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ABSTRACT: The ability to reliably manipulate small quantities of
liquids is the backbone of high-throughput chemistry, but the
continual drive for miniaturization necessitates creativity in how
nanoscale samples of liquids are handled. Here, we describe a
closed-loop method for patterning liquid samples on pL to sub-fL
scales using scanning probe lithography. Specifically, we employ
tipless scanning probes and identify liquid properties that enable
probe−sample transport that is readily tuned using probe
withdrawal speed. Subsequently, we introduce a novel two-
harmonic inertial sensing scheme for tracking the mass of liquid
on the probe. Finally, this is combined with a fluid mechanics-
based iterative control scheme that selects printing conditions to
meet a target feature mass to enable closed-loop patterning with
better than 1% accuracy and ∼4% precision in terms of mass. Taken together, these advances address a pervasive issue in scanning
probe lithography, namely, real-time closed-loop control over patterning, and position scanning probe lithography of liquids as a
candidate for the robust nanoscale manipulation of liquids for advanced high-throughput chemistry.

KEYWORDS: scanning probe lithography, dip-pen nanolithography, nanopatterning, closed-loop, nanoreactor

1. INTRODUCTION

High-throughput experimentation in chemistry and biology
allows researchers to simultaneously perform thousands of
experiments in an automated fashion by leveraging miniatur-
ization to reduce reaction volumes and reagent quantities.1

Microtiter plates are the leading platform for performing such
experiments and have evolved from each plate having 96 wells
that each hold ∼200 μL to each plate having >3000 wells each
with a typical working volume of a few μL. Despite this
impressive miniaturization and the discoveries that it has
enabled, researchers are still often overwhelmed by the number
of potential materials to study. For example, there are estimated
to be∼1060 small organic molecules that have relevance for drug
discovery.2 Thus, the continued miniaturization of liquid
volumes is of paramount importance.
Motivated by this desire to handle and deposit ever smaller

volumes of liquids and chemicals, researchers have explored
scanning probes to write materials with high, and in some cases
unsurpassed, resolution. Specifically, dip-pen nanolithography
(DPN) comprises an approach to directly write myriadmaterials
ranging from small molecules,3,4 biological materials,5 nano-
particles,6,7 and polymers.8−10 Significantly, DPN has been used
to pattern liquids at the sub-aL scale, with liquid features as small
as 15 nm having been demonstrated.11 Despite the small size of
features written by this approach, the method exhibits a major
limitation in that it is not currently possible to precisely predict

the size of a given feature. This lack of control stems from
material transfer depending on a number of environmental
conditions, liquid properties, the amount of liquid on the probe,
and details of how the probe is programmed to interact with the
surface. One potential path to overcoming these limitations is to
use information about the state of the probe to adjust writing
parameters.10,12,13 A possible process for gaining such
information about the state of the probe is to use changes in
the vibrational resonance frequency of the cantilever to
determine the mass of liquid on the probe.14,15 However,
adoption of this process has been stymied because it requires a
discrete drop of liquid at a well-defined location for quantitative
analysis, which precludes the conventional hydrophilic probes
with conical tips that are often used for DPN as they exhibit
uncontrolled wetting of the liquid on the probe.15 While this can
be reconciled by using hydrophobic probes, drops of liquid on
conical probes have no stable configuration at which they can
exhibit reliable contact with the surface; they either sit on the
side of the probe in a clamshell configuration or, if large enough
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to engulf the conical probe, are pushed by surface tension toward
the base of the cone.16 These challenges have prevented DPN of
liquids from achieving closed-loop and programmable pattern-
ing.
In this report, we present a method for closed-loop control

over the liquid written using DPN that overcomes these
challenges by combining a novel process for quantifying the
liquid on a cantilever, the utilization of a tipless probe
architecture, and a control strategy for updating writing
parameters in situ (Figure 1). Initially, we describe the selection

of a tipless probe that enables robust contact between the liquid
and substrate along with model liquids to serve as nonvolatile
inks for patterning. Next, we describe a two-mode inertial
sensing scheme to simultaneously measure the amount and
location of liquid on a cantilever and, when used before and after
a transfer operation, quantify the amount deposited with
precision approaching the fL scale. This capability allows us to
investigate the fundamental characteristics of liquid transport at
this scale and identify conditions under which the fraction of
liquid transferred from the probe to the substrate is only a
function of cantilever withdrawal speed. Using this discovery, we
realize predictive control over patterning and develop a closed-
loop process for writing patterns with better than 1% accuracy
and ∼4% precision in terms of liquid mass. Given the versatility
of scanning probes to characterize materials once they are
written, this work lays the foundation for multifunctional
research systems in which chemical experiments are set up,
performed, and evaluated at the nanometer scale.

2. RESULTS AND DISCUSSION
The first step toward closed-loop patterning is identifying a
probe and liquid system that will provide reliable and
quantifiable material transport. We hypothesize that by studying
a pendant drop on a nonwetting tipless cantilever, robust contact
between a discrete drop and the patterning surface can, in

principle, be guaranteed. Removing the conical probe tradition-
ally used in DPN avoids any complications associated with how
the drop wets the tip that can otherwise lead to the drop being
trapped in a position that precludes liquid contact between the
probe and sample (Figure S1). The requirement for a stable
pendant drop of liquid means that the liquid must exhibit a few
specific, albeit not uncommon, properties. First, to maximize the
height of the pendant drop on the cantilever relative to its
diameter, the surface tension of the liquid should be large,
indicating that oils are not ideal choices as they may wet the
cantilever. Additionally, the liquid should be nonvolatile if mass
tracking of transferred features during experiments is desired
(Figure S3). It should be noted that this particular criterion is
perhaps not as important for general patterning tasks where the
liquid serves as a vehicle to transfer functional materials but is of
high importance here when studying the transport process itself.
We select two polymeric liquids that meet these criteria, namely,
polyisobutylene (PIB) with a molecular weight of 1500 Da and
polyethylene glycol diacrylate (PEGDA) with a molecular
weight of 700 Da.
While a tipless probe with a single pendant drop provides a

simple fluidic environment for patterning, the lack of a conical
probe means that the liquid drop is not pinned at a specific
location. This is a challenge because prior work quantifying
liquid massm using a mass-spring model relies on the center of
m being fixed at a known position near the end of the cantilever.
When the location of pendant drop is fixed and known,m can be
calculated bymeasuring a single quantity, namely, the shift in the
first vibrational resonance frequency f1. Building on prior work
from the inertial sensing community,17 we hypothesized that
measuring the shift of two vibrational resonance modes would
allow us to determine the drop position (i.e., the location of drop
center mass) x in addition to m . Specifically, if m ≪ M, with
cantilever mass M, the time-independent mode shape function
Nn(x) will not be affected by the presence of the liquid and the
change in vibrational resonance frequency δf n of the nth mode of
the drop−cantilever system can be approximated as
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where f n is the nth vibrational resonance frequency of the
cantilever prior to liquid loading and L is the length of the
cantilever. By definition, each Nn is normalized such that
∫ 0
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Since there are two unknowns (i.e.,m and x/L), a minimum of
two measurements are needed to determine both.
In order to explore this cantilever bending model as an inertial

sensing scheme, we performed a series of experiments with
drops of nonvolatile liquids on tipless probes. In particular, we
selected a rectangular cantilever with f1 ≈ 80 kHz to ensure that
the first two modes would be in the frequency range of the
instrument as f 2 ≈ 6.3 f1. Initially, the thermal power spectral
density (PSD) was measured to find f1 = 80.382 kHz and f 2 =
504.947 kHz. These measurements, together with a calibration
of the optical lever sensitivity, allowed us to compute k = 2.81N/
m and M = 44.065 ng (see the Supporting Information).
Subsequently, the probe was positioned over a microliter-scale

Figure 1. Schematic showing how mass tracking and a physics-based
model of liquid transfer can be used together with a tipless atomic force
microscope (AFM) probe to realize closed-loop dip-pen nano-
lithography (DPN).
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drop of PIB by aligning the center of the cantilever with the
center of the reservoir drop and then performing a force-
indentation experiment. After retracting from the surface, the
thermal PSD was measured once more, revealing that both
modes had shifted to lower frequencies with δf1 = 8.147 kHz and
δf 2 = 21.056 kHz (Figure 2a). With these measurements in
hand, we solved eq 2 by equating m for n = 1 with m for n = 2
and numerically solving the resultant transcendental equation
for x/L, which resulted in x/L = 0.90105 ± 0.00004. This value
was then used to find m = 3.521 ± 0.005 ng.
In order to validate x determined by the cantilever bending

model as an accurate measure of drop position, a series of
experiments were conducted where x was compared to the
position xo measured by manual optical inspection (Figure 2b).
Each cycle comprised bringing the probe in contact with a
substrate to remove a fraction of the PIB, using a thermal PSD to
determine δf1 and δf 2, and subsequently measuring xo/L using
bright field optical microscopy. Here, xo was estimated by
measuring the distance between the center of the drop and the
fixed end of the cantilever. Agreement between the drop
position estimated by the two methods provided confidence in
the interpretation of x. Interestingly, these experiments also
show that as m decreases, x/L approaches 1, signifying that
smaller drops move toward the free end of the cantilever (Figure
2c). We hypothesize that this is due to the 11° slope of the
cantilever with respect to the surface, which results in the
unpinned drop on the cantilever beingmoved toward the sample
during retraction. This is an important feature for patterning as it
indicates that the liquid drop will be able to contact the surface

as it is depleted. Due to the shape of N1(x), the correction tom
from the bending model decreases as the drop shrinks and
moves toward the free end. This is reasonable considering that
the mass-spring model effectively assumes that x/L = 1.
After showing that the cantilever bending model can

accurately determine x, a series of experiments were conducted
to evaluate whether it could accurately determinem . While the
nonspherical shape of the drop made it challenging to accurately
determine the volume of liquid on the probe, we hypothesized
that by examining themass decrease upon transferring liquid to a
surface, it would be possible to compare the mass decrease and
the volume of the written feature. Thus, we performed 62 liquid
transfer operations in which the probe was brought into contact
with a fluorosilane-coated silicon wafer. Prior to and
immediately following each transfer operation,m was measured
and the mass lost upon transfer was recorded as δm . After
executing these transfer operations, each feature was charac-
terized using optical microscopy and their diameter was
estimated by fitting their perimeter to an ellipse. In order to
estimate the volume Vo of these features using their diameters,
the contact angle of micron-scale drops of PIB on fluorinated
silicon was determined by inspecting a sample using a scanning
electron microscope (SEM) (Figure 2d inset) to find a contact
angle of 65 ± 3°. Using this value, Vo of each patterned feature
was calculated by approximating each drop as a spherical cap. In
agreement with the model, Vo and δm were highly correlated
and fit to the relationship δm = ρV0 with ρ = 985± 4 kg m−3, in

Figure 2. Scheme for measuring the mass of liquid on a cantilever. (a) Measurements of a thermal power spectral density (PSD) vs frequency f that
show the first two vibrational resonance modes of a cantilever of length L. Upon loading the cantilever with a drop of liquid with massm at location x,
both modes shift to lower frequencies with characteristic shifts δf1 and δf 2 that depend on bothm and x/L. (b) Validation of the two-harmonic model
for identifying drop location through a comparison of x found by inertial sensing to position xo determined by inspection using optical microscopy.
Insets show optical micrographs of two probe conditions with a 50 μm scale bar. (c) Comparison ofm predicted by the bending model, which utilizes
two harmonics and a mass-spring model that only uses the principal harmonic. (d) Validation of the mass sensing ability of the cantilever bending
model through a comparison between the inertially determined transferred liquid mass δm and the patterned feature volume Vo determined using
optical microscopy. The inset shows an electron micrograph used to compute the contact angle of polyisobutylene (PIB) on the patterning surface and
includes a 2 μm scale bar.
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agreement with reported values for PIB that are in the range
950−1000 kg m−3.18,19

Having a robust system to ensure contact between a liquid
reservoir and a sample along with a validatedmethod tomeasure
δm indicates that liquid transport can be studied to determine
its suitability as a patterning technique. In particular, one can
consider a force−distance curve executed with a liquid-loaded
probe as a liquid transfer operation where four major parameters
are specified by the AFM software (Figure S4). In particular, the
process is defined by the speed Ua at which the AFM probe
approaches the substrate, the force value that signals the AFM to
stop approaching, the dwell time td for which the probe is held in
contact, and the retraction speed U. Taking inspiration from
prior work onmacroscale liquid transfer, we hypothesized thatU
is the most important property in determining the outcome of

liquid patterning.20−22 Thus, we utilize Ua = 1 μm s−1 to ensure
that the cantilever was moving slowly enough that the 300 nN
attractive force setpoint would be triggered when the liquid
comes into contact with the surface and utilize td = 1 s to allow
the capillary bridge equilibrate prior to retraction.
To study the effect ofU on transport, we performed a series of

experiments in which a probe was loaded with a single ∼3 ng
drop of PIB and used to write a series of features with constantU
(Figure 3a). In all cases, transport was observed with patterned
features decreasing in size as the liquid drop on the probe was
depleted. Interestingly, the number of features that a probe
could write before being completely depleted varied, with faster
U resulting in more rapid transport. In order to study the precise
manner in which m and U together determine δm , we used
inertial sensing to track the mass during these experiments

Figure 3. Establishing robust control over feature writing. (a) Optical micrographs showing written PIB features with (top) withdrawal speedU = 100
μm/s, (middle)U = 10 μm/s, and (bottom) U = 1 μm/s. Features were written from left to right, and the scale bar is 100 μm. (b) Measured δm vsm
for the three experiments shown in (a) with the legend depictingU. Each data set was fit to δ φ=m m with transfer ratioφ. (c) Experimental φ vsU in
the full range available to our AFM system. The curve is fit to an empirical transfer ratio model that is defined by three parameters, a dimensionless
power law, a characteristic velocity, and the asymptotic φ at slow speeds. All data correspond to PIB and PEGDA written on a hydrophobic surface
using 1 μm/s approach speed, 1 s dwell time, and 300 nN attractive setpoint.

Figure 4. Preliminary closed-loop dip-pen nanolithography (DPN). (a) Block diagram for closed-loop DPN. A desired pattern is specified in the form
of a list of feature locations and sizes. The controller then chooses a withdrawal speed U for the first feature, which is then patterned. Subsequently, a
measurement of the thermal PSD is used to measure δf1 and δf 2. These shifts are then used to compute m . This information is used to update the
controller, and the cycle is continued until the pattern has been completely written. (b) Experimental φ vsU collected as part of an evaluation pattern.
This includes 9 calibration features and 12 features written as part of the pattern. (c) Optical micrograph of the final pattern showing the 12 written
features with two remaining liquid reservoirs in the top right. Scale bar is 25 μm. Features were written row-wise from the bottom right to the top left
with the probe being re-inked in between features 4 and 5, between 8 and 9, and between 11 and 12. (d) Calculated δm of each feature. Here, the target
feature size was 100 pg (e) ChosenU for each feature with re-inking events marked as gray lines. The large change in U between features is due to the
algorithm accommodating the changingm . (f) Optical microscope image of patterning demonstration of a schematic of an ethanol molecule including
two carbon atoms, one oxygen atom and six hydrogen atoms.
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(Figure 3b). Interestingly, each series of features followed a
monotonic curve that is well fit by the expression δ φ=m m
where φ is a transfer ratio. Critically, this implies that in each
writing cycle with a fixedU, a constant fraction of the liquid mass
was transported to the substrate. This observation agrees with
the understanding of macroscopic liquid transport22−24 and has
extremely important consequences for patterning as it means
that the measured state of the probe system, namely,m , can be
used to predict the outcome of a given transfer operation.
In order to further explore the liquid transport phenomena,

we repeated the transport experiments using PIB for an
additional 13 values of U between 0.15 and 100 μm s−1, which
corresponds to the full range available to our instrument.
Strikingly, φ exhibited a smooth and monotonic increase withU
from below 0.1 to nearly 0.5. This general trend is in good
agreement with macroscopic liquid transport experiments
between two plates where, at high velocities, bridge rupture is
dominated by viscous forces and the liquid drop is divided in
half,20,25 while at low velocities, the relative contact angles of the
two substrates determine the asymptotic value of φ.26−28 Here,
the higher contact angle of the fluorinated silicon substrate
relative to the untreated probe indicates that surface tension
works to drive the majority of the liquid back to the cantilever.
Importantly, the velocity scale is set by the capillary number,
which indicates that this transition should be shifted to higher
values ofU for less viscous liquids. Indeed, upon repeating these
experiments with PEGDA, we found lower but gently increasing
φ, indicating that the transition to capillary rupture dominated
by viscous forces was not in the range of our instrument. A
feature to emphasize is that the capillary number is only
dependent upon speed and material properties, so the observed
length scale-invariance of φ follows from the liquid phenomena.
From a patterning context, the ability to modulate the amount

of liquid transported using a single control variable− hereU− is
very powerful as it indicates that one could construct a process
by which features can be reliably and predictably patterned.
From this perspective, we selected PIB as an ideal material for
patterning using our instrument as it enabled us to vary φ by a
factor of ∼5. In order to produce a functional form of φ(U), we
adopt an empirical relationship that had been previously used to
describe macroscopic liquid transport,22

φ
φ

= +
−

+ ( )
0.5

0.5

1
,

U
U

a
0

c (3)

where the asymptotic transfer ratio φ0, characteristic speed Uc,
and power law scaling a are fitting parameters. Here, we findφ0 =
0.12 ± 0.01, Uc = 23 ± 2 μm s−1, and a = 1.3 ± 0.2.
In order to explore the ability of this combination of probe

architecture, liquid, and transfer prediction processes to realize
closed-loop operation, we developed an iterative patterning
process (Figure 4a). Acknowledging the fact that the details of
transfer may depend on surface and environmental properties
that may not be easily controlled (Figure S5); each patterning
experiment should begin with an initial set of experiments to
calibrate the transfer model (i.e., φ vs U). After calibration, a
typical patterning cycle would comprise specifying a set of
features in terms of their mass and location to be patterned
under closed-loop control. To pattern each feature, U would be
chosen based onm and the target δm . After writing this feature,
a thermal PSD would be measured to obtain δf1 and δf 2,
simultaneously providing an estimate of the mass of liquid that

was actually written. This information provides another U vs φ
data point for updating the transfer model, which had initially
been learned using the calibration features. This process of
choosing the required U for the target mass and updating the
transfer model based on measured mass of the patterned feature
would be repeated for each additional feature until all the
features in the set had been patterned. A critical feature of
including the data in the transfer model in real-time is that it
allows for performance to improve during the course of a
patterning experiment or to adapt to potentially changing
environmental conditions.
In an initial experiment to study patterning using this closed-

loop process, we performed a patterning experiment to write an
array of 100 pg PIB features in a square grid. Before writing these
features, transfer experiments were performed with nine distinct
U that were chosen to span the full speed range of our AFM. For
each written calibration feature, φ was calculated and the initial
transfer model was fit according to eq 3, resulting in φ0 = 0.12±
0.01,Uc = 19± 3 μm s−1, and a = 1.5± 0.3. After calibration, the
cantilever was reinked with δm = 750 pg of PIB for patterning.
For the first feature with a target mass of 100 pg, the controller
selected U = 1.66 μm s−1 with a target φ = 0.13. After the first
feature was written, δm was calculated and used to update the
transfer model. This process was repeated with U being
iteratively chosen by the controller according to the updated
transfer model and the current mass of ink on the cantilever.
Prior to writing each feature, if the requiredφ for the target mass
exceeded the maximum achievable φ (i.e., insufficient m ), the
probe was maneuvered above a PIB reservoir in the patterning
canvas and reinked. At the end of the patterning experiments,
with all 21 features included in the transfer model determination
(Figure 4b), we foundφ0 = 0.12± 0.1,Uc = 20± 5 μm s−1, and a
= 1.6 ± 0.1. The modest change between initial calibration and
the conclusion of patterning validates the robustness of
patterning using this method.
The nature of the closed-loop patterning experiment allowed

us to evaluate it from a lithographic perspective. The result of
this experiment was 12 features in a square grid with two
reservoir droplets still visible at top right of the imaging area
(Figure 4c). The features were written row-by-row from right to
left starting from the bottom row. The in situ inertial sensing also
produces a record of the mass of each feature (Figure 4d). The
average mass of all 12 features was 99.6 pg with a standard
deviation of 3.6 pg. From this, we compute the accuracy
(difference from the target and the average) as 0.4% with a
precision (spread about the average) of 4%. It is worth
emphasizing that due to the scaling of diameter with volume,
the precision with which this approach can dictate linear
dimensions is therefore ∼1%. This performance compares
favorably to prior efforts to quantify precision in DPN without
feedback that have reported ∼5% variation in the feature radius
under steady-state conditions, although it is worth emphasizing
that prior approaches could not dial in a target feature size, so
accuracy has not been a metric that could be quantified.29,30

A critical feature of this patterning process is that it was robust
against adding addition ink to the probe. Specifically, three times
during the patterning process, additional PIB had to be added to
the cantilever. The effect of adding additional liquid is especially
evident when examining the U value that was selected for each
patterned feature (Figure 4e) as these were computed
depending onm prior to writing andU increases asm decreases
throughout the patterning process unless additional ink was
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added. Critically, as inking occurred in a region that the probe
could access while under piezoelectric control, adding additional
material did not compromise registration accuracy. Moving to
the reservoir and performing an inking operation take about the
same amount of time as writing a single feature, since both of
these are performed under piezoelectric control. The frequency
of re-inking depended on the details of the pattern but typically
occurred every 3−10 features, thus increasing the time required
to write a given pattern by 10−30%. Furthermore, since the
patterning fidelity was not degraded between inking cycles, the
transfer calibration was therefore robust against any change in
liquid quantity or wetting.
The fluid surface tension is an important parameter in

determining the transport properties because it − together with
the properties of the probe and patterning surfaces− determines
the shape of the pendant drops and the asymptotic transfer ratio
at the low velocity limit. While robust transfer was observed for
all fluids studied, it is possible that patterning with fluids that
have lower surface tension might be challenging on account of
their lower contact angle. One route to address this potential
problem would be to utilize vapor coating to lower the surface
energy of the cantilever to maintain a high liquid contact angle.
It is important to emphasize that the geometry of the

cantilever and its angle with respect to the patterning surface
appear to ensure that special care is not neededwhen positioning
a drop on the probe. Specifically, the 11° tilt toward the substrate
− or perhaps the ability of the cantilever to bend toward the
substrate when pulling a capillary bridge − means that the drop
can slide down the cantilever toward the free end upon
retraction. We hypothesize that this constitutes a self-correcting
alignment effect where the drop is thus positioned in a
protruding fashion to facilitate patterning. Additionally, an
important feature of the two-harmonic mass sensing approach is
that the position and mass of the liquid drop are both computed,
allowing for an accurate determination of mass despite the drop
not being pinned to a specific location.
In order to explore whether this closed-loop approach could

be used to write more complex patterns with high fidelity, we
designed a pattern that represents the molecular formula of
ethanol (Figure 4f). In particular, we designated a series of dot
features that each had target masses proportional to the atomic
mass of carbon, oxygen, and hydrogen and resided in the
positions that these atoms occupy in the molecular formula
(Figure S6). The fidelity of this pattern shows the potential for
this closed-loop DPN to control and modulate feature size and
position and comprise a general patterning approach.
The resolution of the patterning process is dependent upon

both the sensitivity of the cantilever to changes in mass and the
precision with which the resonance frequency can be estimated.
While it is challenging to determine the mass resolution without
an independent process for measuring fluid transfer, it can be
experimentally measured by comparing δm to Vo, although it is
worth mentioning that estimating error in this way is highly
conservative as it assumes that Vo is a perfect measure of drop
volume. For the cantilever used herein evaluated using
measurements of the thermal PSD interpreted with a two
harmonic sensing scheme, we estimate a 2.4 pg resolution in
mass sensing (Figure S7). Interestingly, repeating the same
process utilizing a stiffer cantilever with an active tuning scheme
revealed that 20 fg resolution is practical. In addition to
validating the ability of this approach to pattern submicron
features, this shows that advances in resonance frequency

sensing and cantilever architecture could provide a path for
further miniaturization.

3. CONCLUSIONS

The ability to specify a target feature size and adjust the
patterning process under feedback control during an experiment
is a critical feature that has previously been absent from DPN of
fluids and other approaches for high-resolution patterning of
fluids. While this work focused on a carefully chosen fluid−
probe system that enables studying the fluid transport
phenomena, the process is generalizable to many other systems
with relevance to nanolithography and synthesis. As such, the
closed-loop feedback enabled by this approach can be
transformed into quantitative control over reagents for nano-
chemistry. While PIB was chosen as a polymeric fluid to study
the fluid transfer process on account of its high viscosity, high
surface tension, and low volatility, the only one of these three
properties that is critical for quantitatively evaluating patterning
is the low volatility. Indeed, many other polymeric fluids,
including more complex ones such as block copolymers,31 share
this property and are thus amenable for patterning with
feedback. Even those that are solids at room temperature can
potentially be patterned at elevated temperatures provided they
are thermoplastic.32

In this work, we demonstrated a novel method to perform
closed-loop patterning with DPN of liquids to precisely control
the mass of patterned features on the pL to sub-fL scales with
resolution as good as 20 aL. Critically, realizing this required
combining a tipless probe architecture, a rationally selected
liquid for patterning, a novel two-harmonic inertial sensing
approach, and a controller based upon a physical transport
model. When combined, these approaches allow one to
transport a predictable amount of liquid with better than 1%
accuracy and ∼4% precision in terms of feature mass.
Recent efforts to enable the rapid determination of resonance

frequencies with precision finer than possible with a PSD
highlight the possibilities to further improve the precision and
reduce the size of patterned features.33 Given the high
importance of preparing and manipulating liquid samples at
ever finer scales in fields ranging from diagnostics to drug
discovery, these results provide an important technical
foundation to a new field of container-free chemistry with
droplet-based nanoreactors.

4. EXPERIMENTAL SECTION
4.1. Materials. PIB (MW 1500 Da) was purchased from Polymer

Source (Canada). PEGDA (Mn 700 Da) was purchased from Sigma
Aldrich (USA). Si/SiOx wafers (1−10 Ohm-cm, <100>, N doped with
P) were purchased from University Wafers (USA).

4.2. Preparation of Hydrophobic Silicon Substrates. Smooth,
hydrophobic substrates were prepared by functionalization of Si/SiOx
wafer chips with heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosi-
lane (FDTS). First, substrates were cleaned using bath sonication in
acetone, sonication in isopropanol, and then blow drying under a
nitrogen stream. After cleaning, the substrates were plasma treated
(M4L RF Gas Plasma System, O2 plasma at 500 mT, 500 W, 5 min).
Substrates were placed in a vacuum chamber immediately after plasma
treatment. Samples were left under vacuum with a small amount of
FDTS for 3 h for vapor coating. Following the vapor coating, substrates
were placed on a hotplate at 100 °C and baked for 10 min. Last, the
substrates were cleaned using bath sonication in toluene and then in
ethanol. The hydrophobicity of the substrates was confirmed by
measuring their water contact angle, which was found to be ∼110°.
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4.3. DPN Experiments. Patterning experiments were performed on
a commercial AFM system (Asylum MFP-3D Infinity) under ambient
conditions. NanoSensors tipless cantilevers (length 225 μm, width 28
μm, and nominal spring constant 2.8 N/m) were purchased from
NanoAndMore (USA) and cleaned using bath sonication in toluene
prior to experiments. In the beginning of the experiments, the cantilever
was calibrated by performing a force−displacement curve on a silicon
substrate to determine the optical lever sensitivity and then using a
measurement of the thermal PSD to determine the spring constant and
resonance frequencies. Prior to patterning experiments, a set of features
with user-defined speed settings were patterned and the controller was
trained by performing nonlinear least squares fitting to eq 3. Patterning
conditions were selected by a closed-loop controller written in
MATLAB, and resonance frequency measurements were determined
by measuring the thermal PSD in between patterning operations.
4.4. Optical Microscopy and Image Analysis. Optical

microscopy images were taken by using an Olympus BX43 microscope
with a GS3-U3-120S6M-C Grasshopper camera, at 20× magnification
with a resolution of 4240 × 2824 pixels. Image analysis was performed
using ImageJ. Briefly, microscope images were converted to binary
images using automated iterative thresholding. Particles were then
identified by the software, and feature radii were determined using an
elliptical fit to each feature. Feature volumes were calculated by using
the spherical cap approximation method,34

θ θ
θ

= π − +i
k
jjjjj

y
{
zzzzzV

D
24

2 3 cos cos
sin

3 3

3
(4)

where the base diameter D of the features was assumed to be circular
with constant contact angle θ around its base. The contact angle of PIB
on the hydrophobic silicon surface was measured using SEM and found
to be θ = 65 ± 3°.
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