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ABSTRACT 
 

We demonstrate a simple, cost-effective route to 
prepare high density ordered array of iron oxides 
nanodots based on block copolymer patterning. The 
methodology creates hexagonally arranged features 
via a process of selective block copolymer inclusion 
and allows dimensional and structural control of both 
features and patterns at large scale. Microscopic and 
spectroscopic techniques confirmed the uniformity, 
size monodispersity and same structural arrangement 
as that of parent block copolymer template. These 
well-isolated array of nanodots exhibits 
superparamagnetism. Thermal stability and strong 
adherence to the substrate surface makes them useful 
for technological applications. 
Keywords: Block copolymer, array, nanodot, 
superparamagnetism 

 
1. INTRODUCTION 

 
Continued advances in technologies such as 

magnetic storage and optoelectronics depend 
critically on the ability to produce highly dense arrays 
of nanoscaled materials [1-5]. For potential 
applications of magnetic nanomaterials controlling 
size of the nanoparticle is considered to be a 
predominant factor in defining their efficacy. This is 
of particular relevance to superparamagnetism since, 
the magnetic properties and their variation with 
temperature is highly dependent on size as well as 
interparticle separation. Superparamagnetic 
nanoparticles have potential applications in areas 
such as ferrofluids, color imaging, magnetic 
refrigeration, labelling and sorting of cells, anti-
cancer drugs and magnetic resonance imaging (MRI) 
contrasting agent [6-8]. These applications generally 
also require chemically stable, uniform size, well 
dispersed nanoparticles. Whilst there have been 
numerous reports of the synthesis of nanoparticles, 
challenges remain on controlling size dispersity and 
how they may be placed on or in a material with 

controlled separation (since particle aggregation in 
dry or solvent environments is common[9]). 

To fabricate patterned magnetic nanostructure, a 
top-down lithographic approach using UV light, 
electron beam, optical interference, X-ray lithography 
or nanoimprint lithography can be employed although 
they are not cost effective [10-11]. Alternatively, 
bottom up self-assembling techniques using diblock 
copolymer (DBCP) microphase separation can be 
used [12-13]. Whilst related preparation techniques 
are available using BCP micelle methodology which 
not only involves complex co-ordination chemistry to 
create iron oxide arrays, but also the products have 
been seldom characterised in terms of their phases 
and magnetism [14-15]. DBCP that form cylindrical 
are particularly interesting because selective removal 
of the minor component creates nanoporous thin film 
to generate ordered array of inorganic nanoparticles 
[16-17]. Here, we have applied a simple methodology 
to produce long range ordered iron oxides 
nanopatterns, based on solvent-induced microphase 
separation in PS-b-PEO thin films which have 
controlled structure orientation [18] and exploits the 
marked difference in the chemical selectivity of PS 
and PEO to allow selective metal ion inclusion [19]. 
Using the techniques developed here, we were able to 
generate superparamagnetic patterns with 
controllable sizes of the nanodots over wafer scale 
areas. The methodology avoids the need to remove a 
selected component of the DBCP. Further the 
technique avoids the use of sol-gel or other infill 
methods [20]. The methodology also uses a 
UV/ozone treatment to convert the DBCP-inorganic 
component combination into a rigid oxide pattern and 
is effective because of its ability to converting non-
volatile inorganic compounds into oxides whilst 
removing organic components [21]. 

 
2. EXPERIMENTAL 

 
Polystyrene-b-poly(ethylene oxide) (PS-b-PEO) 

diblock copolymer was purchased from Polymer 
Source (number-average molecular weight, Mn, PS = 
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42 kg mol–1, Mn, PEO = 11.5 kg mol–1, Mw/Mn = 1.07, 
Mw: weight-average molecular weight). PS-b-PEO 
was dissolved in toluene to yield 0.9 wt% polymer 
solution at room temperature. The PS-b-PEO thin 
film was formed by spin coating the polymer solution 
(3000 rpm for 30 s). The film was exposed to 
toluene/water (50:50, v/v) mixed vapour placed at the 
bottom of a closed vessel kept at 500C for 1h under 
static vacuum. The film was immersed in ethanol at 
40 0C for 15 h to obtain the activated thin film. 
Different concentration iron (III) nitrate nonahydrate 
(Fe(NO3)3,9H2O) was dissolved in ethanol and spin-
coated onto the activated film. UV/Ozone treatment 
was used to oxidize the precursor and remove 
polymer.  

Surface morphologies were imaged by scanning 
probe microscopy (SPM, Park systems, XE-100) and 
scanning electron microscopy (SEM, FEI Company, 
FEG Quanta 6700). The film thicknesses were 
measured by optical ellipsometer (Woolam M2000). 
X-Ray photoelectron spectroscopy (XPS) 
experiments were conducted on a Thermo K-alpha 
machine with Al Kα X-ray source operating at 72 W. 
The magnetic properties of the samples were 
investigated using a Superconducting Quantum 
Interference Device (Model: Quantum Design 
MPMS-XL5). 

 
3. RESULTS AND DISCUSSION 

 
3.1 Structural characterization 
 

A schematic diagram of the fabrication process is 
described in Scheme 1.  

Scheme 1. Schematic illustration of the fabrication of 
iron oxides nanodots. (A) Highly ordered PS-b-PEO 
thin film prepared by solvent annealed process. (B) 

Nanoporous template produced by activation of PEO 
cylinders. (C) iron oxide precursor moves into the 
cylinders after spin coating the precursor solution. 

(D) iron oxide dots remain after UV/Ozone treatment. 
The as-coated PS-b-PEO thin films exhibit mixed 

orientation of PEO cylinders i.e. parallel and 
perpendicular orientation with respect to the 
substrate, without any sign of long-range ordering. 
Solvent annealing in a mixed toluene/water 
environment was used to induce long range-ordering. 
The resultant film is of regular thickness with no 
signs of de-wetting and is well-ordered across the 
entire substrate. Figure 1a shows an AFM image of 
the film (40 nm thick as determined by ellipsometry) 
with PEO cylinders seen in the darker colour. The 

measured average centre-to-centre cylinder spacing is 
42 nm with a PEO cylinder diameter of 19.3 nm. The 
strong multiple peaks in the FFT pattern shown in the 
inset of Figure 1a confirm a highly ordered hexagonal 
arrangement of PEO cylinders. The SEM image in 
Figure 1b also depicts long range ordering of the PS-
PEO thin film.  

When the solvent annealed films were ethanol 
treated at 400C for 15 h, modification of the film 
occurred although the structural arrangement and 
dimensions are unchanged. The AFM image (Figure 
1c) shows some increase in the phase contrast and an 
increase in long-rage order. This is also indicated by 
the Fourier transform of the AFM image (inset of 
Figure 1c) where six-point patterns with multiple 
higher order reflections are shown, characteristic of 
exceptional long-range order. Also, the SEM image 
contrast was enhanced by ethanol exposure as seen in 
Figure 1d.  No thickness loss was observed after the 
ethanol treatment as measured by optical 
ellipsometery. The ethanol treatment is a pre-
requisite to form well-defined oxide nanopatterns in 
later steps and is described as an ‘activation step’. 

Figure 1. Atomic force microscoy (AFM) and 
Scanning electron microscopy (SEM) images of (a, b) 
PS-b-PEO thin film (c, d) Nanoporous template after 
ethanol treatment  (e, f) iron oxide nanodots formed 
after UV/Ozone treatment. Insets of a, c and e shows 
the corresponding FFT pattern. Inset of f shows iron 

oxide nanodots annealed at 8000C for 1h. 
Oxide nanodots are formed by simple inclusion of 

metal ions (iron nitrate ethanol solution) into the PEO 
component. Considering the fact that the spin coating 
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was performed for just a few seconds, diffusion 
through the pores and enrichment of the solid inside 
the pores must be a rather rapid process. After iron 
ion inclusion, UV/ozone treatment was carried out 
immediately so as to remove any solvent, oxidizes 
and cross-linking iron ions forming oxide and remove 
the organic part simultaneously. Figure 1e and f 
shows the AFM and SEM images of well-ordered 
iron oxide nanodots (0.4 wt% iron nitrate ethanol 
solution) formed after the UV/ozone treatment. The 
structural arrangement remains unchanged. FFT 
pattern shown in the inset of Figure 1e confirms the 
hexagonal ordering of the nanodots. This confirms 
that these have been produced via direct templating 
of the PS-b-PEO film. The average diameter of the 
nanodots is 24 nm and the height measured by 
ellipsometry is 9 nm. The density of the nanodots on 
the substrate was approximately 4.2 x 1010 nanodots 
cm-2. The iron oxide nanodots are well-adhered to the 
substrate and thermally robust.  Typical data is 
presented in the inset of Figure 1f which shows iron 
oxide nanodots after air calcination at 8000C for 1 h, 
revealed the ordered structure of the nanodots. The 
only effect of heating was a reduction in the average 
diameter and height consistent with high temperature 
densification. 
 
3.2 Composition and phase by XPS 
 

XPS was used to confirm the crystalline phase 
and surface composition of the substrate after 
UV/Ozone treatment and further calcination. Figure 2 
shows the survey spectrum indicating presence of 
expected elements, Si, O, Fe and a small C1s (~285 
eV) feature due to adventitious carbon. High 
resolution Fe2p spectra (pass energy = 20 eV) were 
recorded to distinguish different phases of iron 
oxides. Fe 2p core level spectrum recorded on iron 
oxide nanodots prepared after UV/Ozone treatment 
(inset of Figure 2, left) consists of two peaks 
associated with Fe 2p3/2 at 711 eV and Fe 2p1/2 at 
724.4 eV and broadened due to the existence of Fe+2 
and Fe+3 ions. The Fe 2p3/2 and Fe 2p1/2 binding 
energies (BEs) for Fe+2 and Fe+3 were determined by 
curve-fitting using Gaussian-Lorentzian line shapes. 
The measured Fe 2p3/2 and Fe 2p1/2 BEs are 709.7 and 
723 eV (assigned to Fe+2) and 711.6 and 725 eV 
(Fe+3) matches literature values [22]. The 
concentration ratio of Fe+3/ Fe+2 was calculated from 
the curve-fitted peak areas as about 2:1 as expected 
for Fe3O4.  Fe 2p core level spectrum of iron oxide 
nanodots after calcination (inset of Figure 2, right) 
consists of two sharp peaks associated with Fe 2p3/2 
and Fe 2p1/2 at 711.3 and  725.1 eV accompanied by 
high binding energy satellite structures (+8 eV shift). 
These data are consistent with the existence of Fe+3 

(Fe2O3) ions only [23-24]. Thus, XPS analysis 
confirms the formation of phase pure iron oxides 
without any polymer residues. 
 
 
 
 
 
 
 
 
 
  
Figure 2: XPS survey spectra recorded from the iron 

oxide nanodots on Si substrate. Insets shows high 
resolution spectrum for Fe 2p core level revealed 

Fe3O4 (left) and Fe2O3 (right) phase. 
 
3.3 Feature size variation 
 

The diameter and height of the nanodots can be 
varied by varying the concentration of precursor 
solution without changing their structural 
arrangement. As shown in Figures 3a, b and c, well 
ordered arrays of iron oxide nanodots with average 
diameters 18, 24 and 30 nm were generated from 0.3, 
0.4 and 0.5 wt% iron nitrate-ethanol solution 
respectively. It should be noted that metal ion 
solution concentrations exceeding 1% result in the 
deposition of localised agglomerated 3D nanoparticle 
structures across the substrate surface. 

Figure 3: SEM images of iron oxide nanodots for 
different concentrations of precursor. 

  
3.4 Magnetic properties 
 

The magnetic properties of these two different 
iron oxide nanodots assemblies on quartz crystal 
substrate were studied and found to be consistent 
superparamagnetism. Figure 3a (inset) and 3b (inset) 
show the temperature dependence of typical field 
cooled (FC) and zero field cooled (ZFC) 
magnetization measured with an applied magnetic 
field of 100 Oe from 300 K to 2 K for ordered arrays 
of Fe3O4 and Fe2O3 nanodots respectively. For Fe3O4, 
the FC curve shows a clear deviation from the ZFC 
magnetization curve which shows a maximum at 180 
K, the blocking temperature of Fe3O4 nanodots. For 
Fe2O3 (calcined sample) the maximum magnetization 
and subsequent decrease in the ZFC curve are 
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observed at 100K which determines the Fe2O3 
nanodot blocking temperature.  

The superparamagnetic character of the nanodots 
is confirmed by magnetic hysteresis measurements at 
temperatures below (T~2 K) and above (T~300 K) 
the blocking temperature. Above the blocking 
temperature the coercivities were could not be 
measured accurately but could be estimated as < 20 
Oe. At 2K, the coercivity for Fe3O4 nanodots is much 
higher (~975 Oe) than that of Fe2O3 (~235 Oe). These 
data are consistent with the production of single 
crystal nanodots that are uniform in size and well 
dispersed at a substrate surface. 

 
 
 
 
 
 
 

Figure 4. Hysteresis loop has been measured for (a) 
Fe3O4 and (b) Fe2O3 nanodots array on quartz 

substrate. Magnetization as a function of temperature 
in the applied field of 100 Oe between 2 to 300 K 

using field cooling (FC) and zero-field cooling (ZFC) 
procedures (insets). For the sake of presentation, we 
have normalized (M/MS) the magnetization data for 
MH curve and relative change in FC-ZFC has been 

shown in arbitrary unit. 
 

4. CONCLUSION 
 

In conclusion, this technique is a simple and cost-
effective route for fabrication of well-ordered arrays 
of superparamagnetic iron oxides nanodots at 
substrate surfaces by block copolymer inclusion. 
Further, the techniques described are scaleable to 
wafer scale using spin-coating and simple processing 
techniques.  The nanodots have uniform size and 
shape and their placement mimics the original self-
assembled block copolymer pattern.  The nanodots 
have good thermal stability and strong adherence to 
the substrate surface. The ability to create nanodots 
of controlled size by metal ion concentration could 
provide a very useful means to generate practical 
device technologies. 
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