 nm protrusion height on aged oxidized substrates. The
silicon oxide substrates were cleaned and treated by oxygen
plasma before aging them in air for seven days. The aging
renders the surface highly hydrophobic and limits the meniscus
width. Modeling results described in figure 7 predict an
increase in the patterning resolution for protrusions above
500 nm and for hydrophobic substrates. Patterns with an
increased dwell times of 1, 2 and 3 s, yield uniform dots
with heights of 13.8, 28.6 and 58.8 nm and diameters of 34.4,
84.9 and 207.6 nm, respectively (figure 9).

The high-throughput capabilities of the device are tested
by patterning with several probes in parallel. Five probes wrote
simultaneously an array of 10 × 20 dots (supplementary infor-
mation available at stacks.iop.org/JMM/23/125014/mmedia).
The parallel patterning is repeated five times but shows dis-
crepancy in dot size arising from different contact forces upon
each probe. Since the deflection and therefore the contact
is monitored by the laser aligned on one probe, any height
difference in neighboring probes translate into contact force
variations on the substrate surface while writing. The sources
contributing to vertical misalignment of the probes were iden-
tified and measured. The variation in tip height and cantilever
bending was determined to be a minor contribution, estimated
at only 0.5 μm by laser interferometry (figure 6(c)). However,
the sample and/or NFP device tilt induced by mounting in the
AFM instrument introduces a significant tilt, which is well-
known to produce misprints in DPN array patterning [39].

(a) (b) (c)

Figure 8. Dependence of the patterning and meniscus shape to the probe protrusion height. SEM images of 5 × 5 dot array of ferritin
patterned on an untreated substrate for an increasing protrusion height: (a) 390 nm, (b) 500 nm, (c) 644 nm. Each row of dots corresponds to
a specified dwell time from (a) 1 to 20 s, (b) 1 to 10 s and (c) 1 to 5 s, respectively.
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(a) (b)

(d) (e)

(c)

Figure 9. AFM topography images and the corresponding height profiles of ferritin dots patterned by NFP characterized by a protrusion
height of 518 nm. (a)–(c) Dots patterned for increasing dwell time of 1, 2 and 3 s. (d) 5 × 5 dot arrays for dwell time of 3 s. Dots have
uniform dimensions: 283 ± 19 nm in diameter and 38.5 ± 4.7 nm in height. Height profile of the middle line in the array was acquired in
tapping-mode operation. (e) Plot of feature size (diameter and height) as a function of the square root of the dwell time along with linear
correlation.

The probe-sample relative tilt from one chip extremity to an-
other in the case of our NFP was estimated to vary from 8 to
14 μm by measuring the piezo-tube extension. More accurate
strategies such as combining force sensing and 1D/2D level-
ing discussed elsewhere [29, 42] will be needed to improve
contact uniformity between the probes and sample.

5. Conclusions

A fourth generation of NFP was designed and microfabricated,
to increase the device structure uniformity across the wafer,
and improve patterning reliability. Critical changes in the
design and processing steps resulted in an optimized probe
geometry that conserves the apex shape and sharpness
through the entire fabrication process. Improvements in
cantilever bending and channel sealing were demonstrated.
These modifications directly impacted the NFP nanopatterning
reliability and throughput, by allowing an improved control
of the NFP system, including for simultaneous patterning
with parallel cantilevers. Control of a higher central core
protrusion height through the volcano-shape rim enabled sub-
100 nm patterning resolution with one of the critical catalysts
(ferritin) not been possible to pattern with using previous
NFP generations. The increased reliability of the fourth
generation of NFP arrays is expected to enable large scale
tip-based nanomanufacturing applications. As a preliminary
demonstration, the capabilities of newly fabricated NFP
devices were established by patterning arrays of ferritin, an
iron-rich protein, on oxidized substrates using parallel probes.
Precise parallel assembly of ferritin catalyst at the nanoscale

will be applied in future work for integrating in situ CVD
carbon nanotube synthesis directly on CMOS architecture
towards large-scale nanomanufacturing of carbon nanotube-
based nanoelectronics.
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