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Nanopatterning
Fabrication of a 60-nm-Diameter Perfectly Round
Metal-Dot Array over a Large Area on a Plastic
Substrate Using Nanoimprint Lithography and
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Typically, nanopatterning on plastic substrates has poor fidelity, poor

adhesion, and low yield. Here the proposal of and the first experiment using

a new fabrication method that overcomes the above obstacles and has

achieved arrays of 60-nm-diameter, perfectly round metal dots over a large

area on a polyethylene terephthalate (PET) substrate with high fidelity and

high yield is reported. This new method is based on the use of a thin

hydrogen silsesquioxane (HSQ) layer on top of PET, nanoimprint litho-

graphy, and self-perfection by liquefaction (SPEL). The HSQ layer offers

excellent thermal protection to the PET substrate during SPEL, as well as

good surface adhesion and etching resistance. Nanoimprinting plus a lift off

created a large-area array of Cr squares (100 nm� 130 nm) on HSQ and

SPEL changed each Cr square into a perfectly round Cr dot with a diameter

of 60 nm, reducing the Cr footprint area by 78%. Compared to bare PET,

the use of HSQ also reduced the variation in the diameter of the Cr dots from

11.3 nm (standard deviation) to 1.7 nm, an improvement of over 660%. This

new technology can be scaled to much larger areas (including roll-to-roll

web processing) and thus potentially has applications in various fields.
1. Introduction

Plastic substrates are desirable for many future portable,

flexible, and transparent electronics,[1–3] such as light-emitting

diodes (LEDs),[1] displays,[3] transistors,[4] and solar cells.[5]

However, comparedwithhard solid substrates, plastic substrates

haveanumberofproblemsduringdirectnanopatterning, suchas

poor etching resistance,[6] weak adhesion,[7] easy deformation

(i.e., small elastic modulus[8]), and a lowmelting temperature,[9]

all of which lead to poor patterning quality.[10]
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Herein, we propose and demonstrate a new fabrication

method that has achieved 60-nm-diameter perfectly round

metal-dot arrays (235-nm pitch) over a large area on a

polyethylene terephthalate (PET) substrate with high fidelity

and high yield. Themethod has three key novel aspects. Firstly,

a thin (�450 nm) high-melting-temperature (at least

>1100 8C[11]) material, hydrogen silsesquioxane (HSQ), was

used as the surface layer on top of the plastic substrate, which

offers good adhesion to both the plastic substrate and themetal

dots, a significantly enhanced etching resistance to the

substrate, a stable and nonmelting surface to the Cr dots

during self-perfection by liquefaction (SPEL), and excellent

heating protection (during SPEL) to the underlying PET

substrate. Secondly, nanoimprint lithography (NIL)[12,13] and

lift off were used to pattern the initial metal-nanostructure

array on plastic over a large area (can be scaled up tometers or

large sizes). Thirdly, SPEL[14] was used to reshape the initial
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noncircularly patterned metal array into the dot array with a

reduced lateral dimension (uniform 60-nm diameter) and a

perfectly round and smooth shape, which we believe cannot be

achieved by other technologies.

2. Results and Discussion

2.1. Procedure of Cr Nanodot Patterning

Our approach consists of the following five detailed steps

(Figure 1): (a) cleaning of a�100-mm-thick PET film (Melinex

454, Dupont Teijin Films) with methanol/isopropanol, fol-

lowedbyoxygenplasmaat 50Wand10mtorr for 2min (Plasma

Therm SLR 720) to facilitate the subsequent HSQ coating on

PET; (b) spin coating HSQ (Gelest, Inc.) on the PET, followed

by baking at 110 8C overnight in ambient air to drive off the

solvent in the HSQ film (to achieve a final thickness of

�450 nm); (c) oxygen-plasma treatment of the HSQ film at

50Wand 10mtorr for 2min, spin coating the double-layerUV-

imprint resist (Nanonex Corp.), and then nanoimprinting for

3min at 200 psi and room temperature with 15-s UV

illumination using a fused silica pillar mold (235-nm pitch,

pillar size¼ 110 nm� 140 nm) of about 30mm� 30mm size;

(d) reactive ionetching (RIE)of residual imprint resist and then

e-beam evaporation (BJD 1800, Temescal) and lift off

(sprayingmethanol/deionized water with a 1:1 ratio) to pattern

Cr dots; and (e) open-space SPEL[14] using a 20-ns (full width at

half maximum) single pulse of a 308-nm XeCl excimer laser

(Compex 102, LambdaPhysik) tomelt and reshape theCr dots.

The double-layer resist used in step (c) consists of two

layers: a low-viscosityUV-curable resist (�110 nmthick)on top
Figure 1. Schematics of the fabrication of uniformly patternedmetal-dot

arraysonaPET substrateusingaHSQcoating,NIL, andSPEL: a) aPETfilm

andcleaning; b) spin coatinga thin layer ofHSQontoPET; c) UVNILwith a

pillar mold; d) RIE, evaporation of Cr metal, and lift off; e) open SPEL to

perfect the shape of the Cr dots.
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and a water-soluble polymer (�250-nm thick) on the bottom.

The top resist residual layer was removed by O2/CHF3 plasma

(1.5/10 sccm, 15mtorr, 100W, etching rate �15 nmmin�1) in a

Plasma Therm SLR 720 and the bottom resist residual layer

was then removed by O2 plasma (10 sccm, 10mtorr, 50W,

�40 nmmin�1). The use of a double-layer resist offers a deep

resist profile and easy dissolution of the resist. Both are

beneficial for a successful lift off without using harsh resist

removals (e.g., ultrasonic agitation or an oxidizer-based resist

remover) to avoid pattern distortion, substrate damage, and

poor adhesion.

2.2. Cr Dots Patterned by NIL and SPEL with a HSQ
Underlayer

Comparing scanning electronmicroscopy (SEM) images of

the NIL mold (Figure 2a) and imprinted resist (Figure 2b), we

can see that the large-area uniformity of the patterns was

preserved during imprinting. Figure 2c and d shows that the
Figure 2. Cr dots array uniformly patterned on HSQ-coated PET substrate

using NIL and SPEL. SEM images of: a) original 235-nm period NIL mold

fabricatedinfusedsilicaandb)as-imprintedpatterns indouble-layerresist.

c,d) SEM images of NIL-patterned Cr squares (100nm�130nm). e,f) SEM

images of 87-nm-diameter round Cr dots reshaped by SPEL (single pulse,

168mJ cm�2) with good uniformity over a large area (5.5mm� 5.5mm).

AFM images of the surface topography of Cr dots with and without SPEL:

g) 13-nm-high as-patterned squares (SEM images in (c) and (d)) and

h) 35.5-nm-high round particles after SPEL (SEM images in (e) and (f)).
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Figure 3. SEMimages (left column)andschemes (rightcolumn)ofpoorly

patterned Cr dots on bare PET using NIL and SPEL. a) Cr dots obtained in

recessedPETpits after overetching residual resistwithoxygenplasma,Cr

evaporation, and lift off. b) Cr dots with missing sites after insufficient

plasma etching of residual resist, followed by the same evaporation and

lift off. Melted Cr dots (both originally patterned as in (a) with random

locations and different diameters after SPEL: c) partial melting with SPEL

at 151mJ cm�2; d) complete melting at 168mJ cm�2.
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resist patterns were transferred to Cr squares (100� 130-nm2

area and 235-nm period) with a good fidelity and over a large

area (Figure 2d). Figure 2e shows that SPEL successfully

reshaped each Cr square into a single dot, which not only had a

nearly perfectly round hemisphere but also a diameter

(87� 2 nm) significantly smaller than the original one (dot

area on the substrate reduced by 55%). On the other hand, the

location of the center of the Cr dots did not change after

processing, strongly indicating that the adhesion between Cr

andHSQ is excellent. This is becauseHSQhas a surface energy

similar to SiO2 (typically �1–2 Jm�2[15]) after oxygen plasma

treatment[16] due to the modification of the surface with

hydroxyl groups[17,18] and thus wets molten Cr well. Figure 2f

shows that our patterning technology can achieve good

uniformity over a large area, which was about 5.5� 5.5mm2

by stitching adjacent exposed regions[19] and could be extended

to a much large area by a scanning laser beam.

Atomic force microscopy (AFM) of the surface of the Cr

dots before and after SPEL on HSQ/PET (Figure 2g and h)

shows that the height of the metal particles after SPEL was

increased from �13.0 nm to �35.5 nm, while the lateral

diameter was decreased (SEM images of Figure 2c–f), but

the total volume of the Cr dots was kept constant.

2.3. Comparison with Cr Nanodots Patterned Without
a HSQ Underlayer

In contrast, when aHSQ layer was not used, the fabrication

of Cr dots on bare PET had very poor yield and poor control of

the sizes, shapes, and locations of thedots. For example, oxygen

plasma could overetch into the PET substrate, creating deep

craters (Figure 3a). PET has a poor etching resistance[6] and an

etching rate (20 nmmin�1) comparable to the NIL bottom

resist (�40 nmmin�1) under the same etching conditions (RIE

at 50W in Plasma-Therm SLR 720). Therefore, a slight �1–2-

min overetch of NIL resist, which is necessary for overcoming

the nonuniformities in resist thickness and RIE etching rate

while ensuring total removal of the resist, would inevitably lead

to �20–40-nm deep pits in PET. This resulted in the Cr dots

patterned in the PET craters (Figure 3a). On the other hand, if

there was no overetching, the nonuniformities of the resist

thickness and RIE would leave a resist residue in some of the

etched holes, which would cause the Cr dots deposited inside

these holes to be missing during the lift off (Figure 3b).

Moreover, the laser energy in SPEL (151 and 168mJ cm�2

in Figure 3c and d, respectively)melted not only theCr dots but

also the PET film. Furthermore, due to incompatibility of the

surface energies (1.6 Jm�2 for Cr[20] and 60mJ m�2 for

PET[21]), PET does not wet molten Cr. This made the molten

Cr droplets move around on the PET surface to random

locations, significantly destroying the periodic array. Finally,

themovement of the Cr droplets could cause an agglomeration

of several dots to form large-diameter, noncircular, and

nonuniform dots (Figure 3d).

From the results above, it becomes clear that the superior

results with a HSQ layer over a bare PET substrate are due to

HSQ’s a) highmelting temperature, which not only guarantees

that HSQ doesn’t melt during the processes but also prevents
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
the PET below from melting, b) high O2-etching resistance,

c)wetting tomoltenCr, andd) excellent surface adhesion toCr.

To quantify the nanopatterning fidelity with and without a

thin HSQ layer, the diameter distributions of the Cr dots were

calculated, as shown in Figure 4. It can be seen that Cr dots on

HSQ-coated PET had a diameter deviation of 1.7 nm

(calculated from Figure 2e), which is over 660% less than

11.3 nm, the diameter deviation of the Cr on bare PET (i.e.,

without a HSQ layer) (calculated from Figure 3d). As can be

clearly seen from the inset SEM images, the Cr dots melted on

HSQ/PET were hemisphere-like, while those on bare PET

were spherical. The difference originates from the different

surface energies of the HSQ (close to�1–2 Jm�2[15]) and bare

PET (60mJ m�2[21]). As a result, the molten Cr had a small
bH & Co. KGaA, Weinheim small 2010, 6, No. 11, 1242–1247
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Figure 4. Diameter distributions of Cr dots on bare PET and HSQ-coated

PETafterNILandSPEL:a) 11.3 nm(standarddeviation) forCrdotsonbare

PET and b) 1.7 nm for the Cr dots on HSQ/PET, showing over 660%

improvement. Thecross-sectional schematicsandside-viewSEMimages

are shown inset.

Figure 5. SEM images of Cr dots on HSQ/PET with smaller diameters

before and after SPEL, showing the capabilities of SPEL in reducing line-

edge roughness and shrinking the diameters of metal dots. a) �10-nm-

thick Cr dots (105�5nm�58� 4nm) patterned on HSQ/PET after four-

timeshadowevaporationofCr (658 to thesubstratesurface,�15nmeach

direction), RIE, Cr evaporation normal to PET, and lift off. Clearly, the Cr

pads have very rough edges and asymmetric shapes. b) Nearly perfectly

round Cr dots (61�3 nm� 60�3nm) obtained on HSQ/PET after SPEL

using a single laser pulse (277mJ cm�2). This corresponds to an area

reduction from the original patterns of 80%.

Figure 6. COMSOL simulation to analyze the spatial distribution and tran

annealing(20-nsduration,168mJcm�2)andsubsequentcooling.a)Themo

the experimental parameters except for the thickness of PET (assumed he

initializing annealing, with the peak values of Cr (Tmax,Cr) and PET (Tmax,PET

g) 400 ms. h) Transient temperature variation at different depths along the

thermally insulating PET from heat damage. The convective heat transfer c
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contact angle and was wet onHSQ surfaces, while Cr dewetted

on PET, hence being spherical in shape.

Clearly, the diameter of the Cr dots can be reduced by

making the initial Cr squares smaller and/or thinner.[19] As

shown in Figure 5, 60-nm-diameter nearly perfectly round Cr

dots were fabricated on HSQ/PET.

3. Numerical Simulation of the Transient
Temperature Distribution of the Cr/HSQ/PET
Structure

To understand the temperatures of each material during

SPEL,weperformednumerical simulationsusingacommercial

software package (COMSOL). The structure symmetry

reduces the calculation to one unit cell with a size of

235 nm� 235 nm with a Cr partial sphere (height¼ 35.5 nm,

radius¼ 44 nm) at the center of the cell (Figure 6a). The
sient variation of temperatures within a Cr/HSQ/PET structure during

delusedinsimulation,withthegeometricaldimensionsbeingthesameas

re to be 5 mm). Spatial temperature distributions at different time after

) given for reference: b) 5 ns, c) 20 ns, d) 25 ns, e) 120 ns, f) 1.4 ms, and

axis of symmetry (x¼ y¼ 117.5 nm), clearly showing the role of HSQ in

oefficient is assumed to be 50Wm�2 K�1.
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simulation used the same geometry of HSQ and Cr as in

experiment but we assumed a 5-mm thickness for PET, which

should not affect the simulation accuracy since PET is a poor

thermal conductor[22] and hence would not propagate heat

deeply. The parameters for each material at different

temperatures were taken from the literature,[9,22,23] except

for the temperature-dependent properties of PET (which were

not available) and the properties of HSQ (not available,

assumed to be the same as SiO2).

From simulation of the spatial temperature distribution

(Figure 6b–g) and transient temperature variation (Figure 6h)

inside the Cr/HSQ/PET structure, it is shown that the highest

temperatureswere 2212 8C(above 1907 8C, themeltingpoint of

bulk Cr) at the Cr top surface and 2137 8C at the Cr/HSQ

interface but that they lasted for only �5 ns and cooled off

quickly. The highest temperature at the HSQ/PET interface

was only 350 8C for several hundred nanoseconds. The time

span of PET at the temperatures above 260 8C was less than

1.4ms (Figure 6f). This shows that the HSQ acted well as a

thermal-barrier layer to suppress the maximum temperature

and heating time of the PET substrate. For the structure with

Cr/PET only (i.e., withoutHSQ), the Cr dot in themolten state

notonly liquefied thePETbut couldalsovaporize it, causing the

Cr dots to move randomly, as observed experimentally.

4. Thermal Stability of the Cr/HSQ/PET Structure
During the SPEL Process

The stability of themultilayer Cr/HSQ/PET film during the

SPEL process is a critical issue for many applications as rapid

heating of Cr to >1900 8C could cause thermally induced

buckling/delamination and/or degrade the film quality.

However, we have not observed any such degradation issues

in our experiments with a HSQ underlayer (Figure 4a). The

possible reasons for this are that (a) oxygen-plasma treatment

of HSQ[16] and PET[6] enhances the film surface energies and

adhesion and/or (b) our simulation shows that the heating is

limited in temperature, duration, and film depth (e.g., only the

top 0.1% for PET).

5. Conclusions

In summary, we have proposed and demonstrated a new

approach to pattern 2D metal (Cr) arrays of uniform 60-nm

diameter on a PET substrate using NIL and SPEL. We have

demonstrated that a layerofHSQisessential toachieve reliable

patterning on PET by experimentally comparing NIL and

SPEL results with and without HSQ coating. With the HSQ

layer, SPEL was capable of greatly reducing the pattern

roughness as well as reducing the pattern size (�80% using

shadow evaporation). Besides experimental investigations,

numerical simulation was used to confirm that the HSQ layer

could effectively lower the thermal budget of the plastic

substrate by greatly reducing the peak temperatures and

shortening the duration of heating. Our approach of using a

spin-on glass[24] (HSQ in our case) to integrate NIL and SPEL

into feature patterning on a plastic substrate is simple, reliable,

and compatible with the low-temperature processing
www.small-journal.com � 2010 Wiley-VCH Verlag Gm
requirement and is expected to be useful in other laser

processing techniques on plastic, such as laser-assisted direct

imprinting (LADI)[25,26] via hole filling,[27] catalyst metal-

particle patterning,[28,29] recrystallization of amorphous silicon

films,[30–32] and so on.
6. Experimental Section

The double-layer imprint resist consisted of underlayer resist

NXR-3022 and top UV-curable resist NXR-2030, both from

Nanonex Corp. NXR-3022 was spin coated and baked at 110 8C
for 10min, while NXR-2030 was not baked. The fused-silica pillar

mold was pretreated with NXT-110 mold-release agent (Nanonex

Corp.). NIL was carried out in a nanoimprinter (NX-2000, Nanonex

Corp.).
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