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A challenge in nanofabrication is to overcome the limitations of various fabrication methods, including defects, line-edge roughness and
the minimum size for the feature linewidth. Here we demonstrate a new approach that can remove fabrication defects and improve
nanostructures post-fabrication. This method, which we call self-perfection by liquefaction, can significantly reduce the line-edge
roughness and, by using a flat plate to guide the process, increase the sidewall slope, flatten the top surface and narrow the width
while increasing the height. The technique involves selectively melting nanostructures for a short period of time (hundreds of
nanoseconds) while applying a set of boundary conditions to guide the flow of the molten material into the desired geometry before
solidification. Using this method we reduced the 3¢ line-edge roughness of 70-nm-wide chromium grating lines from 8.4 nm to less
than 1.5 nm, which is well below the ‘red-zone limit' of 3 nm discussed in the International Technology Roadmap for
Semiconductors. We also reduced the width of a silicon line from 285 nm to 175 nm, while increasing its height from 50 nm to

90 nm. Self-perfection by liquefaction can also be extended to other metals and semiconductors, dielectrics and large-area wafers.

Traditionally, we improve the shape of a fabricated nanostructure
by improving the fabrication method (various lithography,
etching and deposition techniques) that was used to make the
nanostructure!. However, this approach might no longer work
when the feature size approaches the limitation of the fabrication
method used?. Limitations include fabrication defects (such as
deviations in shape from the intended design) as well as the
minimum sizes for the various dimensions of the nanostructure.
When feature sizes in a device are small enough, the fabrication
defects in many nanofabrication methods can become a
dominant factor that determines the actual shape of the
nanostructure. Although extrinsic defects can be removed by
improving the process, intrinsic defects caused by the
fundamental statistical nature of a fabrication process (for
example, noise in photon, electron or ion generation, scattering,
and variations in chemical reaction) cannot be removed. The
minimum linewidth and line height are often determined by the
fundamental working principle of a fabrication, and are fixed
once a fabrication method is selected. Fabrication defects can
degrade or even destroy the operation of a wide variety of
nanodevices in electronics™!, photonics®, magnetic systems®?®,
biotechnology® and other applications. The minimum linewidth
and line height can also limit device density and performance.
Rather than improving a nanostructure by improving its
original fabrication method, here we demonstrate a new method,
known as self-perfection by liquefaction (SPEL), which removes
nanostructure fabrication defects and improves nanostructures
after fabrication. This process is capable of removing both
intrinsic and extrinsic defects, and also of forming new shapes
that may not be achievable using conventional fabrication
techniques. The method, which selectively melts nanostructures
for a short period of time (hundreds of nanoseconds) while
applying a set of boundary conditions to guide the flow of the
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molten materials into the desired geometry before solidification,
has three basic forms (Fig. 1): open-SPEL, capped-SPEL and
guided SPEL.

For open-SPEL, the nanostructures are located on a substrate
without any additional boundary conditions. When melted into a
liquid phase, the nanostructure flows under the influence of surface
tension and interaction with the substrate, smoothing out the
structure’s rough edges. The flow can also cause a non-circular dot
to become a near-perfect circular dot. Open-SPEL is similar to the
well-known thermal flow of low-glass-transition-temperature
(~100 °C ) resist!®!!, except it uses a short pulse of surface heating
to selectively melt hard semiconductors, metals or dielectrics of
high melting temperatures ( ~1,000 °C or higher) to avoid damage
to other parts of the devices or substrates. This means that open-
SPEL suffers from the same drawbacks as ordinary thermal flow:
widened line footprint and rounded sidewalls and top-surface. To
overcome these problems, we propose the use of guiding during
melting to reshape a structure, as discussed in the following.

In capped-SPEL, a single flat, transparent non-melting plate
(such as quartz) is placed in contact with the top of all the
structures to be improved, or one plate is placed on the top of
each structure. During the melting, self-perfection is controlled
by the surface tension of the molten material and the interaction
of the molten material with the substrate and the top plate(s).
The top plate(s) controls the top surface flatness, sidewall angle
and triple phase line of the molten nanostructure. Capped-SPEL
not only smoothes the sidewalls, it also makes the sidewalls
vertical and the top flat.

In guided-SPEL, a flat plate is placed above the structures that
are to be improved, with a gap between the plate and the
nanostructure. The interaction between the structures and
the top plate can make the molten structure rise up (against the
liquid surface tension) to reach the top plate and, in the process,

295

© 2008 Nature Publishing Group



ARTICLES

E Open EI

Setup

Flat plate

Melting and self-perfection

w0000 0ee? 00e?

Cooling and setup removal

Capped H

2oee

LUl L5 S L S
L S8 e, il s A A

Guided

00ee eeer  avee

Figure 1 Working principle of three forms of self-perfection by liquefaction (SPEL). a—¢, Open-SPEL (a), capped-SPEL (b) and guided-SPEL (¢) for lines and
squares (or dots). SPEL selectively melts nanostructures (for example, silicon or chromium) for a short period of time (hundreds of nanoseconds) while applying a set
of boundary conditions (for example, one or more plates placed in contact or a gap above) to guide the flow of the molten material into a desired geometry before
solidification. SPEL can significantly reduce the LER, can increase the sidewall slope and flatten the top surface (capped- and guided-SPEL), and, moreover, narrow

the width while increasing the height (guided-SPEL).

form a new shape, leading to a greater height and a narrower
linewidth (through conservation of volume), in addition to
smooth edges, vertical sidewalls and a flat top.

In SPEL, heating can be provided by a pulsed laser of a certain
wavelength with either a flood or masked beam, which selectively
deposits a very small amount of energy to melt the desired
material while keeping the materials under and near the
structures at a low temperature and in the solid phase. Both
pulsed and continuous-wave lasers have been used previously to
melt materials for surface planarization'>!3, edge roughness
smoothing of optical disks (100 pm diameter)!4, crystal growth!®
and direct imprinting®.

We have demonstrated the three forms of SPEL in various
materials, including metals, semiconductors and polymers. The
main results for metals and semiconductors are summarized in
Table 1. The figures of merit in line-edge roughness (LER) are
the standard deviation ¢ and the correlation length & both of
which are determined by fractal analysis'” of digitized scanning
electron microscopy (SEM) images. All of our experiments used
a 20-ns excimer (A = 308 nm) laser pulse with a variable fluence.
In open-SPEL with a fluence of 320 mJ cm ™2 it was possible to
reduce the 30-LER of 70-nm-wide, 40-nm-high chromium

Table 1 The measured 3o-LER and correlation length £ before and after SPEL. Analysis of SEM images of the chromium and silicon grating lines before and after
open-, capped- and guided-SPEL show that SPEL can reduce 3o-LER to well below the 3-nm ‘red-zone limit’.

Samples Image resolution (nm/pixel) 30 (nm) Improvement (%) & (nm) Laser fluence (mJ cm—?)
Open-SPEL
70-nm-wide Cr lines on Si0, (Fig. 2a,b) Original 0.43 8.4 281.7

After 15 560 387.6 320
70-nm-wide Si lines on SOI (Fig. 2c,d) Original 1.7 19.5 30.0

After 3.6 542 60.0 545
70-nm-wide Si lines on Si (Fig. 2e,f) Original 0.43 14.4 19.6

After 33 436 216.6 440
250-nm-wide Si lines on Si (Fig. 2g,h) Original 1.7 9.6 23.0

After 42 228 38.9 880
Capped-SPEL
280-nm-wide Si lines on Si0, (Fig. 4a,b) Original 1.7 9.6 17.7

After 42 228 354 430
200-nm-wide Si lines on Si (Fig. 4c,d) Original 1.7 11.1 37.2

After 5.4 205 125.6 390
280-nm-wide Cr lines on Si0, (Fig. 4e,f) Original 3.4 17.7 27.6

After 75 236 117.3 406
Guided-SPEL
280-nm-wide Cr lines on Si0, (Fig. 5a,b) Original 34 17.4 241

After 5.4 322 79.3 406
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Figure 2 SEM images of various nanostructures before (left panels) and
after (right panels) treatment with open-SPEL with a single excimer laser
pulse. a,b, Chromium lines (70 nm wide and 40 nm high) SiO, substrate before
(a) and after (b) open-SPEL. ¢,d, Silicon lines (70 nm wide) on SOI before

() and after (d) open-SPEL. e,f, Silicon lines (70 nm wide) on silicon before (e)
and after (f) open-SPEL. g,h, Silicon lines (250 nm wide and 150 nm high) on a
silicon surface before (g) and after (h) open-SPEL. It can be clearly seen that
open-SPEL reduces the LER of these structures. i,j, Open-SPEL can reduce

75 x 75 nm chromium squares on an SiO, surface (i) to dots with diameters of
50 nm (j).

grating lines on SiO, (Fig. 2a,b) from 84nm to 1.5nm,
representing a reduction of 560% (defined as 0y .1/ Fpinar)> and
the value of ¢ increased significantly (indicating the removal of
high-spatial-frequency components of LERs). Considering the
0.43 nm/pixel resolution and other measurement noise in SEM
images, the actual 30-LER of the chromium lines after open-
SPEL should be much less than 1.5 nm, and hence well below the
red-zone limit (3 nm) that was previously thought unachievable?.
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Figure 3 The edge profiles of some of the silicon and chromium lines from
Fig. 2 before (left panels) and after (right panels) treatment with open-SPEL
as measured in SEM images. a,b, The edge profiles for the 70-nm chromium
lines before (a) and after (b) open-SPEL. ¢,d, The edge profiles for the 70-nm
silicon lines (on SOI) before (c) and after (d) open-SPEL. Open-SPEL reduces the
30-LER of the 70-nm chromium line to below 1.5 nm, which is of the same
order as the noise from the SEM imaging. (Note that the high-frequency noise in
all the SEM images is the noise associated with the SEM imaging process itself,
and not the actual LER).

To further illustrate the LER improvements, the edge profiles
before and after open-SPEL are compared in Fig. 3.

To test open-SPEL effectiveness in semiconductors, we created
70-nm-wide silicon grating lines with severe edge roughness,
which had line heights of 100 nm on silicon-on-insulator (SOI)
wafers and 70 nm on silicon wafers (Fig. 2c,e). After open-SPEL
(a single pulse of 545 and 440 m] cm™—2 fluence, respectively), the
zigzag edges were smoothed significantly (Fig. 2d,f). The 30~LERs
were reduced from 19.5nm to 3.6nm and from 14.4nm to
3.3 nm, respectively, corresponding to LER reductions of 542%
and 436%. For 250-nm-wide silicon grating lines of
silicon substrate, open-SPEL with one single pulse can reduce the
30-LER from 9.6 nm to 4.2 nm (Fig. 2g,h). The LERs could be
further reduced by using a higher fluence or multiple laser pulses.
For chromium squares that were 10 nm thick, with an area of
75nm x 75 nm and rough edges, a single laser pulse (1.7 J cm™2)
turned the squares into nearly perfectly rounded dots with a
diameter of 50nm and height of 22nm (Fig. 2ij). The
experiments also show that open-SPEL can round the sidewalls
and top surface, and also widen the line footprint.

In capped-SPEL a plate is placed in contact with the top surface
of the structure to be improved to keep the top surface flat
and sidewalls vertical during the melting process. Capped-SPEL
may also be able to keep the corners of a rectangular-shaped
profile sharp if the triple phase lines of a molten material can be
pinned on the plate. Figure 4 shows the SEM images before and
after capped-SPEL (using a single laser pulse) of 280-nm-wide
silicon lines on a silicon substrate guided by a single quartz plate
(Fig. 4a,b), 200-nm-wide silicon lines on a silicon surface guided
by individual caps (chromium/SiO,, one on each line)
(Fig. 4c,d), and 280-nm-wide chromium lines on an oxide
surface guided by a single quartz plate (Fig. 4e(f). After
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Figure 4 SEM images of silicon and chromium lines before (left panels)
and after (right) treatment with capped-SPEL. a,b, Silicon lines (280 nm
wide) before (a) and after (b) capped-SPEL with a single flat plate. ¢,d, Silicon
lines (200 nm wide) before (c) and after (d) capped-SPEL with one
chromium/Si0, cap on each silicon line. e,f, Chromium lines (280 nm wide)
before (e) and after (f) capped-SPEL with a single flat plate. Capped-SPEL
reduces the LER and also flattens the top and the side walls of the features.

capped-SPEL, the tops of these structures were flat and their
sidewalls vertical. A fractal analysis of the SEM images shows that
the 30-LER was reduced from 9.6, 11.1 and 17.7 nm to 4.2, 5.4,
and 7.5 nm, respectively, achieving improvements of 228%, 205%
and 236%.

In guided-SPEL, local spacers are used to keep a plate fixed above
the nanostructures (Fig. 1), and surface tension causes the molten
nanostructures to rise until they reach the plate. This leads to
smooth edges, vertical sidewalls and flat tops, and also to narrower
linewidths and greater line heights (and hence higher aspect ratios)
than the original structures. The entire melting, rising-up and
reshaping took less than 200ns for silicon and chromium
materials. Figure 5 shows chromium and silicon lines before and
after guided-SPEL with a single quartz plate guide and a single
laser pulse. Chromium lines on an SiO, surface were originally
280 nm wide and 62 nm tall, but after guided-SPEL (with a 70-nm
gap between the original pattern and the plate, and a single
406 mJ cm~? pulse) they were 130 nm wide (215% width
reduction, defined as W, ;;.i/ Wana) and 130 nm tall (equal to the
original height plus the gap, 210% of the original height, defined
as Hgo/Hinia)» and hence had a 452% increase in aspect ratio.
The width and height of a line should be reduced and increased
respectively by the same factor, due to conservation of the material
volume. The 30-LER was reduced from 17.4 nm to 5.4 nm (322%
reduction). The silicon lines on an SiO, substrate were originally
285nm wide and 50 nm tall, but after guided-SPEL (using a
40 nm gap and a 595 mJ cm ™2 pulse) they were 175 nm wide and
90 nm tall (170% improvement).

We find that the sidewall angle is almost 90 ° for both silicon
and chromium, which is in line with theoretical predictions for
silicon but much less than the value of ~130° predicted for
molten chromium on SiO,. One possible reason for this is that
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Figure 5 SEM images of chromium and silicon lines on Si0, substrates
before (left panels) and after (right panels) treatment with SPEL with a
single quartz plate guiding the process. a,b, In guided-SPEL with a 70-nm
gap, the original chromium lines are 280 nm wide and 62 nm high (a); after
processing they are 130 nm wide and 130 nm tall (b), which means that the
aspect ratio has been increased by a factor of 4.5. ¢,d. In guided-SPEL with a
40 nm gap, the original silicon lines are 285 nm wide and 50 nm high (c); after
processing they are 175 nm wide and 90 nm high (d).

the charges generated in SPEL can modify the contact angle in a
similar fashion to electrical wetting, which reduces the contact
angle (Lippmann’s equation). The local spacers for precisely
controlling the gap were microfabricated on the top plate.
Furthermore, when applying open- or guided-SPEL to small
chromium or silicon squares, they changed to having a nearly
perfect round shape (semispheres or cylinders). Chromium
squares that were originally 140 nm X 110 nm in size and 20 nm
in height (Fig. 6a) became semispheres with a diameter of 80 nm
and a height of 48 nm after open-SPEL with a 400 mJ cm ™2 pulse
(Fig. 6b), and became cylinders with a diameter of 70 nm and a
height of 62 nm (310% of the original height), complete with
vertical sidewalls and a flat top, after guided-SPEL with a 40-nm
gap and the same laser fluence as the open-SPEL (Fig. 6¢).
Similarly, for the silicon squares (90 nm x 100 nm and a height of
50 nm; Fig. 6d), open-SPEL caused them to become semispheres
with a diameter of 85 nm and a height of 62 nm (Fig. 6e), and
guided-SPEL (with a 23-nm gap) made them into cylinders with a
diameter of 78 nm and a height of 73 nm (150% of the original
height), again with vertical sidewalls and a flat top (Fig. 6f).

SMOOQTHING, THE ORIGIN OF GUIDED-SPEL AND SCALING

The fact that the edge-roughness smoothing-out time in molten
silicon and chromium is approximately in the hundreds of
nanoseconds rather than seconds or minutes can be explained by
their high surface tension and low viscosity. Using Stokes—Navier
equations and the continuity equation, the time T for smoothing
a structure’s topological variation of a spatial period A and a
height h on a two-dimensional liquid surface is proportional to
the molten material viscosity and is inversely proportional to the
surface tension'®:

_ 3pAt
T 16wty

Compared with a molten polymer, the molten chromium and
silicon have viscosities n that are ~100-1,000,000 times lower
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Figure 6 SEM images of various nanostructures before and after open- and guided-SPEL. a-c, As-fabricated chromium squares (a) become semispheres after
open-SPEL (b) or cylinders after guided-SPEL (c) with a 40-nm gap. d—f, As-fabricated silicon squares (d) become semispheres after open-SPEL (e) or cylinders after
guided-SPEL (f) with a 22 nm gap. The dimensions of all the nanostructures are given in the images.

and surface tensions 7y that are 20—100 times higher, leading to a
smoothing time that is 3-8 orders of magnitude shorter. For
example, for smoothing A = 1 pm in a 50-nm-thick film, it
would take 52 ns, 16 ns and 51 s for molten chromium, silicon
and PMMA, respectively (assuming n is 100,000 mPa-s for
softened PMMA). The short processing time of SPEL reduces or
eliminates degradation of other structures adjacent and under the
structures that are being perfected.

The mechanism of guided-SPEL is not entirely clear. Previously,
a self-rise-up of a material located under a plate with a gap was
observed only in a featureless molten-polymer thin film
( ~100 °C glass-transition temperature)'*?’ and was attributed to
an electrostatic interaction between the plate and the molten
material and electrohydrodynamic instability in liquid!-2.
However, a self-rise-up in molten silicon and chromium was
unexpected and had not been observed previously, because
silicon and chromium have surface tensions much higher (over
20 times) than molten polymers (1,642, 720 and 30 mN-m~! for
molten chromium??, silicon?® and polymer, respectively). The
high surface tension would require much stronger pulling force.
Using the Stokes—Navier equations and the continuity equation,
the analytical equation of the time ¢ for a polymer to rise up
under a potential difference between the molten material and the
plate, A¢, is given by?!

i nyd’
g(Ag)!

where d is the initial gap between the material and the top plate
(hence an electric field of ~Ap/d) and
£,=8.85x10"12C>N"'m™2 is vacuum permittivity. For
t ~ 200 ns (observed in guided-SPEL), viscosity m =~ 5.7 mPa-s
for molten chromium? and 0.58 mPa:s for molten silicon®
(slightly lower than water, at 1mPas), and d= 70nm
(chromium) and 40 nm (silicon), this requires values of A¢ of 22
and 7V for guided-SPEL in chromium and silicon, respectively.
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The A¢ from theory is clearly much larger than our experiments
where the A¢ is <3 eV. This implies that the analytical model
for polymers is insufficient to describe the guided-SPEL of
molten silicon and chromium, and new boundary conditions or
numerical simulations may be needed.

SPEL can be scaled to large-area wafers (more than 8in.
diameter) by precisely controlling the gap between a wafer
and the plate. This can be achieved over a large area by using
local spacers to regulate the local gap between the SPEL plate
and the substrate, a relatively flexible plate to allow it to
conform to the contours of the wafer surface, and an air
cushion press® to supply a uniform constant pressure over
the entire plate.

It should be pointed out that the boundary conditions and
processing parameters used in our current SPEL experiments
serve only as examples, and many variations can be used. For
example, different surface properties (such as the substrate, top
plate or the structure) can be modified to control the final SPEL
structure geometries. We found that SPEL also works for
polymeric materials, but that much longer processing times (of
the order of seconds and minutes) are needed, and we also
expect it to work for other insulators (providing they can
be melted).

Finally, we should point out that SPEL does have limitations.
For example, it cannot be applied when the dimensions of the
defect are comparable with the dimensions of the nanostructure,
and it cannot fix defects where the total materials are
insufficient. Moreover, the ends of lines can become rounded in
SPEL unless the triple phase line of a molten material can be
pinned. (Fortunately, the operation of most electrical, optical,
magnetic and biological devices does not depend upon the exact
shape of a corner.) The effects of SPEL on complex
structure shapes are yet to be studied. Under certain conditions,
the instability in the liquid may play some adverse role and
should be controlled. Despite these limitations, SPEL is
expected to have wide applications in nanofabrication and
nanomaterial processing.
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METHODS

SAMPLE PREPARATION

The samples were fabricated using nanoimprint lithography and etching or
lift-off (described elsewhere?”). The LER of the nanostructures in the original
samples therefore arose primarily from the imprint mould (as imprinting
duplicates the mould patterns into resist with nanometre fidelity), etching or
lift-off. The edge roughness in our imprint mould was caused by interference
lithography, metal deposition, lift-off, etching and other steps used in mould
fabrication. The LERs in the samples used for Fig. 2¢,e are far worse than normal,
primarily because of a ‘bad” imprint mould.

LASER MELTING

In our experiments, the melting was provided by a XeCl excimer laser with a
wavelength of 308 nm, a fixed pulse duration of 20 ns, a 3 mm X 3 mm uniform
beam size and an adjustable fluence. The laser beam was directly absorbed only
by the materials having an energy bandgap smaller than the photon energy, and
passed unabsorbed through materials with a larger bandgap. The XeCl excimer
laser pulse could therefore selectively melt metals and semiconductors, but not
SiO, (including quartz). Selective melting of certain areas of a wafer can be
achieved using a mask (reflecting or absorbing) that is placed either directly on
the wafer or a distance away. The melting time was measured by measuring the
reflectivity change of a HeNe laser (A = 633 nm) from the molten surface, using
the fact that the reflectivity of a molten material is different from that of its solid
phase!®?2°, Depending upon laser fluence, a single laser pulse can melt a
semiconductor or metal surface with a depth of 50—300 nm within 1 ns and keep
it molten for ~200 ns (ref. 16).

LER MEASUREMENTS AND ANALYSIS

We used digitized SEM images and fractal analysis'” to calculate the 30-LER and
the parameter ¢ (a measure of the spatial frequencies of the LER, where a higher
¢ indicates less-high-frequency roughness). The typical line length over which
the LER is averaged was 4—7 pm. The SEM images had a 0.43 nm/pixel
resolution and contained other measurement noise.
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CORRIGENDUM

Bit storage and bit flip operations in an electromechanical oscillator
|. MAHBOOB AND H. YAMAGUCHI

Nature Nanotechnology 3, 275-279 (2008)

There were two errors in thirteenth paragraph of this letter. The relation from which the power consumption can be extracted should
read CV?f, and the actual expression for the power consumed should read mw*x*/2nQ. These errors have also been corrected in the
supplementary information.

ERRATUM

Improved nanofabrication through guided transient liquefaction

STEPHEN Y. CHOU AND QIANGFEI XIA

Nature Nanotechnology 3, 295-300 (2008)

There was an error in the fourth paragraph of the section “Applying SPEL to metals and semiconductors” The first sentence should read:
“In guided-SPEL, local spacers are used to keep a plate fixed above the nanostructures (Fig. 1), and the molten nanostructures rise up
against surface tension until they reach the plate”
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