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Nanopatterning of diarylethene films via selective dissolution
of one photoisomer
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The ability to pattern nanometric features on various substrates with high throughput, accuracy,
and uniformity is the key driving force enabling novel applications in nanophotonics,
nanoelectronics, nano-electro-mechanical systems, and nanofluidics. Patterning via Optical
Saturable Transitions (POST) is an optical nanopatterning technique that circumvents the far-field
diffraction limit by exploiting the linear switching properties of thermally stable photochromic
molecules. Previously, POST was enabled by an electrochemical oxidation “locking step.” In this
letter, we report an electrode-free “locking step” that exploits the difference in solubility between
the two isomeric states of a photochromic molecule in a polar solvent. The reported method
obviates the need for a conducting underlayer and also reduces the number of required steps. Using
this method, we demonstrated isolated lines of width ~//4 and spacing between features as small
as ~4/2.5 for an exposure wavelength of 1. © 2013 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4826925]

Nanopatterning with optical wavelengths has many
potential applications in the research, development, and
manufacture of electronic, optical, and photonic devices.'™
Currently, geometries at the nanoscale are patterned primar-
ily via serial writing tools such as scanning-electron-beam
lithography, scanning-ion-beam lithography, and scanning-
probe lithography. Although these tools offer high resolution
and flexibility, their slow writing speeds prevent patterning
of nanostructures over large areas. On the contrary, optical
lithography can be extremely fast. However, its resolution is
limited by diffraction.”™” Several techniques such as photo-
induced deactivation (RAPID)® lithography, multiphoton
absorption polymerization,” absorbance-modulation-optical
lithography (AMOL),'® and two-photon continous flow
lithography (TP-CFL)'" have been proposed to circumvent
this far-field diffraction limit. The first two of these suffer
from poor image contrast and require high light intensities,
which limit their potential for parallelizability and high
throughput. AMOL is limited to surface (2-D) patterning and
in its current implementation also suffers from the require-
ment of high light intensities.'® The last approach is not eas-
ily scalable to large volumes. Recently, we developed
patterning via optical saturable transitions (POST) as an al-
ternative technique for sub-diffraction-limited patterning.’
POST exploits the photoisomerization at low light intensities
of photochromic molecules, namely, diarylethenes, to create
sub-diffraction-limited nanoscale patterns. Periodic features
with sub-wavelength resolution have been reported before
using other photochromic molecules,'? namely, azobenzene
polymers. However, the cis isomer of azobenzene is ther-
mally unstable compared to the trans isomer and will sponta-
neously relax back to the trans form. This thermal
isomerization reaction limits the subwavelength resolution
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limit achievable with azobenzene photochromes.'?

Diarylethenes have an advantage over azobenzenes as they
are thermally stable at room temperature. Also, since only
single-photon transitions are involved, POST does not have
the restriction of high light intensity to achieve nanoscale
resolution.

In POST, a thin layer of photochromic molecules acts as
the pattern-recording material. The principle of operation is
related to nanoscale fluorescence imaging where the samples
are labeled with photoswitchable fluorophores such as in
stimulated-emission-depletion microscopy (STED).'*'* In
STED, a focused round spot first excites the fluorophores in
a diffraction-limited region. Subsequently, a focused ring-
shaped spot at a longer wavelength de-excites the molecules
through stimulated emission in this region except at the cen-
ter of the ring. Only fluorophores in the center of the ring
remain in the excited state and spontaneously emit photons.
This light-emitting region can be substantially smaller than
the far-field diffraction limit. The one key difference in
nanopatterning is that a “locking” step is necessary to fix the
sub-wavelength region and isolate it from further optical
processing.'* The specific sequence of steps for POST is
described next.

In the POST process, a thin film of a photochromic mole-
cule is first thermally evaporated onto a silicon substrate.
In our experiments, the photochromic molecule is 1,2-bis(5,
5'-dimethyl-2,2’-bithiophen-4-yl)  perfluorocyclopent-1-ene
(compound 1 in Fig. 1(a)). This layer is analogous to the
pattern-recording material or the resist in conventional lithog-
raphy. The layer is uniformly illuminated with a short-
wavelength UV lamp (UVGL-25, Analytika Jena AG), which
converts all molecules to the closed-ring isomer (compound
1c). Next, the sample is exposed to a standing wave at
Ao =647nm (Kr-ion laser, Coherent Innova 301C). This
exposure converts all molecules except at the nodes to the
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FIG. 1. (a) Photochromic molecule (compound 1) used as recording medium in POST. Compound 1 exists as an open-ring isomer 1o and a closed-ring isomer Ic.
(b)-(e) Sequence of steps for conventional POST. (f)—(h) Sequence of steps for the new dissolution-based method.

open-ring isomer (compound lo). Increasing this exposure
time decreases the width of the regions that remain as lc
beyond the far-field diffraction limit. In conventional POST
(Figs. 1(b)-1(e)), electrochemical oxidation selectively oxi-
dizes lc while 1o remains unchanged. The oxidized Ic is sub-
sequently developed in a polar solvent mixture of 5%(wt.)
isopropyl alcohol and 95%(wt.) ethylene glycol. We recently
discovered that it is possible to selectively dissolve away lc in
100%(wt.) ethylene glycol without affecting lo. This step
essentially achieves the “locking” of the pattern as illustrated
in Figs. 1(f)-1(h). Note that this approach uses one less step
than the conventional method. Furthermore, the conventional
method requires a 100-nm-thick film of platinum underneath
compound 1 to serve as the working electrode in a
three-electrode electrochemical cell.>® This, in turn, requires
an additional evaporation step during sample preparation.
Furthermore, it introduces challenges for pattern transfer into
the underlying substrate after patterning. This approach
reduces the number of required steps, is more general, and
has the potential to be integrated into conventional
optical-projection lithography, where water immersion is typi-
cally used."

Compound 1o closes its central ring under UV irradia-
tion, leading to a completely n-conjugated current path along
the long axis of the molecule. Visible light irradiation of
compound Ic opens the ring, breaking the conjugation length
in half.'"® The central fluorocarbon tether acts as a through-
space electron density-withdrawing group and introduces a
dipole in both isomers of compound 1. The longer
m-conjugation length, i.e., larger conjugated electron density,
in the closed form leads to a larger dipole moment than for

the broken m-system of the open form. This makes the
closed-ring isomer lc comparatively more polar and, there-
fore, more soluble in a polar solvent such as ethylene glycol.
To verify this selective solubility on the macro scale, we
thermally evaporated a ~22 nm thick layer of compound 1 at
100°C and a base pressure of 1 x 10~° Torr onto a clean sili-
con substrate and exposed half the sample to uniform illumina-
tion at A, =647 nm (CW Kr-ion, Coherent Innova 301C) for
10 min with an output laser power of ~38 mW at an incident
intensity of 2.15 mW/cm?. This converts half the sample to 1o
while the other half remains as 1c. The entire sample was then
immersed in 100%(wt.) ethylene glycol for time intervals
ranging from 5 min to 105 min, as illustrated in Fig. S2 of the
supplementary material.'’ The remaining film thicknesses in
both regions were measured with a Tencor P-10 profilometer
after each immersion step. The results plotted in Fig. 2(a) con-
firm that while Ic is dissolved away, 1o remains mostly unaf-
fected even after 105 min of immersion. The dissolution rate
of 1c is 0.0565 nm/min while that of 1o is negligible. The ratio
of the dissolution rate of 1c to that of 1o is higher than 20:1."”
Figure 2(b) shows the atomic-force micrographs of three
grating patterns that were created in ~29 nm-thick film of
compound 1 atop a silicon substrate. Using a Lloyd’s mirror
interferometer, the samples were exposed to a standing wave
of period 540nm at J,=647nm (incident intensity
=2.1mW/cm?) for 647s. The samples were immersed in
100%(wt.) ethylene glycol for varying times. Subsequently,
each sample was rinsed in deionized water and dried with
N,. From these two plots, one can clearly see the agreement
of the dissolution rates of the closed-ring isomer lc, in the
macro-scale (Fig. 2(a)) with that at the nanoscale (Fig. 2(b)).
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FIG. 2. (a) Macro-scale solubility of 1c and 1o in 100%(wt.) ethylene glycol. (b) Relative solubility of 1c vs lo at the nanoscale (Inset: atomic-force micro-
graphs of 3 development times). (c) Linewidth vs exposure time for a single exposure and development. The simulated curve is shown as a solid line while the
experimental data are shown using solid squares. A sinusoidal illumination with period 526 nm was assumed.

In order to explain these observations, Density-
Functional Theory (DFT) calculations were performed with
the B3LYP functional and a standard 6-31G(d) basis set. The
molecular geometries of both 1o and 1c were first optimized
to a thermodynamic ground state and the electronic proper-
ties of both compounds then calculated using the Gaussian
software interface. The ab initio calculated dipole moments
for the open (1o0) and closed (1c) forms are 5.65 D and 13.39
D, respectively. Details of this simulation are included in the
supplementary material.'” The higher dipole moment of 1c
indicates that the closed-ring isomer is more polar and, there-
fore, comparatively more soluble in polar solvents. Again,
this calculated trend agrees with the experimental observa-
tions that the closed-ring form, Ic, is more soluble compared
to the open-ring form, 1o, in polar ethylene glycol.

Assuming an incident sinusoidal illumination, we can
readily simulate the resulting feature size. In Fig. 1(c), this
feature size as a fraction of the period of the illumination
(526 nm in our experiments), i.e., the duty cycle, is plotted as
a function of the exposure time using the solid black line.
The experimentally measured values are shown using
squares. Using the exposure threshold as the only fitting pa-
rameter, we can show that this simple model can accurately
explain our experimental results. The smallest experimen-
tally obtained duty cycle was 0.3, corresponding to a line-
width of ~158nm or ~A/4. More precise control of the
exposure time should enable even smaller features. Note that
as the exposure time is increased, the simulation indicates
that feature size should be reduced significantly below the
far-field diffraction limit.

(1] = A=

Since the photochromic film can readily recover to its
original state upon exposure to UV, it is straightforward to
extend the idea to multiple exposures. This is, of course,
required for creating dense patterns.” Here, we show feasibil-
ity of this approach by performing two exposures of the
same standing wave, but with a ~45° rotation in between
(Fig. 3). Each exposure was conducted on the Lloyd’s-mirror
interferometer, with a standing wave of period, 540nm at
/> =647 nm (incident intensity = 2.1 mW/cm?) for 1 min.

After the first exposure, the sample was immersed in
100%(wt.) ethylene glycol for 30 min and exposed to
short-wavelength UV lamp (UVGL-25, Analytika Jena
AG) for 3 min to convert the molecules to the original
closed-ring isomer lc. The sample was then rotated
approximately 45° relative to the optics, and a second ex-
posure to the standing wave was performed. Again, the
sample was immersed in 100%(wt.) ethylene glycol for 30
min. After each development, the sample was rinsed in
deionized water and dried with N,. The corresponding
atomic-force micrograph resolves lines with spacing as
small as ~260nm or ~A/2.5, which is less than half of the
period of the standing wave. The significant line-edge
roughness evident in Fig. 3 (right) is likely due to the par-
tial oxidation of lc under ambient condtions.® Improving
the uniformity of the patterns requires that the exposure
and development process be conducted under an inert
atmosphere.

In conclusion, we introduced an approach to sub-diffrac-
tion-limited nanopatterning using low light intensities that
exploits the solubility difference between photoswitchable

A1)

1k

FIG. 3. Experimental demonstration of a double-exposure. Left: Schematic showing orientation of sample for double-exposure using POST. Right: Atomic-
force micrograph of the resulting pattern. The atomic-force micrograph reveals the smallest spacing between the features as ~260 nm, which is approximately

half the period of the illuminating standing wave.



173112-4 Cantu, Andrew, and Menon

molecules and demonstrated the patterning of lines of width
/4. We have also demonstrated isolated lines with resolv-
able features as small as 4/2.5, which is less than the far-field
diffraction limit. This technique reduces the number of steps
by avoiding an electrochemical oxidation as well as the
requirement for a platinum working-electrode. Further opti-
mization of the exposure and immersion parameters should
lead to significantly reduced feature spacings. By extending
the approach to 2D and even 3D, patterns of complex geo-
metries may be readily patterned as well.
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