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Abstract—Electron beam lithography (EBL) patterning of
poly(methylmethacrylate) (PMMA) is a versatile tool for defining
molecular structures on the sub-10-nm scale. We demonstrate
lithographic resolution to about 5 nm using a cold-development
technique. Liftoff of sub-10-nm Au nanoparticles and metal
lines proves that cold development completely clears the PMMA
residue on the exposed areas. Molecular liftoff is performed to
pattern DNA rafts with high fidelity at linewidths of about 100
nm. High-resolution EBL and molecular liftoff can be applied to
pattern Creutz—Taube molecules on the scale of a few nanometers
for quantum-dot cellular automata.

Index Terms—Au nanoparticles, DNA tiling, electron beam
lithography (EBL), liftoff, metal grains, molecular electronics,
nanofabrication, quantum-dot cellular automata (QCA).

I. INTRODUCTION

HE International Technology Roadmap for Semiconduc-

tors predicts integrated circuits with gate lengths of 9 nm
by the year 2016 [1]. Given the amazing progress by industry,
including the tendency to perform even better than forecasts, as
well as recent results of gate lengths approaching 10 nm [2], it
is reasonable to assume that future predictions will be realized.!
Nevertheless, issues of overhead on total transistor area and
power dissipation leave some room for continued evolution and
miniaturization, although not necessarily in the Si domain. The
ultimate size scale for future computing devices lies in the do-
main of molecular electronics. However, the conventional para-
digm of gating molecules seems impractical. Recognizing that
the whole field of molecular electronics is in a nascent phase,
one of the most promising uses of molecules for computing is
that of quantum-dot cellular automata (QCA) [3]-[5]. In this
paradigm, molecules are capacitively clocked and field-coupled
to neighbors, so that most individual contacts are not necessary.
With QCA, it is predicted that high speed and low power can be
achieved.

In general, “top-down” lithographic methods have diffi-
culties in satisfying the requirements of both resolution and
throughput. On the other hand, self-assembly has shown the ca-
pability for patterning nanocomponents, such as nanoparticles
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and nanocrystals on the molecular scale [6]-[9] and creating
an extraordinary level of structural complexity [9]. However,
the manufacturing of bottom-up assembled systems with such
stereochemical complexity would be extremely difficult. A pos-
sible solution to this manufacturing challenge is an appropriate
combination of top-down lithography with self-assembly.

The ultimate goal here is to construct molecular quantum-dot
cellular automata (MQCA) by allowing molecules or DNA (de-
oxyribonucleic acid) tiles as QCA cells to self-assemble on tem-
plates formed by electron beam lithography (EBL) involving
one step of removal of poly(methylmethacrylate) (PMMA) by
liftoff. This technique has proven viable for both Creutz—Taube
molecules [10] and larger DNA nanostructures. This work on
DNA patterning is a preliminary study of the combination of
lithography and self-assembly. We have begun the investigation
of using self-assembly to build functional molecular sub-sys-
tems on DNA rafts and EBL and molecular liftoff to position
the rafts into macroscopic architectures.

Fabrication of molecular electronics and particularly QCA re-
quires high-resolution methods to pattern molecules with a few
nanometer in size. EBL is still the most versatile of the high-res-
olution patterning techniques, but is not generally capable of
writing below the 10 nm required of molecular structures. Since
even large molecules do not approach this size, it is important
to be able to define patterns well below 10 nm. Here we report
a cold-development technique used to break the 10-nm barrier
with good control over patterning properties, to about 5 nm.
Based on our previous work [11], we further proved the thor-
ough development of our resist patterns using cold developer
and metal liftoff along with Au nanoparticle liftoff. At this scale,
perhaps a few, or even one large molecule can fit laterally within
a PMMA trench. Based on the chosen chemistry, self-assembly
of the molecules within the trenches will guarantee coherent pat-
tern formation suitable for MQCA.

II. 5-nm EBL WITH COLD DEVELOPMENT

EBL is performed using our 30-kV cold-cathode field emis-
sion Hitachi S-4500 scanning electron microscope converted to
EBL [12]. The spot size is about 1 nm. One advantage of using
this system is the ease of achieving optimum beam parameters
prior to exposure, assuring that the best possible lithography
results can be reliably achieved. We have used this system to
investigate the effects of varying the developer temperature on
ultimate lithographic resolution, and found that cooling the de-
veloper yields noticeable advantages.

For EBL, 30-70 nm, 950 K amu PMMA was used as a posi-
tive resist. Isopropyl alcohol: methyl isobutyl ketone (3 : 1) with
1.5 vol % methyl ethyl ketone was used as developer because of
its high contrast [13]. During development, 10 ml of developer
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Fig. 1. PMMA contrast curves at development temperatures of 4 °C, 22 °C,

and 42 °C, measured by AFM metrology.
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Fig. 2. 4-7-nm PMMA trenches sputter-coated with 2-nm Cr developed by
cold development.

Fig. 3.
6°C.

QCA adder patterns in PMMA resists developed at (a) 23 °C and (b)

was cooled to the desired temperature of 4 °C to 8 °C with a
precision of 1 °C. Development time varied from 30-90 s de-
pending on the resist thickness (30-80 nm) and developer tem-
perature (4 °C to 8 °C). Resist patterns were coated with 1-2-nm
Cr or AugoPd,o by an Emitech model 660 plasma sputter coater
or a Varian thermal evaporator for SEM examination.

Contrast curves at three different temperatures were mea-
sured by atomic force microscopy (AFM) metrology [11], as
shown in Fig. 1. The significant feature is that for cold devel-
opment the tail usually present in these curves is closer to the
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Fig. 4. Lifted-off line with one 5-nm Au nanoparticle in the width. The flow
of nanoparticles to the edges of trenches caused the spreading of line.
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Fig. 5. AugoPdso lines (3 nm thick) with 5-10-nm width formed in
40-nm-deep PMMA trenches after PMMA removal. Formation of 5-nm
lines proves complete development of narrow PMMA trenches by the
cold-development technique.

critical dose (where the straight portion of the curve extrapo-
lates to zero), so less overdose is necessary to ensure clearing
of the patterns, and higher resolution results. Fig. 2 shows re-
sist developed by cold developer and coated with 2-nm Cr. The
linewidths approach and perhaps surpass 5-nm width for 40-nm
thick PMMA.

The key problem for sub-10-nm EBL is the incomplete devel-
opment of exposed resist patterns and sometimes the appearance
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Fig. 6. Schematic structure of four-tile DNA raft [23].
of bridging effects [14]. We found cold development can elimi- - - . . --- , APTF? _
nate this problem and therefore indicates complete development
of sub-10-nm resist patterns. Fig. 3 compares two QCA adder a b
patterns in PMMA. Fig. 3(a) is the sample developed at room DNA
temperature (23 °C) with a line dose of 3.5 x 107!° C/cm and APTES
Fig. 3(b) is for cold development (6 °C) with a line dose of 8.5 x e
1071 C/cm. The linewidth in each pattern is 6-10 nm, and the c d

PMMA thickness and developer were the same. The room tem-
perature sample shows obvious bridging in the lines while the
cold-development sample has no such effect, which indicates
cold development offers complete development of sub-10-nm
PMMA patterns.

Liftoff is nearly the only way to transfer high resolution of
EBL from PMMA due to its poor etch resistance. For sub-10-nm
liftoff, the most important issue is that the bottom of the narrow
trenches must be clean of resist residue. To test the existence
of resist residue in the trenches after cold development, we de-
posited 5-nm negatively charged gold nanoparticles [15] into
the positively charged trenches (trench bottom was coated with
polylysine after development). PMMA was then removed by
dichloromethane (CH»Cls) [16]. As can be seen in Fig. 4, a
line of single particles is obtained, which would not be pos-
sible without a clean oxide surface at the bottom of the trench
since the particles do not stick to PMMA residue. This result
also demonstrates an example application of EBL to pattern
sub-10-nm structures. These nanoparticle structures can be used
for single electron devices [17], [18].

Besides Au nanoparticle liftoff, we deposited and lifted off
granular metal structures [19]. After EBL and cold develop-
ment, 2-3 nm thick AugoPd4o was deposited by thermal evap-
oration. Then liftoff was performed in warm acetone for about
30 min. AuPd lines with 5-10-nm widths were well formed in
the PMMA trenches, as shown in Fig. 5. In these cases, we did
not use ultrasonic agitation or syringe blowing during liftoff
due to the weak adhesion of these thin metal lines to the sil-
icon substrate. PMMA thickness was 30—40 nm. However, the
top metal layer stuck to the substrate after PMMA removal. The
combination of thin resist and thin metal film would likely be
the reason to cause this problem. The bulk silicon substrates
were charged by EBL and could strongly attract the thin metal
films by electrostatic forces when the thin resist was removed
during liftoff. The thinner the resist, the less able is the metal to
stand up to. However, the key point here is that the formation
of the 5-nm-wide metal line proves that the PMMA trenches
were completely developed from the top to the substrate surface
on the 5-nm scale. This conclusion is critical for the molecular
liftoff of QCA cells.

Fig. 7. Molecular liftoff of APTES for DNA attachment.

PMMA masks defined by EBL can be used to perform a
molecular lift-off technique [10] wherein hydrophilic molecules
preferentially stick to a SiOs surface. A 15-nm-wide nanoline
of Creutz-Taube ion [(NH3);Ru(pyrazine) — Ru(NH3)5](0 —
toluenesulphonate); (CT5) [20] molecules has been demon-
strated [21]. For future work, the fabrication of sub-10-nm
single-molecule nanolines is very possible given the com-
pletely developed narrow trenches by the cold-development
technique.

III. NANOPATTERNING OF DNA RAFTS

As another approach to fabricate molecular QCA, we aim
to create a self-assembled DNA lattice with maximally con-
trolled heterogeneity for QCA cells [22]. Four-tile DNA rafts
have been successfully synthesized and were characterized by
the gel electrophoresis method in our previous work [22], [23].
Fig. 6 shows the structure of the four-tile raft, which measures
about 8 x 37 x 2 nm?>. At first, we used the liftoff process as
Au nanoparticle. However, polylysine as an adhesion layer for
DNA attachment turned out to be unsuitable due to denatura-
tion of the polylysine and DNA rafts by the methylene chlo-
ride used for liftoff (results not shown). In order to effect con-
trolled deposition of DNA rafts without such damage, we re-
vised the liftoff process, as illustrated in Fig. 7. A SAM of
APTES (3-Aminopropyl-triethoxysilane) was deposited in the
trench bottoms from aqueous solution. The PMMA resist was
dissolved in CH5Cl5 for 3 min, and the surface was rinsed with
water. Next, 20 pl of DNA raft solution (1 M) was deposited
on the surface and left for about 4 h. After the DNA rafts se-
lectively attached to the APTES patterns, the surface was rinsed
with water, dried with nitrogen, and then imaged in AFM. Using
this method, we were able to pattern DNA rafts with high fi-
delity. Fig. 8 shows the lifted off APTES lines and the attached
DNA rafts on these lines.

The roughness of the substrate, the PMMA trench bottom
after development, and the substrate after stripping of PMMA
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AFM images and profiles of (a) APTES lines by liftoff and (b) DNA rafts attached to the APTES lines. A low level of nonspecific attachment of the DNA

rafts to the silicon oxide substrate is observed due to the mutual repulsion of the anionic oxide and the anionic DNA backbone.

are important for the liftoff process. An improved cleaning
procedure [24] produced extremely smooth substrate surfaces,
about 0.05 nm. The silicon roughness in the PMMA trenches
after development was about 0.3 nm, and that of the silicon
surface after PMMA removal by dichloromethane [16] instead
of acetone is about 0.25 nm.

Control experiments along with X-ray photoelectron spec-
troscopy measurements [25] show that APTES offers excellent
adhesion and coverage uniformity on smooth SiO,. Also,
keeping APTES-soaked samples in a vacuum desicator
overnight removes the loosely bound APTES on the PMMA
and prevents the possible extra attachment of APTES on silicon
during the PMMA removal step. As shown in Fig. 8, the height
of the APTES monolayer measures about 0.8 nm and the height
of the DNA lines on APTES measures about 2.7 nm, which is
a good match for that of the DNA rafts (2 nm for duplex DNA)
plus the height of the APTES (0.8 nm) monolayer.

IV. CONCLUSION

In summary, we have demonstrated ultrahigh resolution
(about 5 nm) EBL in PMMA resist by the use of a cold-de-
velopment technique and the cold cathode field emission
system. The liftoff process is a feasible method to transfer such
ultrahigh resolution to various nanofabrication applications.
The key issue for sub-10-nm liftoff is the complete develop-
ment of resist residue from the sub-10-nm high aspect-ratio
trenches. Our results of Au nanoparticle and metal liftoff prove
that cold development satisfies such a key requirement. 5-nm
EBL resolution has been successfully transferred to metal and
nanoparticle structures.

EBL with molecular liftoff is a promising approach to pat-
tern molecules and DNA rafts for the fabrication of MQCA,
and molecular electronics in general. Liftoff of CT5 molecules
in a controlled manner has been achieved with resolution to
about 15 nm. The use of our cold-development technique will
likely enable us to fabricate single-molecule nanolines. In order
to image these narrow lines and investigate surface properties,
scanning tunneling microscopy (STM) is proposed to be used
for the atomic resolution.

A well-controlled molecular liftoff process was developed
to pattern four-tile DNA rafts onto silicon substrates with low
level defects and low surface roughness. 100-nm-wide APTES
and DNA lines were fabricated. However, there are clearly
some issues that need to be addressed. For instance, a potential
problem is the apparent irreversibility of the binding interac-
tion, which may interfere with attempts to create short range
ordering through raft-raft interactions. Another problem is how
to orient DNA rafts in the EBL defined patterns. Future work
in the DNA liftoff will focus on the possibility of DNA rafts
as structural templates for non-DNA materials attachment, the
scalability of the raft size from 4 to 54 tiles, and the orientation
of DNA rafts in the EBL patterns.

It is not likely that a completely self-assembled circuit of
sufficient complexity can be achieved, but some self-assembly
would be used to connect molecules together within a pattern.
Such patterns would likely be on the order of one to a few
molecules in width. Furthermore, it is likely that a large frac-
tion of a conventional CMOS chip would be patterned with
molecules to interface with conventional CMOS. Using EBL
with a sufficiently small beam, even with the brightest source,
it would take several hours to pattern a single chip, but tech-
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niques such as nanoimprint lithography may serve as an inter-
mediate step from the EBL techniques demonstrated here and
future manufacturing technologies.
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