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A Nanoplotter with Both 

Parallel and Serial Writing 


Capabilities 

Seunghun Hong and Chad A. Mirkin* 

The development of an eight-pen nanoplotter capable of doing parallel dip-pen 
nanolithography (DPN) is reported. Because line width and patterning speed in  
DPN are independent of contact force, only one of the tips in the parallel writing 
mode (the "imaging" tip) has a feedback system t o  monitor t ip position and t o  
write the pattern; all other tips reproduce what occurs at  the imaging t ip in  a 
passive fashion. Proof-of-concept experiments that demonstrate eight-pen par- 
allel writing, ink and rinsing wells, and "molecular corralling" via a nanoplotter- 
generated structure are reported. 

The greatest limitation in using scanning- 
probe methodologies for doing ultrahigh-res- 
olution nanolithography over large areas de- 
rives from the serial nature of most of these 
techniques. For this reason, scanning probe 
lithography (SPL) methods have been pri- 
marily used as customization tools for pre- 
paring and studying academic curiosities (1- 
9). If SPL methodologies are ever to compete 
with optical or even stamping lithographic 
methods for patterning large areas (10-12), 
they must be expanded to parallel processes. 
Several important steps have been taken in 
this direction. For example, researchers have 
developed a variety of different multiple-
probe instruments for scanning (13-16), and 
some have begun to use these instruments for 
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parallel SPL. In particular, Quate and co-
workers have shown that as many as 50 tips 
can be used at once (15), and with such a 
strategy, both imaging and patterning speeds 
could be dramatically improved. However, a 
major limitation of all parallel SPL methods 
thus far developed is that each tip within the 
array needs a separate feedback system, 
which dramatically increases the instrumen- 
tation complexity and cost. One of the rea- 
sons separate feedback systems are required 
in such processes is that tip-substrate contact 
forces influence the line width and quality of 
the patterned structures. Although parallel 
scanning tunneling microscope lithography 
has not yet been demonstrated, such a process 
would presumably require a feedback system 
for each tip that would allow one to maintain 
constant tunneling currents. Herein, we report 
a method for doing Or single-pen soft 
nanolithography using an array of cantilevers 
and a conventional atomic force microscope 
(AFM) with a single feedback system. 

Recently, we invented a type of serial 
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SPL, called dip-pen nanolithography (DPN) 
(17-20), in which organic molecules 
("inks"), which are cast onto an AFM tip, are 
deposited through a water meniscus (21) di- 
rectly onto an underlying substrate. An ink 
that reacts with the substrate is often chosen 
so that the process will yield stable monolay- 
er structures. The technique can be applied in 
general with many types of molecule-based 
inks (1 7-20), it works under ambient condi- 
tions, it offers 15-nm line-width resolution 
and 5-nm spatial resolution, and it can be 
done over relatively large areas in automated 
fashion. Moreover, others have shown that 
DPN can be merged with nanografting to 
increase the resolution of this lithography 
further for soft structures (22). However, as 
with most other SPL methods, DPN thus far 
has been used exclusively in a serial format. 
Finally, it is important to note that others 
have unsuccessfully attempted to use scan-
ning-probe instruments to transport organic 
materials onto solid substrates to form stable 
nanostructures (23). It is, in part, the recog- 
nition of the existence of the meniscus (21) 
and the ability to use it as an ink transport 
medium under regulated humidity (1 7-20) 
that make controlled molecular writing on the 
nanometer-length scale possible. 

All experiments were performed on a 
Thermomicroscopes M5 AFM, which is 
equipped with a closed-loop scanner that 
minimizes thermal drift. Custom nanolithog- 
raphy software was used to drive the instru- 
ment. The instrument has a 200-mm by 200- 
mm sample holder mounted on an automated 
translation stage. The details of serial, single- 
tip DPN writing and pattern alignment pro- 
cedures have been described elsewhere (19) 
Our intention in transforming DPN into a 
parallel process was to create an SPL method 
that enables one to generate multiple, single-
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ink patterns in parallel or a single multiple- 
ink pattern in series. This tool would be the 
nanotechnologist's equivalent of a multiple- 
pen nanoplotter with parallel writing capabil- 
ities. To accomplish this goal, several modi- 
fications of the AFM and DPN process were 
required (Scheme 1). First, ink wells were 
fabricated for addressing and inking the pens 
individually in our nanoplotter. Specifically, 
we have found that rectangular pieces of filter 
paper soaked with different inks or solvents 
can be used as ink wells and rinsing wells, 
respectively, and can be located at the periph- 
ery of the sample to be patterned. An AFM 
tip can be coated with a molecular ink or 
solvent of interest simply by making contact 
with the appropriate filter paper-based ink or 
rinsing well for 30 s (contact force = 1 nN). 
Both inking and rinsing procedures are auto- 
mated by custom software, which drives the 
X-Y-Z translation stage. Second, a tilt stage 
(purchased from Newport Corporation, sen- 
sitivity -10 prad) was added to the AFM 
that enables one to control orientation of the 
sample with respect to the ink-coated tips; 
this allows one to selectively engage single or 
multiple tips during a patterning experiment 
(Scheme 1). Finally, a multiple-tip array was 
fabricated simply by physically separating an 
array of cantilevers from a commercially 
available wafer block containing 250 individ- 
ual cantilevers (Thermomicroscopes Sharp- 
ened Microlevers C, force constant = 0.01 
Nlm) and then using that array as a single 
cantilever (24). The array is affixed to a 
ceramic tip carrier that comes with the com- 
mercially acquired mounted cantilevers. 

A key scientific observation allows DPN 
to be transformed from a serial to parallel 
process without substantially complicating 
the instrumentation required to do DPN. Fea- 
tures (for example, dots and lines) generated 
from inks such as 1-octadecanethiol (ODT), 
under different contact forces that span a 
range of two orders of magnitude, are virtu- 
ally identical with respect to diameter and 
line width. We found it surprising that pat- 
terning experiments conducted with even a 
small negative contact force, where the AFM 
tip bends down to the surface, exhibit ink 
transport rates that are comparable to exper- 
iments executed with the tip-substrate contact 
force as large as 4 nN (Fig. 1). Thus, in DPN 
writing, the ink molecules migrate from the 
tip through the meniscus to the substrate by 
diffusion, and the tip is simply acting as a 
point source for molecular flow. 

In a typical parallel, multiple-pen experi- 
ment involving a cantilever array, each tip is 
coated with an ink by dipping it into the 
appropriate ink well. For the sake of simplic- 
ity, we initially describe experiments involv- 
ing only two cantilevers in the array. One tip, 
designated "the imaging tip," is used for both 
imaging and writing; the second tip is used 

simply for writing. The imaging tip is used 
the way a normal AFM tip is used and is 
interfaced with force sensors providing feed- 
back; the writing tips do not need feedback 
systems. In a patterning experiment, the im- 
aging tip is used to determine overall surface 
topology, to locate alignment marks generat- 
ed by DPN, and to pattern molecules litho- 
graphically in an area with coordinates de- 
fined with respect to the alignment marks 
(19). With this strategy, the writing tip(s) 
reproduce the structure generated with the 
imaging tip at a distance determined by the 
spacing of the tips in the cantilever array (600 
pm in the case of a two-pen experiment). 

To begin parallel patterning, the tilt stage 
is adjusted so that the writing tip is 0.4 pm 
closer to the sample than the imaging tip. The 
tip-to-sample distances in an array experi- 
ment can be monitored with the Z-stepper 
motor counter. The laser is placed on the 
imaging tip so that during patterning both tips 
are in contact with the surface (Scheme 1). 
For the first demonstration of parallel writ- 
ing, we coated two tips with the same ink, 
ODT (Fig. 2A). In this experiment, two one- 
molecule-thick nanostructures made of ODT 
are patterned onto a gold surface by moving 
the imaging tip along the surface in the form 
of a square (contact force -0.1 nN; relative 
humidity -30%; writing speed = 0.6 pds ) .  

4nN 2nN InN  -0.lnN 

I 1 t 
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Fig. 1. Lateral force microscopy (LFM) images 
of ODT monolayer nanodot and line features 
on gold generated by the same tip but under 
different tip-substrate contact forces. Feature 
sizes vary less than 10%. 
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\ 
L Cantilever 1 Cantilever 
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Note that the line widths are nearly identical, 
and the nanostructure registration (orientation 
of the first square with respect to the second) 
is near perfect (less than 2 rnrad angle vari- 
ation). Parallel patterning can be accom- 
plished with more than one ink. In this case, 
the imaging tip, attached to the instrument, is 
placed in a rinsing well to remove the ODT 
ink and then coated with 16-mercaptohexa- 
decanoic acid (MHA) by immersing it in an 
MHA ink well. The parallel multiple-ink ex- 
periment is then carried out in a manner 
analogous to the parallel single-ink experi- 
ment (contact force -0.1 nN; relative humid- 
ity -30%; writing speed = 0.4 pds ) .  The 
two resulting nanostructures can be differen- 
tiated when viewed with a lateral force 
microscope but, again, are perfectly aligned 

0 10 0 10 
Distance (bun) 

Fig. 2. Parallel DPN writing using two tips and 
a single feedback system. (A) Two nearly iden- 
tical ODT patterns generated on gold in parallel 
fashion with a two-pen cantilever. (B) Two 
nearly identical patterns generated on gold in 
parallel fashion with a two-pen cantilever with 
each pen coated with a different ink. The pat- 
tern on the left was generated from an MHA- 
coated tip and exhibits a higher lateral force 
than the gold substrate. The pattern on the 
right was generated with an ODT-coated tip 
and exhibits a lower lateral force than the gold 
substrate. 

Parallel writing 

1 Imaging tip Writing tip 

Single tip writing 

Scheme 1. 
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because of the rigid, fixed nature of the two level of reproducibility likely is a coinci- 
tips (Fig. 2B). Note that the line widths of the dental result, because feature size and line 
two patterns are identical to within 15%. This width in a DPN experiment often depend 

Fig. 3. LFM images of nanoplotter-generated monolayer patterns, A 
which consist of features composed of two different inks, ODT (dark 
grey) and MHA (white). The patterns were generated without removing 
the multiple-pen cantilever from the instrument. (A) Two ink, cross- 
shaped pattern with an MHA dot in the center of the pattern; note the 
circular shape of the dot. (B) A molecular cross-shaped corral made of 
ODT. The MHA molecules diffuse from the center of the corral but are 
blocked when they reach the 80-nm-wide ODT walls. Note the convex 
shape of the MHA ink within the molecular corral attributable to  the 
different wetting properties of the gold substrate and hydrophobic 
corral. (C) A molecular cross-shaped corral, where the horizontal lines B 
are composed of MHA and the vertical lines are comprised of ODT. 
Note that the MHA, which was introduced in the center of the corral 
diffuses over the walls of the corral made of MHA but remains confined 
within the walls made of ODT. Also, note that the MHA structure 
within the corral assumes a concave shape where the side walls are 
made of MHA (horizontal black arrow) and a convex shape where the 
side walls are made of ODT (vertical black arrow). 

0 8 

0 4 
Distance (pm) 

Fig. 4. LFM images of 
eight identical patterns 
generated with one im- 
aging tip and eight 
writing tips coated with 
ODT molecules. 

. . . .. ...,. . . , . .,. . .. .. ,.. ... " .., . ... . - . . -. .- . .. - . . . , . . . 

on the transport properties of the specific 
inks (for example, solubility) and ink load- 
ing (for example, ink coating thickness and 
residual solvent). 

A remarkable feature of this type of nano- 
plotter is that the system also can be operated 
in serial fashion to generate customized nano- 
structures made of different inks. To demon- 
strate this capability, we used a cantilever 
array that had a tip coated with ODT and a tip 
coated with MHA. The laser was focused on 
the ODT-coated tip, and the tilt stage was 
adjusted so that only this tip was in contact 
with the surface (Scheme 1). The ODT-coat- 
ed tip was then used to generate the vertical 
sides of a cross on a gold surface (contact 
force -0.1 nN, relative humidity -30%; 
writing speed = 1.3 p d s )  (Fig. 3A). The 
laser was then moved to the MHA-coated tip, 
and the tilt stage was readjusted so that only 
this tip was in contact with surface. The 
MHA tip was then used to draw the 30-nm- 
wide horizontal sides of the nanostructure 
("nano" refers to line width) (Fig. 3A). Mi- 
croscopic ODT alignment marks deposited 
on the periphery of the area to be patterned 
are used to locate the initial nanostructure as 
described elsewhere (19). 

This type of multiple-ink nanostructure 
with a bare gold interior would be difficult, if 
not impossible, to prepare via stamping meth- 
odologies or conventional nanolithography 
methods but was prepared in 5 min with the 
automated multiple-pen nanoplotter de- 
scribed here. Moreover, this tool and these 
types of structures can now be used for eval- 
uating important issues of adsorbate diffusion 
(25) on the nanometer-length scale and across 
nanoscale, one-molecule-thick barriers. As a 
proof-of-concept, we examined the diffusion 
of MHA from a tip to the surface within this 
type of "molecule-based corral." As a first 
step, a cross shape was generated with a 
single-ink, ODT-coated tip (contact force 
-0.1 nN; relative humidity -30%; writing 
speed = 0.5 pds ) .  Then, an MHA-coated tip 
was held in contact with the surface for 10 
min (contact force -0.1 nV) at the center of 
the cross so that MHA molecules were trans- 
ported onto the surface and could diffuse out 
from the point of contact. Even 80-nm-wide 
ODT lines act as a diffusion barrier, and 
MHA molecules are trapped inside the ODT 
cross pattern (Fig. 3B). When the horizontal 
sides of the molecular corral are made of 
MHA barriers, the MHA molecules diffuse 
from the tip onto the surface and over the 
hydrophilic MHA barriers. It is noteworthy 
that in this two-component nanostructure, the 
MHA does not go over the ODT barriers, 
resulting in an anisotropic pattern (Fig. 3C). 
Although we do not yet know whether the 
corral is changing the shape of the meniscus, 
which in turn controls ink diffusion, or alter- 
natively, the ink is deposited and then mi- 
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grates from the point of contact to generate 
this structure, this type of proof-of-concept 
experiment is a first step toward discovering 
and studying important interfacial processes 
with this new nanotechnology tool. 

The parallel nanoplotting strategy reported 
here is not limited to two tips. Indeed, we have 
shown that a cantilever array consisting of eight 
tips can be used to generate nanostructures in 
parallel fashon. In this case, each of the eight 
tips are coated with ODT. The outermost tip is 
designated as the imaging tip, and the feedback 
laser is focused on it during the writing experi- 
ment. To demonstrate this concept, we generat- 
ed four separate nanostructures, a 180-nm 
dot (contact force -0.1 nN, relative humid- 
ity = 26%, contact time = 1 s), a 40-nm- 
wide line, a square, and an octagon (contact 
force -0.1 nN, relative humidity -26%, 
writing speed = 0.5 p d s ) ,  and we repro- 
duced these structures in parallel fashion 
with the seven passively following tips (Fig. 
4). Note that there is a less than 10% stan- 
dard deviation in line width for the original 
nanostructures and the seven copies. 

The number of pens that can be used in a 
parallel DPN experiment to reproduce nano- 
structures passively is not limited to eight. 
Indeed, there is no reason why the number of 
pens cannot be increased to hundreds or even 
a thousand pens without the need for addi- 
tional feedback systems. Finally, this work 
opens avenues for researchers to begin using 
DPN and conventional AFM instrumentation 
to do high-resolution and aligned patterning 
of nanostructures on a large scale that is 
automated and moderately fast. 
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Electronic Structure of Mott 

Insulators Studied by Inelastic 


X-ray Scattering 


The electronic structure of Mott insulators continues to be a major unsolved 
problem in physics despite more than 50 years of research. Well-developed 
momentum-resolved spectroscopies such as photoemission or neutron scat- 
tering cannot probe the full Mott gap. High-resolution resonant inelastic x-ray 
scattering revealed dispersive charge excitations across the Mott gap in a 
high-critical temperature parent cuprate (Ca,CuO,Cl,), shedding light on the 
anisotropy of the Mott gap. These charge excitations across the Mott gap can 
be described within the framework of the Hubbard model. 

The discovery of high-critical temperature neutrons do not couple to electrons' charge 
(T,) superconductivity and colossal magne- density, and (thermal) neutron energy is too 
toresistance in doped transition metal ox- low to reach the Mott edge. No k-resolved 
ides has led to extensive research interest in inverse photoemission (Inv-AWES) study is 
Mott insulators. Such oxides are character- available because of problems associated 
ized by large onsite Coulomb interaction with sample charging as well as the lack of 
and theconsequent low-temperature insulat- required energy resolution. Inelastic electron 
ing state characterized by a charge excita- scattering, also known as electron energy- 
tion gap, known as the Mott gap. The gap is loss spectroscopy (EELS), measures elec-
either set by the Coulomb interaction U or tronic excitations from the occupied to the 
the charge transfer energy A (energy to unoccupied bands; however, EELS requires 
remove an electron from the oxygen orbital extensive sample preparation and does not 
and put it on the copper site), depending on yield useful information unless the spectra 
which one is lower (1-4). Angle-resolved pho- are corrected for multiple scattering effects 
toemission spectroscopy (ARF'ES), which (9).  
probes only the occupied electronic states. Inelastic x-ray scattering is a natural and 
has been remarkably successful in character- powerful probe of electronic excitations in 
izing the electronic structure of cuprate-based condensed matter systems. It has the poten- 
insulators (5-8). Little is known about the tial to improve our understanding of the 
momentum- resolved (k-resolved) electronic bulk electronic structure of correlated elec- 
structure of the unoccupied band, which is a tron systems. Inelastic scattering of x-ray 
major barrier for a coherent understanding of photons covers a fairly wide kinematic 
the nature of the Mott gap and its related range in energy and momentum space, and 
insulating state. In addition, knowledge of the the photons directly couple to the electronic 
unoccupied upper Hubbard band (UHB) is charge (and to other electronic degrees of 
essential to understand the physics of n-type freedom, such as orbitals and spins). Howev- 
(electron-doped) superconductors, as the er, because x-ray photons are highly absorbed 
doped electrons occupy the UHB. Among the in high-Z materials (where Z is the atomic 
standard probes of condensed matter systems number), applications of the technique have 
(which allow momentum-resolved studies), been mostly limited to low-Z systems (10- 

13). Recen; experimental results-and theoret- 
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