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Abstract
Dip-pen nanolithography (DPN) has emerged as a powerful tool for creating sophisticated
micron- and nanoscale features of various molecules, such as small organic molecules, on a
variety of substrates. Despite significant advances in recent years, the influence of temperature
on molecular transport for nanostructure fabrication has not been fully explored. Herein, it is
shown how the dimensions of patterned organic nanostructures can be controlled by using a
cooling/heating module. This method allows nanometer-sized feature fabrication of a variety of
small organic molecules, including ‘inks’ that have been deemed very difficult to write under
ambient conditions. Features with dimensions as small as 30 nm have been successfully
reproduced using the newly developed temperature control device in conjunction with DPN.

S Online supplementary data available from stacks.iop.org/Nano/21/115302/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Many printing methods have been developed over the years,
and have become essential tools in the field of nanoscience
and nanotechnology. Lithographic tools that are able to create
sub-100 nm to many micron-sized features over large areas
are of great interest for various applications including elec-
tronics [1–3], biosensing [4, 5], and optics [6–8]. Examples
of these methods that are frequently used and have significant
impact in the academic, semiconductor, biological, and
biomedical fields are photolithography [9, 10], electron (e)-
beam lithography [11, 12], nanoimprint lithography [13–16],
microcontact printing (µ-CP) [17, 18], and scanning probe mi-
croscopy (SPM) based lithographies [19–21]. Among the SPM
based techniques, dip-pen nanolithography (DPN) [22] has
emerged as a powerful tool for creating sophisticated micron-
and nanoscale features with various molecules on a variety
of substrates. Inks such as small organic molecules [23–27],
polymers [28–33], polysaccharides [34], phospholipids [35],
biomaterials [36–42], nanoparticles [23, 43–45], and metal
ions [46] are just a few that have been successfully written
or patterned onto a variety of surfaces ranging from metals
to insulators. This versatile nanoscale writing methodology,
which was initially a serial writing process, has been developed
into a parallel lithographic tool that can generate nanometer-
sized features over cm2 areas [47]. Despite the significant

advances of DPN in recent years, however, important factors
that influence nanoscale lithographic writing have not been
fully explored. In particular, temperature effects on the use
of low and high melting point alkanethiol molecules as inks
for DPN writing are not well established, contrary to the well
studied thiolated molecules such as 16-mercaptohexadecanoic
acid (MHA) and 1-octadecanethiol (ODT). To date, these
materials have been used as passivation molecules and not
as direct-write DPN inks owing to the writing difficulties
and uncontrollable patterning encountered when using such
molecules [23]. One way to overcome the patterning
difficulties associated with these molecules is to control the
temperature of the tip–substrate system, since temperature
can significantly influence the molecular transport of the ink
material from a coated atomic force microscope (AFM) tip to
a substrate surface [48, 49]. It was shown by Rozhok et al that
while the diffusion of MHA from AFM tips to Au substrate
surfaces was affected by temperatures above 30 ◦C, similar
size features were generated at temperatures below 30 ◦C [49].
Their study was limited to the 23–33 ◦C temperature range.
On the other hand, local temperature control was reported
by Sheehan et al wherein octadecylphosphonic acid (OPA)
molecules were deposited onto a substrate surface by heating
an OPA coated AFM cantilever [50]. They reported that the
widths of the line nanostructures that they generated using the
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Figure 1. Cooling/heating device.

heated tips were independent of temperature and were mainly
determined by the sharpness of the coated AFM tip. Herein,
we report how temperature can be utilized in conjunction
with DPN to control the diffusion of various molecules on
a substrate surface for tailoring features from micron- to
nanometer scale dimensions. Unlike previous work, wherein
the temperature of the chamber housing a DPN system was
controlled using heating fans to reach a maximum temperature
of 33 ◦C [49], a cooling and heating apparatus (figure 1)
derived from a Peltier module was developed to specifically
control only the temperature of the substrate surface with
increments of 1 ◦C in the temperature range from 4 to 80 ◦C.
The temperature of the cooling/heating stage compared to
that of the surface of a substrate situated on top of the stage
has a variance of ±0.5 ◦C. This approach, which is called
temperature controlled DPN (TC-DPN), enables the deposition
of a variety of molecules onto substrates that are deemed
challenging to write under ambient conditions. Moreover,
feature sizes of the generated nanostructures can be tailored
by controlling the temperature of the substrate surface from
as low as 4 ◦C to as high as 80 ◦C. Herein, we show
that the newly developed apparatus in conjunction with DPN
can efficiently and reproducibly generate structures of small
organic molecules in the size range from many microns to sub-
50 nm.

2. Experimental section

2.1. Materials

MHA, ODT, 11-mercapto-1-undecanoic acid (MUA), and
Au nanoparticles were purchased from Sigma Aldrich

(Milwaukee, WI). 11-aminoundecane thiol (AUT) was
purchased from ProChimia Co. (Gdansk, Poland). All
chemicals were used as-received.

2.2. Preparation of substrates

Si(100) wafers (diameter 4 in) were cut into 5 mm ×
5 mm squares. The cut substrates were then sonicated
in ethanol for 1 h. They were then immersed in
a solution of RCA2 containing ammonium hydroxide
(NH4OH), hydrogen peroxide (H2O2) and H2O with a
v:v:v ratio of 1:1:5, respectively, at 80 ◦C for 20 min,
subsequently rinsed with copious amounts of Milli-Q
deionized water, and dried with N2 gas. The cleaned substrates
were then placed in a thermal evaporator chamber (BOC
Edwards, Canada). Substrates were coated with 5 nm titanium
as an adhesion layer followed by 40 nm gold (Au). Au
substrates were then immediately used for DPN experiments.

2.3. DPN procedure

AFM cantilever probes (NanoInk, Inc., Skokie IL) containing
single or 52 tips, with a spring constant of 0.04 or 0.05 N m−1,
were either dipped or vapor coated into a MHA solution or
with ODT, MUA, or AUT, respectively. The coated tips were
then loaded into a NSCRIPTORTM (NanoInk, Inc., Skokie,
IL), and were used as pens to deliver molecular inks onto Au
substrates. The stage was either cooled or heated by applying
a continuously variable current to a Peltier module from a
power amplifier. Changes in temperature were monitored using
a resistor temperature device (RTD) coupled with a Watlo
proportional integral differential (PID) controller. Before any
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DPN experiment the substrate temperature was left for 15 min
to equilibrate with the temperature of the cooling/heating stage.
Written alkanethiol features were then either etched following
published chemical etching procedures [28] or were imaged
immediately after lithography using contact mode AFM.

2.4. Au nanoparticle assembly

DPN-generated AUT dots were initially passivated with MHA
for 10 min. The substrates were then washed with ethanol and
dried with N2. The substrates were subsequently incubated in
a 20 nm Au nanoparticle solution for 3 h, gently washed with
DI water, and dried with N2 gas.

3. Results and discussion

One of the major problems in DPN, especially for fast diffusing
molecules, is non-specific deposition. Volatile molecules, for
instance, can be easily transported from the non-tip portion of
the cantilever to a substrate surface during a DPN experiment.
In addition, writing extremely small features (less than 50 nm)
is often challenging with these molecules owing to their
fast diffusion rate, which often leads to the fabrication of
large features. Although writing for a long period of time
(>5 h) would substantially decrease the amount of ink on the
tip and would eventually produce features with sub-100 nm
dimensions, this process is time consuming. In such cases,
lowering the environmental temperature of a DPN system
would most certainly circumvent these problems because it can
drastically slow down the diffusion rate of the ink molecule
from the tip to the substrate surface as well as decrease the non-
specific deposition of molecules. On the other hand, direct-
write DPN of high melting alkanethiol molecules, such as
AUT, has not been performed owing to the writing difficulties
associated with these materials. Increasing the temperature of
a DPN system would most certainly eliminate this problem
because it can speed up the transport of molecules from the
cantilever tip to the surface. The cooling/heating device
(figure 1) was designed to increase or decrease the temperature
of a substrate surface and maintain the desired temperature
during array fabrication using DPN. For experiments requiring
cold or high temperatures, a well designed cold/heat sink is
needed to maintain the desired substrate surface temperature.
The custom designed thermal sink has a surface area that
promotes natural convection. Substrates mounted onto the
newly designed cooling/heating device can sustain the desired
temperature for at least 3 h.

In order to study the dependence of ink transport and
nanostructure growth rate on temperature, MHA (melting
point 65–69 ◦C) inks were deposited onto gold substrates
at various substrate surface temperatures ranging from 28
to 10 ◦C. Alkanethiol dot features were written with tip–
surface contact times of 4 and 0.4 s. Figure 2 shows
lateral force microscopy (LFM) images of the fabricated MHA
dot arrays. With the higher dwell time (4 s), average dot
diameter sizes of 376 ± 22, 284 ± 23, 157 ± 16, and 85 ±
11 nm were generated with substrate surface temperatures
of 25, 20, 15, and 10 ◦C, respectively (figures 2(A)–
(D)). A plot of dot diameter versus temperature shows that

with decreasing surface temperature the dimensions of the
generated dots can be tailored down to the sub-100 nm size
range (figure 2(I)). Furthermore, results suggest that with
decreasing surface temperatures, the diffusion rate of the
MHA molecules from the cantilever tip to the substrate also
decreases. Using the area of the generated MHA dots, the
diffusion coefficients at 25, 20, 15, and 10 ◦C are 0.0254,
0.017, 0.0076, and 0.0013 µm2 s−1 (supplementary figure 1
available at stacks.iop.org/Nano/21/115302/mmedia). One of
the key attributes of DPN is the ability to control and tailor
feature size through variation of the tip–surface contact time.
In order to investigate if the feature sizes of the generated dots
can be further reduced, arrays of dots were generated with a
surface contact time of 0.4 s at various surface temperatures
(figures 2(E)–(H)). Similar to what was observed with higher
dwell times, LFM images show that the generated dot diameter
decreases with decreasing surface temperature. Temperatures
of 27, 20, 15, and 13 ◦C gave average dot diameter size features
of 193 ± 10, 100 ± 7, 71 ± 8, and 42 ± 5 nm, respectively
(figures 2(E)–(H)). Moreover, a plot of dot diameter versus
temperature for a dwell time of 0.4 s shows that with the newly
developed cooling/heating apparatus in conjunction with the
DPN process, MHA dot feature sizes can be routinely tailored
down to the sub-50 nm range by tuning the temperature of the
substrate surface (figure 2(J)).

Other than dots, MHA lines were generated at various scan
rates with surface temperatures of 25, 20, and 15 ◦C (figure 3).
AFM images show that with the same scan rate, decreasing the
temperature of the substrate surface decreases the widths of the
written MHA lines. Similar to what has been observed with the
MHA dot features, as the coated tip rasters through the surface,
MHA molecules diffuse more slowly from the cantilever tip
to the substrate surface generating lines with smaller feature
dimensions. Line widths as small as 30 nm can be generated
using TC-DPN.

In order to test the versatility of TC-DPN, other
alkanethiols with low melting points were used as inks. ODT
(melting point 30–33 ◦C) or MUA (melting point 46–50 ◦C)
were vapor coated onto AFM tips and were used as pens for
fabricating alkanethiol dots on gold substrates. ODT dots with
average feature sizes of 164 ± 12, 65 ± 7, and 40 ± 5 nm
were generated with a dwell time of 4 s and substrate surface
temperatures of 20, 16, and 15 ◦C, respectively (figures 4(A)–
(C)). Lowering the substrate surface temperature enabled the
fabrication of dot features as small as 35 nm. On the other
hand, with a dwell time of 10 s, 180–80 nm dot features of
MUA were generated with surface temperatures of 30 and
20 ◦C, respectively (figure not shown).

High melting point alkanethiols diffuse to the surface less
easily than the low melting point thiolated molecules. Writing
these molecules at ambient conditions is often problematic
and inconsistent. In fact, to the best of our knowledge,
no direct-write DPN exists in the literature thus far that
shows a successful and controllable fabrication of features
using these molecules on Au substrates. While increasing
tip–surface contact time would certainly produce features,
fabricating nanostructures using these molecules over large
areas would require extremely long writing times. In addition
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Figure 2. LFM images of MHA dots generated using a tip–surface contact time of 4 s ((A)–(D)) and 0.4 s ((E)–(H)) with surface
temperatures of (A) 25, (B) 20, (C) 15, (D) 10, (E) 27, (F) 20, (G) 15, and (H) 13 ◦C. (I), (J) Plots of dot diameter sizes as a function of
temperature for dwell times of 4 and 0.4 s, respectively.

Figure 3. LFM images of MHA lines generated using scan rates of
0.1–0.6 µm s−1 at temperatures of (A) 25 ◦C, (B) 20 ◦C, and (C)
15 ◦C.

to using the newly designed thermal apparatus for cooling
the substrate, it was reconfigured to operate as a heating
element to increase the temperature of the substrate surface.
Similar to the alkanethiol inks that have been used thus far,
the diffusion rate of AUT (melting point 120–170 ◦C) also
exhibits temperature dependence. Figure 5 shows that while
dwell times of 5, 10, 30, and 60 s with a surface temperature
of 23 ◦C produced dot features with average dot diameter
sizes of 130, 190, 247, and 349 nm (figure 5(A)), the same
tip–surface contact times at 80 ◦C gave 535, 821, 1302, and
1550 nm, respectively (figure 5(D)). Results showed that
increasing the temperature of the substrate surface exhibited
significant effects on the diffusion rate of AUT molecule from
the AFM tip to the substrate surface and on the sizes of the
generated structures. This is important when covering large
areas with nanostructures because it can drastically decrease
the total writing time. For instance, 190 nm dot features can be
generated with surface–tip contact times of 10 s (figure 5(A))
and 1 s (figure 5(F)) for surface temperatures of 23 and 60 ◦C,
respectively. Using the same DPN conditions (dwell times
and temperatures), it will take 22.4 and 2.24 h to generate
an array consisting of 8064 dots (190 nm dot diameter size,
center-to-center dot distance of 500 nm, total writing area of
20 × 90 µm2) at 23 and 60 ◦C, respectively.
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Figure 4. LFM images of ODT dots generated using a tip–surface contact time of 4 s and surface temperatures of (A) 20, (B) 16, and
(C) 15 ◦C.

Figure 5. (A)–(D) LFM images of AUT dots generated using a tip–surface contact time of 5, 10, 30, and 60 s (left to right dot) with surface
temperatures of (A) 23, (B) 60, (C) 70, and (D) 80 ◦C. (E) Dark field optical and ((F), (G)) AFM images of generated Au dots using AUT as
the resist. Figures (E)–(G) are generated using 1D pen array tips consisting of 26 pens and (G) is a magnified image of inset in (F).

We have shown that the growth or reduction rates of DPN-
generated patterns are directly affected by temperature. These
are most likely due in part to the increase or decrease of the
solubility of the alkylthiol molecules in the water meniscus as
the substrate temperature was varied. In addition, the size and
shape of the water meniscus formed between the cantilever tip
and the substrate surface, which can change as a function of
temperature and other DPN conditions (such as humidity [51]),
can have important effects because it can significantly affect
the feature size and shape of the generated nanostructures.

High-throughput feature fabrication using DPN can be
easily accomplished with the use of parallel tips. In fact,
recent works have shown that using these types of pens can
cover mm2 areas in short periods of time [47]. To assess
the performance of TC-DPN using multiple tip arrays, a high
melting point alkanethiol, AUT, was vapor coated onto 52 pen
arrays at 90 ◦C (under a vacuum) for 2 h. The cantilever tips
were left inside the vacuum chamber to slowly cool down
overnight. The coated tips were then used as pens for writing
AUT onto Au substrates with a surface temperature of 60 ◦C.

These substrates were then etched using previously reported
protocols [28]. Figures 5(E)–(G) show Au dot nanostructures
generated using a 52 pen array in conjunction with TC-DPN.
AUT dots with diameter size features of 434 ± 9, 299 ± 13,
190 ± 6, 102 ± 8, and 64 ± 12 nm were generated with dwell
times of 10, 5, 1, 0.5, and 0.1 s, respectively. LFM and dark
field optical images show homogeneous dot diameter sizes
within an array and between arrays using the same dwell time,
respectively.

Direct writing of AUT molecules onto Au surfaces opens
up many possible applications varying from biomolecule
immobilization to particle assembly, using covalent or
electrostatic immobilization onto nanometer-sized features.
Various materials have been immobilized using electrostatic
interactions and have been explored using various charged
molecules [23, 30, 52]. While these molecules are used
to prevent materials with similar charge from sticking to
a surface, they have also been used to attract and adsorb
oppositely charged molecules. To show the usefulness of the
DPN-generated AUT dots as linker molecules, patterned and
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Figure 6. (A) AFM image and (B) height profile of Au nanoparticles attached to DPN-generated AUT dot features.

passivated substrates with 150 nm sized AUT dots and MHA,
respectively, were incubated into a solution of citrate stabilized
Au nanoparticles with diameter sizes of 20 nm. The negatively
charged Au nanoparticles were electrostatically adsorbed onto
the AUT dot patterns, while the MHA SAMs prevented them
from sticking onto the surrounding areas (figure 6(A)). A
contour plot (figure 6(B)), shows that the heights of the dot
patterns were 22 nm, which corresponds to the diameter of the
adsorbed Au nanoparticles.

4. Conclusion

Various alkanethiol inks were written onto gold substrates,
and their feature sizes were controlled from the micron to
sub-50 nm range using DPN in conjunction with the newly
developed cooling/heating system. Substrates were cooled
or heated using a Peltier module which can decrease or
increase the temperature from 4 to 80 ◦C by increments of
1 ◦C. Using various temperatures in conjunction with DPN
writing, dot diameter sizes as small as 80, 52, 37, and
35 nm were fabricated with MUA, AUT, MHA, and ODT
inks, respectively. The DPN-generated organic molecules can
be used to adsorb other materials, such as Au nanoparticles.
Moreover, through the use of multi-pen cantilever AFM tips,
structures with similar feature sizes that span macroscopic
distances were generated routinely. It is conceivable that
by combining TC-DPN with AFM pen arrays as large as
55 000, the newly developed methodology can be used to
fabricate nanometer-sized features over large areas for possible
applications in electronic devices and integrated optics.
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