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For fabrication of nanostructures that do not need long range ordering and precise placement, such

as antireflective structure for photovoltaic and display applications and super-hydrophobic surface

for lab-on-chip applications, bottom-up fabrication techniques are more preferable than top-down

techniques due to their low cost. Here, the authors report a simple process to obtain nanostructures

using low-cost spin-coating method and pattern transfer. They first dissolved metal salt and poly-

mer in a solvent. After spin-coating to form a thin film, the authors annealed the film to attain a

phase separation. Next, the nanocomposite film was etched with oxygen plasma to remove

the polymer matrix, leaving behind nanoscale metal salt islands that can be used as a hard mask for

dry etching the substrate or sublayer. With optimal metal salt (nickel nitrate hexahydrate) and poly-

mer (polymethylmethacrylate) weight ratio, the authors achieved wafer-scale high resolution

(down to 20 nm) pillar structures etched in silicon with 100 nm height and �100 nm spacing.
VC 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4935654]

I. INTRODUCTION AND MOTIVATION

Surface nanostructures without long range ordering and

precise placement have a wide range of applications. For

instance, they can be used as antireflective coating for photo-

voltaic devices where the reflection of incident light from

the substrate surface is greatly reduced to improve their effi-

ciency. In flat panel display or imaging applications, they

can be employed to increase transmission and eliminate

ghost image or veil glare.1 These nanostructures can also

mimic and follow the nature’s example such as lotus leaves

to make super-hydrophobic surfaces, or gecko feet for adhe-

sive surfaces.1–4

These nanostructures can be fabricated via top-down lithog-

raphy techniques—including photolithography, electron-beam

lithography, and nanoimprint lithography—and bottom-up li-

thography approaches that are commonly called self-assembly

lithography. The top-down lithography techniques, while

offering more precise control of the shape, size, and place-

ment of the nanostructures, usually require sophisticated and

expensive equipment. Among them, nanoimprint lithography

is the most promising one since it is relatively a low-cost and

high throughput process with ultrahigh resolution capability,

though the mold has to be fabricated by other costly lithogra-

phy. On the other hand, self-assembly lithography is undoubt-

edly much cheaper than top-down lithography techniques,

though it can only achieve either random or periodic patterns

without long range ordering unless otherwise guided. The

most popular self-assembly lithography is the so-called nano-

sphere lithography where nanosized spheres are assembled to

form periodic structures. Yet it is challenging to form uniform

monolayer sphere for sub-100 nm sphere size.5 In recent

years, self-assembly of diblock copolymer is gaining increas-

ing popularity, but the process can be lengthy and very

sensitive to substrate preparation, and feature size over

100 nm is hard to obtain. Another technique to create surface

nanostructures makes use of the self-masking effect in reac-

tive ion etching that leads to the formation of “grass”6 struc-

ture notably “black silicon.”7 Besides silicon, polymer can

also be nanotextured by plasma etching.8–10 This roughness

instability is due to deposition coming from sputtering of irre-

movable materials from the metallic or dielectric reactor

wall, which acts as hard mask during the polymer etching.

Moreover, under certain optimal conditions, ordered periodic

morphology can be induced on plasma-etched polymeric

surfaces.10

The next self-assembly technique is the deposition of

metal film on a substrate followed by thermal annealing to

achieve submicrometer sized metal islands that can be used

as hard mask for etching the substrate.11–13 Lastly, CsCl film

can be thermally evaporated to form nanoislands as etching

mask upon exposure to humidity after film deposition.14

However, these techniques based on island film both need

high cost vacuum deposition tool.

Here, we report a simple process to obtain nanostructures

using low-cost spin-coating method and RIE pattern transfer.

We dissolved metal salt and polymer in a solvent; and after

forming a thin film by spin-coating and thermal annealing to

attain a phase separation, the nanocomposite film was etched

with oxygen plasma to remove the polymer matrix, leaving

behind nanoscale metal salt islands on the substrate that can

be used as a hard-mask to dry-etch the substrate or sublayer

(shown in Fig. 1). We show that with our method, it is possi-

ble to achieve sub-20 nm resolution nanostructures on the sub-

strate surface, though it does not give a periodic structure.

II. EXPERIMENTAL METHODS

For our purpose, we have investigated several metal salts

containing nickel metal. Nickel is a very hard etching maska)Electronic mail: ccon@uwaterloo.ca
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for reactive ion etching using both fluorine and chlorine

based plasmas that can create surface nanostructures. Nickel

is found in the form of nickel (II) sulfate, nickel (II) nitrate,

and nickel (II) chloride hexahydrate. Recently, nickel

chloride hexahydrate is reported as a metal salt miscible

with polymer (polymethylmethacrylate) (PMMA) resist to

increase its etching resistance by four times.15 Unlike salt-

containing electron beam resist for lithography, for the pur-

pose of creating nanostructures by self-assembly, the mix-

ture needs to phase-separate. As nickel (II) nitrate

hexahydrate [Ni(NO3)2�6H2O] has a low melting tempera-

ture (56.7 �C), phase-separation can be attained readily by

thermal annealing.

In the experiment, we first dissolved PMMA powder

(996 kg/mol, Sigma Aldrich) with 10 wt./vol. % concentra-

tion in dimethylformamide (DMF). In parallel, we dissolved

nickel nitrate hexahydrate (99.999% purity, Sigma Aldrich)

in DMF with varying concentrations of 1–10 wt./vol. %.

Afterwards, we mixed the as-prepared PMMA solution and

salt solution with 1:1 volume ratio and obtained a uniform

clear solution. As such, the final solution for spin-coating

contains 0.5–5 wt./vol. % nickel salt and 5 wt./vol. %

PMMA, leading to a weight ratio of nickel salt and PMMA

ranging from 1:10 to 10:10.

The fabrication process for nanostructured silicon as an

example is shown in Fig. 1. We cleaned the silicon substrate

by solvent and oxygen plasma, and coated 100 nm PMMA

on silicon. This layer of pure PMMA film was found to help

attain a more uniform film of the PMMA-salt mixture. Then,

the mixture was spin-coated on PMMA film, to obtain a

300 nm-thick film for the case with 10:1 weight ratio of

PMMA:metal (obtained by mixing at equal volume 10 wt./

vol. % PMMA solution and 1 wt./vol. % salt solution, both

in DMF). Thermal annealing was carried out at 120 �C for

1 h to induce phase separation between polymer and the salt.

To evaluate the potential intermixing with the bottom

PMMA layer, we spin-coated PMMA dissolved in DMF on

the bottom PMMA layer, and found the total film thickness

was the sum of the top and bottom PMMA films. Hence, the

bottom PMMA is not significantly dissolved by DMF during

the spin-coating, and there should be negligible intermixing

between the PMMA-salt composite and bottom PMMA

layer. We also spin-coated a polystyrene film (glass transi-

tion temperature close to that of PMMA, low Flory–Huggins

interaction parameter with PMMA and thus relatively easy

interdiffusion) on the bottom PMMA layer and annealed the

film stack at 120 �C for 5 min. After selectively dissolving

the top polystyrene layer using xylene, the remaining

PMMA film had a smooth surface, indicating negligible

intermixing occurs during the thermal annealing. Therefore,

we expect the intermixing between the PMMA-salt compo-

site and bottom PMMA layer is negligible.

Next, we conducted oxygen plasma etching using Trion

Phantom II ICP-RIE system (20 sccm O2, 20 W RF power,

0 W ICP power, 100 mTorr, room temperature, and etches

PMMA 100 nm/min) to remove PMMA without significant

attack of metal salt, leaving behind nickel nitrate nanoislands

on silicon as seen in Fig. 2. As a final step, we etched silicon

by RIE using CF4 gas (20 sccm CF4, 100 W RF power, 0 W

ICP power, 20 mTorr, room temperature; etching rates for

silicon, PMMA, and metal salt are 30, 300, and roughly

10 nm/min, respectively) with the salt nanoislands as hard

etching mask.

III. RESULTS AND DISCUSSION

The main challenge is to find a solvent that can dissolve

both PMMA and metal salt, because salts are typically solu-

ble in water whereas polymers are commonly soluble in or-

ganic solvents. Broadly speaking, solvents are categorized as

nonpolar solvent such as benzene and toluene, polar aprotic

solvent such as tetrahydrofuran (THF), acetone, and DMF,

and polar protic solvent such as ethanol, acetic acid, and

water. After extensive search and trial, we found that this

nickel salt is soluble in solvents including THF, DMF, and

acetic acid, all of which can also dissolve PMMA. Atomic

force microscopy (dimension 3100, tapping mode using

standard silicon tip) images are shown in Fig. 3. Only DMF

gave a uniform and smooth film with a rms value of 5.0 nm

after spin-coating and thermal annealing, and the other two

solvents gave very rough films with a rms value of 26.1 and

27.1 nm for acetic and THF, respectively. Hence, we chose

DMF solvent, which is a polar aprotic solvent having a boil-

ing temperature of 153 �C. As for the polymer, we studied

only PMMA that is a well-known electron-beam lithography

resist and is very popular with low cost.

After PMMA removal by oxygen plasma etching and pat-

tern transfer into silicon using CF4 gas RIE, the obtained

self-assembled nanostructures are shown in Fig. 4, by using

Zeiss UltraPlus FESEM. We obtained dense, with the diame-

ters average to be 40.5 nm [Figs. 4(a) and 4(b)] and a stand-

ard deviation of 12.46 nm pillars with 100 nm height by

using nickel nitrate and PMMA nanocomposite with mass

ratio of 1:10 (i.e., the weight concentration for PMMA in the

DMF solution is ten times that of the nickel nitrate hexahy-

drate), and the pillar diameters are relatively uniform, though

FIG. 1. (Color online) Fabrication process of ultrahigh resolution nanostruc-

tures using self-assembly of metal salt-polymer nanocomposite film. (1)

Spin-coating film from a solution containing polymer and salt. (2) Phase

separation by thermal annealing. (3) Etching polymer using oxygen plasma

and leaving behind metal salt nanoislands on silicon. (4) Etching silicon

using fluorine based plasma (CF4 gases) with metal salt nanoislands as

mask.
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the pillar location is rather random without short or long

range ordering.

For this weight ratio, it can be calculated that on average

each methylmetharcylate (MMA) monomer contains 0.034

Ni atom (alternatively, 1 nickel atom in every 29.0 MMA

monomers). As we increased the amount of nickel salt inside

PMMA to a ratio of 2:10–5:10 [Figs. 4(c)–4(e)], pillars

became larger that is expected, and the structure became less

well defined. Further increase of the salt in PMMA to a ratio

of 7:10 and 10:10 resulted in poorly defined nanostructure

[Figs. 4(f)–4(g)], implying that salt islands were agglomer-

ated to form quasicontinuous film.

As the salt consists of a large amount of hydrate (here

hexahydrate), it might be decomposed (dehydrated) during

the thermal annealing process. Thermal decomposition of

metal salts including nickel nitrate has been well studied16–21

under atmospheric or nitrogen environment by monitoring

the reactions occurring throughout the decomposition up to

600 �C by means of thermogravimetry analysis (TGA) and

differential thermal analysis (DTA).19 These works reported

that, with thermal treatment at low pressures (�5 mbar),

only decomposition/dehydration products (tetrahydrate,

dihydrate, and anhydrous nickel nitrate) are obtained in the

first step.22 Additional study at high temperatures of above

FIG. 2. (Color online) (a) SEM image of the thin film of PMMA:nickel (II)

nitrate hexahydrate 10:1 wt. % after spin-coated, without immediate baking,

nonuniform film formation is observed. (b) AFM image of the same film af-

ter annealing at 120 �C, which introduced uniform film distribution and

phase separation. (c) SEM image of the film upon oxygen plasma removed

all polymer film and left behind nanosized metal salt islands. (d) AFM

image of the film upon oxygen plasma removed all polymer film and left

behind nanosized metal salt islands.

FIG. 3. (Color online) AFM images of the thin film of PMMA:nickel (II) ni-

trate hexahydrate, dissolved for spin-coating in (a) DMF, (b) acetic acid,

and (c) THF, respectively. Nanocomposite film inside DMF gives less

roughness (5.0 nm) than others (26.1 nm with acetic acid and 27.1 nm with

THF).
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200 �C and low pressure conditions suggests the presence of

intermediate compounds with different characteristics, which

eventually give place to NiO with different surface proper-

ties.22 Under atmospheric conditions, Elmasry et al.21

reported that decomposition/dehydration starts at low temper-

atures by losing water, and the nickel salt becomes anhydrous

(Ni(NO3)2) at 205 �C, where 37% mass is lost and constant

mass is maintained above 205 �C till 303 �C, where the salt

turns into Ni2(OH)2 and becomes nickel oxide (NiO) at

505 �C along with a mass loss of 73.3% of its original mass.

According to the TGA by Elmasry et al.,21 our annealing

at 120 �C at atmospheric condition would lead to a �12%

mass loss, corresponding to a drop in molecular weight from

290.79 to 255.89 g/mol by forming Ni(NO3)2�4.1H2O.

Lastly, similar hard mask for etching the substrate can

also be obtained by mixing metal or metal compound

nanoparticle with a polymer, followed by etching away the

polymer using oxygen plasma. Nanocomposite consisting of

metal nanoparticle dispersed in a polymer matrix is consid-

ered as a single homogeneous material with unique thermal,

mechanical, and biological properties when compared to

conventional composite.23,24 Yet, it is challenging to dis-

perse evenly the nanoparticle into a polymer matrix, and typ-

ically, the nanoparticle surface has to be functionalized to

avoid agglomeration and attain even distribution in the sol-

vent for spin-coating to form a film. Our method is advanta-

geous in that the final feature size can be tuned by adjusting

the salt-polymer weight ratio or annealing conditions,

whereas the nanoparticle composite gives only a fixed fea-

ture size equal to the particle diameter.

IV. CONCLUSION

We developed a simple process to obtain nanostructures

using the low-cost spin-coating method and RIE pattern

transfer. We dissolved metal salt and polymer in a solvent;

and after spin-coating to form a thin film and thermal anneal-

ing to attain a phase separation, the nanocomposite was

etched with oxygen plasma to remove the polymer matrix,

leaving behind nanoscale salt islands on the substrate that

can be used as a hard-mask to dry-etch the substrate or sub-

layer. The key challenge for our process is to identify a sol-

vent or solvent mixture that can dissolve both the salt

(commonly soluble in water) and polymer (commonly solu-

ble only in organic solvent). After extensive testing, we

found that nickel (II) nitrate hexahydrate and PMMA can be

dissolved in DMF and form a uniform film by spin-coating.

Nickel nitrate is a suitable salt since nickel is a very hard

mask for RIE using both F- and Cl-plasmas, and it has a low

melting temperature of 56.7 �C. It is calculated that 10:1

weight ratio of PMMA and salt corresponds to 1 nickel atom

in every 29.0 MMA monomers. Using this method with opti-

mum weight ratio of 1:10, we are able to achieve a very high

resolution (down to 20 nm) silicon nanopillars with 100 nm

height and �100 nm spacing at low cost and wafer-scale

high throughput.
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