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The Role of Liquid Ink Transport in the Direct Placement
of Quantum Dot Emitters onto Sub-Micrometer Antennas

by Dip-Pen Nanolithography

Farah Dawood, Jun Wang, Peter A. Schulze, Chris J. Sheehan, Matthew R. Buck,
Allison M. Dennis, Somak Majumder, Sachi Krishnamurthy, Matthew Ticknor,
Isabelle Staude, Igal Brener, Peter M. Goodwin, Nabil A. Amro,

and Jennifer A. Hollingsworth*

Dip-pen nanolithography (DPN) is used to precisely position core/thick-
shell (“giant”) quantum dots (gQDs; 210 nm in diameter) exclusively

on top of silicon nanodisk antennas (=500 nm diameter pillars with a
height of =200 nm), resulting in periodic arrays of hybrid nanostructures
and demonstrating a facile integration strategy toward next-generation
quantum light sources. A three-step reading-inking-writing approach is
employed, where atomic force microscopy (AFM) images of the pre-
patterned substrate topography are used as maps to direct accurate
placement of nanocrystals. The DPN “ink” comprises gQDs suspended
in a non-aqueous carrier solvent, o-dichlorobenzene. Systematic analyses
of factors influencing deposition rate for this non-conventional DPN ink
are described for flat substrates and used to establish the conditions
required to achieve small (sub-500 nm) feature sizes, namely: dwell time,
ink-substrate contact angle and ink volume. Finally, it is shown that the
rate of solvent transport controls the feature size in which gQDs are
found on the substrate, but also that the number and consistency of
nanocrystals deposited depends on the stability of the gQD suspension.
Overall, the results lay the groundwork for expanded use of nanocrystal
liquid inks and DPN for fabrication of multi-component nanostructures
that are challenging to create using traditional lithographic techniques.

1. Introduction

Sub-wavelength nanophotonic structures,
such as optical nanoantenna and nanoscale
resonators, can modify the light emission
properties of quantum emitters, including
atomic, molecular, and nanocrystalline
light emitters. In the latter class of fluoro-
phores, colloidal quantum dots (QDs) have
been extensively investigated!!! due to their
attributes of size-dependent color tunability
(ultraviolet to the mid-infrared), relatively
high photoluminescence stability and effi-
ciency, and solution processability. Effects
of a photonic structure on QDs and other
emitters include enhancement of the radia-
tive rate by the well-known Purcell effect!?
and enhancement of excitation efficiency,'d
as well as control over the direction!'™ and
polarization®!9 of emitted light. To realize
these effects, however, the emitter must be
placed in proximity to the nanophotonic
structure.

Achieving the necessary control over
the placement of an emitter relative to a
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patterned photonic structure for an arbitrary collection of
nanoscale optical antenna and a myriad of potential quantum
emitters remains a daunting lithographic challenge. The
two components of the desired hybrid structure often have
different beginnings. Photolithography,* electron-beam
lithography,*! focused ion-beam lithography,’) and nanoim-
print lithography!® are widely used to generate micro- and
nanostructured architectures, such as nanoantennas, while
colloidal QDs, for example, are prepared using low-temper-
ature, solution-phase synthesis techniques. The integra-
tion of patterned “hard” metallic or dielectric structures and
“soft” materials, like molecules, polymers, or nanomaterials,
remains a significant challenge related both to materials
incompatibility, e.g., some soft materials would be damaged
by the high energy or high temperature conditions employed
for many of the traditional lithographic techniques, and the
need to pair such disparate materials with nanoscale registry.

When the nanoantennas or resonators are made of gold,
this challenge can be surmounted by chemically function-
alizing the gold surface such that nanocrystalline emit-
ters possessing complementary chemical functionalization
preferentially adhere to the metal.'»47] However, there has
been increased interest in all-dielectric nanoantennas due to
lower losses at optical frequencies and enhanced functionality
compared to metallic plasmonic nanoantennas,®l and these
pose new challenges for secondary integration of a quantum
emitter. Selective coupling of emitters to such antenna using
chemical functionalization strategies requires equally selective
functionalization of, for example, silicon nanodisks on a Si or
glass substrate.l®®) Compared to the facile functionalization of
metallic structures on a Si or glass substrate that takes advan-
tage of the strong affinity of thiol moieties for Au, dielectric
antenna is less easily targeted. Instead, multistep processes
involving top-down electron-beam lithography have been
necessary for the selective functionalization of Si nanodisks
and subsequent placement of QDs.!!

Here, we describe an approach using dip-pen nanolithog-
raphy (DPN) for the direct placement of QDs onto all-dielectric
nanoantennas comprising arrays of 3D Si pillars. DPN is a scan-
ning probe-based alternative lithography technique that uses
an atomic force microscopy (AFM) tip to deliver a broad range
of “inks” such as small organic molecules, peptides, proteins,
polymers, metal ions, and colloidal nanoparticles on a diverse
set of surfaces with nanoscale precision.'”y DPN is a mask-free,
room-temperature process that does not deleteriously impact
the inherent properties of an ink. The majority of previous
DPN work, however, has been carried out on flat, featureless
substrates. DPN was recently used to deposit molecular inks
onto 3D structured substrates, i.e., oligonucleotides inside gold
microwells!'!l and phospholipids on top of microresonators,!!2l
but the demonstration of DPN on nanostructured arrays has
not yet been achieved.

The most common type of ink used for DPN comprises
small molecules that are transported from an AFM tip to a
substrate by diffusion through a water meniscus, which
forms spontaneously at the tip-substrate interface in a high
humidity environment. (The DPN instrument is situated in a
humidity-controlled chamber.) Diffusive inks are necessarily
water-soluble and their transport is dominated by molecular
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diffusion processes.[¥] These inks are not amenable to direct
“writing” of nanoparticles. By contrast, liquid inks exhibit
bulk fluid flow from the AFM tip to a substrate. Aqueous
liquid inks consist of water-soluble high-molecular-weight
materials, such as polymers and dendrimers, that can be
used as carriers for other components of an ink, including
nanoparticles.!3*1 Comparatively, nonaqueous liquid inks
are the least commonly applied inks to date. Such inks form
a “capillary bridge” between the AFM tip and substrate that
comprises the ink itself, rather than water.'3l Transport
models based on Laplace pressure differences and surface
capillary forces!™® have been described for the fluid flow
of both types of liquid inks. The impact of various DPN
experimental parameters on the forces influencing flow
rate, including dwell time, surface energy, ink viscosity, and
volume of ink on the tip have begun to be explored,['*14 with
reports differing as to which factor—ink viscosityl"*b or
on-tip volumel'>©d—has the greatest impact.

In this work, we report the selective deposition of a lim-
ited number of thick-shell or “giant” core/shell QD (gQD)
emitters on the tops of Si nanoantennas, where these
larger QDs were chosen due to their significantly enhanced
chemical and photostability compared to conventional
QDs.1 To adequately locate the gQDs onto the tops of these
sub-micrometer (=500 nm) surfaces, we elaborate a three-step
“reading—inking-writing” DPN process. Furthermore, to
realize the required control over feature size, we investigate
a range of DPN parameters influencing absolute deposition
rates and rate regularity. Specifically, we quantify the impact
of dwell time (tip—substrate contact time), ink—-substrate con-
tact angle, and ink volume on the process of liquid ink trans-
port and, thereby, the rate of formation of written features. We
further determine conditions for which the nanocrystal ink
behaves like a single-component liquid compared to when the
carrier solvent and the nanocrystal exhibit partially divergent
transport trends. Taken together, our results uniquely eluci-
date the utility of nonaqueous, nonpolymer, low-volatility sol-
vents (e.g., o-dichlorobenzene, 0-DCB) as carriers to mediate
the precision placement of large (210 nm) nanocrystals onto
complex, 3D nanoscale surfaces.

2. Results and Discussion

2.1. Nanocrystal Liquid Ink and Substrate Characteristics

The key parameters influencing liquid transport have been
well elucidated for aqueous liquid inks,'”] as well as for a
model nonaqueous liquid ink comprising Nordland optical
adhesives (NOAs) of varying viscosity and surface tension.[>¢d
A similar understanding is lacking for nanocrystal liquid
inks and is established here for two different sizes of
nanocrystals—=10 nm diameter (diameter: 9.5 + 0.3 nm) PbS/
CdS, CdSe/CdS, or InP/CdSe core/shell gQDs and =20 nm
CdSe/CdS core/shell gQDs—suspended in low-volatility o-DCB
(boiling point: 180.5 °C) at a concentration of =10~ wm. Differ-
ences in QD core composition are not expected to affect the
behavior of these QDs as inks, as the shell composition and
surface ligand chemistry (principally oleate molecules!'®)) are
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identical. As described below, however, we do observe an effect
of QD diameter (=10 nm vs =20 nm) on the stability of the
nanocrystal ink, which impacts the QD transfer process.

The balance of forces between surface tension and ink-
substrate interaction energies determines the wettability or
angle of contact of the liquid ink on a given substrate, with
larger DPN feature sizes the expected result of higher wetta-
bility (lower contact angles).'”] Below, we compare spot sizes
obtained on two different substrates—hydrophilic (oxygen
plasma treated) and hydrophobic (as received) Si. The degree to
which we were able to use differences in ink—substrate interac-
tion energies to tune spot size was reduced, however, by our
choice of carrier solvent; namely, o-DCB is neither extremely
polar (2.7 P’ polarity compared to water’s 10.2 P’) nor extremely
nonpolar (compared to hexane’s 0.1 P’). Nevertheless, a sub-
strate effect based on ink-substrate contact angle was observed.

2.2. Extended-Writing Protocol to Assess Nanocrystal Liquid-Ink
Transport Properties

Arrays of 5 X 5 spots were written in a raster pattern with a
pitch of 4-8 um (Figure 1). From 12 to 22 arrays were written
following a single pen-inking step, resulting in from 300 to
550 spots, respectively. Spot diameter as a function of spot
number is shown in Figure 1b for a 2 s dwell time on both
hydrophilic and hydrophobic substrates (see Figure S1 of the
Supporting Information for a shorter 0.01 s dwell time). The
observed quasi-exponential decay in spot size is similar to that
described for NOA liquid inks subjected to a similarly long
writing protocol,’d which was attributed to depletion of the
ink volume on the AFM tip over time and resulting reduction
of the Laplace pressure gradient that is responsible for mass
transfer from tip to substrate.'>>d] In this way, the transfer of
ink from tip to substrate that occurs during each step of the
writing process directly affects the rate of deposition for a sub-
sequent step for both the simple and the nanocrystal liquid
inks, but, significantly, near-constant spot sizes can be realized
later in an array cycle.

www.small-journal.com

An additional effect of the dynamic nature of on-tip volume
is apparent in the pattern of spot sizes within individual
arrays. Namely, the first spots in each array are larger than the
remaining spots, resulting from a temporary recovery in on-tip
volume that takes place during a one minute interval that sepa-
rates each array (Figure 1b, inset). During this time, on-tip ink
volume can be partially recovered by way of capillary-action-
mediated movement of ink located on the upper regions of the
cantilever to the writing tip. Thus, ink initially located away
from the writing tip can constitute an active “reservoir” of ink
that communicates with the tip in response to on-tip volume
loss incurred in writing.['54

The effect is more apparent for arrays written on the hydro-
philic substrate than on the hydrophobic substrate (compare
Figure 1b with Figure S2, Supporting Information). Here,
we note that the degree to which the QD-0-DCB ink wets the
different substrates is distinct and likely plays a role in the
observed spot-size trends. Specifically, measured contact angles
were =3°-5° and =15°-20° for the hydrophobic and the hydro-
philic substrates, respectively. While both ranges encompass
small contact angle values, indicating appreciable wetting of
the surface in either case, using a spherical cap approximation
method™! to calculate spot volumes from spot diameter and
contact angle (see the Experimental Section), we find that spot
volumes on the hydrophilic substrate are in fact larger than
on the hydrophobic surface, despite larger spot spread on the
latter (compare Figure 1b and Figure S1 with Figure S3, Sup-
porting Information). Thus, the dramatic spikes in first-spot
size in the case of the hydrophilic substrate can be understood
as resulting from greater depletion in on-tip volume following
each array deposition, with enhanced depletion causing greater
ink flow from the reservoir region. The consequence would be
larger differences in on-tip volume between the steps of last
and first-spot depositions in consecutive arrays and, thereby,
larger differences in last and first spot sizes in these arrays, as
is observed.

2.3. Understanding the Transitions from
Dynamic to Steady-State Writing Regimes

- ) ‘ . ® @ . 55t = i | Transforming spot diameter trends into spot
25 215 | volume trends using calculated volumes

3 45 f.;.'- %141 -._'»..' o (Figure S3, Supporting Information), we

®» “ @ ® O = % = G W e determine the average volume deposited per
' g 35 e array and show that it decreases with array

“ " . ‘ ' g ’ . Spot number number as ink is depleted from the canti-
% 25 ‘&f-.' s L ' lever and the deposition rate is progressively

O @ © © O o f%x 3 ::;g:gg:i‘l’i*;'c reduced (Figure 2a). Substrate-dependent dif-
v & 15 "Wy . pd88 ferencles in deposmonfra}tle are very applarefnt

g R in early arrays (even if the contact angle for
6 60 o 05 the hydrophilic substrate is assumed to be
0 200 400 600 <17° and that for the hydrophobic substrate

Spot number

Figure 1. a) Representative scanning electron microscopy (SEM) image showing a 5 x 5 array.
The bright contrast is created by the QDs. b) Spot-diameter decay for a long dwell time
of 2 s obtained for either a hydrophobic or a hydrophilic substrate. Inset: spot-size spiking in
first spots of each array for spots on the hydrophilic substrate; vertical lines indicate the posi-

tion of the first spot in each array.
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>3°-horizontal markers in Figure 2a), but
diminish in later arrays (Figure 2a), such that
only dwell time differentiates writing pro-
tocol at late arrays (Figure 2a, inset: arrays
9 and 10). A plot of average array volume as
a function of total deposited ink (Figure 2b)
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Figure 2. a) Average spot volume in an array as a function of array number for different surfaces (17° and 3° contact angles used for volume calcula-
tions for hydrophilic and hydrophobic substrates, respectively) and dwell times. Each decay can be fit to a simple power law function (blue triangle:
R? =0.96, k = —1.8; orange square: R? = 0.94, k = —1.0; purple circle: R? = 0.88, k = —0.7; yellow diamond: R? = 0.88, k = —0.6). Blue horizontal lines
represent volume assuming 15° (bottom) and 19° (top) contact angles; orange horizontal line represents volume assuming 5° contact angle. b) Average
spot volume in an array as a function of calculated total deposited ink. Trajectories for spots written on hydrophilic substrates can be fit with a line;
however, closer inspection of later-array trends reveals strong deviation from a simple linear relationship. (Writing protocol are as indicated in (a)).
Inset I: close-up for a 2 s dwell time and hydrophobic substrate, as well as a 0.01 s dwell time for each substrate. Inset II: close-up of later-array region

for a 2 s dwell time and hydrophilic substrate.

makes evident the striking difference in total volume deposited
at the long dwell time (2 s) on a hydrophilic substrate compared
to any other combination of dwell time and substrate. Our data
suggest a linear decay can be applied to spots deposited for 2 s
dwell times, while power law and exponential decays provide
the best fits for the 0.01 s dwell time series on hydrophilic
and hydrophobic substrates, respectively (Figure 2b, inset I).
That said, we hesitate to ascribe physical significance to these
simple mathematical fits.

Instead, we suggest that the trajectories might be Dbest
described as comprising two distinct regimes. In the first
regime the volume of ink on the cantilever is changing rapidly
but there is sufficient ink on the cantilever to provide quick
replacement of ink that is lost through deposition, keeping the
deposition rate high and yielding the majority of deposited ink
(=85%).

In the second regime, by contrast, average spot size is
relatively more constant, suggesting a more constant on-tip
volume that is likely in equilibrium with the remaining
reservoir volume.

In other words, in regime one, we suggest there is a
continuous flow of ink from reservoir to tip during writing as
opposed to in response to writing, as in regime two. Indeed, the
trajectory for the 2 s dwell time on the hydrophilic surface can
be separated into two such regimes. The simple linear regime
only holds for the first 5-10 arrays in which the majority of
ink is deposited, while relatively little ink is deposited in the
remaining arrays possessing approximately constant-size spots
(Figure 2b, inset II).

The long 2 s dwell time yields larger spot volumes com-
pared to the ultrashort 0.01 s dwell time, as is expected, and
this is the case whether considering spots at the beginning or
the end of an array series. However, the differences in spot
volumes are not proportional to the ratio of the dwell times.
While dwell times differ by a factor of 200, early-array average
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spot volumes for both substrates differ by only =10-15 times,
and steady-state average spot volumes differ by only =5 and
=~2.5 times on the hydrophobic and the hydrophilic substrates,
respectively (Figure 2a, inset). Thus, dwell time plays a greater
role early in a long writing cycle compared to its effect once the
steady-state regime has been reached, but in neither regime
do volume trends follow linearly with changes in dwell time.
Ink-substrate interactions strongly influence volume deposi-
tion. The total volume deposited on the hydrophilic substrate
is >4 times that deposited on the hydrophobic substrate for the
same long dwell time of 2 s, for example (Figure 2b). Thus, if
the goal of a writing procedure is to control spot-size spread
(spot diameter), e.g., when needing to target a small area, then
higher contact angles are necessary. By contrast, if it is more
important to limit spot volume, e.g., when using the liquid as
a carrier for nanocrystals where the number of deposited parti-
cles should be proportional to spot volume (and a function of
nanocrystal concentration) rather than simply spot diameter,
then a high ink-substrate wettability would be advantageous.

2.4. Number of Printed QDs Qualitatively Follows Spot-Volume
Trend But with Substrate Effects Overlaid

The number of QDs deposited per spot is initially high then
decays in a manner similar to that observed for spot volume
decay (Figure 3). The further observation that larger numbers
of dots are deposited per spot written on hydrophilic sub-
strates agrees with the larger spot volumes calculated for these
surfaces; however, the relative differences appear exagger-
ated when comparing similar-volume spots for the same long
2 s dwell time on the two substrates. For example, a 0.65 m?
spot written on the hydrophilic substrate yielded 360 QDs
(spot #128), while a 0.60 um? spot written on the hydrophobic
substrate yielded =110 QDs (spot #28). Similarly, a 0.14 pum?

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Measuring the number of QDs printed per spot over time for different writing
protocol: a) 2 s dwell time on hydrophilic (blue) and hydrophobic (orange) substrate, b) 0.01 s
dwell time on hydrophilic (purple) and hydrophobic (yellow) substrate. SEM image shows spot

27 on the hydrophilic substrate (scale bar =1 um).

spot on the hydrophilic substrate yielded 280 QDs (spot #150),
while a 0.11 um? spots on the hydrophobic substrate yielded
only 35 (spot #150) QDs. While it is possible that our contact
angle calculations underestimated and overestimated volumes
for the hydrophilic and hydrophobic substrates respectively,
other factors including droplet shape (domed vs flat, respec-
tively) and direct QD-substrate adhesive or repulsive forces may
influence QD deposition rate.

Comparing QD deposition for spots written on identical
substrates, thereby eliminating possible discrepancies in spot-
volume determinations, we find that more QDs are deposited
in similar-volume spots if the spot is located in an early-array
position compared to a later point in the writing protocol.
Namely, on the hydrophilic substrate, calculated spot vol-
umes of 0.15 um?® yielded =150 QDs for spot #28 deposited
using a 0.01 s dwell time and =30 QDs for spot #150 depos-
ited at a 2 s dwell time. (Note: these spots were chosen to
avoid the first-spot spiking effects.) As discussed above, liquid
deposition rate is fastest earlier in the array cycle. This faster
flow of liquid from tip to substrate appears to cause a greater
transfer of QDs for a given volume of carrier liquid ink. We
observe that whether many or a few QDs are being deposited
from a given solvent droplet, with few exceptions the liquid
spot defines the region where the QDs are located (from close-
packed monolayers of QDs as evident in Figure 1 to sparsely
populated spots as shown in Figure 3b: dark region delineates
solvent and surfactant residue; bright spots correspond to indi-
vidual QDs), supporting its role as nanocrystal carrier.

2.5. Optimizing Protocol Timing and Ink Stability Reduces
Early-to-Late Array Effects

The dynamic nature of the on-tip volume and the strong influ-
ence of tip volume on liquid-ink deposition rate challenge
efforts to realize consistent and reproducible feature sizes over
time. We find that a simple modification to the writing protocol,
such as introducing a 60 s interval between columns within
arrays, allows the tip to be recharged with ink from the upper
regions of the cantilever, resulting in more consistent feature
sizes. The precise duration of this delay period likely depends
on the protocol dwell time. 60 s was found adequate to arrest
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ciate.'® This is, in part, an effect of QD size.
We find that optically clear suspensions can
be prepared by replacing the large-diameter
gQDs used to assess deposition as a function
of spot number as shown in Figure 3 (dia-
meter: 19.6 + 2.7 nm) with smaller nanocrys-
tals (diameter: 9.5 £ 0.3 nm). In this case,
QD numbers are maintained at high levels in extended writing,
as shown in Figure S4 (green symbols) of the Supporting
Information.

2.6. Controlling Ink Volume on the Cantilever Tip
From Inception: Ink Loading Protocol

As the volume of ink on the cantilever tip is the key variable
in controlling deposition rate, to quickly establish a regime
of steady-state spot size and, ideally, to minimize spot size,
a method is needed to limit the quantity of ink that is on
both the cantilever tip and in the upper regions of the canti-
lever, where the latter serves as an ink reservoir as described
above. Briefly, we identified three potential approaches for
achieving this result: (a) limiting the time allowed for ink
loading (see Figure S5, Supporting Information), (b) excessive
“bleeding” of cantilever prior to executing a writing protocol
(Figure 4), and (c) alternate method for initial delivery of ink to
the cantilever (Figure 5).

Prior to executing an extended writing protocol, it is nec-
essary to “bleed” the cantilever of extreme excesses of ink.
This entails allowing the tip to touch down on the substrate
2-3 times for =2 s before the first array spot is written. Here,
the resulting bleed regions consisted of large-area depositions,
typically =5-10 um in diameter but occasionally up to 40 pm
(Figure S6, Supporting Information). The need for an initial
tip bleed following ink loading has been reported previously,?’!
but uniquely we observe that for a complex ink like the QD/o-
DCB mixture, the stability of the ink suspension influences the
bleed regime. Namely, for the more stable suspensions com-
prising smaller gQDs (=10 nm diameter), initial bleed spots
are dominated by the carrier solvent. The opposite is the case
for less stable inks comprising larger gQDs (=20 nm diameter;
Figure S6, Supporting Information), where the nanocrystals are
more prevalent in earlier bleed spots. These observations sug-
gest that less stable inks afford rapid expulsion of QDs from
the AFM tip (see Supporting Information).

Even with inclusion of a bleeding step, it is clear that the
volume of ink on the cantilever continues to play a signifi-
cant role in determining spot size. The rapid changes in spot
size observed for early-array spots (Figure 2 and ref. [15d]) is

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Effect of bleed number on early and late spot sizes in long-term writing protocol. a) Blue: spots written after 9 bleeds for array 1 (square),
array 3 (triangle), and array 5 (plus). Green: spots written after 60 bleeds for array 1 (square), array 3 (triangle) and array 5 (plus). b) Top: SEM images
of spots written after 9 bleeds in center and at end of array 5, respectively. Bottom: SEM images of spots written after 60 bleeds in center and at end

of array 5, respectively. In all images, QDs afford brightest contrast.

a signature of the effective continuation of a bleeding process,
albeit in a less dramatic fashion. For this reason, we conducted
writing protocol following deposition of different numbers
of bleed spots, resulting in different amounts of ink on the
cantilever at the start of array writing. Doing so, it was possible
both to obtain smaller initial spots and to avoid the regime of
volume-dependent deposition rate decay, reaching the quasi
steady-state regime early in the array cycle (Figure 4). By com-
bining this approach with a short dwell time (0.01 s), in fact,
very small sub-micrometer spots could be written. Averages
for arrays 1, 3 and 5 for 5 x 5 array series written after 9 and
60 bleeds were 1936 &+ 105, 1138 + 22, and 1183 + 32 nm, versus
608 + 21, 397 £ 19, and 290 * 18 nm. Both series show within-
array, first-column size spiking as a result of the newly applied
writing protocol whereby a 60 s pause is allowed between col-
umns in addition to between arrays. Lastly, while the spots in
array 5 following the excessive bleeding protocol do indeed fall
well below 1 um in size, even below diameters of only 250 nm
(Figure 4a), which is desirable for writing on small structures,
the spots created in this very low on-tip volume regime become
irregularly shaped and lack ink in the spot centers (Figure 4b).

Finally, in several reports, a fundamentally different
approach than dip-coating has been employed as an inking
method. The method entails raster-scan coating the tip through
a partially evaporated microdroplet of ink, which leaves the
underside and upper regions of the cantilever free of ink,
eliminating the need for tip bleeding and reducing the “reser-
voir effect,” as well as some of the dynamic processes leading
to spot-size spiking for early-array spots and deposition rate
(spot size) decay (Figures 1 and 2).2!l Even though the volume
of ink that is subject to coating is small, the scanning motion
of this inking method allows the AFM tip to be evenly coated
while preventing damage to the tip. For example, in Figure 5
we show the first spots in initial arrays deposited immediately
following raster-scan inking of a tip using long (2, 2.5, and 3 s
dwell times). Even without a bleeding step, the spots obtained
for a first array and a 2 s dwell time approximately the same
size as the steady-state spot size obtained for a dip-coated tip
and 2 s dwell time after spot number 300 (=825 nm and =1 um,
respectively), and the spot size does not change appreciably for
up to 36 spots. Despite the obvious advantages in both control-
ling on-tip volume and eliminating the large reservoir of ink on
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Figure 5. Deposition of InP/CdSe/CdS QD/o-DCB ink on Si substrate using the scan-coating method. a,c,e) SEM images of gQDs deposited for 3,
2.5, and 2 s respectively. b,d,f) Corresponding AFM images of (a), (c), and (e). Scale bar represents 1 um. g) Average QD spot size and number of
QDs as a function of dwell time.
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the cantilever, raster scanning is more challenging to execute
compared to the dip-coating method (requiring precise timing
of the raster-scan step with an appropriate degree of solvent
evaporation, where the latter is determined by observing an
image of the droplet in the optical microscope that is attached
to the DPN tool) and may not afford adequate ink loading for
extended-writing protocol.

2.7. Applying New Understanding of Liquid-Ink Transport to
Delivery of QDs to Sub- Micrometer Optical Antenna

A three-step reading-inking-writing process was elaborated
for the controlled deposition of gQDs onto sub-micrometer
Si nanodisk arrays (Scheme 1). First, substrate topography
is “read” by obtaining an AFM image of the Si array using a
lower spring constant A-type AFM probe (0.1 N m™!) or with
the same higher spring constant M-type AFM probe that is
used for writing (2.6 N m™!) (Scheme 1, Step 1; see Supporting
Information for detailed descriptions of the two variations of
the three-step procedure). The resulting AFM image affords a
3D map of the nanostructured surface at a resolution below the
optical diffraction limit of the built-in DPN microscope that is
used to guide subsequent writing steps.!3l Second, an M-type
AFM probe is loaded with ink using either the scan-coating
or the dip-coating method. Finally, the “writing” step is per-
formed by moving an inked AFM tip to the desired position on
the substrate as guided by the previously obtained AFM image
(Scheme 1, Step 3; see Supporting Information for expanded
experimental description).

Images of Si pillars after QD deposition by variations of
the three-step writing process are shown in Figure 6. Use of
a scan-coated tip yielded approximately uniform QD clus-
ters on the tops of 16 pillars, without unwanted deposition
onto areas surrounding the pillars (representative pillars
shown in Figure 6a-d). The QDs in this case do not form
simple monolayers but, instead, clump together in multilayer
piles, perhaps resulting from the quasi-dry condition of the

\ A—

Step 1: reading

' dip-coating

scan-coating

Step 2: inking

www.small-journal.com

QD-0-DCB ink that can result from the scan-coating process.
Nevertheless, each pillar received QDs and coverage area is
similar for each (Figure S7, Supporting Information).

By contrast, the QDs deposited from a dip-coated tip
form monolayer depositions indicative of the carrier solvent
dominating the tip-to-surface transfer process as demon-
strated above on flat substrates, such that slow evaporation
of the o-DCB after deposition allows the nanocrystals to self-
assemble into roughly close-packed monolayers (Figure 6e-h).
Also as observed for flat substrates, controlled writing with
dip-coated tips on the nanoantennas requires reducing the
ink volume on the cantilever through either extensive writing
and/or extensive tip-bleeding. Therefore, a large 5 x 10 array
was executed, where Si pillars constituted the target loca-
tions. Initial spots were large and QDs overflowed the pillars,
but pillars located later in the array could be exclusively tar-
geted with the QDs (Figure Ge-h). Interestingly, the largest
spots yielded no QDs on the pillar, suggesting that with suf-
ficiently large spot volumes, the pillar does not effectively hold
the liquid as it flows directly to the surrounding substrate. As
shown in Figure 6i, in the latter half of the 50-pillar array, a
substantial number of pillars had QDs deposited exclusively
on them rather than also on the surrounding substrate floor
(indicated as “1” rather than “0” in the figure; an example of
a gQD-coated pillar designated as “0” is shown in the inset).
This extended deposition was conducted following 40 bleeds
and using a dwell time of 1 s. By increasing the number of
bleeds to 170 and decreasing dwell time to 0.05 s, we were
able to improve the uniformity of depositions. In this case,
DPN was performed on optically transparent substrates such
that gQD photoluminescence could be imaged and quantified
(Figure 6j,k), demonstrating both that the emitter retains its
ability to photoluminescence following the DPN procedure
and that per-pillar intensity is approximately constant, espe-
cially for rows 3-5. Overall, it is evident that with adequate
control over tip/cantilever volume the dip-coating method
likely represents a more technologically relevant process, as
larger antenna arrays can be addressed.

Step 3: writing

Scheme 1. Three-step “reading—inking—writing” process for depositing ink on a nanostructured surface. (Step 1) Reading is performed by scanning
an AFM tip over the surface of the nanodisk array. The resulting AFM image is stored in the instrument software. (Step 2) The AFM tip is inked with
the gQD ink using either of two methods: “dip-coating” (top) and “scan-coating” (bottom) in preparation for deposition. (Step 3) The gQD liquid
ink is written onto the nanodisks, where the inked AFM tip from Step 2 is brought into contact with the substrate. Demonstrated variations for the
approach entail using two different tips for Steps 1 and 2/3 (including a manual method for realigning after the tip is changed from an A-type for
reading and an M-type for inking/writing) or using the same tip for all steps, which includes a fast rescan in the vicinity of the target area following
inking (see Supporting Information for details).
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Figure 6. DPN placement of QDs onto silicon nanodisk arrays. a—d) SEM images of InP-5CdSe-3CdS gQDs deposited from a scan-coated tip (2 s dwell
time; scale bars are 100 nm). Four of sixteen pillars are shown with depositions representing early, middle, and late writing, respectively. e-h) PbS/
CdS gQDs deposited from a dip-coated tip (scale bars are 400 nm). 4 of 50 pillars are shown representing the second half of the writing protocol.
i) “Targeting success” for dip-coated tips binned as either QDs present on the substrate around a pillar (rank “0”; inset shows example; scale: 350 nm)
or QDs found exclusively on pillar (rank “1”). j) Photoluminescence intensity obtained for pillars decorated with gQDs extracted from k) optical images.

Rows are numbered 1-5 from top to bottom of the image shown in (k).

3. Conclusions

Compared to molecular inks, liquid inks have received less
attention as agents for the direct writing of nanoscale features
by DPN or other scanning probe techniques. Furthermore,
comprehensive analyses of the parameters responsible for
bulk fluid transfer of liquid inks from an AFM tip to a sub-
strate have been limited to simple nonaqueous liquids!"*4 or
polymer or polymer-containing inks.['P Here, we provided a
detailed examination of the factors governing DPN of complex
nonaqueous liquid inks comprising a carrier solvent and sus-
pended nanocrystals without assistance from a polymer matrix.
The large size of the nanocrystals (=<10-20 nm gQDs) and the
nonpolar nature and low-volatility of the chosen carrier solvent
(0-DCB) necessitated that ink transfer involve solvent-mediated
liquid transport. This is in contrast not only with conventional
molecular ink transport that makes use of a spontaneous water
meniscus formed in the high-humidity DPN chamber, but also
with inks comprising ultrasmall, charged nanocrystals (<5 nm)
deposited from “dry” inks that, like molecular inks, can take
advantage of a water bridge between tip and substrate.[?%
Overall, while ink-surface interactions (contact angle) and
dwell time could be used to tune spot size, volume effects
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were found to dominate deposition rates and, thereby, spot
diameter and volume, with the solvent “footprint” defining
the location of deposited QDs. Both the ink volume imme-
diately available on the writing tip and the volume of “reser-
voir” ink on the regions of cantilever above the tip strongly
influenced the initially achievable spot sizes as well as the
consistency of spot size over time. Importantly, adequate con-
trol over on-tip volume could be achieved by employing the
raster-scan coating method for ink loading, as used previously
for some nanocrystal inks,/?!l but the total number of features
that can be written and the liquid nature of the ink may be
compromised in this case. Alternatively, we showed that a sim-
pler dip-coating method could be employed but that it had to
be paired with a method for depleting excess ink volume, for
example, extreme tip-bleeding. Doing so afforded rapid access
to an approximately steady-state deposition rate for writing
numerous similarly sized spots. Finally, we demonstrated a
three-step reading—inking-writing method for directly coup-
ling nanocrystal quantum emitters, like the large (=210 nm in
diameter) and extremely photostable gQDs shown here, and 3D
structured nanoantenna substrates. In this way, DPN is a viable
tool for creating new functional multicomponent systems and
devices integrated at the nanoscale.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4. Experimental Section

Preparation of gQD Inks: InP/CdSe/CdS, PbS/CdS, and CdSe/
CdS gQDs were synthesized according to refs. [16b,18] and/or
ref. [23]. After isolation via centrifugation, the gQDs were resuspended
in o-dichlorobenzene (Sigma-Aldrich) for a final ink concentration of
~(0.5-1.5) X 105 w.

Three-Step Deposition Process Using DPN: gQD deposition was
carried out using a DPN 5000 system (Nanolnk, Skokie IL). Unless
otherwise noted, deposition was performed at 25 °C and =40-55%
relative humidity (RH). Detailed experimental procedures are available
in the Supporting Information, where two distinct three-step processes
are described—one that entails using an A-type tip for imaging and an
M-type tip for writing and another that uses the same M-type tip for
both processes.

Contact Angle Measurements: Contact angle measurements were
carried out using the sessile-drop methods on a contact angle
goniometer (CAMPLUS). 5 uL of each ink was placed on the silicon or
nanodisk substrates and measurements were carried out after 60 s. It is
noted that the 3°-5° value obtained for the 0-DCB ink on the hydrophobic
substrate is discernible from the situation of complete wetting, e.g.,
wetting by 0-DCB is visibly less compared to a very nonpolar solvent,
octane.

Scanning Electron Microscopy, Energy Dispersive X-Ray Spectroscopy,
and Atomic Force Microscopy for Characterization: Scanning electron
microscopy (SEM) images were collected using an FEI Magellan 400.
Specific imaging conditions are as follows: concentric backscatter
detector, 6 kV beam energy, 4 kV stage bias thus 2 kV landing energy,
0.2 nA beam current, immersion lens mode. SEM data collection did not
require coating the samples with a conductive metal. Energy dispersive
X-ray spectroscopy and elemental mapping images were acquired using
an EDAX Apollo XP-SDD (silicon drift detector). High-resolution AFM
imaging for analysis of extended array writing was performed using a
Veeco Enviroscope (Model: Escope) with controller model Nanoscope
IVA.

Calculating Droplet Volume Using the Spherical Cap Approximation
Method: The spherical cap method'®! was used to calculate spot
volumes in the extended writing experiments. Here, the spot base is
assumed to be circular and the contact angle constant around its base.
Volumes of deposited liquid droplets, which upon evaporation afford the
observed spots, were calculated according to

_ nD?( 2-3 cos6 +cos’0 :
~ Sin0 M

where D is the diameter of the measured spot and 6 is the measured
liquid—substrate contact angle in radians, such that, due to the
contribution to droplet volume from the contact-angle-dependent droplet
height, larger spot diameters can afford smaller droplet volumes as their
heights are lesser compared to droplets formed for larger contact angles
(compare Figure 1b with Figure S2, Supporting Information).l'"!

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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