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ABSTRACT
We demonstrate a facile approach for site-specific fabrication of organic, inorganic, and hybrid solid-state nanostructures through a novel
combination of electron-beam lithography (eBL) and spin coating of liquid and sol —gel precursors, termed soft eBL. By using eBL patterned

resists as masks in combination with a low cost process such as spin coating, directed growth of nanostructures with controlled dimensions
is achieved without the need for the costly and difficult process step of etching ceramics. The highly versatile nature of the scheme is
highlighted through the fabrication of nanostructures of a variety of materials such as ferroelectric, optoelectronic, and conducting polymeric
materials at different length scales and spatial densities on a multitude of substrates.

The ability to manipulate materials at nanometer-length shown to generate very fine structureslQ nm), it is limited
scales and control the dimensions of nanostructures is ato resists that are sensitive to e-beams and the process
prerequisite of not only studing novel properties of materials typically requires a high electron dose for development of
at different length scales but also of realizing useful e-beam-sensitive inorganic resists. Other patterning tech-
miniaturized devices. Nanopatterning of materials is one niques based on molding and replicaf®t 2> processes
approach that enables these dual goals. Functional ceramicgenerate ceramic structures over fairly large areas, and direct-
such as ferroelectric (e.g., PeZin-xOs — PZT), ferromag-  write fabrication techniques such as robotic deposition of
netic (e.g., CoF®, — CFO), and optoelectronic materials polyelectrolytes could generate 3D ceramic architectt¥rés.
(e.g., ZnO) are very important technological materials for However, these techniques do not attain true nanometer-scale
applications such as actuatérschemical sensor%; high- patterning resolution. Here we report a general scheme for
density data storage,and polychromic display%.® Some  fapricating ceramic nanostructures with control over not only
of these properties show remarkable size dependé@s  their dimensions but also over their location

well as interesting synergistic couplig® when materials The critical steps in our patterning scheme are shown
with different functionalities are positioned in close proxim- .o matically in Figure 1. The first step is to sequentially
ity. The ability to create nanoscale architecture for functional spin-coat the bilayer structure of e-beam resists with a high

ceramics is a prerequisite of exploring the rich field of sensitivity MMA-MAA copolymer (MMA(8.5)MAA EL6)

Ce,;?t?cl)c nsltzegraqﬂggg' atterning scheified have been at the bottom and a low sensitivity PMMA (950PMMA A3,
49 v b ng v from MicroChem) resist on top. The higher sensitivity of

developed during the last two decade;, techniqueg that CANhe copolymer compared to PMMA affords excellent lift-
pattern ceramics under 100-nm resolution are very linfited. off. Each layer is spin-coated at 3000 rpm for 45 s to give

This is due in part to the refractory nature of ceramics and : . .
o . . A . a nominal thickness of about 150 nm. E-beam resist coated
the difficulty in etching such materiatip-pen nanolithog- o
. 16 substrates were patterned subsequently at 30kV with line
raphy (DPN) with sot-gel inks® has been employed to q bet 0.8 and 1.2 nC/ . ta 60OF (EEI
generate structures under 200 nm. Another high-resolutioncOses h? \r/]veen b. an t. dr'] cm l;)sllr}g_Qhuan a ( d
nanopatterning technique for ceramics is the direct-write » 0')’\3' ch can ;at(?peras tmtva”'?h e/ng -pres;ure.mo ed
using an electron beatt?? Although this technique was ~of PAtEIng insufating substrates. The same machine IS use
for subsequent imaging of the patterns. The patterned
* Corresponding author. E-mail: v-dravid@northwestern.edu. substrates were then treated with oxygen plasma for 20 s
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Figure 1. Schematic illustration of the soft eBL patterning scheme. (1) Spin coat PMMA and MMA e-beam sensitive bi-layers, (2) e-beam
lithography, (3) treat the patterned substrates under oxygen plasma, (4) deposit the solution and spin the substrate, (5) heat the substrate on
hot plate at 150C for 5 min, and (6) soak the substrates in acetone to dissolve resists and lift-off the material outside the patterns.

(75 W, 50 sccm flow rate, 75 mTorr operating pressure).
The purpose of plasma treatment is to not only remove any
undeveloped resist in the patterned areas but also to increas ;
the hydrophilicity of PMMA surfacé@® This is necessary to iSRSNI
improve the wettability and effective filling of the patterned s
areas by solutions. The plasma-treated patterned substrate < [, A
were used immediately for spin-coating solutions. The
solutions were spun between 3000 and 6000 rpm for 45 s
and were heated immediately on a hot plate for 10 min at
150°C. The substrates were soaked subsequently in acetong
to dissolve resists, lift-off material outside the patterned areas,
and generate solid structures with controlled dimensions. The
essence of the scheme is thus using patterned e-beam resis
as molds to define the location and size of nanostructures.g
To demonstrate the capabilities of the scheme, we havef=
initially employed solutions of technologically important &
inorganic ceramic oxides such as ZnO and PZT. Figure 2
shows scanning electron microscope (SEM) images of ZnO {5
patterns made using soft eBL process on (100) Si substrateqE
with 600-nm-thick thermal oxide. ZnO sol is prepared using E

cher_nlczlsf purchgtshed tl‘r?mtr]SIQma-Afldrlt_ch ar:d us?d |_n ells_ Figure 2. (a) Backscattered electron (BSE) image of ZnO patterns
received form without further purincation. In-a typical , SiQ, substrates annealed in air at 706G for 20 min, (b)

process, zinc oxide sol is prepared by stirring a mixture of secondary electron (SE) image before annealing, (c) SE image after
zinc acetate dihydrate, 2-methoxy ethanol, and ethanol amineannealing at 706C for 20 min in air, and (d) SE image of annealed

at 60°C for 2 h. The relative compositions were adjusted to Patterns over a large area.

give a 0.1 M ZnO sol with equimolar ratio of zinc and

ethanol amine. This sol is transparent and has remained stables 40 nm are continuous over A& length even after
for more than a year in prior experiments. The patterns in annealing at 700°C. The effect of annealing on line
Figure 2 were imaged after annealing them in air for 20 min dimensions can be inferred from Figure 2b and c. These two
at 700°C to remove most of the organic material. The inset images show that line widths decrease by nearly 70% upon
in Figure 2a shows the line width to be about 40 nm and annealing in air at 700C for 20 min due primarily to
spacing between lines of about 600 nm, demonstrating thecombustion of organics. From atomic force microscope
high resolution and high spatial density achievable by this (AFM) measurements (not shown here), we noticed that the
scheme. In addition, it is interesting that ZnO lines as narrow height of the lines shrinks on average by about 50% after

140nm
st

10pm £
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Figure 3. (a) Backscattered electron image of ZnO patterns on @SiGubstrate heated at 700 for 20 min in air. (b) Photoluminescence

(PL) image of the patterns shown in part a collected in illumination mode using NSOM operating in constant height-mode to decouple
cross-talk from topography. (c¢) PL spectra collected on and between ZnO lines. (d) SEM image of polypyrrole patterns 48i a SiO
substrate. (e) Topographic AFM image (tapping mode) and cross-sectional profile of the polypyrrole patterns.i¢f) @idp taken using

SIMS. These images were not taken from same locations.

this annealing step from 200 to about 100 nm. Taking into to get effective lift-off. The patterns in Figure 2 were obtained
account only the shrinkage in width and height of a typical by spin coating at 6000 rpm.

line pattern, these values translate to about 85% volume To further confirm the chemical identity of the patterns,
shrinkage. Despite such large volume changes, the lineswe investigated the functionality of the patterns. Figure 3a
remain continuous over the entire length indicating perhaps shows the backscattered electron (BSE) image of ZnO
that these lines might contain high nanoscale porosity, which patterns annealed at 700 in air for 20 min, whereas Figure

is well known in ceramic thin films prepared via s@el 3b shows the photoluminescence (PL) image of these patterns
route?® This could prove very valuable for their sensor and collected using near-field scanning optical microscopy
catalytic applications. Such large shrinkages have also beenNSOM) (MultiView 100, Nanonics Imaging Ltd). The PL
reported earlier for several ceramic structures fabricated usingimage was collected in illumination mode using a 50-nm-
other patterning techniques, and in some cases such larggliameter tip operating in constant-height mode to decouple
shrinkages were reported to have given rise to significant the cross talk from the topography sigi&i?* The patterns
feature distortiori3! Figure 2d shows a scanning electron were excited using an Ar ion laset € 514.5 nm, 10 mW
microscope (SEM) image of 250-nm-wide and A®-long output power), and the source signal was filtered from the
ZnO lines patterned on the same substrate and after annealin@L signal using a 520-nm long-pass filter. The emitted signal
at the same conditions. This demonstrates the reproducibilityis then fed into a Triax 180 monochromator and subsequently
of patterns over large areas with high spatial density using to an avalanche-photodiode (APD). Thus, the optical image
this approach. From the inset in Figure 2d, it can be noticed in Figure 3b unambiguously shows the defect-induced
that sol segregates to the edges of the pattern with a troughemission from ZnO lines and confirms the identity of the
in the middle of each line. This is the effect of spin coating patterns. The PL spectra collected from the ZnO line and
similar to the surface contour of liquid in a spinning beaker. between the lines are shown in Figure 3c. The spectrum from
We have noticed that lower spinning speeds give rise to the lines shows a strong peak at 544 nm, which is assigned
shallower troughs for a given line-width (i.e., larger line- to the defect-induced emission from ZF©3" As expected,
widths result in a more dramatic ‘beaker-effect”). However, this peak is absent when measured between the lines,
too low spinning speeds will result in poor lift-off. Thus, although a small hump could be seen at this value that could
there is a minimum spinning speed for a given pattern density be due to the proximity of the tip to the lines.
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for different classes of materials: polycrystal, single-crystal,
insulating, and conducting. Through these results, we dem-
onstrate the applicability of this scheme to a wide selection
of substrate-material systems and highlight the remarkable
versatility of the soft eBL approach. These results are
particularly interesting from the point of obtaining ceramic
nanostructures and possibly single-crystalline structures with
Figure 4. Versatility of the technique is demonstrated through & known epitaxial relationship to the appropriate subsfrete
patterning of different materials on different substrates. (a) PZT and ultimately enabling one to engineer the microstructure

on Pt, (b) PZT on Nb/STO (inset shows the magnified view of one of the nanopatterns through a careful choice of substrate and
of the squares), and (c) ZnO on sapphire. annealing scheme.

Although developing patterning techniques is important,
one of the primary goals of patterning is to fabricate
miniaturized devices. Here we demonstrate one such example
through the fabrication of ZnO nanostructures and probing
their UV photosensing properties. Figure 5a shows a SEM
image of 75-nm-wide ZnO lines patterned using this scheme
across gold electrodes with a 4@ gap. The gold electrodes
were fabricated previously on a SiSi substrate using
conventional photolithography. The electrodes consist of 30-
nm Au on top of 5-nm Ti deposited by an e-beam evapora-
tion technique. The ZnO lines in Figure 5a were heated only

In a separate experiment, we patterned organic material
using a dilute solution of polypyrrole, a popular conducting
polymer, on a Si@Si surface. Polypyrrole in 3% water was
received as a black solution with proprietary organic acids
from Sigma-Aldrich. This solution was further diluted to a
1:3 ratio of polypyrrole to water and was used for patterning.
Figure 3d shows the SEM image of polypyrrole patterns with
different line widths and spacing. The inset in this Figure
shows a section of the pattern with 190-nm width. The 3D
AFM topographic image and cross-sectional profile of a
section of this pattern is shown in Figure 3e, indicating that . . _
the height of the lines is uniform. To confirm the chemical &t 190 °C for 10 min and therefore are not likely to be
identity of these patterns, we took ion maps using asecondarycrySta”me' The AFM cross-gectlonal _proflle of these lines
ion mass spectrometer (SIMS). Figure 3f shows the SIMs Measured on Au electrodes is shown in Figure 5b. The ZnO
CN- ion maps of a section of the pattern, which is consistent Pattérns were found to be highly resistive in room light,
with the presence of polypyrrole. The poorer resolution of whereas their resistance decreased by 3 to 4 orders of

the patterns in the SIMS ion map is due partly to coarser Ga Magnitude when they were exposed to 254-nm light. All of
ion probe size £300 nm). This further validates that the the electrical measurements were performed at room tem-

soft eBL approach is applicable not only to inorganic Perature. The curremvoltage (—V) curve of ZnO patterns
solutions but also to organic solutions. The soft eBL approach When exposed to 254-nm light is shown in Figure 5c. At a
would be extremely valuable for patterning polymers be- 5 V bias, the resistivity of each line gnder 254-nm light is
cause, similar to ceramics etching, using polymers to generate?00ut 6 M2 cm. The current modulation upon exposure to
nanostructures is otherwise very difficult. 254-nm UV light in air is shown in Figure 5d. When ZnO

We have further extended the soft eBL approach to diverse S €xposed to light withi greater than the band gap 85
materials systems with a variety of substrates. Figure 4a"M), electrons are excited to the conduction band, increasing
shows 80-nm PZT ring structure patterned on a PYTiSIO the elgctrlcal conductivity. In addition, the_ conductivity could
Si substrate. This substrate is well known to produce highly &/S0 increase because of the desorption of oxygen from
textured and device quality PZT films using the -sgkl surche and concomitant electron donation to the ZnO
route. Figure 4b shows 500-nm-wide PZT square patternsMatrix**# It is remarkable that both the response and
on a Nb doped strontium titanate (Nb/STO) single-crystal F€covery time are about 2 s, which is comparable to the
substrate. Transparent and highly stable 0.1 M PZT sol wasPerformance of ZnO nanowiré$This is even more interest-
prepared following a recipe reported elsewh8r8. The ing because unlike nanowires, these ZnO patterns are not
patterns in Figure 4a and b were annealed at®&Deéor 2 h crystalline, suggesting that high crystallinity is not a pre-
in air. The height difference at the edges of the square requisite for superior performance of ZnO nanostructures for
patterns in Figure 4b is a result of undercut due to higher photodetector applications. Although their performance
sensitivity of the copolymer compared to PMMA. The effect should be thoroughly evaluated for long-term stability, this
of undercut is more prominent in these patterns because we@sult nevertheless demonstrates the high performance ca-
have used relatively high doses (2 nC/cm) compared to otherPability of ZnO nanostructures prepared using this scheme.
patterns in this work. Figure 4c shows ZnO patterns on  We have demonstrated a versatile nanopatterning approach
another technologically important substrate, sapphire. Al- suitable for a broad range of materiaubstrate systems.
though the substrates in Figure 4a and b are electrical There are several advantages to this approach. First, the types
conductors, sapphire is an insulating material making eBL of materials that can be patterned seem to be limited only
almost impossible because of severe charging effects.by the availability of appropriate solution precursors that are
However, we are able to pattern on the sapphire substratecompatible with e-beam resists, such as ceramic and polymer
by backfilling the chamber with water vapor to 1 Torr solutions. Second, because of the use of highly sensitive
chamber pressure to minimize the charging effétEhe e-beam resists such as PMMA for patterning, there is a
different substrates in Figure 4 are chosen as representativelistinct advantage over the “direct-write” eBL of e-beam
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Figure 5. (a) SEM image (b) AFM cross-sectional profile of 75-nm-wide ZnO lines patterned acrgas Hap Au electrodes. The lines
were heated at 150C for 10 min in air. (c)l—V curve of ZnO patterns when exposed to 254-nm light. (d) Conductivity modulation of
these lines upon exposure to 254-nm UV light with 0.3 mW/amtensity. The current was monitored tvia 5 V bias and measurements
were taken at 2-s intervals. Response and recovery times are about 2 s.

sensitive inorganic resists that typically require high of analytical and measurement techniques such as SIMS,
electron doses, which translates into lower patterning speedsNSOM, and UV sensor performance. In addition, we propose
In addition, spin coating is not only a low-cost process but extending the approach presented in this report to other high-
also a high-throughput process. Last, by spinning the resolution patterning techniques such as nanoimprint lithog-
solution, we eliminate the need for any subsequent etchingraphy in order to harness the additional advantage of high
steps that might be undesirable, especially for ceramics andthroughputs.

organic materials. There is a prior report by Shimada &t al. .
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