Preparation and Characterisation of Metallorganic Precursors Derived
Iron Oxides on Porous Silicon Layers

Sivakumar Balakrishnan," %2 Yurii K Gun’ko,*® Gerhard F Swiegers*® and
Tatiana S Perova**

'School of Chemistry, Trinity College Dublin, The University of Dublin, Dublin 2, Ireland
’Department of Applied Sciences, PNG University of Technology (Unitech), Papua New Guinea
3Intelligent Polymer Research Institute, University of Wollongong, NSW 2522, Australia
“School of Engineering, Trinity College Dublin, The University of Dublin, Dublin 2, Ireland

3sivakumar.balakrishnan@pnguot.ac.pg, “igounko@tcd.ie, “swiegers@uow.edu.au,
dperovat@tcd.ie

Keywords: Porous silicon, magnetic nanopatrticles, FTIR, Raman spectroscopy

Abstract. Porous silicon has generated interest in sciertdimmunity after its photoluminescence
discovery and thereafter, research was focusea dmet chemical functionalization of silicon and
subsequent anchoring of nanoparticles onto silibtothe present work, the porous silicon has been
effectively modified with magnetic nanoparticles iahh were prepared through metallorganic
approach. The as-fabricated magnetic-porous silbomnposites were characterised using FTIR and
Raman spectroscopies, Scanning Electron Micros¢®Ri) as well as magnetic measurements.

Introduction

The ability of porous silicon to incorporate varsotypes of nanoparticles such as magnetic and
semiconducting (quantum dots) nanoparticles isnégresting aspect in porous silicon chemistry.
This is feasible because of its large surface avbah can be easily functionalised using chemical
methods. Magnetic nanoparticles are known for pplieations in various fields [1] and the
material has been studied extensively over the fmgtdecades. The unique properties of the
nanoparticles combined with those of the silicorporous silicon might results in new composite
materials with various applications [2]. The sudaaf porous silicon modified using amorphous
iron oxide nanoparticles has proved to possessinegyesting properties [3]. The incorporation of
FeOs; nanoparticles onto flat silicon wafer and furthleeat treatment leading to multiple
functionality (magnetic, metallic, semiconductingsulating and optical) has been reported in
literature, in which the authors describe aboutptud and play” approach where externally
synthesized nanoparticles of desired size and ifurgtare incorporated onto the semiconductor
surface [4].

There are various methods by which nanoparticlesbeadeposited onto porous silicon and
among them are electroless metal deposition, nsatadissolution etc [5]. Researchers have used
functionalised magnetic materials as a method th@nmagnetic nanopatrticles on to silicon. For
example, Altavillaet al., reported on the immobilisation of trimethoxy-7-octeyl silane
functionalised magnetite nanopatrticles onto a hyelnsterminated silicon surface [6]. However, in
this paper, we report on the metallorganic approatiere the magnetic nanoparticles are anchored
onto the porous silicon substrate after suitabhcfionalising the porous silicon matrix. To thetbes



of our knowledge, this is a novel approach for pineparation of magnetic nanoparticle—porous
silicon composite materials. The as-prepared na$eriwere characterised using various
characterisation methods such as FTIR, Raman agdetia measurements.

Experimental

Samples preparation.All preparation and handling of starting materiatel subsequent products
were carried out under vacuum or argon by usindeB&htechniques. Solvents were dried over
sodium-potassium alloy and distilled under argaorpio use and then condensed into a reaction
flask under vacuum shortly before use. The startirajerials Sodium t-Butoxide (NaOBand
FeBr, (ferrous bromide) were purchased from Aldrich.rieechloride and ferrous chloride which
were used in the second part of the experiment wbtained from BDH (British Drug House)
chemicals and Merck respectively.

P-type macro-porous silicon samples were prepayedsing a standard procedure of anodic
etching of p-type Si(100) 3 inch wafer (with resigy of 10 Q[dm) with 4% HF in DMF (dimethyl
formamide) in a Teflon cell. Silicon wafers (1cmlgm) were first etched by a 2 % HF for 10
minutes followed by rinsing with de-ionised watéfil{ipore, 18.2 MQ.cm) taking less than one
minute. These etching conditions produce a hydrdgeninated silicon surface [7The samples
were then dried under argon gas.

Preparation of iron oxide from metallorganic precursors. In the present study, we have
used a metallorganic precursor and a sol-gel apprda prepare iron oxide-porous silicon
composite materials. The iron oxides were prepargdg new metallorganic iron(ll) alkoxide
precursor, [Fe(OBWjTHF)],, which has been previously reported in [8], aglgirsource precursor
for the preparation of magnetite and maghemite parizles. In brief, solution of NaOB(0.68 g,
7.08 mmol) was added to Fel0.76 g, 3.54 mmol) in dry degassed THF (100 mfaatO °C under
argon. The mixture was stirred for 24 h at ambiemperature, filtered and the filtrate then was
used for further reactions. The porous silicon dampvere hydroxyl functionalized, prior to the
reactions, as reported earlier [9] with slight nfieditions. Briefly, for the hydroxyl
functionalization the porous silicon samples weleawed for 1 hour in a 330/H0, (7:3 Vv/v)
mixture at ~ 80 C and then cooled to room temperature. The cleanbdtrates were rinsed with
de-ionised water and then treated further with ,@MH,0,/NH3 (5:1:1 v/v/v) mixture and dried
under vacuum. The hydroxylated porous silicon semplere treated with [Fe(OBMTHF)],
precursor solution in dry THF and subjected to satndn. After the ultrasonic treatment, the PS
samples were washed with dry diethyl ether, twidé wet diethyl ether followed by drying under
vacuum. Then porous silicon samples were heateid 1©0°C under vacuum for 12 hours. SEM
image of porous Si sample before and after depaositf iron oxide is shown in Figs. 1a,b.

FTIR spectroscopy. Fourier transform infrared (FTIR) measurements wpegformed in
transmission mode using a Digilab FTS-6000 specttern The sample was placed either in the
main chamber of spectrometer, using a Perkin-Elm&ro-sampling attachment, or on the
positional stage of a UMA 500 IR microscope. Fomamgements in the main chamber a wide band
MCT detector in the wavenumber range of 450-6000 with a resolution of 2 cthand 8 crit
was used. A narrow band MCT detector with a spedragye of 4500-750 cihwas used in a UMA
500 IR microscope. A total of 128 scans were sumtaedcrease the signal-to-noise ratio in both
cases.

Raman spectroscopy.Room temperature Raman spectra were measured Rigmighaw 1000
micro-Raman system. The excitation wavelength wh4.% nm from an Ar ion laser (Laser
Physics Reliant 150 Select Multi-Line) with a tygliclaser power of ~ 10 mW. The 50x



magnifying objective of the Leica microscope foaisiee laser beam into a spot of aboytm in
diameter.

Magnetic measurementsMagnetic measurements were carried out both aaBdK300 K using
a MPMS super-conducting quantum interference de8€@JID) magnetometer.

Results and Discussions

The preparation of iron oxides from metallorganieqursor route gives two types of magnetic
materials — magnetite (kK@;) and maghemitey{Fe0s). The preparation of iron oxide layers on
porous silicon samples were performed accordinthéoscheme depicted in Fig. 2. Briefly, the
hydroxylated porous silicon samples were treateatl {ie(OBut}(THF)]. precursor solution in dry
THF and subjected to sonication. After the ultrasotreatment, the PS samples (composite
samples) were washed with diethyl ether and hegpetb 100°C under vacuum for 12 hours. The
mechanism of formation of iron oxide involves andation of Fe(ll) into Fe(lll) by ultrasonically
generated radical and peroxide species from THEirmdilar type of process has been reported in
[10]. The formation of F&snanoparticles proceeds via precursor materialsagang —Fe—(OH)—
Fe— [8] interacts with the -OH groups of porougcsih. Further, the nanoparticles get anchored on
the surface of the silicon material. The thermaatment at 100°C allows the completion of
conversion from the precursor into iron oxide cogti
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Figure 1. SEM images of p-type porous Si sample beforeud) after (b) deposition of iron oxide
layer.
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Figure 2. A schematic representation of the preparationrai oxide layers on porous silicon
surface.



The SEM image of the p-type porous silicon alonewshthe pores in the range 5 to |4 range
and the figure 1 (b) shows the uniform deposititmn(layer) of iron oxide layer on the silicon
surface. The as-prepared layers have been studied@ IR and micro-Raman spectroscopy. Figure
3a shows the infrared (IR) spectrum of iron oxidgels on porous silicon and it provide
information about the various stretching and begdmodes of iron oxides on porous silicon. A
band at 1625 chis characteristic for bending mode of Fe—OH growpsich are present at the
surface of iron oxides. The IR spectrum shows ailslen at 1027 ciwhich was assigned to Fe-O-
Si stretching vibrations [11]. The broad bandsG&7lcni' and 825 crit were attributed to Si-O and
Fe-O bonds respectively [7, 12]. The presence oD bands confirm the bond formation
between the substrate (porous silicon) and the stegmanoparticles formed from the metal
alkoxide reaction route.

Raman spectrum of the sample (Fig. 3b) clearly shpeaks belonging to a mixture of
magnetite and maghemite [13]. The peaks at 193aamehd 680 ci are attributed to magnetite,
whereas the peaks at 161, 617 and 710 eme attributed to maghemite [13]. The strong peak
around 520 cmis attributed to silicon substrate [14].

The magnetic measurement studies (magnetic monoenthe iron oxide—porous silicon
composite sample (figure 4) showed a weak magmesiponse of the iron oxide layer on porous
silicon. This can be attributed to the presencevexfy thin layer of magnetic iron oxide. The
magnetisation (which is measured in emu/g or*Arkg) of the sample is limited in this study due
to the formation of thin layer sample as such tmewnt of material (magnetic nanoparticles) on the
surface could not be calculated. Therefore, the nathg moments of the material could be
determined and it gives information that the mateformed, through this novel metallorganic
approach, is magnetic in nature.
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Figure 3. (a) FTIR spectrum of iron oxide layers on porous siicgb) Raman spectrum
demonstrating the presence of magnetite and magge@wm oxides on porous Si.

Conclusions

In conclusion, we have shown that porous silicam loa effectively functionalized with iron oxides
materials which are prepared through the metalfdogaute. Although the results presented in this
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Figure 4. Magnetic measurements of the iron oxide-porousosilcomposite.

paper are still preliminary, it shows that poroiigcen could be functionalized with magnetic
nanoparticles that have been prepared through allorgenic approach. The as-functionalized
porous silicon surfaces are conveniently charadriby FTIR, Raman, SEM and magnetic
measurements.
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