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ABSTRACT: Simultaneous writing and erasing of two and three
molecules in one single step at the microscale using Polymeric
Lithography Editor (PLE) probes is demonstrated. Simultaneous
writing and erasing of three molecules was accomplished by
rastering a nanoporous probe that was loaded with rhodamine B
and fluorescein over a quinine-coated glass substrate. The solvated
quinine molecules were erased and transported into the probe
matrix, whereas both rhodamine and fluorescein molecules were
simultaneously deposited and aligned with the path of the erased
quinine on the substrate. The simultaneous writing and erasing of
molecules is referred to as PLiSED. The writing and erasing speed
can be easily tuned by adjusting the probe speed to as large as
10,000 pm?*/s. The microscale patterns on the orders of square
millimeter area were fabricated by erasing fluorescein with an efficiency (1.) > 95% while simultaneously depositing rhodamine
molecules at the erased spots. The roles of the probe porosity, transport medium, and kinetics of solvation for editing were also
investigated—the presence of a transport medium at the probe—substrate interface is required for the transport of the molecules into
and out of the probe. The physical and mechanical properties of the polymeric probes influenced molecular editing. Young’s
modulus values of the hydrated hydrogels composed of varying monomer/cross-linker ratios were estimated using atomic force
microscopy. Probes with the highest observed erasing capacity were used for further experiments to investigate the effects of relative
humidity and erasing time on editing. Careful control over experimental conditions provided high-quality editing of microscale
patterns at high editing speed. Combining erasing and deposition of multiple molecules in one single step offers a unique
opportunity to significantly improve the efficiency and the accuracy of lithographic editing at the microscale. PLiSED enables rapid
on-site lithographic rectification and has considerable application values in high-quality lithography and solid surface modification.

Oijective

Bl INTRODUCTION probe lithography and its potential applications in a range of
fields including materials, life, and medicine is recommended
for readers.”® Most of the studies have been focused on the
patterning of a myriad of molecules. However, removal of

Probe-based lithography is extensively used for delivering and
patterning a variety of ink molecules on many types of
substrate surfaces.’ Polymeric lithographic probes are used to
deposit dye molecules,”> biomolecules,*™® metals,” and
polymers® on a variety of substrates, such as glass,” silicon,"
and polymeric surfaces.'’ The micro- and nanopatterns are
then used in biosensing® photolithography,'” material syn-
thesis,'> and device fabrication.”'® The highest spatial
resolution of the probe-based lithographic techniques
approaches 15 nm using dip-pen lithography (DPN)."*
Fountain pen nanolithography (FPN) has allowed the
deposition of metallic nanoparticles, where the size of the
pen/probe nozzle conferred the 15 nm resolution of the Received: ~ August S, 2022
technique."> Other works have reported patterns within a Revised:  September 14, 2022
range of 50 to 100 nm. The use of arrays of DPN probes for

multiplex deposition of multiple ink molecules has dramatically

increased the nanoscale patterning throughput rate.">'°™>* An

excellent review describing the fundamentals of the scanning

materials or molecules at the nano- and microscale is relevant
as well. Removing molecules from deposited patterns is
important for correction and post modification in real
lithographic work. Despite its relevance, studies involving
error rectification of microscale patterns are scarce in the
literature.”*~>* PLIiSED is also expected to find applications in
areas including energy harvesting, and self-powered and

. 29-32
wearable flexible sensors.>” >
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Figure 1. (A) A schematic of PLiSED editing showing editing using two types of fluorescent dyes (green and red). Molecular editing using three
types of dye molecules was also demonstrated, but it is not shown in the schematic. A PAAM probe is attached to a z-piezoelectric stage, whereas
the substrate for molecular editing is placed on an XY microscope stage. A meniscus is formed when the probe is in close proximity with the
substrate, allowing simultaneous flow of (i) “red” molecules from the probe to the substrate and (ii) "green” molecules from the substrate to the
probe. The writing—erasing process is monitored in either bright field or fluorescence mode. (B) A photograph of the setup used for PLiSED. (C)
A close view of the probe attached to the z-stage. For clarity, a large-scale probe is shown, which is much larger than the microscale probe used for
experiments. (D) A spiral pattern fabricated by erasing a blue dye (quinine) and simultaneous deposition of green (fluorescein) and red
(rhodamine 6G) dyes on the surface. Three different editing steps were performed in one single step by translocating the fluorescein- and

rhodamine-containing PLE tip on a quinine-deposited glass surface.

In general, the removal of molecules from a surface using
solution-based probe erasing is a multiple-step process. In the
simplest terms, it requires the (1) delivery of an etching and/or
a solvating media on a surface; (2) solvation of the targeted
species adsorbed on a surface; and (3) transport of the
solvated molecules into the probe or away from the erased
spot.”~*® Multiple factors are involved in the removal of
molecules from a substrate by a lithographic probe. Some
factors are related to the physicochemical characteristics of the
material of interest, whereas other factors are associated with
the characteristics of the lithographic probe. The physico-
chemical characteristics of the molecules (including size,
charge, shape, and surface energy) and experimental conditions
(RH, temperature, and viscosity) may determine the kinetics of
the erasing process. Moreover, the solvent content in the
matrix of the probe can significantly influence the ink
capaci’fy.33’34

In our previous work, PLE probes were used for the
deposition of fluorescent dyes and removal of metal coatings
from planar and nonplanar substrates.’*”>* Pyramidal poly-
acrylamide probes loaded with copper and silver etchants were
used to make electrodes by selectively removing silver or
copper from a flat substrate; the electrodes were then used to
fabricate a microphotodetector.””*® In a similar fashion,
conical probes composed of agarose were used to erase
fluorescent patterns with an erasing areal sgeed (R.q) of ~785
um?/s and editing resolution of ~10 ym. 7 For these studies,
two steps were required: (a) erasing or removal of a
fluorescent dye (rhodamine B) using a swollen probe and
(b) writing or deposition of fluorescein, thereby completing
the microscale editing. Thus, the editing process required two
steps utilizing two different PLE probes, necessitating probe
realignment and registration at each step during the patterning
process, which can be prone to errors. Furthermore, the
sequential multistep process can be cumbersome and time-
consuming (lowers editing rate) compared to a process where
multiple molecules can be manipulated simultaneously.
Therefore, simultaneous erasing and writing of multiple
molecules in one step is expected to significantly increase the
editing rate because registration and alignment of the probe are

needed only once and multiple molecules can be erased and/or
deposited in one locomotion step of the probe.

Here, we demonstrate probe lithography synchronized
erasing and deposition, referred to as PLiSED, of two and
three molecules in one single step. A microscale probe
composed of nanoporous polyacrylamide (PAAM) containing
one or two types of fluorescent dye molecules was translocated
over a substrate coated with one type of fluorescent dye
molecules. The solvated molecules on the substrate surface
were transported into the probe matrix, whereas fluorescent
molecules contained in the probe were transported out of the
probe onto the substrate, providing high-quality two- and
three-molecular patterning in a single probe locomotion step.
The erasing and writing efficiencies of the patterns were >95%.
For highly water-soluble fluorescent dyes, R g; & 10,000 ym?/s
on a millimeter square area was achieved using PLiSED. The
combination of erasing and deposition of multiple molecules in
one step offers a unique opportunity to enhance the
throughput rate, efficiency, and accuracy of the lithographic
work. The described technique embodies a potentially
powerful addition to the conventional lithographic toolbox
for fabrication applications in the areas of nano/micro-
electronics, electrochemical lithography, and biosensing.

B RESULTS AND DISCUSSION

Introduction to the PLiSED Process. Figure 1 shows an
overall view of the PLiSED process described in this report. A
polyacrylamide (PAAM) probe of microscale dimension
loaded with a red dye is rastered over a surface coated with
a green dye (Figure 1A); the example shown here is a two-dye
PLiSED process. Figure 1B shows the setup used in the
experiments. A z-axis piezoelectric stage attached to a PLE
probe is brought in close proximity to the surface coated with
fluorescein. A meniscus formed at the probe—substrate
interface allows simultaneous erasing of the green dye and
writing of the red dye in one single step. A fluorescent spiral
composed of three fluorescent dyes is fabricated in one step by
erasing quinine (blue) while writing green (fluorescein) and
red (rthodamine) dyes on a glass surface (Figure 1D). A linear
editing speed >500 ym-s™" and a large editing area (A,) ~0.21
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Figure 2. (A) An ESEM image of the top view of a hydrated PAAM PLE with tip size (d;) ~ 540 nm and base (d) = 125 X 125 ym (scale bar 50
um). (B) An SEM image of a PAAM probe lyophilized in high vacaum (scale bar 100 ym). (C) A fluorescence micrograph of a fluorescein-loaded
PAAM probe showing the tip and base of the probe. (D) Fluorescence spectrum of the extracted solutions from PAAM hydrogels composed with
different Ry/’s. (E) Normalized C.g; of PAAM probes composed with different Ry’s. (F) BET surface area and pore size of PAAM probes made
with different Ry’s.

Table 1. PAAM Hydrogel PLE Compositions, Young’s Moduli (E), and Maximum Small Molecule Storage Capacity (C.,)

sample AAm solution (uL) bis-AAm solution (uL) TEMED (uL) APS solution (uL) IR E (MPa) Cnax (cm®/g)
1 100 100 2 S 1 ND“ 13.5
2 200 50 2 S 4 0.10 + 0.04 36.1
3 150 50 2 S 3 ND 26.2
4 200 100 2 S 2 0.84 + 0.19 17.5
S 100 200 2 S 0.5 0.18 + 0.04 10.1
6 50 200 2 S 0.25 ND 7.4

“ND: not determined.

mm®* were accomplished using PLE with d; = 500 nm and d; =
220 pm. Similarly, we demonstrated simultaneous erasing of
quinine (blue) and deposition of rhodamine B (red) and
fluorescein (green) in one step using a single PAAM PLE. That
is, three individual steps (one erasing and two deposition
steps) were combined in a single locomotion step.
Fabrication and Characterization of Polymeric Litho-
graphic Editor (PLE) Probes. Prior to the demonstration of
simultaneous probe-based writing and erasing, the probes were
characterized using environmental scanning electron micros-
copy (ESEM), energy dispersive X-ray spectroscopy (EDS),
and atomic force microscopy (AFM) for surface roughness and
topography, chemical analysis, and mechanical properties.
Although conventional SEM can provide high-quality surface
roughness and topographical information, it is known to alter
material properties and structures of soft materials such as
hydrogels at the nanoscale. This limitation is due to the harsh
conditions during sample preparation and imaging in SEM.*
In contrast, ESEM offers the possibility of imaging a hydrogel
sample in its hydrated state with minimum changes in its
microscale structure.>>>® Due to these reasons, we imaged PLE
hydrogel probes in a hydrated state utilizing ESEM and
compared them with images obtained under high-vacuum
SEM. The SEM image acquired in high vacuum does not truly
represent the actual structure of the probe used for erasing and
writing patterns, which showed significant deformation and

shrinkage (about S—7 times that of hydrated probes) (Figure
2B). ESEM micrographs of the PAAM probe depicted a
homogeneous and smooth surface. Importantly, the ESEM
images of the probes are more likely to resemble the hydrated
probes used for molecular editing experiments (Figure 2A).
Surface Area and Porosity of Hydrogel Probes.
Knowledge of the surface area, porosity, and mechanical
properties of the polymeric probes is important for
simultaneous editing of patterns. The capacity of editing
depends on the porosity of the probe polymer matrix, whereas
the mechanical stiffness of the probes affects the pattern
feature size when the probe is in contact with the surface. A
higher editing capacity is expected for highly porous PLEs
compared to the probes with collapsed pores or nonporous
probes (such as PDMS probes). However, the softer probes
(i.e, probes composed of lower E) are susceptible to larger
deformation under stress and may exhibit larger edited feature
size as compared to those patterns fabricated using stiffer
probes with larger E.*” Therefore, depending upon the desired
application, a balance between porosity and mechanical
properties of the probe material is warranted. Since the
monomer/cross-linker ratio controls the mechanical proper-
ties, ink storage capacity, and BET surface area of hydrogels
composed, investigations of the hydrogels of different values of

monomer
= wer rformed.
RM (crosslinker) ere perto ed
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Figure 3. Surface topography and Young’s modulus (E) measurements of hydrated PAAM probes. (A) An AFM image of hydrated PAAM probes
composed with Ry, = 2 and (B) a corresponding AFM at a higher resolution. (C) An AFM image of the hydrogel probe synthesized using Ry, = 0.5
and (D) a corresponding AFM image at a higher resolution. (E) Typical force—distance AFM curves of PAAM hydrogel. Red and blue curves are
approaching and retracting the AFM tip away from the hydrogel. All the measurements were performed in water. (F) E—Ry dependence of the
PAAM probes. The values for E were estimated by measuring the force—distance curves using calibrated probes.

Table 1 and Figure 2 show the ink storage capacity (Cpy),
Young’s modulus (E), and BET surface area of the hydrogels
composed with different Ry’s (Table 1 and Figure 2). C,,,, was
estimated by comparing fluorescein emission intensity with a
calibration curve and correcting for the dilution factors (Figure
S2). The procedure for the estimation of PAAM capacity for
storing small molecules such as fluorescein is given in the
Supporting Information. The concentration of fluorescein
extracted from PAAM hydrogel probes composed with
different Ry’s was normalized with the weight of each
PAAM sample (Figure 2D). The editing capacity of the
probes correlated well with Ry That is, hydrogels composed
with an Ry exhibited a higher molecular storing capacity than
those hydrogels composed with a smaller Ry;. For example, the
probes synthesized with Ry; = 4 showed the highest capacity
(Coax ~ 36.1 cm®/g) to store fluorescein in its matrix, which
was roughly 5 times larger than the value for probes with Ry, =
0.25 exhibiting C,., ~ 7.4 cm®/g. The surface area was
estimated using nitrogen adsorption measurements according
to the BET method.>® A linear BET surface area—Ry,
dependence was observed for RM < 4 in our experiments.
This trend is not unexpected because softer hydrogels
possessed larger surface area (Sppr) and larger average pore
size (D,) compared to those for stiffer hydrogels (Figure 2E).
This result agrees with the literature where the porosity of
PAAM is found to be highly dependent on Ry.>”~*' In a recent
study, porous acrylamide and acrylic acid based hydrogels were
synthesized, and it was observed that the increase in the cross-
linker concentration resulted in a significant decrease in the
swelling capacity; however, the mechanical properties

(compressive failure) of the gels improved with the cross-
linker concentration in the gels.*’

Young’s Modulus of the Hydrated Hydrogels at the
Nanoscale Using Atomic Force Microscopy. The stiffness
of the PLE probe is a crucial parameter for probe-based writing
and erasing. Feature size of the deposited and erased patterns
depends upon the applied pressure on the probe, as well as the
relative humidity and temperature of the experiments and the
stiffness of the probe. Within the linear Hooke’s regime (F =
kAd; Ad < length of the tip; and k is the cantilever spring
constant), the probe tip deformation (Ad) is related to

Young’s modulus (E) by Ad = %, where F, Ly, and A are the

applied force, original length, and cross-section area of the
probe, respectively. Clearly, probe deformation will be smaller
for the harder probes (larger E) than for softer probes (smaller
E) for the same applied force (F) on the tip. Therefore, control
over E of the probe material is important for editing feature
size.

For the present work, E was estimated by fitting the force—
distance curves to the Sneddon model, which takes into
account the interaction of a conical AFM probe with a sample.
At least 150 F—d curves were acquired at five different spots
for each sample to estimate E values. The data processing was
performed using a built-in data processor in Bruker Nanoscope
Analysis 2.0. The detailed procedure of E measurements using
AFM is described in the Supporting Information.

Figure 3F shows the AFM surface topography and E—Ry;
dependence of the hydrated PAAM hydrogels in aqueous
media, mimicking the state of the hydrogel probes for
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Figure 4. (A) An emission micrograph (left) and 3D surface plot (right) of the spiral fluorescein erasing pattern (green channel). (B) Comparison
of the fluorescein emission microspectra at the erased and nonerased microscale spots. (C) An emission micrograph (left) and 3D surface plot
(right) of the spiral rhodamine deposition pattern (red channel). (D) Comparison of the rhodamine emission microspectra at the deposited and
erased microscale spots. (E) An overlayer emission micrograph of both green and red channels (left) and 3D surface plots (right). (F) Emission
spectra of fluorescein and rhodamine emission microspectra at the rectangular box in (E). (H) Emission intensity—distance profile along the dotted
gray line of the micrograph in (G). Fluorescein and rhodamine B gray intensity is shown in green and red, respectively. The minimum gray
intensity values of the green color profile was for the erased fluorescein where rhodamine B (red profile) showed higher intensity demonstrating
spatial overall of erased and deposited molecules using PLiSED. The scale bar is 100 ym; vy, = S pm/s; T = 22 °C; and RH = 40%.

molecular editing. E values are averages of 10 different points
randomly chosen on the PAAM samples. Figure 3E shows
typical force—distance curves of the AFM measurements
performed in water. The approach and retracting of the tip are
shown in red and blue curves, respectively. As expected, E of
the hydrogels was influenced by R, E of the hydrogels was
found to increase with Ry, but a reduction in the E for the
matrix composed with Ry, = 4 was observed (Figure 3F). For
example, the samples composed with Ry = 2 exhibited E =
0.84 + 0.19 MPa, which was more than 8 times and S times
the E values for Ry; = 0.5 and 4, respectively. It is reported that
the cross-linker concentration above a threshold for the PAAM
hydrogel can lead to polymers with uneven cross-linking
density in the matrix, where highly cross-linked and poorly
cross-linked polymer clusters coexist within the polymer
matrix.”>** Non-uniform cross-linking density in the matrix
with local heterogeneity is thought to be responsible for the
observed softening of the hydrogels at higher cross-linker
concentrations.””*’ From a practical perspective, both the
capacity and rigidity of the PLE probes are crucial to editing
for a desired application. Some applications may require a
smaller feature size without a need for a large editing area. For
these applications, stiffer probes are preferred, whereas softer
probes with a larger capacity are preferred for applications
requiring larger editing areas. For all studies performed in this
report, the PAAM PLE probes composed with Ry = 2 were
selected because of their high capacity and stiffness values.
Patterning Using PLIiSED. The simultaneous pattern
editing experiments were performed on an inverted micro-
scope equipped with a computer-controlled XYZ stage as
outlined in previous reports (Figure 1 and the Supporting
Information).”**” PLiSED was accomplished by bringing the
PLE probes containing two types of fluorescent molecules

(concentrations in the micromolar range) in close proximity
with a substrate coated with a third fluorescent dye. The rapid
diffusion of molecules from the nanoporous PAAM probe
matrix to the substrate (writing or deposition step) along with
the simultaneous diffusion of the solvated molecules adsorbed
on the substrate into the PLE probe matrix (erasing step)
resulted in PLiSED. For example, the erasing of fluorescein
molecules on substrates was accomplished by diffusion of
solvated fluorescein molecules into the PLE matrix (Figure
4A). Similarly, the solvated rhodamine B molecules (5.5 uM)
trapped within the PLE matrix were simultaneously deposited
at the erased patterns (Figure 4B). Fluorescence micrographs
and emission spectra of the deposited and erased spiral
patterns are shown in Figure 4. The quality of writing and
erasing processes was confirmed by the emission microspectra
before and after deposition and erasing, respectively. A strong
fluorescein emission maximum centered at A., = 515 nm
(green channel) on nonerased spots and a large decrease in its
emission intensity on the erased spots confirmed high-quality
erasing using a PAAM probe (Figure 4B). Similarly, the strong
emission at A, & 590 nm from rhodamine B at the deposition
spots (Figures 4C,D) confirmed simultaneous writing and
erasing in one single probe locomotion step (Figures 4E,F). A
more careful analysis of the FWHM of the gray intensity values
for rhodamine B and fluorescein yielded similar pattern sizes of
the erased and deposited patterns (Figure S3 and Table S1).
Whereas the width and the area of the erased fluorescence
pattern in the green channel were 35 & 11 um and ~100,000
um? (n = 5, Table S1), respectively, the width and area of the
rhodamine B patterns deposited at the fluorescein erased
pattern areas were 36 + 13 ym and ~98,000 um* (n = 5, Table
S1), respectively (Figure 4G). The superimposed emission
spectra and matched spatial registrations of fluorescein and
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Figure 5. (A) Fluorescent image showing erasing of quinine and simultaneous deposition of (B) fluorescein and (C) rhodamine B. (D) Emission
spectra of the fluorescent micrograph in (E) showing deposition of fluorescein (green curve) and rhodamine B (red curve). The emission from
quinine was below the detection limit of the hyperspectral camera. (E) An overlapped image composed of three emission channels: blue (quinine),
green (fluorescein), and red (rhodamine B). Emission intensity—distance dependence for fluorescein (green curve) and rhodamine (red curve) is
also shown. The long pass filters were used for fluorescence emission acquisition. For the blue channel: excitation wavelength (4.,) = 360—390 nm,
emission wavelength (A,,) = 435—720 nm; green channel: 1., = 465—495 nm, A, = 515—720 nm; and red channel: 1., = $32—557 nm, 4, =
570—720 nm. The probes were soaked in fluorescein and rhodamine B solutions of 35 and 5.5 uM, respectively. All the scale bars are 150 ym; vy,q

=S um/s; T =22 °C; and RH = 40%.

rhodamine patterns confirmed the successful simultaneous
erasing of fluorescein and deposition of rhodamine B without
significant distortion (Figure 4H).

PLiSED of three different dyes in one probe locomotion was
also accomplished by erasing quinine and simultaneous
deposition of fluorescein and rhodamine B on the erased
patterns in a single step (Figure S). A PAAM PLE loaded with
fluorescein (35 #M) and RHB (5.5 uM) was brought in close
proximity to a glass substrate coated with quinine (146 uM).
In this case, instead of a spiral pattern, four parallel lines were
fabricated (RH = 40%, temperature = 25 °C, and d; = 1 X 2
um). A significant decrease in the emission signal in the blue
channel from the quinine dye was observed, whereas both the
green and red emission signals significantly increased by many
orders at the erased spots, confirming the high selectivity and
accuracy of the PLiSED (Figure S and Table S2). The feature
sizes of the erased and deposited patterns were similar,
although some disparity in the width of the emission signals of
green and red was observed (Figure S and Table S2). The
dimensions of the patterns were 9.7 + 0.9 ym (quinine
erasing), 15.0 + 1.0 ym (fluorescein deposition), and 13.6 +
1.8 pum (rhodamine deposition), respectively (Table S2). The
differences in the deposited patterned line widths were
attributed to differences in the probe—surface contact area
and the physical and chemical characteristics of the fluorescent
dyes involved in the molecular editing process.”® In general, a
larger probe—surface contact area results in a wider pattern
feature size. Similarly, the physical and chemical properties of

the fluorescent molecules can also influence the dimension of
the erased and deposited patterns. For example, the charge and
size of the molecules and surface energy differences between
the solvent and substrate affect the size of the patterns.”® When
aqueous-based molecular deposition was performed on low-
surface-energy surfaces (hydrophobic and fluorinated surfa-
ces), the observed deposition patterns were sharper with a high
contrast value, and the pattern feature size was also smaller
than for the molecular deposition on high-surface-energy
surfaces (hydrophilic surfaces).”® Therefore, the observed
pattern dimension differences were attributed to the local
surface-energy differences.”®

Effect of Probe Porosity and the Presence of a
Transporting Medium on Writing and Erasing Patterns.
In general, the presence of a transport medium (i.e., meniscus)
at the substrate—probe interface is required for probe-based
pattern editing.”*”** In the present studies, the quality of
pattern editing was found to be highly dependent upon the
porosity of the probes and solvent content in the probe matrix.
A series of experiments were performed using hydrated and
lyophilized PAAM and PDMS PLE probes to investigate the
effects of probe porosity and solvent in the matrix on pattern
editing. The comparison of the quality of the pattern editing
using hydrated PAAM and nonhydrated PLE probes provided
useful information regarding the effect of solvent in the matrix
on the pattern editing. The freeze-dried and nonporous PDMS
probes yielded limited capacity for molecular patterning,
whereas the wet porous probes allowed high-quality microscale
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Figure 6. PLISED using hydrated PAAM, PDMS, and lyophilized PAAM PLEs. (A—C) Erasing of fluorescein (green channel); (D—F)
simultaneous deposition of rhodamine B (red channel); and (G—I) the overlap of green and red channels of :"SIU” simultaneous editing using
three different PLE probes. (J) Erasing efficiency (1,)—distance dependence of "S” in (G). (K) Writing efficiency (1,,)—distance dependence of
"S" along yellow line in (G). (L) Fluorescence spectra fluorescein (in A) and rhodamine B (in D) at the microscale before and after PLiSED using
a hydrated PAAM PLE. (M) Line scan of the erased pattern using a hydrated PAAM PLE in (G). The emission intensity for red and green
channels in (M) corresponds to the yellow line in (G). The probe with a tip size of 1 X 2 ym was used for all experiments (RH = 40% and T = 22

°C). Scale bar for all micrographs is SO gm.

editing of large areas (>0.2 mm?®) with ease. This was
accomplished by measuring the erasing (7.) and writing
efficiency (,,) for hydrated PAAM, lyophilized PAAM, and
PDMS probes. 7, and 7,, are defined as

-
I, (1)

and

-]
1-— N
I, (2)

respectively. Here, I; and I, represent the fluorescence emission
intensity before and after pattern editing, respectively. For all
experiments, probes (tip size = 1 X 2 ym) were immersed in a
1 uM rhodamine B solution for 2 h prior to use (RH = 40%
and temperature = 22 °C). The editing process using
lyophilized PAAM PLE was similar to the hydrated PAAM
probe except that the PAAM probe was first swollen in 1 gM
rhodamine B solution for 2 h prior to lyophilization overnight.
This procedure yielded rhodamine-containing lyophilized PLE
probes but without solvent in the probe matrix.

The hydrated PAAM PLE provided the highest quality for
the PLiSED out of three types of probes investigated in our
experiments (Figure 6). A fluorescence intensity line scan of
"SIU” fabricated using a hydrated nanoporous PLE probe
showed a sharp decrease in the green emission intensity
(Figure 6A) and simultaneous increase in the red emission in
"SIU” (Figure 6B). At every 100 um, the 7, and 7, were
estimated using eqs 1 and 2 and are plotted in Figure 6J,K,
respectively. The 7, and 5y for hydrated PAAM probes
remained constant for erasing and writing for a distance (d,) of
600 pm (Figure 6J,K). The emission spectra of fluorescein at
the erased areas were below the detection limit of the
multispectral camera (green dotted spectrum in Figure 6L),
whereas the emission spectra of rhodamine B increased many
orders of magnitude after writing (red dotted spectrum in
Figure 6L), confirming the high-quality simultaneous fluo-
rescein removal and rhodamine B deposition by the hydrated
porous PLE probe. Furthermore, the excellent spatial align-
ment of the reduction in the green channel intensity and
concurrent increase in the emission intensity in the red channel
suggested that minimum spreading of the deposited molecules
on the surface was incurred (Figure 6M). Overall, both the
spectroscopic and spatial observations indicated that high-
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Scheme 1. Various Steps Involved in Sequential Writing (eq 3), Sequential Erasing (eq 4), and PLiSED (eq S) Processes”
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PLiSED Rhodamine,.. + Fluorescein,,,,, Eq.5

N

“Red and green shaded texts in eq S denote erasing and writing processes (respectively), whereas blue shaded text denotes writing and erasing

molecules in the probe.

quality PLiSED was accomplished in one single step using
hydrated nanoporous probes.

On the other hand, the 5, and 74 values for a lyophilized
PAAM PLE were close to zero. These observations confirmed
that the transport of molecules into and out of the probe was
negligible for lyophilized PLE probes (Figure 6C,F,LJK).
Similarly, the #, and 54 for the rhodamine B impregnated
PDMS probe decreased from 1.0 (d, ~ 0 um) to 0.5 (d, =~ 300
um). Microscale spectroscopic evidence of the erased
fluorescein was also obtained using a multispectral camera.
The comparison of writing and erasing performed using three
different probes suggested that lyophilized PAAM probes
exhibited the lowest quality of erasing and writing in our
experiments (Figure 6C,F,I). The lack of transporting water
molecules in the lyophilized probes resulted in an almost
complete absence of (for lyophilized PAAM) and significantly
reduced (for PDMS) transporting media at the probe—
substrate interface for erasing and writing processes. These
results are consistent with probe-based deposition”** and
editing studies,”**” where the role of the transporting medium
at the probe—substrate interface has been shown to require
transporting molecules between probe and substrate.

These experiments also highlight the significance of the
porosity of the probes for storing the ink molecules in the
probe matrix for molecular editing. The surface area (SA) of a
nonporous PDMS PLE with a base diameter of 200 ym and
height of 85 ym was estimated to be 0.22 um?, whereas the
experimentally measured BET surface area of a PAAM PLE
fabricated using the same Si template was ~22 m*/g (Figure
2F). Therefore, the theoretical capacity of the nanoporous
lyophilized PAAM probe is many orders larger than that of the
PDMS probe, which contributed to large differences in the
observed 7, and 7. The thickness of the hydration for the
lyophilized PAAM is a few nanometer thick water layers at RH
10—-90%," implying that the capacity of the lyophilized
PAAM to contain solvated rhodamine molecules in the
lyophilized PAAM matrix is rather limited as compared to
fully hydrated PAAM probes. In practice, however, the
observed capacity for the hydrated PAAM probes is much
larger than that for lyophilized probes because the solvated ink

molecules were also contained in the solvent-filled pores,
providing a much larger quantity of ink molecules for writing
and erasing.

Another consequence of the lack of solvent water meniscus
at the interface is the increase in the friction between the probe
and surface during probe locomotion. The PLiSED probe
shape was distorted during probe movement when it was in
contact with the surface. The result of this shape change effect
is clearly seen in Figure 6B,E,H, where highly distorted writing
and erasing were observed with the PDMS probes. In contrast,
patterns fabricated using hydrated PAAM probes were devoid
of distortion at the microscale. These results are consistent
with our previous observations where the locomotion of the
hydrated probes allowed fast high-quality pattern forma-
tion.”**” Finally, the transport of molecules on PDMS PLE
probes is dominated by surface diffusion, which is a much
slower process than the molecular diffusion in the hydrated
state. For example, the diffusion coefficient (D) of fluorescein
in PAAM hydrogel pores is 3.9 X 107¢ cm?/ s* (which is close
to that of the bulk diffusion coeficient of 4.33 X 107° cm?/s),
whereas the reported surface diffusion coeflicient of fluorescein
on PDMS is (~7 x 10~% cm?/s),*” about 2 orders smaller than
that for the hydrated PAAM matrix. Overall, the role of
transporting media and porosity of the probe is crucial to
molecular editing of the patterns at the microscale level, and
careful attention to these parameters is needed for a desired
application.

Differences between Probe-Based Writing and
Erasing. It is important to consider differences between
probe-based sequential erasing and writing processes and
simultaneous writing and erasing processes. In general, writing
or deposition of molecules using a probe is a simpler process
than erasing (or etching) of materials from a surface (Scheme
1). The deposition of a species S via a diffusion mechanism (or
an active transport mechanism*®) involves solvated species
(Ssovated) from the probe matrix to a substrate (eq 3). The
molecular species within the probe matrix are usually in the
solvated form. Equations 3—S describe writing (eq 3), erasing
(eq 4), and simultaneously writing and erasing (eq $) steps.
Although the deposition of ink molecules can involve more
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complicated processes, in the simplest sense for the deposition
or writing step, k; is the transport rate of solvated molecules
from the probe to meniscus through the diffusion mechanism,
k, is the rate constant for Syeq to the surface through a
meniscus at the probe—surface interface, and k; and k_; are
forward and backward rate constants of adsorption and
dissolution of Sj.eq 0N the surface, respectively. The solvated
species either will deposit without reaction with other species
(M) present on the surface or may react with M to form a
product (P) (eq 3).

Similarly, for the erasing process, the first step involves
solvation of a species S adsorbed (or absorbed) on the surface
to @ Sqglvated SPecies with a rate constant of ky. This is followed
by diffusion of the Sjeq into the probe matrix with a rate
constant of k. Finally, the reaction of Sjeq With M to P can

occur with an apparent equilibrium constant of kk—é (eq 4).
-6

Thus, in the simplest terms, the probe-based sequential erasing
and writing involves a total of seven or more steps (eqs 3 and
4). Because of the high concentration gradient from the probe
to the substrate, k;, k,, k,, and k are assumed to be uniforward
direction. However, the reverse transport rate constants (k_l,
k_,, k_3, and k_,) can be appreciably high for large area editing
applications, where the concentration of the erased molecule
present at the probe tips can be high (that is, the concentration
gradient between the substrate and probe tip is low). Under
these circumstances, the reverse rate constants need to be
considered and may not be neglected.

For the PLiSED process, the steps in eqs 3 and 4 occur
simultaneously within the time scale of our experiments (that
is, eq S) through the locomotion of the probe. Here, the
reaction steps in the red shade denote erasing of fluorescein
deposited on a surface, whereas the green shade represents
deposition of the solvated rhodamine into the probe matrix
through the meniscus. The steps shown in eq S provide a
simplistic overall view of the simultaneous editing process. The
diffusion coeflicients of rhodamine and fluorescein in water are
~3.5 X 107° cm?/s,*® and the fact that both fluorescein and
rhodamine are highly water soluble (i.e., k, is fast) allows both
writing and erasing of soluble dyes within the time scale of the
experiments. However, depending upon the species in editing
involved, some steps in eqs 4 and S can be slow. Although, Cu’
can be erased using concentrated acidic FeCl; in the
experimental timescale, the solvation of sputtered copper
metal (Cu’) on chromium-containing glass wafer using an
acidic FeCl; etchant is a kinetically slower process than the
solvation of the physisorbed dye molecules on a glass surface.
Here, the reaction of etchant molecules with metal atoms
adhered strongly to a surface may involve multiple steps for the
solvation of Cu into the solution phase.*”*° Furthermore, the
etching of Cu’ with acidic FeCly also involves multiple ferric
and ferric-hydrate species in the solution phase whose diffusion
coeflicient and transport rates can vary significantly in bulk and
within the hydrogel matrix. For example, the dominant species
in a concentrated aqueous solution of FeCl; is a trans-
[FeCl,(H,0),]* complex along with [Fe(H,0)4]*" and
[FeCI(H,0),]**, whereas hydrated Fe** and chloride ions
are the dominating species in the dilute aqueous FeCl;
solutions.’

Large-Scale PLIiSED. The hydrated nanoporous probes
allowed microscale editing of mm® area with high editing
speeds (editing speed = width of probe X speed of the probe)
of >500 um?/s. Such high editing speeds require careful

monitoring of the editing quality of the patterns. The editing
quality (r.) is a quantitative measure of simultaneous erasing
and writing during probe locomotion. r, was estimated by
quantifying the amount of fluorescein dye molecules absorbed
into the PLE matrix after editing trials for different editing
areas. The linear speed of the editing was 100 ym-s™’, and the
stage was moved in an "S” shape loop with 1 and S um step
intervals along the x and y directions, respectively (Figure
S5G). The total editing area was 0.22 mm” for these
experiments where fluorescein was erased and rhodamine
was deposited simultaneously. Interestingly, the r, value was
found to depend upon the editing area (A.) of the
micropattern (Figure SSH). The r,—A, curve showed a sharp
decrease in r, for 0 < A, < 0.01 mm? followed by a plateau for
the 0.05 mm? < A, < 0.25 mm? region. Such a large decrease
in the editing rate is likely due to multiple factors, including the
physical characteristics of the probe and the molecular capacity
of the probe within its matrix. The probes used in these editing
experiments were either pyramidal or conical in shape with a
typical probe tip area of ~2 um?. The tip area is more than 10°
smaller than the total editing area in the experiments (0.22
mm?). Importantly, the probe tip possessed a limited free
volume (unoccupied free space), which increases with d°
where d is the distance away from the tip. In the beginning
of the editing process (0 <A, <001 mmz), the unoccupied
void space at the PLE tip allows the fast diffusion of fluorescein
into the PLE matrix and rhodamine out of the matrix.
However, the limited pore volume of the probe tip acts as a
bottleneck for the transport of the dye molecules for large
editing (A, > 0.5 mm?). For A, > 0.05 mm?, the molecular
transport rate plateau likely indicates a dynamic equilibrium
between the erased molecules transported into the probe tip
and those depositing ink molecules diffusing out of the probe
matrix. Here, the molecular diffusion at the probe tip vicinity
occurs in two different directions. The first path involves the
diffusion of rhodamine from the probe tip to the surface
through the interfacial meniscus, and the second path is the
diffusion of the solvated fluorescein molecules present in the
meniscus into the probe matrix. Interestingly, the diffusion
coefficients of small molecules such as fluorescein and
rhodamine in bulk and gels are of similar orders of
magnitude,***” suggesting that the transport of fluorescein
and rhodamine molecules is comparable within the pores of
the probe and in the bulk solution and that there is little or no
impediment of the transport of the molecules in the probe
matrix for the dilute dye solutions used in our experiments.
There is some possibility of competition between depositing
and erasing molecules for the sites (free volume) within the
probe matrix for simultaneous writing and erasing. However,
for dilute solutions and highly porous probes such as those
used here, the competition for sites in the probe matrix may
not be a significant concern. On the other hand, the highly
concentrated solution in the probes with limited porosity (such
as those of PDMS probes) of very narrow pores can be a
concern as it will reduce the diffusion coefficient of both the
erased and deposition molecules in the probe matrix.’> A
minor point also worth mentioning here is that the overall
molecular storage capacity for one-step PLiSED is comparable
to that of the sequential microscale erasing and writing
performed in different steps.

Erasing the Feature Dimension (d)—Dwelling Time
(z.) Relationship. A PAAM PLE with a line shape tip (1x2
um) containing 40% w/w water was used to study d,
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Figure 7. (A) Line scans of erased patterns with different 7. (B) Plots of the amounts of fluorescein molecules absorbed by PAAM PLE with
different ,. Inset in (B) shows the plots of d,/dy (A) as a function of 7,2 Here, d, and d, are FWHM of the emission—distance curves at 7, = 3 s
and t, respectively. (C—G) Optical images for erased pattern with different z.. (H, I) Corresponding 3D intensity plots shown in (C—G),
respectively. The 7, values for (C, G) are 3, 8, 20, 40, and 60 s. Scale bar = 10 ym for (C—L). RH = 40% and T = 22 °C for all experiments.

dependence on 7, (RH = 40%, T = 22 °C). We estimated d,
and d, by measuring the full width at half-maximum (FWHM)
of the intensity—distance dependence at 7, =t and 7, = 3 5,
respectively. The fluorescein-coated surfaces were synthesized
by spin coating 20 uL of 1 uM fluorescein disodium salt
solution on a glass cover slip at 5000 rpm for 30 s. A hydrated
PAAM PLE probe attached to a z-piezoelectric motor was
made to contact with a fluorescein-coated glass substrate. The
7. was estimated for the probe—substrate contact area (A,) of
~56 pum? (5.2 X 10.8 um) with dwell time (z,) in the range of
3 s <7, <60 s. Figure 7A shows line scans acquired in the
center of each erasing pattern. The line emission scans showed
a flat emission baseline in the nonerased area indicating a lack
of erased fluorophore molecules on these areas on the surface.
Assuming that the intensity of the fluorescence is proportional
to the number of molecules in the erased area, a high-quality
erasing with 77, > 95% was observed (7. = 3 s) (Figure 7C).
However, the periphery of the erased patterns (7, > 20 s)
showed significantly reduced contrast, indicating a lower 7,
than that at the center of the erased patterns (Figure 7E—G).
One reasonable explanation for the degraded peripheral
erasing is that the molecular erasing at the periphery of the
patterns was primarily accomplished through the diffusion of
fluorescein molecules through the meniscus formed at the tip—
surface interface where the probe matrix was not in intimate
contact with the surface. This is a consequence of the
incomplete transport of the solvated fluorescein molecules into
the matrix, where a fraction of the solvated fluorescein
molecules remained on the surface after erasing, resulting in
a reduced 7, value. Although this process allowed erasing of
the ink molecules, the quality of molecular erasing was
however significantly deteriorated when compared to erasing
patterns at 7, = 3 s.

A linear relationship between the number of moles of
fluorescein erased (C.) with 7, was obtained in erasing
experiments with an erasing rate of ~0.11 pmol/um?s (Figure

7B). The (%)—\/ 7. linear relationship indicates that the
0

erasing process is diffusion controlled where the solvated
fluorescein molecules were driven into the PLE matrix through
a concentration gradient between molecules absorbed on the

surface and in the probe matrix. (%) denotes a dimensionless
0

normalized erasing pattern parameter, where d, and d, are the
FWHMs of the erased patterns for 7, = ¢ and undeformed

probe dimension, respectively. (%)—\/ 7, dependence agrees
0

well with previous studies where it was demonstrated that
control over 7, is an important parameter for high-quality
pattern editing without excessive erasing in the undesired
region, especially at the periphery of the erased patterns.””
Influence of Humidity on Erasing Quality. The local
humidity in the vicinity of the probe tip can greatly influence
the molecular deposition rate and quality of the patterns.””**
With all parameters held constant, molecular erasing was
performed at three different RH values of 40, 70, and 95% to
investigate the effect of RH on the microscale patterning
(Figure 8). These RH conditions represent moderate (40%) to
high (90%) humidity conditions encountered in laboratories.
To quantify the erasing quality, the quantity of ink erased (C,)
was measured at different RH experiments using a PAAM
aac;) was 0.21, 0.4, and
0.67 pmol/um*s for RH = 40, 70, and 95%, respectively
(Figure 8A). Not surprisingly, both the C, and FWHM of the

erased patterns increased with RH. A quality factor, W, = MT;V“ )

e,in

probe. The estimated erasing rate (

was used to estimate the spreading of the erased patterns,
where W, and W,;, represent the FWHM of the erased
patterns at 7 = 7, and 7 = 3 s, respectively (Figure 8B).
Therefore, W, > 1 means that the dimension of the erased
patterns was larger than the pattern dimension for 7 = 3 s. The
W, was <2 at all RH conditions for 7, < 8 s; however, it was ~4

times larger for RH = 95% at 7, = 60 s than the patterns
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Figure 8. The dependence of the concentration of erased molecules as a function of 7, (A) and normalized Wﬁ—rel/ ? dependence at three RH

&in

conditions (B). Here, W, and W, are the full width at half-maxima of the erased patterns at = 7, and 3 s, respectively. The fluorescence
micrographs of erased patterns fabricated by PAAM PLEs with 7, were 3 s (column 1), 8 s (column 2), 20 s (column 3), 40 s (column 4), and 60 s
(column S). The fluorescent micrographs contained in horizontal rows were obtained at RH = 40% (C—M); 70% (H—L); and 95% (M—Q). Scales
for (C=G), (H-L), and (M—Q) are given in (G, L, Q), respectively. The scale bars in (G, L, J) were 10 ym.

obtained at 7, = 3 s (Figure 8B). Higher humidity conditions
and longer 7, conditions facilitated the hydration of fluorescein
molecules at the probe—substrate interface and in the vicinity
of the meniscus, resulting in a much larger erasing size of the
patterns. Interestingly, at RH = 95%, a bright circular ring at
the periphery of the patterns was also observed for all dwell
times investigated in the present studies (Figure 8M—Q). This
observation likely originates from the formation of water
droplets on the substrate close to the meniscus. It is known
that the surface tension at the water droplet—air interface
drives the dissolved molecules to the droplet edge, yielding the
well-known coffee-ring structure after drying.>> This coffee-
ring effect becomes more significant at higher humidity, longer
dwelling time, and larger contact area. The coffee-ring effect
may negatively affect the pattern editing quality. Therefore, a
strict control over RH, 7, and probe tip size should be
considered for a desired application.

Fluorescence Emission Recovery after Erasing (FRAE).
By tracking the changes in the fluorescence emission intensity
of the erased spots as a function of time, recovery of emission
in the erased patterns was observed. Figure S6 shows an
increase in the emission intensity with time after patterns were

erased with a PAAM probe (tip = 1 X 2 ym) at RH = 10 and
70%. We refer to this phenomenon as fluorescence emission
recovery after erasing (FRAE). Although it is different in
nature from the well-known phenomenon of fluorescence
recovery after photobleaching (FRAP),>* the overall character-
istics of FRAE and FRAP are similar, where the emission
recovery occurs with time. FRAE was quantified by monitoring
taking the emission intensity profile of the erased pattern over
time. Care was taken to minimize the effect of the exposure
time and excitation intensity during the acquisition of
fluorescence micrographs. Figure S6A,B shows the emission
intensity line profiles of the pattern erased as a function of time
for RH = 10 and 70%, respectively. Clearly, FRAE is more
substantial at RH = 70% (Figure S6B) than at RH = 10%

(Figure S6A). A quality factor, f = (1 - %), was used to

estimate the FRAE. Here, f, is the fraction of fluorescence
emission intensity recovered at time (7,), and I, and I, are
emission intensities of the erased patterns for 7, = 0 s and 7, =
t, respectively. 7, = 7200 s is considered the quasi-equilibrium
FRAE time because the time required for half of the maximum
recovery (7,,/,) was ~60 s for RH = 70%. The initial emission
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recovery was fast at RH = 70%, which was followed by a
plateau. The estimated f, = 41 and 5% were estimated at 7, =
7200 s for RH = 70 and 10%, respectively (Figure S6C).
Considering the low signal-to-noise-ratio for the emission
signal at RH = 10%, f, is considered negligible (Figure S6A).
The FRAE equilibrium recovery depends on the diffusion and
interaction of the fluorophores with water molecules present
on the substrate. The mobility of the fluorophores on the PLE
surface patterns is directional; that is, molecules move from the
nonerased parts of the patterns (higher ink concentration) to
the depleted parts of the patterns (lower ink concentration).
Importantly, the movement of the fluorophores depends on
local conditions, especially the RH of the experiments. At room
temperature and low RH (10%), a clean glass-like surface can
possess a sub-monolayer (sub-ML) of water where water is
strongly bound to the surface.*> At higher RH conditions
(70%), however, the water layer is more than one ML and a
large fraction of it is mobile “liquid-like” molecules.”> The
differences in water content and mobility of water molecules
on the surface are likely to contribute to enhanced FRAE
observed for experiments performed at RH = 70%. Therefore,
fluorescein molecules diffused faster on liquid-like water due to
higher mobility along with the presence of a larger quantity of
mobile water molecules on the glass surface than those
patterns at RH = 10%.

Large-Scale Complex Lithographic Editing Using
PAAM PLEs. In practical probe-based lithography, molecular
erasing frequently requires complex pattern editing. Different
from the erasing process for simple patterns (such as dots or
straight lines), the erasing process for complex patterns
requires accurate registration of the PLE probes at various
erasing positions during patterning. Furthermore, high editing
efficiency and rapid recovery of the tip shape without
significant distortion are also desired. To demonstrate erasing
complex patterns with multiple probe—substrate contacts and
lift-offs, we demonstrate erasing of a spiral pattern, Chinese
characters, and an SIU pattern using a PAAM PLE (RH =
40%, probe dimension = 2 ym? and T = 22 °C) (Figure 9).

B
—
200 pm
C
—
20 pm

Figure 9. Demonstration of complex erasing patterns fabricated on a
fluorescein-coated glass surface using a PAAM PLE probe. (A, B)
Spiral erasing accomplished using a PAAM probe. The sharp turns in
the erased patterns were almost right angles at each turn. (C) An
"SIU” erasing pattern (scale bar 20 ym). (D) Chinese letter patterns
were fabricated using a PLE probe (scale bar is 50 #m). The probe tip
was 1 X 2 ym, speed of the probe = $ um/s, T =22 °C, and RH =
40% for all the experiments.

Figure 9A shows that erasing of a spiral pattern of a total length
of 720 pm with an average width of 10 ym was achieved in 20
s using a PAAM PLE. With the v, = 35 um/s, the areal
erasing rate (= probe—substrate contact width X speed of the
probe) of 350 um?/s was achieved. The erasing speed for the
spiral pattern in Figure 9B was accomplished with an average
width of ~20 ym with r, & 500 pm/s, yielding an areal erasing
of 10,000 um?*/s or 0.01 mm?/s. Therefore, a pattern 20 um
wide and ~2.3 cm long was accomplished in only ~46 s, which
is many orders of magnitude larger than the patterns reported
in the literature.”®*” The erasing efficiency was 92 and 90% at
the beginning and end of the patterns respectively, and the
patterns did not show any major defects. Surprisingly, the
erasing track contains sharp and neat erasing boundaries at
each turn, even at such a fast erasing rate. These experiments
clearly demonstrate that soft polymeric probes with appro-
priate transporting media are suitably adaptive for large-area,
high-speed, and high-definition microscale lithographic erasing.
More complex patterns showing English and Chinese letters
are shown in Figure 9C,D respectively.

An important point that needs to be mentioned here is that
achieving such high erasing rates is enabled in part by fast
solvation of the fluorescein dyes (k, >> 1). As discussed

(kgkgkks)

earlier, the overall erasing kinetics requires that > 1

(eq 3) so that probe-based erasing can be accomplished within
the experimental time scale. Therefore, the erasing of the
highly water-soluble dyes (fluorescein and rhodamine) at such
a high speed is feasible within the time scale of the locomotion
of the probes. On the other hand, the probe erasing rate would
be many orders of magnitude lower for metal erasing (metal
etching) or erasing of molecules where the dissolution rate of

< 1). For

K esk
the species is much smaller in magnitude (“157“)
-7

example, the erasing of copper and silver was much slower than
that of the fluorescent dye erasing obtained here.”® In some
cases, the metal etching rate was modulated using the etchant
type and etchant concentration delivered by the PLE probes.
For example, k, was significantly increased with a higher FeCl,
concentration. Other experimental conditions such as RH,
temperature, and etching promotors can also be tuned to
increase the etching rate. By controlling the dimension and
physical properties and experimental conditions, PLISED may
allow editing of patterns at the microscale, providing
opportunities in a variety of applications.

B CONCLUSIONS

We demonstrated simultaneous erasing and writing of two and
three fluorescent molecules in one single step using
locomotion of a probe over a surface. The pyramidal shaped
nanoporous polymer probes were fabricated from an
anisotropically etched Si template. Rapid erasing and writing
of fluorescent molecules with high-definition patterns (smallest
feature ~3 pm) was accomplished using PAAM PLE probes.
The erasing and writing efficiency of >95% was achieved under
appropriate experimental conditions. The maximum areal
erasing rate of 10,000 ym>/s or 0.01 mm”/s was demonstrated.
The high erasing capacity (>26.2 mm® per gram of a PAAM)
allowed a large erasing area of >0.22 mm?® The cross-diffusion
of two and three different types of fluorescent molecules
allowed demonstration of simultaneous molecular erasing and
deposition with high spatial accuracy and efficiency. The
editing quality is dependent on experimental conditions such
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as RH, hydration degree of PLE, the porosity of PLE, and
probe speed. The potential applications of simultaneous
writing and erasing using probes include studies of surface
chemical reactions, micro/nanoelectronics, biomolecular sens-
ing, catalysis, and three-dimensional fabrication.
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